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Fig. 4. Impact of hyperthermia regimens on Th subset differentiation and Treg
polarization. PBMC were stimulated with anti-CD3 mAb in the presence of
PLGA scaffolds at different concentrations of GO (0.5, 1, 2 and 5%) in com-
parison to the control condition in red, second lane, at the two different hy-
perthermia regimens: NF (left panel) or t3 (right panel). A) Thl
(CD183+CD196—), Th1/Thl7 (CD183+CD196+) and Th2 (CD183-CD196-
CD194+), Th1/Th17 (CD183+CD196+) and Th17 (CD183-CD196+) pheno-
types were evaluated. Furthermore, the expression of the T lymphocyte acti-
vation marker CD25 was assessed. B) Induction of Treg was evaluated by flow
cytometry after six days and displayed as a percentage of
CD45RA-FoxP3+CD25hi cells. Results are represented as violin plots showing
median (thick line), 25th and 75th quartiles (*p < 0.05, **p < 0.01, ****p <
0.0001 versus control PBMC + antiCD3), N > 3 individual experiments.

without reaching the complete suppression as observed with the NF
protocol (Fig. 3B, right panel).

3.4. Effect of NIR radiation regimens in the differentiation of CD4* T
lymphocytes in different subsets

We investigated whether different hyperthermia protocols could
impact CD4 lymphocyte differentiation in different Th subsets. Again,
we observed that hyperthermia/irradiation does not affect the differ-
entiation of both activated PBMCs and of activated PBMC cultured in
presence of PLGA scaffolds, confirming the results previously reported
for proliferation. Differences were instead observed after the application
of the two hyperthermia regimens to activated PBMC in presence of
PLGA-GO scaffolds. Again, we observed that NF irradiation strongly
affects CD4 " lymphocyte differentiation. In fact, we noted that even 1%
GO reduced differentiation toward the inflammatory Thl subset. At
increasing graphene concentrations, we detected a progressive impair-
ment of T lymphocytes ability to differentiate toward Thl subset

Materials Today Bio 25 (2024) 100986

0

80 YE: ell

538Hﬂ;i _1bs, Ik

T T
CD14 CD163 CD209

% Expression markers
8

T
CD197

B
[ ven seee
o 100
iy
g w EA\YW; g s
£ 60 | " ie, |
K]
2 4 c 2
S 2 I 9
s Ugr N
X &g gy . ) Ralg
w v T T T T T T
B3 CD197 CD86 CD80 CD14 CD163 CD209

= M
3 M1 (NIR)
3 M1 +PLGA (NIR)

3 M1 +PLGA-GO 0.5% (NIR)

3 M1+ PLGA-GO 1% (NIR)
M1 + PLGA-GO 2% (NIR)
M1 + PLGA-GO 5% (NIR)

Fig. 5. Comparison of NF and t3 hyperthermia regimen on Monocyte to M1
macrophage differentiation. Phenotype analysis of PBMC differentiated into M1
macrophages in the presence of PLGA scaffolds at different concentration of GO
(0.5, 1, 2 and 5%) in comparison to the control condition in red, second lane,
represented by fully differentiated M1 macrophages treated with the same
hyperthermia regimen, at the two different hyperthermia regimens: NF (A,
upper panel) or t3 (B, lower panel). Scaffolds were added at the start of the
differentiation protocol to evaluate the ability to affect monocyte differentia-
tion toward M1 macrophages. At the end of the culture period, expression of
CD14, CD209, CD197 and CD163 and of the co-stimulatory molecule CD80 and
CD86 was evaluated by flow cytometry. Results are presented as a percentage of
expression and are shown violin plots show median (thick line), 25th and 75th
quartiles (*p < 0.05, ***p < 0.001, ****p < 0.0001 versus control M1), N > 3
individual experiments.

(Fig. 4A, upper panel), which could be a consequence of reduced cell
viability (Fig. 2).

