
RESEARCH ARTICLE
www.afm-journal.de

Plasma-Treated Hydrogel for Combined RONS and
Chemotherapy Delivery: A Proof-of-Concept In Ovo

Milica Živaníc, Albert Espona-Noguera, Angela Privat Maldonado, Patrik Matušů,
Francesco Tampieri, Maria-Pau Ginebra, Abraham Lin, Evelien Smits, Annemie Bogaerts,
and Cristina Canal*

Oxidative stress-based therapies exploit common cancer traits—elevated
reactive oxygen species and altered redox metabolism,—making tumors more
susceptible to oxidative damage from, e.g., cold atmospheric plasma, an
ionized gas containing reactive oxygen and nitrogen species (RONS).
Plasma-treated hydrogels (PTH) emerge as vehicles for RONS delivery. Here,
PTH are explored as single vehicle for the combined local delivery of RONS
and Doxorubicin (Dox). Dox does not impair PTH function, and its IC50 is
lowered in vitro; biological characterization and monotherapy comparison are
conducted in ovo. Analysis of over 200 tumors, derived from liposarcoma
SW872 or osteosarcoma 143B cell lines, reveals effects in the latter after a
single PTH-Dox administration: synergistic GPX4 reduction, with the fraction
of high cytoplasmic GPX4 cells dropping from 47% to 24%, and diminished
average tumor weight, with multiple tumors (of smaller initial size) weighting
70% less than control. In contrast, mono-therapies enhanced the protective
GPX4/NRF2 mRNA or protein expression. GPX4 is a ferroptosis inhibitor
linked to therapy resistance. Observing effects after a single PTH-Dox
hydrogel administration is exceptional, as indirect plasma treatment has until
now required frequent dosing in complex tumor models. For clinical use,
multimodal approaches are key, and PTHs offer a convenient platform.
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1. Introduction

Despite great advances in oncology, the
field remains in need of alternative and
adjuvant treatments that can help work
around existing challenges. For example,
chemotherapies such as Doxorubicin (Dox)
are limited by severe, dose-dependent, side
effects[1] and cancer resistance.[2–6] While
indispensable, systemic administration of
chemotherapies limits their efficacy in lo-
cal tumormanagement and recurrence pre-
vention at the resection site. In sarcoma
care, for instance, this is of critical im-
portance as recurrent cancers are usually
seated deeper and are of higher grade, lead-
ing to treatment failure.[7–12] Sarcoma man-
agement usually involves a combination
of surgery with (neo)adjuvant chemother-
apy or radiotherapy (multimodal approach)
to restrict tumor mass or eliminate resid-
ual cells. However, the reported sarcoma
local recurrence rate remains high, be-
tween 25% and 85%.[7,8] For the mentioned
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reasons, research on local, adjuvant, and alternative thera-
peutic strategies that can help decrease systemic side effects
while improving therapeutic effects, e.g., through cell sensitiza-
tion or synergistic effects, remains of oncological interest. Using
agents that induce a specific type of cell death is a common
strategy. One such example are immunogenic cell death (ICD)
inducers, which promote the release of damage-associated
molecular patterns (DAMPs or danger signals) from cells to
help recruit and activate immune cells.[13–16] Another example
are agents that help induce or sensitize cells to ferroptosis.
Ferroptosis is a recently described, non-apoptotic, cell death
pathway that has been linked with therapy resistance in cancer.
The key event in ferroptosis is lipid peroxidation in response to
elevated levels of oxidants. To protect from oxidative stress and
cell death, malignant cells often upregulate the expression of
proteins with antioxidant function, e.g., glutathione peroxidase
4 (GPX4) enzyme, which reduces peroxidation of lipids in
the membrane to preserve the integrity of the cell and, thus,
is regarded as a ferroptosis inhibitor. Agents such as GPX4
inhibitors that can sensitize cells to facilitate ferroptosis are
an emerging strategy to reverse resistance in cancer and assist
chemotherapies, including Dox, known to elevate oxidants levels
in cells.[17–24]

