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Introduction

Impact of different 2D materials on the efficacy of
photothermal and photodynamic therapy in 3D-
bioprinted breast cancer

Giordano Perini,>® Antonio Minopoli, 2 *® Dario Zambrano,© Lishan Cui,
Valeria Ferrara,®® Caterina Perfili,>® Giulia Artemi,” Marco De Spirito,*°
Valentina Palmieri, 2 *¥*4 Andreas Rosenkranz®< and Massimiliano Papi () *°

The convergence of nanotechnology and tissue engineering has paved the way for innovative cancer treat-
ments that leverage the unique light absorption properties of nanomaterials. Indeed, photothermal therapy
(PTT) and photodynamic therapy (PDT) utilize nanomaterials to convert near-infrared light into therapeutic
energy for cancer treatment. This study focuses on the application of poly(lactic-co-glycolic acid) (PLGA)
scaffolds, enhanced by graphene oxide, TizC,T, MXene, and TiS, transition metal dichalcogenides for PDT
and PTT treatments evaluated within 3D-bioprinted breast cancers. Our scaffolds were designed to exploit
the photothermal conversion efficiency and capability to generate reactive oxygen species (ROS) to compare
the specific features of each 2D material. We demonstrated a reduction in tumor viability under scaffold
irradiation, along with the exploration of biological responses to damage such as autophagy and pyroptosis,
verifying that these scaffolds can differentially induce these processes depending on the light responsiveness
of each material. The integration of these materials within 3D-printed scaffolds does not only enhance the
therapeutic efficacy of PTT and PDT, but also offers a precise method to control the cellular environment
after therapy, i.e. tissue regeneration and antibacterial effects, providing insights into the potential for these
technologies to be adapted for personalized medicine for breast cancer treatment and reconstruction.

GO is a derivative of graphene, characterized by its layered
structure and functional groups such as hydroxyl, carboxyl,

The integration of cutting-edge nanomaterials and innovative
techniques has unveiled a promising avenue for tissue engin-
eering and cancer therapy." Photothermal therapy (PTT) and
photodynamic therapy (PDT) have emerged as interesting
approaches, making use of the unique properties of nano-
materials to revolutionize cancer treatment.”® Among nano-
materials, graphene oxide (GO), MXenes (MX), and transition
metal dichalcogenides (TMDCs) represent versatile 2D plat-
forms for the development of highly effective and targeted
cancer therapies, though the PDT/PTT efficiencies of these
materials have not been compared.*”’
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and epoxy, which impart hydrophilicity and chemical reactiv-
ity. These functional groups enable GO to interact with various
biological molecules, making it useful in biomedical appli-
cations such as drug delivery, biosensing and 3D scaffold
production.* ' MXenes, composed of transition metals like
titanium or molybdenum combined with carbon or nitrogen,
exhibit a unique 2D structure with high electrical conductivity
and hydrophilicity due to surface terminations like hydroxyl or
oxygen groups.'’ TMDCs are layered materials with a structure
akin to graphene, but with intrinsic semiconducting pro-
perties due to the presence of metal and chalcogen atoms."?
TMDCs have strong light-matter interactions, making them
promising candidates for optoelectronic devices, photo-
detectors, and biomedical imaging. Their biocompatibility and
ease of functionalization further enhance their potential in
medical diagnostics and therapeutic applications. The ability
of GO, MXenes, and TMDCs to absorb and convert near-infra-
red (NIR) light into therapeutic energy forms the cornerstone
of their utility in PTT. These 2D nanomaterials exhibit remark-
able photothermal conversion efficiencies, generating loca-
lized hyperthermia upon NIR irradiation.”**® A controlled and
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site-specific temperature increase within the tumor microenvi-
ronment has proven to be highly effective to induce the death
of cancer cells, while ensuring that the adjacent healthy tissue
remains unaffected.'® Consequently, the integration of GO,
MX, and TMDCs in PTT has opened new avenues for non-inva-
sive, precise, and minimally cytotoxic cancer therapy.'” Beyond
PTT, the multi-faceted capabilities of nanomaterials extend to
PDT, where they serve as carriers for photosensitizers or act as
photosensitizing agents."® GO, MX, and TMDCs can induce
the generation of reactive oxygen species (ROS) upon exposure
to light, generating oxidative stress and cell death.>'*'%?° The
dual-mode therapy, incorporating both PTT and PDT, rep-
resents a potent strategy for synergistic cancer treatment, effec-
tively targeting primary tumors as well as metastatic
lesions.>"® Several research papers have been focused on PTT
and PDT clinical translation, including efforts toward the treat-
ment of breast cancer, the most prevalent form of cancer
worldwide.>! Reconstructing soft tissue after breast cancer
treatment is crucial, as substantial evidence supports its
benefits in enhancing both physical and psychological health.
Additive manufacturing methods enable the creation of
custom implants featuring intricate, porous designs with high
precision and consistency. The ability to reliably control the
scaffold’s architecture is crucial, as the internal configuration
significantly influences cell infiltration, tissue structuring, and
ultimately, homeostasis.>* Indeed, the timing of permanent
reconstruction is crucial because in the case of radiation
therapy, this will impact both the immediate and long-term
tissue regeneration.>® Furthermore, implant interaction with
cells might even influence cancer recurrence.**

In this study, we assessed the potential of 3D-printed
scaffolds constructed from poly(lactic-co-glycolic acid) (PLGA)
blended with GO, Ti;C,T, (MX), or TiS,** serving as catalysts
for a dual-mode photothermal and photodynamic effect.*® The
core of our investigation revolves around the creation of a
tumor model using breast cancer cells and Matrigel bioprinted
in contact with 3D-printed nanomaterial-enriched scaffolds.””
Subsequently, we subjected these scaffolds to irradiation with
an 808 nm NIR laser, and elucidated the impact on tumor via-
bility. Our findings underscored the striking efficiency of this
approach in tumor destruction, largely attributed to the unique
properties and interactions of GO, MX, and TMDCs within the
scaffold matrix. Notably, the nature of these nanomaterials was
directly related to the respective ROS production and cell death
pathways. We also quantified the antibacterial properties of the
scaffolds, with or without NIR irradiation, and described the
bioconductivity that the scaffolds provide towards healthy fibro-
blasts, resembling tissue regeneration after in vivo therapy.
Finally, since the key point of cancer treatment based on photo-
adsorbers is the activation of patient immune response, we
quantified the migration of human monocytes towards treated
cancers and demonstrated marked activation of the immune
system. This work holds profound implications to tailor and
optimize PTT and PDT aspects in vivo, emphasizing the crucial
role of these materials in shaping the treatment’s efficacy on
patient’s needs in breast cancer management.>*?®
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Materials and methods
Materials