A similar impairment in differentiation efficiency was observed also
in the t3 protocol with 1% GO (Fig. 4A, lower panel). Both hyperthermia
protocols did not significantly affect CD4 lymphocyte differentiation to
Th2, while they significantly increased their polarization toward Thl/
Th17 and Th17 in presence of PLGA-GO 2% scaffolds. Finally, we
analyzed the expression of the T lymphocyte activation marker CD25.
NF treatment heavily affected the expression of this marker similar to
the effect previously observed for PBMC proliferation (Fig. 3A). In fact,
1% GO induced a strong reduction of CD25 expression, while the t3
protocol induced a slight reduction of CD25 expression (Fig. 4A).

Finally, we observed that both NF and t3 hyperthermia protocols
reduced the polarization toward regulatory T cell subsets, but to a
different extent. The NF regimen strongly decreased Treg polarization
starting from 0.5% GO, while t3 protocol decreased Treg polarization
when 2% GO was Other instead have shown that near-infrared (NIR)
radiation, irrespective of its thermal effects, enhances the activation of
both T helper (Th) 1 and Th2 immune responses, while it had no impact
on regulatory T lymphocytes [42]. It is worth noting that these con-
flicting observations may arise from differences in experimental condi-
tions, cell types, or specific parameters of photobiomodulation used in
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Fig. 6. Biological effect of photothermal/photodynamic treatments (NF and t3) on cells seeded on 3D printed PLGA-GO scaffolds. A-C) Cell viability on mouse
macrophages, breast cancer cells and human lung adenocarcinoma cells respectively. D-F) Photodynamic-induced production of ROS after NF and t3 on mouse
macrophages, murine breast cancer cells and human lung adenocarcinoma cells respectively. Results of cell viability are reported as % of cells seeded on LGA.
Production of ROS are reported as fold change with respect to cells seeded on PLGA. **p > 0.01 and ***p > 0.001 ANOVA and Turkey post-hoc test.

the respective studies.

3.5. Comparison of NIR radiation regimens in the differentiation of
monocyte toward M1 inflammatory macrophages

The differentiation process from monocyte to macrophage occurs, as
indicated by the loss of expression of CD14, a monocytes marker,
regardless of GO concentration and protocol used (Fig. 5A). On the other
hand, however, both hyperthermia protocols significantly reduced the
expression of the differentiation marker CD209 as well as the co-
stimulatory molecule CD80 in presence of the higher GO concentra-
tions (5, 2 and 1%) (Fig. 5A and B). These findings align with another
study that demonstrated that high-intensity infrared photo-
biomodulation (PBM) doses reduce markers associated with M1 and
M2a macrophage phenotypes in vitro and increase the expression of
TGFp1 in M2 macrophages [43]. These results have also been corrobo-
rated by in vivo studies, which showed that PBM can reduce TNF-q
expression in macrophages activated with LPS + IFN-y.

3.6. Cell viability and ROS production

The two different NIR radiation protocols were then tested on
different cell lines: A549 human lung adenocarcinoma cells, 4T1 mouse
triple-negative mammary and RAW 264.7 mouse macrophage cell line.

Cells were cultured on PLGA-GO scaffolds to evaluate antitumor ef-
ficacy of the two distinct PTT/PDT regimens, NF and t3. NIR radiation
was exerted on PLGA-GO scaffolds having GO at 0%, 0.5%, 1%, 2% and
5% w/w. In vitro evaluation of the two therapeutic strategies was first
performed by comparing cell toxicity and production of ROS. Mouse
macrophages seeded on PLGA-GO 2% and 5% scaffolds showed a sig-
nificant decrease in cell viability after both NF and t3 with respect to
irradiated PLGA and PLGA-GO 0.5%, while no significant differences
were observed between the two therapeutic strategies in terms of
viability (Fig. 6A). The two tested cancer cell lines depicted an evident
decrease in cell viability after NIR radiation. Particularly, breast cancer
cell lineage showed a significantly higher photothermal effect when
seeded on PLGA-GO 2% and 5% scaffolds either on NF and on t3
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Fig. 7. Expression of cytokines on A459 and 4T1 cancer cell lines. A, B) Expression of IL-8 on mouse mammary tumor and on human lung adenocarcinoma
respectively. C, D) Expression of IL-6 on mouse mammary tumor and on human lung adenocarcinoma respectively. E, F) Expression of TNF-x on mouse mammary
tumor and on human lung adenocarcinoma respectively. Data are reported as fold change with respect to cells seeded on PLGA. **p > 0.01 and ***p > 0.001 ANOVA