In the described context, cold atmospheric plasma gains in-
terest as a well-tolerated cancer therapy[25–27] that could be used
as an adjuvant to help activate anti-tumor immune responses,
e.g., via ICD induction,[28] or sensitize cells to treatment, e.g., by
overwhelming antioxidant defences.[29] Briefly, cold atmospheric
plasma (hereon just plasma) is a weakly ionized gas at near-
room temperature that represents an exogenous source of re-
active oxygen and nitrogen species (RONS). RONS are oxidants
also produced in different metabolic processes within the cell
and are involved in cellular signaling and oxidative stress.[30,31]

In malignant cells, RONS levels are commonly elevated, which
makes themmore sensitive to plasma treatment, i.e., more likely
to reach the cytotoxic RONS threshold and die.[32,33] To gener-
ate plasma, an electric discharge is applied to a, usually noble,
gas to ionize it. There are already several plasma devices certi-
fied for medical applications.[34] However, direct plasma treat-
ment requires unrestricted access of the plasma device to the
target (tumor tissue). To allow minimally invasive and repeated
treatment of anatomically deeper tumors, plasma-treated solu-
tions have been explored. To obtain them, a liquid is exposed to
plasma to enrich it with RONS. This is possible as plasma can
interact with surrounding molecules (from air, the biological tar-
get, or a liquid solution) to generate a complex mixture of reac-
tive species. Most of the generated species are only short-lived
due to their high reactivity, but longer-lived RONS (peroxides,
nitrites, and nitrates) persist in the plasma-treated solutions.[35]

It has been described that long-lived RONS (in particular H2O2
and NO2

−) from plasma can trigger an autoamplificatory multi-
step process in cancer cells, propagating cell death.[36,37] As such,
plasma-treated solutions have been used as a RONS vehicle for
indirect plasma treatment of tumors.[38–40] However, scaling up
indirect plasma treatment proved to be challenging, with daily ad-
ministration needed to achieve tumor size reduction in vivo.[41,42]

Importantly, with insufficient doses (shorter plasma treatment
time = less RONS), plasma-treated liquids were observed to pro-
mote tumor growth unless combined with a drug[42] according

to the hormetic effects attributed to RONS. As the field moves
toward more translational research, adjuvant and combinatorial
strategies have become of central interest.
Plasma-treated hydrogels (PTHs),[28] conceived in our labora-

tory, emerge as a novel indirect plasma-treatment modality that,
compared to easily diluted plasma-treated liquids, can not only
ensure precise delivery of RONS to targets and provide a chemi-
cally more reactive and biologically active platform,[43–46] but can
also provide a very convenient solution to combine RONS with
drug delivery in a single delivery vehicle for local applications, as
explored here. Briefly, to obtain a PTH, a plasma-treated, thus,
RONS-enriched, polymeric solution is crosslinked, entrapping
RONS inside the three-dimensional hydrogel network. Hydro-
gels are porous viscoelastic materials consisting >90% of wa-
ter (properties highly similar to tissues) and once administered,
PTHs can locally release therapeutic RONS via simple diffusion
(due to their small size). The PTH field is still in its infancy
and so far, there are only a few studies, exploring different poly-
mers and PTH cytotoxicity.[46–51] In our preceding study, we de-
veloped and characterized an injectable and shape-adaptable al-
ginate PTH convenient for minimally-invasive and post-surgical
applications to irregular cavities.[50] There, we demonstrated for
the first time the ability of a PTH treatment to induce ICD, ob-
serving upregulation in DAMPs and an enhanced phagocytic
uptake of PTH-treated cancer cells in co-culture with human
monocyte-derived dendritic cells. Injectable hydrogels as ver-
satile platforms attract attention in biomedical research, with
around 30 approved clinically, including one alginate hydrogel for
heart failure indications. In cancer, their use is limited, mostly as
spacers to protect healthy tissue or aid surgery.[52] Here, we ex-
plore injectable alginate PTH as a therapeutic vehicle for cancer
applications.
The aim of this work is to explore the (1) possibility of us-