Following the Hummers approach,”® graphite was oxidized
using KMnO, and NaNO; in concentrated sulfuric acid. To
adjust a certain oxidation degree, the graphite/KMnO, mass
ratio was properly adjusted, followed by annealing of the GO
solution at 50 °C for 30 minutes. TMDCs (TiS, nano-sheets)
were commercially purchased from Sigma Aldrich and used
without any further pre-treatment. To generate multi-layer
TizC,T, nano-sheets (MX), 5 g of MAX phase precursor TizAlC,
(Forsman Scientific Co. Ltd, Beijing, China) was submerged in
an aqueous HF solution (50 ml of hydrofluoric acid with a con-
centration of about 40%). The solution was kept under con-
tinuous magnetic stirring at a constant speed of 60 rpm for
one day. After the chemical etching treatment, the solution
was centrifuged for 5 minutes at 3500 rpm before adjusting
the pH to neutral by several washing cycles using deionized
water. Subsequent filtering was performed by vacuum-assisted
filtration using a water circulating vacuum pump with poly-
ether-sulfone filter membranes. Finally, the solution was
stored in a fridge for 8 h at a temperature of —10 °C before
being freeze-dried at —60 °C and a pressure below 30 Pa for
one day. The quality, structure and morphology of the used
nanomaterials were assessed by electron microscopy, X-ray
diffraction (XRD) and Raman spectroscopy. Regarding electron
microscopy, the GO nano-sheets were imaged by transmission
electron microscopy (TEM, Tecnai F20, FEI) using an accelera-
tion voltage of 200 keV. Ti;C,T, and TiS, nano-sheets were
characterized using a field-emission scanning electron micro-
scope (FE-SEM, Xigma Carl Zeiss), operating at an acceleration
voltage of 20 keV. The overall surface chemistry was character-
ized by X-ray diffraction (XRD) using a powder diffractometer
(PANalytical Empyrean) operating in the Bragg-Brentano con-
figuration at 40 kV and 40 mA with CuKa irradiation. An
angular step size of 0.026° and a dwell time of 1396.89 s for
each measuring point have been chosen. Raman spectroscopy
(LabRAM HR Evolution) was performed for all initial powders
to assess their overall chemistry. In this regard, Raman spectra
were obtained in backscattering geometry using an excitation
wavelength of 532 nm. The spectra were recorded in the spec-
tral range from 80 to 1000 cm ™" with an acquisition time of
128 s per spectrum and a spectral resolution of 3 cm™" using a

grating with a resolution of 1800 I mm™.

Cell culture

HCC1806 human breast cancer cells, human fibroblasts,
human bone marrow mesenchymal stem cells (hBMSCs) and
THP-1 human monocytes were purchased from the American
Type Culture Collection (ATCC). Breast cancer cells and THP-1
were maintained in RPMI medium (Sigma-Aldrich) sup-
plemented with 10% fetal bovine serum (FBS, EuroClone), 2%
penicillin-streptomycin (Sigma-Aldrich) and 2% r-glutamine
(Sigma-Aldrich). Human fibroblasts and hBMSCs were cul-
tured in DMEM (Sigma-Aldrich) supplemented with 10% FBS
(EuroClone) and 2% penicillin-streptomycin (Sigma-Aldrich).
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The cells were kept in T75 flasks (Corning) at 37 °C under 5%
CO, for further treatments.

3D-printing of scaffolds

3D-printing of the PLGA, PLGA-GO, PLGA-MX and PLGA-
TMDC scaffolds was performed with a BIO X 3D bioprinter
(Cellink). PLGA flakes (Rimless Industry) and the respective
nanomaterials in powder form were mixed by keeping the
nanomaterials fixed at 2% w/w in dichloromethane (Carlo
Erba) with respect to PLGA. The mixture was agitated over-
night, followed by air drying. The produced films were cut into
small pieces and subsequently transferred into a thermoplastic
print head (Cellink) having a heating capacity of up to 250 °C.
The structure of the scaffolds was designed using modeled 3D
computer graphics and a computer-aided design (CAD) soft-
ware (Rhinoceros software, Robert McNeel & Associates). The
scaffolds were printed via an extrusion-based technique by
adjusting a print head temperature of 185 °C and a print bed
temperature of 65 °C. The extrusion pressure was set at 40 kPa,

with a pre-flow of 20 ms and a speed of 22 mm s™*.

3D-bioprinting of breast cancer

Three-dimensional breast tumor models have been prepared
from breast cancer cells. Tumor models were produced via 3D-
bioprinting. As a bioprinting strategy, droplet printing was
used with BIO X (Cellink). For this purpose, 2 x 10° cells per
mL were mixed with Matrigel (Corning) in a syringe with a
1:10 ratio of cells and bioink, respectively. HCC1806 cells
mixed with the hydrogel were loaded in a temperature-con-
trolled bioprinting cartridge (Cellink) set at 4 °C. Tumor
domes were printed in 48-well plates (Corning) at an extrusion
rate of 5. 3D-bioprinted models were then crosslinked at 37 °C
and the wells were filled with the culture medium. Tumor
models were then incubated at 37 °C under 5% CO, for further
treatments. We monitored the growth of the bioprinted
models using a Cytation 3 Cell Imaging Multi-Mode Reader
(BioTek). We collected bright-field data on a time span of 14
days and processed them using the FIJI software.

Near-infrared radiation

An NIR laser (LaserEver) with a wavelength of 808 nm was
used to perform PTT/PDT on the cells. Initially, the laser was
characterized by evaluating the laser power at every current
intensity using a power meter. The spot of the laser had a dia-
meter of 0.8 cm. The power density was evaluated by normaliz-
ing the laser power to the spot area. The scaffolds were put in
a 48-well plate (Corning) and covered with the -culture
medium. Then, they were irradiated for 3 minutes at different
power densities to achieve the same final temperature. It is
important to note that the necessary power density to reach
the target temperature was dependent on the material. In this
regard, the PLGA scaffolds enriched with GO, MXenes and
TMDCs were irradiated using currents of 1.005, 1.042 and
0.998 A and power densities of 0.71, 0.85 and 0.68 W cm ™2,
respectively. The energy density for the scaffolds was 127.8,
153 and 122.4 ] cm™?, respectively. The temperature increase
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was monitored using a thermal camera (Optris) focused on the
well.