and Turkey post-hoc test.

(Fig. 6B). Importantly, t2 also caused a significant reduction in viability
on the same samples with respect to irradiated PLGA and PLGA-GO
0.5%. Furthermore, we observed a slight difference between the two
NIR therapies. The fractioned t3 radiation caused a significantly higher
cell death on PLGA-GO 2% when compared to NF indeed, but not with
PLGA-GO 5%. Human lung cancer cell lineage displayed a similar
behavior (Fig. 6C). In this case, however, even cells seeded on PLGA-GO
1% had a strong reduction in cell viability after t3 and NF. The thera-
peutic strategy t3 showed a greater effect on PLGA-GO 1%, 2% and 5%
samples with respect to NF. Importantly, for all tested cell lines, a sig-
nificant reduction in cell viability was observed after seeding on PLGA-
GO 5% without the need to perform NIR radiation, indicating an
intrinsic toxicity effect probably due to the high concentration of GO.
Taken together, these findings point out the different outcomes of two
diverse therapeutic approaches based on NIR dose, showing a signifi-
cantly greater effect on cancer cells after three radiations at the same
temperature with respect to a single, longer NF administration. More-
over, the presence of GO in the scaffold holds potential for a specific PDT
approach. When GO is exposed to NIR light, it undergoes a nonradiative
relaxation process, transferring the absorbed energy to nearby oxygen
molecules and generating singlet oxygen species through a type II
photochemical pathway. The produced free radicals might exert potent
cytotoxic effects by oxidizing biomolecules within the immediate vi-
cinity of GO, leading to cellular damage and eventual cell death. This
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photodynamic effect of GO under NIR radiation holds immense potential
for selective and precise cancer treatment, as it enables the generation of
cytotoxic ROS exclusively within the targeted tumor regions while
sparing the surrounding healthy tissues. For this reason, we investigated
the production of ROS after the two different NIR radiation approaches.
Mouse macrophages seeded on PLGA-GO 1%, 2% and 5% scaffolds
showed a greater production of ROS when compared to NF therapy
(Fig. 6D). Breast cancer cells showed a slightly higher production of ROS
after NF, t2 and t3 only on samples seeded on PLGA-GO 2% and 5%. The
effect at t3 was significantly greater than the one observed on NF for
cells seeded on PLGA-GO 2%, but not on 5% (Fig. 6E). Human lung
cancer cell lineage displayed a significantly higher ROS production on t3
with respect to NF, in accordance with murine breast cancer cells
(Fig. 6F). However, in this case, even PLGA-GO 1% induced a strong
production of ROS on cancer cells. For all samples, PLGA-GO 5% scaf-
folds caused a production of ROS even without NIR radiation, in
accordance with the loss in viability, due to the high concentration of
GO. Our experimental findings revealed that irradiated scaffolds con-
taining 1% and 2% GO exhibited a remarkable increase in ROS pro-
duction compared to the control scaffolds, resulting in a significant
decrease in cancer cell viability. These observations suggest that the
inclusion of GO at these concentrations enhances the oxidative stress on
cancer cells, potentially leading to cell death. Conversely, scaffolds with
0.5% GO demonstrated cellular responses akin to those seen with PLGA
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scaffolds alone, indicating that the presence of 0.5% GO did not signif-
icantly alter the cellular behavior compared to pure PLGA scaffolds.
Scaffolds with 5% GO exhibited considerable toxicity even without NIR
irradiation, particularly affecting non-cancerous cells, in accordance
with findings on PBMC. The inherent toxicity observed at this GO con-
centration raised concerns about its potential adverse effects, moreover,
the thermal effects induced by scaffolds containing 5% GO were found to
be similar to those with 2% GO, suggesting that the higher GO con-
centration did not confer any additional advantage in terms of thermal
properties. Considering these experimental results, we have excluded
scaffolds with 0.5% (not effective) and 5% GO from further
investigations.