ing PTH as a dual-delivery vehicle for more efficient local tu-
mor management and (2) challenge the PTH-based therapy by
using a more advanced in ovo tumor model and compare it with
mono-therapy. The in ovo model emerges as a more ethical and
high-throughput alternative to the mouse model to reduce the
number of animals in preclinical research. In this model, three-
dimensional and vascularized tumors are grown on the chorioal-
lantoic membrane (CAM) of a fertilized egg, to study cancer cells
in amore native-like environment formore translatable research.
Importantly, here, we assess the viability of administering the
therapeutic hydrogels only once to tumors, in contrast to com-
monly employed daily injections of plasma-treated liquids, which
is not a clinically realistic scenario. This work has three main ob-
jectives: (i) to incorporate Doxorubicin to an alginate PTH and as-
sess whether its therapeutic functionality is or not affected (drug
integrity, RONS storage and release), (ii) to develop an in ovo sar-
coma tumormodel to challenge PTH-Dox for a clinically relevant
indication, (iii) to perform immunohistochemical analysis of the
treated tumor tissues to compare PTH-Dox co-therapy with the
respective mono-therapies across general cancer cell deathmark-
ers (apoptosis, immunogenic cell death, ferroptosis) as these are
unexplored for PTHs. This should help assess the feasibility and
efficacy, including the eventual synergy, of the co-delivery ap-
proach as well as the promising molecular targets to provide ra-
tionale and a direction for future, in-depth work on this emerging
therapeutic platform.
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2. Results

2.1. Plasma-Derived RONS in Alginate Solution do not Affect the
Integrity of Doxorubicin

An injectable alginate PTH was prepared according to our previ-
ously optimized protocol.[50] Briefly, 0.5% (w/v) sodium alginate
solution was treated with plasma to enrich it with RONS, and
then crosslinked into a hydrogel using a crosslinking/retardant
agent mixture (CaSO4/Na2HPO4). To investigate the feasibility
of using PTH as a single vehicle for the co-delivery of plasma-
derived RONS and Dox, two approaches of the free Dox incorpo-
ration were tested: an indirect approach, where Dox was mixed
after the alginate solution was treated with plasma (PTH-Dox)
and a direct approach, where Dox was mixed with an alginate so-
lution and then thismixture was treated with plasma (PTH&Dox)
(Figure 1A,i). With the latter approach, already for short plasma
treatment times of 2 and 5min, only 85% and 70% of loaded Dox
could be recovered (Figure 1A,i); likely due to partial oxidation
of the molecule upon direct exposure to plasma. The oxidation
products were either generated in very small concentrations or
undetectable by HPLC since in the respective chromatograms, at
𝜆 = 210, 270, and 480 nm, no additional peaks were observed
in respect to control (NTH-Dox, non-treated hydrogel loaded
with Dox) (Figure 1A,ii; Figure S1, Supporting Information). In
contrast, when Dox was added after the alginate solution was
treated with plasma, over 90% of the loaded Dox could be re-
covered, even for a very long plasma treatment time of 20 min
(Figure 1A,i).

2.2. Plasma Treatment and Doxorubicin Incorporation:
Enhancing Crosslinking Kinetics and Reducing Storage Modulus
in Alginate Hydrogels

The indirect approach to incorporate Dox to PTH was selected
for the study, as it was compatible with very long plasma treat-
ment times of alginate solution (Figure 1A), allowing to maxi-
mize the enrichment of therapeutic RONS in PTH without com-
promising the integrity of the drug. This method facilitates more
streamlined scaling with plasma treatment and drug dose, when
translating from cell culture to more complex tumor models
and eventually clinics.[51] Here, the plasma treatment time was
20 min, limited by the water evaporation, with the solution be-
coming too viscous or the distance of the solution to the plasma
plume becoming too large. Due to evaporation, after 20 min of
the plasma treatment, 0.5% (w/v) alginate solution was concen-
trated to 0.91% (w/v). To account for this, all non-treated hy-
drogels (NTH and NTH-Dox) used in in ovo experiments were
prepared using 0.91% (w/v) alginate solution. This adjustment
of concentration allowed to obtain non-treated hydrogels with
mechanical properties comparable to the plasma-treated hydro-
gels (PTH and PTH-Dox) (Figure 1B; Figure S1A, Supporting
Information), which would otherwise be notably different (see
NTH_C0.5, black line in Figure 1B).
Different rheological properties were studied to explore