Thermodynamic simulation

To infer the temperature distribution in 3D-bioprinted
models, we numerically solved the heat-conduction equation
(Fick’s law) under local laser stimuli by using the finite
element method (FEM) in COMSOL Multiphysics. The simu-
lation framework consisted of a hydrogel-based dome (a, =
3 mm, g, = 3 mm, and a, = 2 mm) lying on a PLGA-GO disk
(radius = 5 mm, thickness = 0.3 mm, density = 1.3 g cm >, and
thermal conductivity =1 W m~" K™*)**?" and surrounded by a
water layer of thickness 5 mm. To emulate the hydrogel
environment, we defined a fluid-like medium with a thermal
conductivity of 0.57 W m™" K™, a density of 1.1 g cm™ and a
viscosity of 1 kPa. The deposited beam power on the scaffold
was set at 0.7 W cm™> with a Gaussian beam profile (¢ =
4 mm), according to the experimental conditions for PLGA-GO
irradiation. The initial temperature of the system was set at
25 °C, whereas the remaining domains/interfaces could freely
transfer the heat. The meshing was adaptive and chosen to be
finer close to the dome.

Cell viability

To test the biocompatibility and cell adhesion of the 3D-
printed scaffolds on a 2D culture model, human breast cancer
cells and human fibroblasts were seeded on the scaffolds in
48-well plates at a seeding density of 3 x 10* cells per well.
After incubation, the cells were stained using a live/dead assay.
Briefly, calcein-AM (Invitrogen), capable of staining live cells,
and propidium iodide (PI, Sigma-Aldrich), capable of staining
dead cells, were added to the culture medium at a final con-
centration of 5 pM. After 20 minutes of incubation at 37 °C
under 5% CO,, the fluorescence intensity and fluorescence
images of the two probes were obtained using a Cytation 3 Cell
Imaging Multi-Mode Reader (BioTek). The ratio between live
and dead cells was used to evaluate viability on 2D cultures.
The results were expressed as % of control cells. Adhesion was
evaluated by counting the number of viable cells through fluo-
rescence microscopy by acquiring representative images.

To evaluate the potential toxicity of the 3D-printed
scaffolds, cell viability tests were conducted using CellTiter-Glo
3D (Promega). Prior to bioprinting the tumor mass, the breast
cancer cells were printed onto 48-well plates at a concentration
of 2 x 10° cells per mL. One day after NIR treatment, CellTiter-
Glo 3D was added to each well with a volume equal to the
culture medium and shaken for 5 minutes in an orbital shaker
to induce cell lysis. The plates were incubated at room temp-
erature for 25 minutes before recording luminescence using a
Cytation 3 Cell Imaging Multi-Mode Reader. Viability was
expressed as the percentage of untreated (control) cells.

Production of ROS

To evaluate the direct photodynamic conversion effect of the
scaffolds without cells, the ROS-ID detection kit (Enzo Life
Sciences) was utilized. This kit allows the measurement of the
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total ROS levels as well as specific detection of superoxide pro-
duction. It includes two main components: the oxidative stress
detection reagent (green) for broad-spectrum ROS detection
and the superoxide detection reagent (orange) for superoxide-
specific analysis. The green probe reacts with various reactive
species, producing a green fluorescence signal that indicates
the overall ROS levels, while the orange probe, a cell-permeable
dye, selectively interacts with superoxide to generate an orange
fluorescence signal. In our experiments, the scaffolds were
exposed to NIR irradiation for 3 minutes. The scaffolds were
submerged in the detection solution throughout the
irradiation process. Following NIR exposure, the 3D-printed
constructs were incubated at 37 °C under 5% CO, for 1 hour.
Fluorescence intensities were then measured in the super-
natant using a Cytation 3 Cell Imaging Multi-Mode Reader.
Readings were taken at 490 nm excitation with 525 nm emis-
sion for the green probe and 550 nm excitation with 620 nm
emission for the orange probe.

To assess the presence of ROS following NIR exposure on
bioprinted models over the scaffolds, we utilized a fluorinated
derivative of 2',7'-dichlorofluorescein known as H,DCFDA
(Sigma-Aldrich). This specific probe remains non-fluorescent
until intracellular esterases remove the acetate groups and
induce oxidation within cellular environments. Consequently,
the occurrence of oxidation was monitored by observing the
increase in fluorescence intensity. In our experiments, 3D-bio-
printed breast cancer models that were put in contact with the
scaffolds were subjected to NIR irradiation (808 nm) for a dur-
ation of 3 minutes. Following the NIR treatment, we incubated
the scaffolds at 37 °C under 5% CO,. We then replaced the
culture medium with PBS containing 10 pM H,DCFDA. The
tumor models were allowed to incubate for 30 minutes at
37 ©°C under 5% CO,. Subsequently, we removed the
H,DCFDA-containing PBS and replaced it with complete
medium. To quantify the fluorescence intensity of H,DCFDA,
we employed a Cytation 3 Cell Imaging Multi-Mode Reader,
exciting the sample at 495 nm and recording the emission at
528 nm. Our findings were expressed with respect to viable
cells. A computational model was also developed using
COMSOL Multiphysics to simulate ROS diffusion and con-
sumption within a 3D-bioprinted breast cancer model exposed
to NIR radiation. ROS transport was modeled using the
Transport of Diluted Species module, incorporating diffusion
to reflect cellular antioxidant defenses. Boundary conditions
included no-flux constraints at scaffold edges and ROS decay
in the extracellular environment. Simulations provided spatial
and temporal ROS concentration profiles, with sensitivity ana-
lyses performed to evaluate the impact of antioxidant
efficiency.

Migration of immune cells

To test the effect of NIR on the migration of immune cells,
NIR therapy was carried out on bioprinted breast cancer
models. After the treatment, the supernatant of bioprinted
models was collected, centrifuged and transferred to the lower
chamber of a transwell system at a final volume of 600 pL.
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THP-1 cells were seeded on the upper chamber of the transwell
system (5 pm pore size) at a seeding density of 10° cells per
mL. After 24 h of incubation, calcein was added to the lower
and the upper chambers at a final concentration of 5 pM, and
the multiwell was incubated for 30 min at 37 °C under 5%
CO,. Following the incubation, the fluorescence intensity of
calcein was recorded on both sides of the transwell by exciting
at 480 nm and recording the emission at 535 nm. To quantify
the migration efficiency, we first evaluated the relative fluo-
rescence (RF), expressed as the ratio between the fluorescence
intensities of migrated and not migrated cells. We then
measured the efficiency as RFyir/RFno Nir-

Autophagy measurement

Autophagy after NIR exposure was evaluated with the auto-
phagy assay kit (Sigma-Aldrich), which exploits a fluorescent
marker of the formed autophagosome. Briefly, the culture
medium was removed and the autophagosome detection
reagent working solution was added according to the manufac-
turer’s instructions. Tumor models were incubated at 37 °C
under 5% CO, for 45 minutes. The samples were then washed
with wash buffer. Subsequently, the fluorescence intensity was
recorded with a Cytation 3 Cell Imaging Multi-Mode Reader by
exciting at 360 nm and recording the emission at 520 nm.