These results highlight the crucial role of the presence of GO on
inducing a cytotoxic effect mediated by the generation of free radicals.
We observed that the concentration of GO in the 3D printed scaffolds
represents a fundamental factor that must be taken into account due to
the different biological effect observed on two cancer cell lines. Mouse
breast cancer cells showed a higher sensitivity to scaffolds having 2%
GO indeed, while lung cancer cells displayed a strong biological
response even at 1% of GO. By tuning the right concentration of the
photoabsorber, it is possible to achieve a selective destruction of tumor
cells while minimizing damage to healthy tissues. Importantly, we
observed that not only the concentration of GO, but also the selection of
a proper NIR dose is crucial to modulate the production of ROS and
cytotoxicity. The production of free radicals in mouse macrophages after
t3 with respect to NF, along with its stronger killing effect on both tested
cancer cell lineages can furtherly enhance antitumor activity via acti-
vation and stimulation of the immune system towards cancer region,
possibly inducing a long-lasting and specific immunogenic response [44,
45].

3.7. Effect of NIR radiation regimens on pro-inflammatory cytokines
secretion by tumor cells

To investigate how NIR regimens could affect PLGA or PLGA-GO
cultured tumor cells, pro-inflammatory cytokines release was assayed
in cellular supernatants after treatments. NIR treatments were con-
ducted on mouse 4T1 and human A549 cells as described above, and
interleukin 8 (IL-8), tumor necrosis factor o« (TNF- ) and interleukin 6
(IL-6) production was quantified in the culture supernatants by ELISA
method (Fig. 7), as picograms of cytokines produced per cellular
viability. IL-8 is a chemokine involved in the innate immune responses
and in the recruitment of acute inflammatory cells, such as neutrophils
and other granulocytes, and TNF-a and IL-6 are secreted under cellular
oxidative stress condition. We demonstrated that the presence of GO in
both percentages could affect the cellular secretion of proinflammatory
elements under single and repeated NIR regimens. In our human cellular
model, we observed a higher content of IL-8 and TNF-a upon both NIR
regimens, as compared to not irradiated groups. Furthermore, cells
revealed the same capability of cytokines production when cultured on
PLGA-GO 1% and 2%, highlighting the responsiveness of the scaffold.
The highest level of IL-6 secretion was found to be in t3 regimen. On the
other hand, NIR treatment appeared to be more efficacious on cytokines
production when 4T1 cells were cultured on PLGA-GO 2%, indicating a
GO-dependent effect, taking also into account the cellular viability/
mortality. TNF-a seemed to be less influenced when t3 regimen was
applied.

3.8. Impact of NIR radiation regimens on immune response of mouse
macrophages

The RAW264.7 cells are monocyte/macrophage-like cell lineage [46,
47] well-characterized with respect to macrophage-mediated immune,
metabolic, and phagocytic functions [48]. To evaluate the performance
of the PTT treatment on immune response, Raw 264.7 cells was cultured
in the presence of PLGA and PLGA-GO scaffolds with or without NIR
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Fig. 8. Immune response of mouse macrophages. A) Expression of IL-1§ by
RAW264.7 cell line. B) Expression of IL-6 by RAW264.7 cell line. C) Expression
of TNF-o by RAW264.7 cell line. Data are reported as fold change with respect
to cells seeded on PLGA. **p > 0.01 and ***p > 0.001 ANOVA and Turkey post-
hoc test.