the effect of Dox inclusion and very long plasma treatment
time (20 min) on alginate hydrogels: frequency sweep, oscilla-
tion strain sweep (Figure S1A, Supporting Information), and
crosslinking kinetics (Figure 1B). Crosslinking kinetics (or gela-

tion speed, speed of hydrogel formation) was observed as the
change of storage (G′) and loss (G″) modulus over time, with
t = 0 min being the hydrogel injection (immediately after
the initiation of the crosslinking reaction via the addition of
CaSO4/Na2HPO4 to the alginate solution). Hydrogels are vis-
coelastic materials and G′ reflects their solid-like properties (elas-
ticity), whereas G″ reflects their liquid-like properties (viscosity).
When G′ value is higher than G″ this indicates a solid-like be-
havior of the material and once values stabilize, the crosslink-
ing reaction (hydrogel formation) is considered complete. Hydro-
gels where alginate was treated with plasma (PTH and PTH-Dox)
showed notably faster gelation speed, with G′ reaching a plateau
after around 5min since hydrogel injection. These hydrogels also
showed higher G′ at t = 0 min compared to non-plasma-treated
hydrogels (NTH and NTH-Dox) where G′ values were similar to
G″ values during the first min (liquid-like behaviour of the hy-
drogel, very easy injection). However, after 15 min, the G′ values
of NTH and NTH-Dox rose to match the G′ values of PTH and
PTH-Dox, and kept growing for the duration of themeasurement
(30 min). In practical terms, faster complete gelation of plasma-
treated hydrogels implies that the physical properties of the hy-
drogel (e.g., stiffness) are well-defined and not changeable after
the hydrogel injection. Although less pronounced, the inclusion
of Dox had the same effect as plasma treatment, slightly enhanc-
ing the gelation speed of the hydrogel (NTH-Dox > NTH) and
lowering the maximum G′ of the hydrogel (NTH-Dox < NTH
and PTH-Dox < PTH).

2.3. Sequential Delivery of RONS, then Doxorubicin from
PTH-Dox Hydrogel

In the design of a dual delivery vehicle, it is important to assess
the mutual interaction of the two components. Here, it was of
interest to study, on the one hand, the effect of Dox inclusion on
RONS concentration and release, and on the other hand, the Dox
release profile from PTH (in the presence of RONS) versus NTH
(in the absence of RONS) (Figure 1C). First, the concentration
of two main long-lived RONS (H2O2 and NO2

−) was quantified
in the plasma-treated alginate solution with or without Dox, ob-
serving no differences due to Dox presence (Figure 1C,i). These
RONS were quantified using established colorimetric and fluo-
rescent probes, and electron paramagnetic resonance (EPR) and
optical emission spectra (OES) spectra are provided as Figures
S2 and S3 (Supporting Information) for more complete charac-
terization of the plasma treatment of alginate solution. Then, to
study the release of RONS and Dox, the alginate solutions were
crosslinked into hydrogels (PTH, PTH-Dox, and NTH-Dox). The
hydrogels were injected in the bottomof awell plate, and PBSwas
added on top to initiate the release experiment. H2O2, NO2

−, and
Dox were quantified from the release medium at different time
points and normalized to their initial concentrations to obtain the
release curves in percentage. In line with our previous results,
a burst release of RONS was observed, reaching the stationary
stage after 30min.[50] This RONS release kinetics was unchanged
in the presence of Dox, but ≈10% less H2O2, and NO2