Pyroptosis

To test pyroptosis induced by PTT/PDT, we measured the
release of gasdermin D (GSDMD) from the cells after NIR
exposure using the GSDMD ELISA kit (Abcam) following the
manufacturer’s instructions. Briefly, 50 pL of the supernatant
from the treated cells was mixed with 50 pL of GSDMD anti-
body and incubated for 1 hour at room temperature on a plate
shaker at 400 rpm. The mixture was washed 3 times with the
respective wash buffer. Then, absorbance was recorded at
450 nm.

Antibacterial activity

The antibacterial properties of the PLGA, PLGA-GO, PLGA-MX
and PLGA-TMDC scaffolds were tested against Escherichia coli
(E. coli) ATCC 25922 and Staphylococcus aureus (S. aureus)
ATCC 29213. Each strain was inoculated in 10 mL of Lennox
LB medium (Sigma-Aldrich) at 37 °C overnight under continu-
ous stirring. Afterwards, 50 pl of the resulting turbid solution
was added to 100 ml of fresh LB broth medium and harvested
at the exponential growth phase evaluated using OD (optical
density) and a standard reference growth curve, at a concen-
tration of 107 bacterial cells per mL. Then, the cells were
diluted in phosphate buffered saline (PBS, Sigma-Aldrich, pH
7.2) to obtain a concentration of 10> bacterial cells per mL.
The scaffolds were placed in a 48-well plate and 50 pl of bac-
teria (10° CFU ml™') were dispersed over each scaffold.
Afterwards, the scaffolds were incubated at 37 °C for 1 h.
Subsequently, 150 pl of PBS was added to all wells, while half
of the scaffolds were irradiated with NIR light at power den-
sities of 1.39 W and 1.61 W cm 2 for PLGA only and PLGA con-
taining GO, MX and TMDCs, respectively, to achieve the same
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temperature for each scaffold during an exposure time of 180
s. Colony forming units (CFUs) were evaluated after washing
the scaffolds with PBS to harvest bacteria using LB agar plates
incubated overnight at 37 °C. The number of CFUs was
counted using FIJI software and the survival rate was expressed
as a percentage compared to the control samples (PLGA).

Statistical analysis

The obtained data are representative of at least three indepen-
dent experiments. For all tests on cancer cell lines, one-way
ANOVA and Turkey post-hoc tests were used. A p value lower
than 0.05 was considered statistically significant.

Results and discussion
Characterization of the initial nanomaterials

The overall quality, morphology and structure of all initial
nanomaterials were assessed by electron microscopy, X-ray
diffraction and Raman spectroscopy, as presented in Fig. 1.
Based on the transmission electron micrograph of GO
(Fig. 1a), a typical 2D sheet-like structure with feature sizes in
the micrometer range and variable transparency can be
observed. This can be well connected with the multi-layer
nature of the synthesized GO. XRD analysis (Fig. 1d) also con-
firms the quality of the produced GO with an interlayer dis-
tance of 0.75 nm based on the (001) diffraction point, which
aligns well with state-of-the-art literature."> The obtained
Raman spectrum of GO (Fig. 1g) displays the characteristic D
(1347 em™) and G (1591 cm™) peaks of GO with an ID/IG
ratio of 1.05, which confirms the formation of GO using the
conventional Hummers method.**?* The scanning electron
micrograph of MX (Fig. 1b) verified the typical accordion-like
structure, which is commonly observed for multi-layer TizC,T,
nano-sheets. The measured diffractogram (Fig. 1e) confirmed
the main diffraction peaks for Ti;C,Ty, which confirm their 2D
structure, as well as an interlayer spacing of 0.87 nm, which
agrees well with published literature data.>** The Raman spec-
trum of the as-synthesized MX (Fig. 1h) depicts the character-
istic MXene peaks located at 125, 212, and 701 cm™ ", as well as

Fig. 1 Morphological and structural characterization of the initial (a, d
and g) GO, (b, e and h) MX and (c, f and i) TMDC nano-materials by (a—c)
electron microscopy, (d—f) X-ray diffraction and (g-i) Raman spec-
troscopy, respectively.
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broader Raman peaks at around 285, 376, and 600 cm™".
These peaks match well with contributions stemming from
Ti;C,0,, Ti;C,F,, and Ti;Cy(OH),.*>3° The scanning electron
micrographs and X-ray analysis of the TMDC (Fig. 1c and f)
also confirmed their crystalline nature and plane, layered-like
structure with flake sizes on the order of tens of micrometers.
The obtained interlayer distance based on the (001) peak of
0.57 nm correlates well with the published data in the litera-
ture.”” In the Raman spectrum of the TMDC (Fig. 1i), pro-
nounced peaks are located at 223, 330 and 379 cm™', which
align well with the commonly observed Raman signature for
this TMDC.*’

Functional characterization of 3D-printed scaffolds

All PLGA scaffolds were 3D-printed through an extrusion-
based technique. The used nanomaterials (GO, MX and
TMCDs) are widely known for their photothermal conversion
properties. Therefore, we assessed the temperature increase
resulting from NIR irradiation using a laser with a wavelength
of 808 nm in a time span of 180 seconds. We adjusted the
laser power density for each scaffold to allow for a relative
temperature increase of 45 °C, corresponding to a mild photo-
thermal range (Fig. 2a and b). The PLGA-GO, PLGA-MX and
PLGA-TMDC scaffolds were irradiated with different power
densities to achieve a temperature increase up to 45 °C. Our
evidence verified the high photothermal conversion properties
of these nanomaterials, highlighting their feasibility for a PTT
approach.

To infer the laser-induced heat diffusion from the scaffold
to the tumor model, we designed a simulated framework in
COMSOL Multiphysics to solve the heat-conduction equation
(Fick’s law). An illustration of the simulation framework con-
sisting of a PLGA-GO disk as the scaffold, a hydrogel-based
dome and the surrounding culture medium is depicted in
Fig. 2c. Fig. 2d shows the isothermal curves evaluated in the y
= 0 plane after 180 s of laser irradiation. Laser irradiation gave
rise to a relatively smooth temperature gradient over the dome
(from 46 °C near the scaffold to 42 °C in the apical region, ca.
2.0 °C mm™"), being a crucial aspect to equalize and maximize
the biological effectiveness over the whole tumor region
during the laser treatment. Another critical aspect to consider
in this type of treatment is that the nanomaterials composing
the scaffolds (GO, MX, and TMDCs) are also known to be
photosensitizing agents. This implies that they can convert
incident radiation into the production of radical species.
Given their dual capabilities in photothermal conversion and
radical generation, it is essential to investigate the photo-
dynamic properties of these scaffolds. This dual functionality
can enhance therapeutic outcomes by combining PTT with
PDT, leveraging the generation of radical species under NIR
irradiation.