laser treatment and inflammatory cytokines secretion was investigated.
Fig. 8 shows the production of IL-1p, IL-6 and TNF-a 24 h s after repeated
and single NIR irradiation regimens. Inflammatory cytokines secretion
by mouse Raw264.7 cells was observed to be both scaffold
composition-dependent and time-dependent after NIR laser treatment. A
significant time-dependent effect of NIR laser treatment on cytokines
secretion was observed in the presence of PLGA-GO scaffolds. A very
significant increase of TNF-o by RAW-264.7 macrophages was particu-
larly observed 24 h s after single NIR treatment in the presence of
PLGA-GO 2% scaffolds compared to the same samples irradiated with
repeated NIR laser irradiation. A gradual increase of TNF-a was actually
observed in the RAW-264.7 cells irradiated with repeated NIR treatment
(48 h s after the second treatment). Then, a significant decrease of TNF-a
and concomitant increase of IL-6 were observed 72 h s after RAW-264.7
cells irradiation (t3) in the presence of PLGA/GO 2% scaffolds [49]. We
observed a significant increase of IL-6 in the culture medium of
RAW-264.7 macrophages treated with single NIR irradiation, that was
comparable to the value measured 24 h s after RAW-264.7 cells were
exposed to 3-min NIR laser (t1 time point). IL-1f secretion increased in a
NIR laser dose-dependent manner following repeated laser treatment.
The single dose of NIR laser irradiation (NF) triggered an effective
release of IL-1f in the culture medium by RAW-264.7 macrophages in
comparison with the same cells exposed to 3 min-NIR laser irradiation,
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Fig. 9. Cell death induced on cancer cells after NIR treatment regimens. A) Schematic representation of the design of the experiments for apoptosis and necroptosis in
the t3 NIR regimen. Caspase- or RIPK1-inhibitors were added three times into the wells at final concentrations of 20 pM before each NIR irradiation. B) Schematic
representation of the design of the experiments for apoptosis and necroptosis in the NF NIR regimen. Caspase- or RIPK1-inhibitors were added once into the wells at
final concentrations of 20 pM before NIR irradiation. C) Percentage of different types of cell death induced by NIR on mouse mammary tumor. D) Percentage of
different types of cell death induced by NIR on mouse mammary tumor. ***p < 0.001 ANOVA and Turkey post-hoc test.

that released undetectable amounts of this cytokine, as measured 24 h s
after laser treatment. The amount of IL-1p release, however, was smaller
when compared to IL-1p amounts secreted by RAW-264.7 cells ater 72 h
s post-repeated NIR laser irradiation.

3.9. Cell death pattern induced by photodynamic effects of PLGA-GO in
cancer cells

PDT mediated hyperthermia can kill cells through induction of ne-
crosis, apoptosis or through necroptosis [50,51]. We investigated
whether different hyperthermia regimens could impact cell death
pathway induced by means of NIR-activated PLGA-GO 2% scaffolds in
cancer cell lines, we set up an in vitro assay treating first cells with
specific cell death pathways inhibitors and then applying NIR laser
irradiation at above indicated conditions [52]. We seeded 4T1 murine
mammary carcinoma and human A549 lung carcinoma cells on
PLGA-GO scaffolds in the presence of 20 pM pan-caspase inhibitor
Z-VAD-FMK that blocks the induction of apoptosis or 20 pM 7-Cl-O--
Nec-1 (RIP1 inhibitor II) that selectively blocks RIP1-dependent nec-
roptosis (Fig. 9A-B) [53-55]. After NF and t3 NIR irradiation, cell
viabilities were then measured using WST-1 assay and different type of
cell death were discriminated by the specific pathways inhibitor. Per-
centage of necrotic, necroptotic and apoptotic cells after repeated and
single NIR irradiation regimens are showed in Fig. 9. Repeated 3-min
NIR treatment killed 4T1 mouse breast cancer cells mainly through
RIP-1-independent apoptosis (84,1%), while the cell death pattern
switched to necrosis-dominant when the single 9-min NIR regimen was
applied. Apoptosis was the principal cell death pathway (54%) also for
A549 lung cancer cells treated with repeated 3-min NIR irradiations,
even though necroptosis (26%) and necrosis (19,87%) play a role in the
PLGA-GO2%-induced cell death. In contrast, single 9-min irradiation
resulted in 54% of necrosis in A549 cells; notably this treatment also led
to a mixed cell death pattern, considering apoptosis and necroptosis
percentages (34 % and 11.9 %, respectively). These data demonstrate
that cell death pathways executed upon NIR irradiation in cancer cells
grown on GO-based scaffolds seem to be NIR laser dose-dependent. PDT
killed tumor cells mainly through apoptosis when the NIR radiation was
administered in three separate days (t3). Necrosis was, conversely, the
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principal mechanism for PDT-induced cell death in the NF treatment
regimen. A minor contribution of dose-induced necroptosis to cell death
was observed in both cancer cell lines after photo-
thermal/photodynamic treatment even though the difference between
the percentages of this cell death mechanism was not statistically
significant.