− could
be detected in the release medium, suggesting a possible inter-
action of Dox with RONS. However, it cannot be excluded that
these differences are due to technical limitations when preparing
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Figure 1. Plasma-treated hydrogel (PTH) as a single vehicle for co-delivery of plasma-derived RONS and Doxorubicin. A) (i) Indirect approach: first,
treatment of alginate solution with plasma, then, the addition of Dox (PTH-Dox). Direct approach: first, the addition of Dox to alginate solution, then,
treatment of this solution with plasma (PTH&Dox) (n = 3). Fraction of loaded Dox that remained after long (20 min) indirect exposure to plasma versus
after short (2 or 5 min) direct exposure to plasma. The indirect approach (PTH-Dox) was selected and used in this study. (ii) HPLC-UV chromatograms at
210 nm. Non-treated hydrogel with loaded Dox as control (n = 3). B) Effect of long plasma treatment time (20 min) and Dox inclusion on the rheological
properties of alginate hydrogels. The change of storage (G′) and loss (G″) modulus was followed over time to observe the speed of hydrogel formation
and storage modulus after 30 min of the crosslinking initiation. NTH as control. NTH and NTH-Dox were prepared using 0.91% (w/v) alginate to obtain
hydrogels comparable to PTH and PTH-Dox (where due to water evaporation during 20 min of plasma treatment, the alginate concentration in solution
increases from 0.5% to 0.91%); compared with NTH prepared with 0.5% alginate (NTH_C0.5). C) Effect of Dox inclusion on RONS (i) concentration and
(ii) release from the PTH (PTH vs PTH-Dox). (ii) Effect of plasma treatment/RONS on Dox release from the hydrogel (NTH-Dox vs PTH-Dox). NTH:
non-treated hydrogel. PTH: plasma-treated hydrogel (20 min treatment).

the release calibration curve (see Discussion). Compared to
RONS, Dox release from the hydrogel into the release medium
was slower, reaching the stationary stage after 2 h, when 80% of
the loaded Dox was released. The release kinetics of Dox was not
affected by the presence of RONS (NTH-Dox versus PTH-Dox)
(Figure 1C,ii).

2.4. Employing 143B Osteosarcoma and SW872 Liposarcoma
Cell Lines for In Ovo Tumor Modelling

Two different osteosarcoma cell lines (MG63 and 143B), used
in our previous works,[42,46,50] and two soft tissue sarcoma cell
lines (SW872 liposarcoma andCCL121 fibrosarcoma)were tested

Adv. Funct. Mater. 2025, e02779 e02779 (4 of 18) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. In ovo sarcomamodel and experimental design. A) In ovo tumor formation capacity of different sarcoma cell lines at different seeding densities.
The blue rectangle indicates the desired range of tumor weight. B) Summary for all in ovo samples used in the course of the study. (A-B) For the two
cell lines and seeding densities chosen for this study, the number of eggs is high, as the data from all conducted experiments were pooled together
for greater reliability. C) IC50 (half maximum inhibitory concentration) of Doxorubicin in SW872 (liposarcoma) and 143B (osteosarcoma) cells, when
Dox was co-delivered with RONS via a 2-min- plasma-treated hydrogel (PTH2-Dox) versus when Dox was delivered via non-treated hydrogel (NTH-Dox).
Three biological replicates with three technical replicates each, were performed. D) Experimental design. On embryonic development day 11 (ED11),
when tumors were well formed, a plastic ring was placed around the tumor and a therapeutic hydrogel (NTH-Dox, PTH, or PTH-Dox) was administered
one time. Controls: NTH, tumors where non-plasma-treated hydrogel was administered, and NT, tumors where no hydrogel was administered. E) On
ED13 tumors were weighted and analyzed. Vascularized in ovo tumor (top) and different components retrieved (bottom): (i) outer plastic ring containing
(ii) a hydrogel, (iii) inner silicone ring where tumor cells in Matrigel were pipetted to grow (iv) tumor.

for the generation of the in ovo tumor model to be used in
the study. Cells were seeded onto the chicken chorioallantoic
membrane (CAM) at different densities and two criteria were
used to select one cell line from each sarcoma class to be used
in this study: (1) high survival rates and healthy appearance
of embryo and (2) an average weight of the formed tumor be-
tween 20 and 50 mg (Figure 2A,B). The latter is the most com-
monly found weight range in literature, as it allows for the tu-

mor size that is optimal from the perspective of both down-
stream manipulation/processing and treatment scale-up. Inter-
estingly, in ovo tumor weight was cell-line specific and did not
depend on the seeding density (comparable with).[53] MG63 os-
teosarcoma cell line generated very small tumors in ovo of av-
erage weight below 10 mg for both seeding densities tested (1
and 2 million cells). CCL121 fibrosarcoma cell line was partic-
ularly aggressive, leading to the formation of a film-like layer,
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hemorrhage, and high embryo mortality. 143B osteosarcoma
and SW872 liposarcoma formed in ovo tumors with average
weights of 54 and 20 mg, respectively, and were chosen for the
study.