Therefore, we further explored the photodynamic effects of
these materials by assessing the generation of ROS upon NIR
irradiation, providing a comprehensive understanding of their
potential for combined PTT and PDT applications. For this
purpose, we used the ROS-ID detection kit, which includes two
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Fig. 2 Photothermal and photodynamic conversion of the 3D-printed scaffolds. (a and b) Photothermal conversion of all scaffolds under NIR
irradiation using a laser with a wavelength of 808 nm for 180 s at different power densities to achieve the same temperature increase. (c) Illustration
of the simulation framework consisting of a PLGA-GO scaffold, a hydrogel-based dome and the surrounding culture medium. (d) Isothermal curves
evaluated in the y = 0 plane after 180 s of laser irradiation. (e) Fluorescence intensity of the green probe to detect oxidative stress. The results are
expressed as fold change over non-irradiated PLGA. (f) Ratio between the green fluorescence intensity of the irradiated scaffolds and that of the
non-irradiated ones. (g) Fluorescence intensity of the orange probe to detect superoxide radicals. The results are expressed as fold change over
non-irradiated PLGA. (h) Ratio between the orange fluorescence intensity of the irradiated scaffolds and that of the non-irradiated ones. (i)
Theoretical simulation of ROS distribution through the bioprinted model, reaching the whole structure in a time span of 20 minutes. *** p < 0.001;
*** p < 0.0001; one-way ANOVA and Tukey post-hoc test.
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probes to directly monitor the generation of reactive oxygen
(green fluorescent probe) and/or superoxide species (orange
fluorescent probe) in real time. We monitored the increase in
fluorescence intensity due to ROS generation coming directly
from the scaffolds without cells. After NIR radiation, we moni-
tored the increase in the resulting fluorescence intensity of
both probes (Fig. 2e-h). The fluorescence intensity of the
green probe showed a notably increased production of general
ROS with respect to PLGA and for all irradiated 3D-printed
scaffolds (Fig. 2e). To quantify the ROS increase under NIR
irradiation, we reported the ratio for each scaffold between the
irradiated and not irradiated ones (Fig. 2f). Despite a small
presence of free radicals produced by PLGA-GO without
irradiation, all scaffolds showed a significant increase in green
fluorescence with respect to their non-irradiated counterparts.
We also monitored the generation of superoxide species using
the orange fluorescent probe (Fig. 2g and h). A strong increase
in fluorescence intensity, expressed as fold change over PLGA,
was observed for all scaffolds, which aligns well with the find-
ings for the green probe (Fig. 2g). The efficiency for superoxide
generation was similarly calculated by reporting the ratio
between the fluorescence intensities of the irradiated scaffolds
and the non-irradiated ones (Fig. 2h). Overall, the 3D-printed
scaffolds demonstrated exceptional photothermal conversion
properties, along with the capability to act as photosensitizing
agents through significant increases in ROS and superoxide
generation under NIR irradiation. The dual functionality of
these scaffolds in both PTT and PDT enhances their thera-
peutic potential, providing a synergistic approach for cancer
treatment. Building on our initial observations of ROS gene-
ration under NIR irradiation, we sought to investigate the
mechanism of action of ROS. The simulation demonstrated a
rapid and uniform diffusion of ROS throughout the bioprinted
tumor model through as a first-order reaction mechanism.
After just 20 minutes, ROS concentrations reached equili-
brium, with complete penetration into the hydrogel scaffold
and cellular regions (Fig. 2i). This was evident in the ROS con-
centration heatmaps, which showed no significant spatial gra-
dients, indicating a homogeneous distribution of ROS across
the construct. The simulation quantified ROS concentrations
across the bioprinted model, revealing that equilibrium was
achieved within 20 minutes, regardless of initial ROS gene-
ration sites. This suggests that the dual functionality of the
3D-printed scaffolds—acting as both photothermal agents and
photosensitizers—can efficiently deliver ROS to target regions
under NIR irradiation. Our findings support the hypothesis
that the photodynamic properties of the nanomaterials within
the scaffolds play a crucial role in enhancing therapeutic out-
comes. This comprehensive understanding underscores the
potential of these scaffolds in synergistic PTT and PDT cancer
therapies.

Photothermal/photodynamic therapy through scaffolds on 3D-
bioprinted breast cancer models