3.10. In vivo photo dynamic therapy

Since the in vitro experiments have demonstrated the high tumor
selectivity and excellent antitumor property of scaffolds, their efficacy
was investigated in vivo. Mice were inoculated subcutaneously with
4T1-Luc2 cells, expressing luciferase through lentiviral vector encoding
firefly luciferase gene (Iuc2) under control of EF-1 alpha promoter. One
week post tumor challenge, four groups were randomly established (n =
4): tumor (without adding any scaffolds or NIR (T), tumor and scaffold
(TS), tumor, scaffold and a single NIR radiation of 9 min (NF), tumor,
scaffold and 3 NIR radiations of 3 min each -one per day (t3). TS, NF and
t3 groups went on subcutaneous surgical insertion of the PLGA-GO 2%
scaffold beneath the tumor area. The 2% GO concentration was chosen
in accordance with our in vitro findings on 4T1 cell lineage. After sur-
gical insertion of the scaffolds, NIR radiation was carried out on mice
keeping the power density fixed at 0.8 W/cm? as for the in vitro ex-
periments. The two NIR radiation doses tested in vitro were adminis-
tered also on tumor-bearing mice for PTT/PDT. To provide direct
evidence of the photothermal/photodynamic properties of our scaffold
in vivo, during NIR irradiation, thermographic images were captured
using a thermal camera. A sharp rapid increase of the local tumor
temperature after NIR irradiation was found when scaffolds were irra-
diated with NF or t3 doses while the tissue surrounding the tumor
showed very little photothermal effects, reducing hyperthermia damage
to the healthy tissue. T and TS groups did not show any potential tem-
perature effects during the observation periods. (Fig. 10A). The local
temperature of TS group was only around 35 °C, which is identical to the
tumor temperature of T group. We evaluated the bioluminescence after
intraperitoneal injection of D-luciferin using the Optical Imaging IVIS®
System, by acquiring images every 7 days to monitor tumor growth.
Results are shown in Fig. 10 in terms of luminescence intensity of the
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Fig. 10. In vivo NIR radiation. A) Images of the localized thermal increase with
a thermal camera focused on cancer region in vivo. B) In vivo luminescence
intensity on the four experimental groups (T, TS, NF and t3). C) Luminescence
intensity over time. Luminescence was expressed as % of day O for each
experimental group. ***p < 0.001 ANOVA and Turkey post-hoc test.