2.5. Co-Delivery of Dox and RONS via PTH-Dox Reduces the
IC50 Dose of Dox

Prior to the in ovo study, preliminary in vitro experiments were
conducted to assess how the cell lines selected for in ovo ex-
periments (SW872 and 143B), respond to Dox as mono- or co-
treatment with RONS. For this, Dox was delivered to cells ei-
ther using non-plasma-treated hydrogel (NTH-Dox) or plasma-
treated hydrogel (PTH2-Dox). Different Dox concentrations were
loaded in hydrogels, and cell viability was measured 48 h post-
treatment to obtain a dose-response curve. For this in vitro ex-
periment, PTH2 (2 min plasma treatment time) was used, since
longer plasma-treated hydrogels (with higher concentration of
RONS) would kill most/all cells, making it impossible to observe
the drug dose-response curve. The IC50 value was determined as
the Dox concentration at which half of the maximum cell inhibi-
tion was achieved (Figure 2C). The 143B cell line was sensitive
to Dox treatment (IC50 = 0.7 μm), with PTH-Dox being slightly
more cytotoxic than NTH-Dox for very low Dox concentrations.
In contrast, SW872 was more resistant to Dox treatment (IC50 =
3.1 μm) and could be sensitized by co-delivering Dox with RONS
via PTH-Dox for a 6-fold reduction in IC50 (IC50 = 0.5 μm; com-
parable to 143B).

2.6. PTH-Dox Co-Therapy Diminishes Tumor Weight in 143B
Osteosarcoma Tumors

The general experimental design of the in ovo study is visualized
in Figure 2D,E. Briefly, on embryonic development (ED) day 7,
sarcoma cells were seeded and, on day 11, the formed tumors
were treated by pipetting one of four hydrogel formulations on
top so that the tumor was covered: NTH (non-treated hydrogel
control), NTH-Dox (Dox mono-therapy), PTH (plasma-derived
RONS mono-therapy), or PTH-Dox (co-therapy). All results were
compared to non-treated tumors (NT), where no hydrogel was
administered. On ED13, tumors were extracted and weighed
(Figure 3A,B), and then prepared for downstream analysis. A
significant reduction (p < 0.05) in average tumor weight was
achieved only for the co-therapy with PTH-Dox in osteosarcoma
143B tumors. Additionally, in the PTH-Dox group, two clusters
of tumors could be observed – one comparable to the control and
another with 70% lower average weight (Figure 3B, green circle).
This could be due to the fact that above a certain weight (probably
50 mg), tumors were too large for the applied therapy dose to be
effective (Figure 3B). This highlights the challenge of identifying
the correct dose and regimen (necessary RONS and drug concen-
tration, number of administrations) when moving toward more
complex preclinical models. Besides tumor size, many other fac-
tors can influence the success of the therapy. For example, com-
pared to 143B tumors, SW872 tumors weighed on average 2.5
times less but showed no reduction in weight for any of the ap-
plied hydrogel formulations (Figure 3A). These tumors consisted

of around 50% of actively proliferating cells, compared to almost
100% for 143B tumors, slightly increased by the therapeutic hy-
drogels, in line with previous observations[51] (Figure 3C; Figure
S4, Supporting Information). For NTH-Dox and PTH-Dox an in-
crease in cleaved Caspase-3 of 143B cells was observed (p < 0.05)
although the total percentage of apoptotic cells remained very low
(Figure 3D).