Our primary objective was to explore the biological effect of
photothermal and photodynamic therapy on a complex bio-
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logical model, the 3D-bioprinted breast tumor. In this setup,
we evaluated the effect of the photothermal and photodynamic
conversion efficiency of the 3D-printed scaffolds (Fig. 3a). For
this purpose, we irradiated the scaffolds with an 808 nm laser
at a specific power density calibrated for each material to reach
45 °C in 3 minutes (see the Experimental section) to sub-
sequently evaluate their biological effect. The respective results
are summarized in Fig. 3b. Initially, we evaluated the effects of
NIR on the resulting cell viability. 3D-bioprinted breast cancer
models did not suffer from a reduction in cell viability when
in contact with PLGA alone or PLGA irradiated with NIR light.
Moreover, the 3D-bioprinted cancer models in contact with
PLGA-GO, PLGA-MX and PLGA-TMDCs did not show any sig-
nificant difference in terms of viability with respect to the
control sample. In contrast, upon NIR irradiation, we observed
a notable reduction in the viability for the bioprinted cancer in
contact with all scaffolds. In particular, the PLGA-TMDCs
exhibited the highest anti-proliferative effects on HCC-1806
cells, decreasing viability to 47.9%. The reduction in viability
caused by the irradiated PLGA-TMDCs was followed by the
PLGA-MX scaffolds, which caused a decrease in viability to
64.7%. Therefore, we further investigated whether this strong
reduction in viability is related to a high production in ROS.
The results of ROS production under NIR radiation are shown
in Fig. 3c and reported as fold change. All irradiated scaffolds
caused a significant stimulation of oxidative stress with
respect to the control group (PLGA only). As for the reduction
in viability, the highest effect was observed for the PLGA-
TMDC scaffolds, which showed a 3.5 times increased ROS pro-
duction with respect to PLGA. This increase was followed by
the PLGA-MX and PLGA-GO scaffolds, which caused an
increase of 2.3- and 2.1-fold, respectively. These results are
clearly indicative of a photodynamic-dependent anti-tumor
effect. It has been reported in the literature that there is a
strong correlation between ROS production and activation of
autophagy.®®*° Autophagy is a cellular degradation process
that removes damaged organelles, misfolded proteins, and
other cellular components to maintain cellular health.
Oxidative stress induced by PDT can trigger autophagy as a
protective mechanism to remove damaged cellular com-
ponents and maintain cell viability.**™*> However, excess auto-
phagy may also contribute to cell death following PDT
treatment.”>™* To test the cellular response to the enhanced
ROS production after PTT/PDT, we measured the formation of
the autophagosome through a specific autophagosome detec-
tion kit (Fig. 3d and e). We observed a significant increase in
autophagosome formation in terms of fold change after NIR
radiation for the PLGA-GO, PLGA-MX and PLGA-TMDC
scaffolds. The obtained results align well with the respective
ROS production, highlighting the interplay between both
mechanisms. In particular, the PLGA-MX and PLGA-TMDC
scaffolds under NIR caused the highest increase in autophago-
some detection, which resulted in 4.9 and 6.8 times
higher values compared to the value detected for the 3D-bio-
printed breast cancer in contact with PLGA only. Our findings
provide compelling evidence of the synergistic relationship
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Fig. 3 Biological effect of the photothermal/photodynamic therapy on 3D-bioprinted breast cancer models. (a) Schematic representation of the
experimental setup, showing a rendering of the irradiated 3D-printed scaffolds in contact with the 3D-bioprinted breast cancer model. (b) Cell viabi-
lity of the breast cancer model after NIR radiation on the 3D-printed scaffolds. The results are expressed as % of control breast cancer. (c)
Production of reactive oxygen species after NIR radiation. The results are expressed as fold change. (d and e) Induction of the production of the
autophagosome after NIR radiation and representative fluorescence images. The results are reported as fold change. * p < 0.05; ** p < 0.01; *** p <

0.001; **** p < 0.0001; one-way ANOVA and Tukey post-hoc test.

between ROS production, cellular cytotoxicity, and autophagy
activation in response to PTT/PDT-mediated treatment. In
combination with our previous results on the different
adhesion propensions of the cells, we further highlight the
potential of our 3D-printed scaffolds as promising candidates
for highly selective anti-tumoral efficacy in breast cancer
therapy.
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Induction of pyroptosis through photothermal/photodynamic
therapy

Recent experimental evidence suggests a complex interplay
between autophagy and pyroptosis, two distinct yet intercon-
nected cellular processes.*®*%*® Pyroptosis, unlike autophagy,
is a form of programmed cell death that is inherently inflam-
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matory and occurs through the activation of caspase-1 and gas-
dermin D (GSDMD), leading to cell lysis and the release of pro-
inflammatory cytokines.*”*® This process serves as a signal to
recruit immune responses to the site of infection or
tumorigenesis.**" Given the contrast between the primarily
survival-oriented process of autophagy and the destructive
nature of pyroptosis, understanding the relationship between
both processes could have profound implications for cancer
therapy.”>>*

Autophagy plays a crucial role in cellular homeostasis and
stress adaptation, acting as a mechanism for recycling
damaged organelles and macromolecules to sustain energy
production and survival under adverse conditions. In the
context of cancer, autophagy can promote tumor survival by
mitigating cellular stress.>® Importantly, autophagy has been
shown to intersect with pyroptotic pathways, potentially modu-
lating the extent and onset of inflammatory cell death.>* The
observed variation in autophagy levels, particularly its
increase, might act as a protective cellular mechanism by
delaying or suppressing pyroptosis, thereby offering cells a
temporary reprieve from immune-mediated destruction. This
hypothesis aligns with recent insights into a regulatory axis
between autophagy and pyroptosis, where cells dynamically
balance survival and inflammatory death under stress or
damage. Such a balance is especially critical in the tumor
microenvironment, where autophagy may serve to shield
cancer cells from immune surveillance while pyroptosis could
enhance anti-tumor immune responses.

For this purpose, we tested the expression of GSDMD on
bioprinted breast cancer models after NIR radiation of the
scaffolds (Fig. 4). Among the tested scaffolds, PLGA-GO
demonstrated the highest induction of pyroptosis, followed by
PLGA-TMDCs and PLGA-MX, when compared to the control

a)  ONoNR c)
4 ONR
— *
g ED 3 r * % )
O ®© T
36 2 T T
9 '_U T k -
&9 1+ 1 NIR
0
PLGA GO MX  TMDCs
b) \ >
9]
K] ‘G 3% % %
8E 2| i
% = T T
52 1t
a B =
S
°
£ 0
PLGA GO MX  TMDCs

View Article Online

Paper

PLGA scaffold (Fig. 4a). To quantify the tendency of the irra-
diated scaffolds to induce pyroptosis, we evaluated the
efficiency, expressed as the ratio between the expression of
GSDMD of the irradiated samples and the non-irradiated ones
(Fig. 4b). The induction efficiency of pyroptosis indicated the
tendency of PLGA-GO to induce this type of immunogenic cell
death when compared to the other scaffolds. Importantly, we
observed an inverse correlation between the levels of auto-
phagy and pyroptosis. The scaffolds inducing higher levels of
pyroptosis  (notably PLGA-GO) correspondingly showed
reduced signs of autophagy when compared to PLGA-MX and
PLGA-TMDCs (Fig. 4c). This was evaluated by comparing the
efficiency of the induction of pyroptosis with the efficiency of
induction of autophagy. These findings align with the hypoth-
esis that the stress responses elicited by higher pyroptosis
rates can downregulate autophagy, further indicating a tightly
regulated balance between both processes in the cellular
response to NIR-induced stress. The differential induction of
stress response pathways by various scaffold compositions pre-
sents a novel avenue for targeted cancer therapies. By selecting
appropriate scaffold materials and NIR conditions, it will
become possible to tailor the cellular response towards either
a more conservative (autophagy) or a more immunogenic (pyr-
optosis) response.