oxidized luciferin. After photothermal/photodynamic treatment, tumor
bioluminescence in NF and t3 groups was observed to be remarkably
reduced over time, where increased in T and TS groups. At the end of the
14th day no luminescence signal was observed in whole-body biolumi-
nescent images of NF and T3 groups. However, a difference between the
two therapeutic approaches was observed at day 7, as shown in the
representative images of mice through IVIS® System (Fig. 10B). Mice
treated with t3 showed strong reduction in bioluminescent tumor signal
compared to the NF group. Luminescence intensity of luciferin was
quantified and reported in Fig. 10C. Results are expressed as % lumi-
nescence intensity at 0, 7 and 14 days with respect to day O for each
experimental group. After 7 days, NF group showed luminescence in-
tensity reduced to 30%, with respect to its day 0, indicating a strong
inhibition effect on tumor growth. Importantly, just after 7 days, we
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observed no luminescence signal in all mice from t3 group, indicating
that this tuning of the NIR dose administration exhibited the best effect
when compared to NF treatment. Both T control and TS groups dis-
played luminescence intensity increased up to 250% with respect to
their day 0, indicating a fast tumor growth rate and proving that NIR
irradiation is necessary for this scaffold to show the anticancer effect.
These results agree with our experimental findings on 4T1 in vitro. After
two weeks, no luminescence signal was observed for both treatments,
while both T and TS showed a further increase in tumor luminescence
intensity, as a further proof of the anticancer effect of our photocancer
therapy. The inhibition ratios of different NIR regimens were also
calculated (Figure S1). These ratios showed that the PLGA-GO 2%
scaffold under T3 NIR Irradiation regimen performed strongest inhibi-
tion to the tumor growth with a final ratio over 99% after 7 days
treatment, confirming its high efficiency for tumor therapy.

3.11. Histological analysis

The tissue was examined histologically to evaluate the photothermal
and photodynamic effect obtained by NIR irradiation (Fig. 11). Tumor
histology in the T and TS groups exhibited high-grade carcinoma
without significant lymphomonocytic infiltrate (Fig. 11A and B),
wherein tissue analysis showed healthy skin without neoplasia in he-
matoxylin and eosin (H&E) stained images of NF and t3 groups (Fig. 11C
and D). To determine whether PLGA or PLGA-GO 2% scaffold induce
inflammatory response, at the end of the experiments, we evaluated the
systemic release of key proinflammatory biomarkers. As shown in
Figure S2, the serum levels of TNF-a and IL-6 were under the detection
threshold in each group, indicating that the inflammatory response was
not induced by in vivo exposure to scaffolds. MIP- 2, a chemokine
involved in the recruitment of acute inflammatory cells, was constitu-
tively expressed at very low levels, showing no difference among the
experimental groups. The body weight of all groups further revealed no
significant difference, confirming that no obvious toxicity was induced
by either PLGA or PLGA-GO 2% scaffolds (Figure S3). These results
suggest that PLGA-GO 2% scaffold or + NIR irradiation significantly
inhibited tumor growth and displayed excellent photothermal therapy
ability in vivo.

3.12. In vivo photo dynamic therapy for non-direct contact tumors

To investigate the effect of NIR therapy on noncontact tumors, 4T1
cells were subcutaneously injected into tumor-bearing mice to establish
a recurrent tumor model. In order to comprehensively assess the efficacy
of our proposed fractionated photodynamic therapy, we conducted in
vivo experiments utilizing a tumor site in proximity to the scaffold but
not in direct contact with it. This deliberate choice aimed to simulate the
clinical scenario of recurrent tumors that may reoccur in the same
original treatment site but not in direct contact with the scaffold. One
week after injection, scaffolds were implanted under the primary tumor
and NIR radiation was performed. For this purpose, we focused on the
therapeutic protocol that resulted in the highest antitumor efficiency,
the fractionated dose t3. As for the previous experiment, we monitored
the bioluminescence intensity after intraperitoneal injection of D-lucif-
erin using the Optical Imaging IVIS® System, by acquiring images every
7 days (Fig. 12A). Results of % luminescence are shown in Fig. 12B. Both
in direct contact (T I) and not in direct contact (T II) tumors depicted a
significant growth of 272 4+ 15 % and 215 + 12 % respectively when
compared to their day 0 in control group. Importantly, based on our
evidence, both the treated in contact (t3 I) and the not in direct contact
tumor (t3 II) of t3 showed a strongly significant reduction in tumor
growth in terms of % luminescence. These findings furtherly verified the
high antitumor effect of t3 NIR not only against primary tumor, but also
against the not directly treated tumor, holding a great potential in the
application of targeting cancer with no adverse effects.
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Fig. 11. Histological images of tissue samples from mice at 10x, 20x and 40x magnification. A) A Representative image of a T sample after the experimental
timespan. B) Representative image of a TS sample after the experimental timespan. C) Representative image of a t3 sample after NIR radiation, showing healthy skin.