2.7. Expression of Immunogenic Cell Death Markers in Response
to PTH Therapy

Immunofluorescence staining of sectioned tumor tissues were
performed to detect two cellular markers indicative of ICD: cal-
reticulin (CRT) and heat shock protein 70 (HSP70), both of which
promote immune responses against cancer (Figure 4). Images of
stained tumor sections were taken via whole-slide fluorescence
imaging (Figure 4A, for each condition, multiple SW872 tumors
mounted onto a single slide are shown), then processed and ana-
lyzed (Figure 4B) to quantify the fraction of cells within the tu-
mor with enhanced expression of ICD markers (Figure 4C,D).
Briefly, when analyzing the images, first, the region of interest
was annotated – the tumor tissue, excluding chicken cell mem-
brane, necrotic regions, large blood vessels, artifacts, and simi-
lar. Then, all cells within the tumor region were detected (based
on DAPI nuclear stain) and a fluorescence intensity threshold
was applied to classify each cell as positive or negative for the
ICD marker (see Figure 4B for example: necrotic cells in the middle
of the tumor with unspecific HSP70 staining are excluded from the
analysis).
Across all conditions, only a fraction of the treated tumors

responded to the therapy with an enhanced expression of ICD
markers. High expression of ICD markers was always observed
in cells localized on one side of the tumor, likely the one that
was in direct contact with the therapeutic hydrogel (see Figure 4B,
white arrows). In SW872 tumors, the best results were achieved
with PTH mono-therapy, where in half of the observed tumors,
≈35% of tumor cells showed high CRT expression (compared to
≈10% and ≈5% for NT and NTH control groups) (Figure 4C).
In some SW872 tumors, HSP70 was also notably upregulated
in response to PTH mono-therapy. Interestingly, co-therapy via
PTH-Dox performed worse. Similarly, in 143B tumors, PTH
mono-therapy, but not PTH-Dox co-therapy, enhanced CRT, so
that 10–50% of the cells within the tumor had high CRT ex-
pression (compared to ≈0% for NT and NTH control groups).
However, in these tumors, PTH could not promote HSP70
expression. In contrast, HSP70 was upregulated in response
to Dox, whereby PTH-Dox performed better than NTH-Dox
(Figure 4D).

2.8. PTH-Dox Co-Therapy Synergistically Targets GPX4
Expression in 143B Osteosarcoma Tumors

143B osteosarcoma tumors showed very high expression of
GPX4 protein, conferring cells protection against oxidative stress
agents such as Dox and RONS (Figure 5A, the intensity of brown
color is proportional to the concentration of GPX4 protein in the cell).
Interestingly, while mono-therapies could not affect GPX4 levels,
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Figure 3. Doxorubicin and RONS mono-/co-treatment of sarcoma tumors via hydrogels. Weight of A) SW872 (liposarcoma) tumors and B) 143B (os-
teosarcoma) tumors; green circle highlights a group of tumors that responded well to the co-treatment. Statistical test: Welch’s ANOVA/Dunnett T3. C)
Fraction of cells within the tumor that are actively proliferating and representative images of (i) 143B and (ii) SW872 tumors, immunohistochemistry
(brown indicates the presence of Ki67 proliferation marker). Statistical test: Kruskal-Wallis/Dunn. D) Fraction of cells within the tumor that stained
positively for cleaved Caspase-3 apoptosis marker. Statistical test: Kruskal-Wallis/Dunn. Control: NT, tumors that were not treated with any hydrogel.
NTH: non-plasma-treated hydrogel. PTH: plasma-treated hydrogel. Dox: Doxorubicin. Statistical analysis: comparing all groups against control (NT);
ns, non-significant, *p < 0.05, **p < 0.01.

PTH-Dox co-therapy, where Dox was co-delivered with plasma-
derived RONS, drastically decreased the expression of GPX4 in
tumors, sensitizing them to oxidative stress and ferroptosis. The
reduction was quantified via image analysis (Figure 5B). Briefly,
after annotating the region of interest in the image, cancer cells
were detected and classified based on the intensity of the brown
staining (corresponding to GPX4 concentration within the cell):
none (blue), low (yellow), medium (orange), and high (red). Ad-
ditionally, the intensity of the brown staining was observed sep-
arately for the cell nucleus and cytoplasm. Thus, one cell could
be classified as “red” for nuclear GPX4 (high concentration of
the protein in the nucleus) and “yellow” for cytoplasmic GPX4
(low concentration of protein in the cytoplasm) (Figure 5B, an
example cell is pointed with a white arrow). GPX4 has different iso-