Migration of immune cells

The interaction between the immune system and the tumor
microenvironment is crucial for an effective cancer
therapy.”>*® Therefore, we evaluated the migration of immune
cells towards the cancer region after NIR irradiation using a
transwell system (Fig. 5a). We first irradiated the 3D-printed
scaffolds in contact with the bioprinted breast cancer models.
After irradiation, we removed the supernatant and added it on

Pyroptosis
1
N R?20.9918
08
k) 60
g 06 | —_PLGA
*é £
S 04 | S
a b %
p , TMDCs*
{ 02
| . | — \\
& 0 :
I 0 0.5 1
Autophagy Autophagy

Fig. 4 Pyroptosis induction after NIR radiation. (a) Induction of pyroptosis on bioprinted breast cancer models after NIR radiation of the scaffolds.
The results are expressed as fold change of the PLGA scaffolds. (b) Efficiency of pyroptosis induction expressed as the ratio between the irradiated
and non-irradiated samples. (c) Schematic illustration highlighting the inverse correlation between autophagy and pyroptosis as the ratio of pyropto-
tic or autophagic behaviour for each irradiated sample. * p < 0.05; ** p < 0.01; *** p < 0.001; one-way ANOVA and Tukey post-hoc test.
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Fig. 5 Migration of immune cells towards the cancer region after NIR irradiation. (a) Schematic representation of the transwell system used. (b)
Migration efficiency expressed as the ratio between the fluorescence intensities of immune cells under non-irradiated conditions and immune cells
under irradiated ones. (c) Representative images of the stained immune cells after migration in the lower chamber of the ttranswell. * p < 0.05; ** p <

0.01; one-way ANOVA and Tukey post-hoc test.

the lower chamber of the transwell. Subsequently, we seeded
immune cells on the upper chamber, and evaluated the
migration through calcein staining. The observed results are
collectively summarized in Fig. 5b and c. After 24 hours of
incubation, a significant migration of immune cells towards
the cancer region was observed. Measurements of the
migration efficiency demonstrated that the irradiated PLGA-
GO, PLGA-MX and PLGA-TMDC scaffolds caused a notable
increase in the migration of immune cells towards the cancer
region (Fig. 5b), as highlighted by the representative images
(Fig. 5c). Notably, the irradiated PLGA-GO scaffolds caused a
higher migration of immune cells compared to the other
scaffolds, confirming our hypothesis that immune cells tend
to migrate more extensively towards cancer models showing
higher pyroptosis levels. The observed recruitment of immune
cells towards the cancer region underscores the potential of
our 3D-printed scaffolds in enhancing anti-tumor immune
response. The ability of the PLGA-GO, PLGA-MX, and PLGA-
TMDC scaffolds to generate localized heat and ROS under NIR
irradiation does not only directly damage cancer cells but also
contributes to create a controlled inflammatory environment
that attracts immune cells. This dual mechanism can potenti-
ate the overall therapeutic efficacy by promoting tumor
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destruction through both direct cytotoxic effects and immune-
mediated responses.

Antibacterial activity of irradiated scaffolds

The antibacterial effect of the scaffolds is a necessity for suc-
cessful clinical applications. By preventing infections, reducing
antibiotic reliance, and fostering tissue integration, these
scaffolds significantly enhance the efficacy and safety of regen-
erative medicine and tissue engineering approaches. To inves-
tigate the antibacterial effects of all scaffolds, the CFUs were
calculated for E. coli and S. aureus with and without NIR
irradiation, respectively, after an incubation time of 1 h. The
results are presented in Fig. 6a (E. coli) and Fig. 6b (S. aureus)
as a percentage compared to the control unit (PLGA only). The
results indicate that without NIR radiation, the % CFUs of
both E. coli and S. aureus treated with PLGA-GO decreased
compared to the control. Without NIR irradiation, PLGA-MX
exhibited an antibacterial effect (~50%) against E. coli, and
showed no notable effect against S. aureus. The PLGA-TMDC
scaffolds exhibited a negligible antibacterial effect against
both species without NIR irradiation. After 180 s of NIR
irradiation, the % CFUs for both E. coli and S. aureus
decreased for all scaffolds compared to the non-irradiated
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samples except for the PLGA-TMDC scaffolds, which did not
exhibit an antibacterial effect against E. coli even under elev-
ated temperature conditions. The antibacterial effect appears
to be higher when using the NIR-irradiated PLGA-MX
scaffolds in the case of E. coli (Fig. 6a), while the NIR-irra-
diated PLGA-GO scaffolds showed the highest antibacterial
effect against S. aureus (Fig. 6b). Representative images of CFU
plates for each sample are presented in Fig. 6d and e, whereas
Fig. 6¢c summarizes the % efficacy of NIR irradiation for all
materials. PLGA-GO and PLGA-MX showed a higher %
efficacy compared to PLGA-TMDCs in the case of E. coli, with
a relative improvement of the antibacterial effect of ~20 and
30%, respectively, upon NIR treatment. However, an opposite
trend can be observed for S. aureus, for which PLGA-TMDC
and PLGA-MX exhibited a higher % efficacy compared to
PLGA-GO, with a more than ~60% improvement after NIR
irradiation. We hypothesize that the different results against
the two species can be ascribed to their specific sensitivity to
external stress. Indeed, from previous studies, E. coli has been
demonstrated to be more sensitive to ROS species,>” whereas
S. aureus is known to be more susceptible to high tempera-
tures (>40 °C).”® These outcomes can be explained considering
the different biochemical compositions of Gram-positive and
Gram-negative bacteria’s outer structures.”® The Gram-nega-
tive, i.e. E. coli, cell wall is made up of the cytoplasmatic mem-
brane, followed by a periplasmatic space, a peptidoglycan

This journal is © The Royal Society of Chemistry 2025

layer, the outer membrane, and a lipopolysaccharide layer
(from the inner part to the outer part). In contrast, the Gram-
positive, i.e. S. aureus, cell wall is composed of the cytoplas-
matic membrane followed by a peptidoglycan layer. The most
relevant layers that are crucial to defend bacteria from ROS
species have proved to be the lipopolysaccharide and the pepti-
doglycan layers. In fact, the peptidoglycan layer in Gram-posi-
tive bacteria is known to act as a barrier for ROS species pro-
duced in the external environment. In contrast, the lipopoly-
saccharide barrier of Gram-negative bacteria displayed a
higher susceptibility to ROS, since singlet oxygen (O'~) might
initiate radical chain reactions that result in the production of
endogenous ROS species.