D) Representative image of a NF sample after NIR radiation, showing healthy skin.

4. Conclusions

In this study, we report remarkable advancements in the field of
biomaterials and tissue engineering, showcasing the use of 3D printing
technology of PLGA-GO to create a potent therapeutic platform. The
unique attributes of GO, including its biocompatibility, drug-loading
capacity, and photothermal/photodynamic characteristics, position it
as an ideal candidate for multifunctional therapeutics in cancer treat-
ment. Importantly, this work marks the first attempt to optimize NIR
radiation protocols for anticancer therapy. Our investigation focused on
comparing two distinct photothermal/photodynamic therapeutic stra-
tegies — a single radiation session (NF) and a fractionated approach over
three consecutive days (t1, t2, and t3) — utilizing innovative 3D printed
GO-PLGA scaffolds. The comprehensive assessment encompassed both
in vitro and in vivo evaluations, providing critical insights into the
comparative efficacy of these strategies. Notably, in our in vitro exper-
iments, we observed significant differences in response to the two
different NIR doses. Cancer cells subjected to the single radiation session
(NF) exhibited a shift in their death mechanisms towards necrosis. On
the other hand, cancer cells treated with the fractionated dose (t3) dis-
played a different type of cell death, characterized by a shift towards
apoptosis. In both in vitro and in vivo settings, the fractionated approach
(t3) exhibited heightened efficacy in the eradication of cancer cells,
thereby emphasizing its potential as a robust and precisely targeted
strategy for anticancer intervention. Furthermore, our findings
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highlighted the immense potential of NIR-mediated PTT/PDT in
achieving targeted cancer cell eradication, enhancing immune polari-
zation and stimulation The comprehensive evaluation of different doses
of NIR radiation emphasizes the importance of optimizing and stan-
dardizing PTT/PDT protocols to maximize therapeutic benefits. This
pioneering work adds to the mounting evidence supporting the clinical
translation of NIR-based therapeutic approaches and underscores the
need for further research to fully harness their potential in cancer
therapy. In the context of surgical reconstruction after oncologic pro-
cedures, the incorporation of nanomaterials like graphene into scaffolds
introduces an innovative dimension to cancer therapy. These scaffolds,
tailored to specific anatomical sites, serve as strategic platforms for the
localized delivery of PTT/PDT. Placing photosensitizing nanomaterials
within these scaffolds enables targeted local treatments precisely where
the risk of tumor recurrence is highest. This groundbreaking approach
addresses a critical challenge in cancer therapy—the prevention of local
recurrence following surgical interventions. By combining the precision
of PTT/PDT with the unique properties of advanced nanomaterials, we
open avenues for highly localized and effective treatments. In conclu-
sion, our study not only emphasizes the effectiveness of 3D printed GO-
PLGA scaffolds in cancer treatment but also unveils significant differ-
ences in response to the two distinct NIR doses both in vitro and in vivo.
Our findings open avenues for the development of more potent and
targeted therapies within the emerging field of PTT/PDT-based
treatments.
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Fig. 12. In vivo NIR radiation against not in direct contact tumor. A) In vivo
luminescence intensity on the two experimental groups, having an in direct
contact and a not in direct contact tumor (T I, T II, t3 I and t3 II). B) Lumi-
nescence intensity over time. Luminescence was expressed as % of day O for
each experimental group. ***p < 0.001 ANOVA and Turkey post-hoc test.
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