Biocompatibility and adhesion on 3D-printed scaffolds

A crucial aspect following tumor ablation via PTT and PDT is
the possibility of tissue regeneration. It has been widely shown
that certain nanomaterials under the right conditions can
promote tissue regeneration and thus serve both as photoacti-
vators to reduce the tumor mass and as promoters in regenera-
tive medicine.®”®* We seeded three different cell lines on the
scaffolds to verify adhesion and metabolic activity (Fig. 7). In
this setup, we investigated the differences in terms of viability
and adhesion between breast cancer cells and two non-tumor
cell lines, i.e. fibroblasts and bone marrow mesenchymal stem
cells. We quantified viability as the ratio of live to dead cells,
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Fig. 7 Biocompatibility of the 3D-printed scaffolds on human breast cancer cells, fibroblasts and mesenchymal stem cells. (a, d and g)
Representative live/dead images of human breast cancer cells, human fibroblasts and mesenchymal stem cells, respectively. (b, e and h) Cell viability
of human breast cancer cells, human fibroblasts and mesenchymal stem cells seeded on the 3D-printed discs, respectively. The results are reported
as % of control (PLGA). (c, f and i) Cell adhesion of human breast cancer cells, human fibroblasts and mesenchymal stem cells on the 3D-printed
scaffolds, respectively. The results are reported as % of control (PLGA). (f) Cell adhesion of human fibroblasts on the 3D-printed scaffolds. ** p <

0.01; *** p < 0.001; one-way ANOVA and Tukey post-hoc test.

normalized to values obtained with PLGA scaffolds.
Representative images of live and dead cells are presented in
Fig. 7a, d and g, where live cells are stained in green with
calcein and dead cells are stained in red with propidium
iodide.

Notably, the scaffolds did not exhibit cytotoxicity (viability
>70%) for all the cells used (Fig. 7b, e and h). Interestingly, the
adhesion behavior of human breast cancer cells was signifi-
cantly influenced by the scaffold materials (Fig. 7c). In contrast,
human fibroblasts and mesenchymal stem cells exhibited con-
sistent adhesion regardless of scaffold type (Fig. 7f and i).

These findings underscore a crucial aspect in the realm of
regenerative medicine, highlighting the potential of scaffold
materials in guiding cell behavior. In summary, our data
underscore the potential of using nanomaterial-enriched 3D-
printed scaffolds for dual anticancer and regenerative appli-
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cations.®® The minimal cytotoxicity observed with the MX and
TMDC scaffolds towards breast cancer cells highlights their
safety profile, whereas the differential adhesion patterns
observed suggest that the scaffold material composition plays
a crucial role in modulating cellular behavior. This study pro-
vides a foundation for the development of advanced scaffolds
tailored for specific biomedical applications, combining
tumor ablation with tissue regeneration, thus offering a prom-
ising avenue for future research and clinical translation.

Conclusions

The study focused on the integration of PTT/PDT using 3D-
printed scaffolds composed of PLGA together with 2D nano-
materials such as GO, MX and TMDCs on 3D-bioprinted

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr05026f

Published on 16 December 2024. Downloaded on 3/14/2026 9:25:05 AM.

Nanoscale

breast cancer models. A key strength of this research lies in the
use of 3D-bioprinted breast cancer models, which resemble
more accurately the tumor microenvironment and cellular
architecture seen in clinical settings compared to traditional
2D culture systems. This advanced model enhances the clinical
relevance of the findings and supports the potential for rapid
translation of these therapeutic strategies into clinical appli-
cations. It allows culturing of cells derived from biopsies of
patients, not having to deal with commercial cell lines or with
the different physiologies of animal models, which has sub-
stantive differences.

Here we directly compared the effects of three 2D materials
synthesized in the last 15 years and promising candidates for
PDT/PTT in vivo. All the scaffolds demonstrated robust capa-
bilities in both photothermal conversion and photodynamic
processes, generating significant ROS upon NIR irradiation.
This dual functionality led to pronounced biological effects,
including oxidative stress, autophagy, and pyroptosis.
Importantly, these effects were observed in a complex, 3D
tumor model that closely mimics human breast cancer, under-
lining the potential of these scaffolds to achieve selective and
effective cancer cell targeting in a realistic setting. Moreover,
the ability of these scaffolds to induce specific cellular
responses such as pyroptosis did not only highlight their
potential to directly target and kill cancer cells but also
suggested a mechanism for initiating an immune response,
which is crucial for sustained cancer suppression and preven-
tion of recurrence. The differential antibacterial activity
further indicated the utility of these scaffolds after mastect-
omy, reducing infection risks.”> A pivotal aspect of this
research is the strategic use of these materials to tune the
therapeutic outcomes, leveraging their unique properties for
targeted cancer therapy. In this regard, GO scaffolds stood out
for their notable induction of pyroptosis, which is highly
inflammatory, thus effectively triggering immune responses.
Interestingly, GO also showed reduced activation of autophagy
compared to the other 2D materials, which positions it as par-
ticularly effective in initiating a stronger immune response
due to its high immunogenicity. This capability makes GO an
excellent candidate for therapies, for which enhanced immune
activation is desired. In contrast, TiS, (member of the TMDC
family) in the scaffolds was associated with a higher induction
of ROS and increased autophagy. The marked ROS generation
by TMDCs underscored their potential in creating a highly oxi-
dative environment that can induce cancer cell death through
oxidative stress. Simultaneously, the elevated autophagy
suggests a dual role, where cells attempt to mitigate damage
but can also succumb to autophagic cell death under persist-
ent stress. These findings make TMDCs suitable for aggressive
treatment approaches, for which both direct and collateral
damage to tumor cells is beneficial. MX demonstrated a
balanced effect between inducing pyroptosis and promoting
autophagy with substantial ROS production. This balanced
response positions MX as the most versatile material that can
be tailored to achieve specific therapeutic outcomes, adaptable
to different therapeutic needs and tumor types. MX’s adapta-
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bility allows it to be tuned for either more conservative treat-
ments via autophagy or more aggressive approaches via
enhanced pyroptosis.

Finally, all scaffolds displayed promising regenerative medi-
cine-oriented preliminary evidence, showing good cell
adhesion of fibroblasts and mesenchymal stem cells compared
to human breast cancer cells. Overall, this research did not
only demonstrate the efficacy of using a 3D-bioprinted breast
cancer model for more clinically relevant outcomes, but also
highlighted how the choice of a specific 2D material can be
strategically utilized to control and enhance the therapeutic
response.

Consequently, by fine-tuning the scaffold nano-photoadsor-
bers, it is possible to direct the treatment pathway—whether to
enhance the respective immune responses, increase oxidative
stress, or balance between cellular death mechanisms accord-
ing to patient requirement. In addition, scaffold shape can be
tailored to adapt to the tumor model thereby ensuring homo-
geneous temperature distribution, and hence homogeneous
treatment effectiveness, during scaffold irradiation. These
promising results affirm the potential for these scaffold-based
bioprinting technologies to revolutionize personalized cancer
therapy, providing a platform for future studies to explore and
optimize these interactions in clinical settings.
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