types, each with a cellular compartment preference; for the pro-
tection against lipid peroxidation, thus ferroptosis, cytoplasmic
GPX4 is of particular interest. The co-therapy via PTH-Dox de-
creased the fraction of highly GPX4 expressing cells within os-
teosarcoma 143B tumors – compared to other treatment groups,
for PTH-Dox there were≈25% less cells withmediumor high nu-
clearGPX4 expression and around 40% less cells withmedium or
high cytoplasmicGPX4 expression (Figure 5C). In fact, for around
half of the tumors within the PTH-Dox co-therapy group, ≈60%
of cancer cells showed no (blue) or only low (yellow)GPX4 expres-
sion (Figure 5D, green circle). However, despite decreased GPX4,
no enhanced lipid peroxidation was observed in these tumors
(MDA-staining, Figure S6, Supporting Information), suggesting
only sensitization but no activation of ferroptosis was achieved.

Adv. Funct. Mater. 2025, e02779 e02779 (7 of 18) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Capacity of Doxorubicin and RONS mono-/co-treatment via hydrogel to induce immunogenic cell death (ICD) in sarcoma tumors. Nuclear
staining (DAPI, blue) was used to visualize all cells of the tumor. Calreticulin and Heat Shock Protein 70 (CRT and HSP70, green) were used as molecular
markers for ICD. A) Fluorescent images of glass slides carrying multiple SW872 tumors for each treatment condition (n = number of tumors on the
slide). Orange rectangle indicates the tumor that is shown in more detail in B). B) To analyze the expression of ICD markers, first, the tumor region of
interest was annotated (orange line), excluding chicken membrane, necrotic regions (here the middle) and similar. Then, depending on the intensity
of the green channel, each tumor cell was detected as positive (yellow) or negative (grey) for the assigned threshold. For visualization purposes, the
background is removed. White arrows indicate that the ICD markers (HSP70 and CRT, separately stained) are present only on one side of the tumor,
which was likely in direct contact with the hydrogel. C,D) Summary of results per cell line and ICD marker, expressed as the fraction of tumor cells that
are positive for the given marker. Each dot represents a single tumor. Statistical test: Kruskal-Wallis/Dunn. Control: NT, tumors that were not treated with
any hydrogel. NTH: non-plasma treated hydrogel. PTH: plasma-treated hydrogel. Dox: Doxorubicin. Statistical analysis: comparing all groups against control
(NT), ns: non-significant for p < 0.1.

To exclude compensatory upregulation of the protective NRF2
antioxidant pathway in response to the treatment and decreased
GPX4 levels, the mRNA levels of NRF2 and GPX4 were also
quantified. NRF2 and GPX4 mRNA levels were indeed upreg-
ulated in response to NTH-Dox mono-therapy (p ≤ 0.05). In con-
trast, their levels were comparable to the control in response to
RONS-based PTH mono- and PTH-Dox co-therapy (Figure 5E).

Finally, as for SW872 tumors, neither mono- nor co-therapy
influenced GPX4 expression. Moreover, NTH-Dox was compa-
rable to untreated control, whereas in other treatment groups,
GPX4 levels were slightly increased. Interestingly, in SW872
cells, GPX4 was mainly localized in the nuclei. Almost 80% of
the SW872 cells had no or only low GPX4 expression in the cyto-
plasm (Figure 5F; Figure S5, Supporting Information).

Adv. Funct. Mater. 2025, e02779 e02779 (8 of 18) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Co-delivery of Doxorubicin and RONS via plasma-treated hydrogel (PTH) could sensitize osteosarcoma tumors to ferroptosis via GPX4 in-
hibition. A) Representative images of immunohistochemical stainings of tumor sections (brown: GPX4, blue: nuclei). Drastic reduction of glutathione
peroxidase 4 (GPX4) expression for PTH-Dox condition. B) Quantification of GPX4 expression per cell compartment (nucleus or cytoplasm). The tumor
region of interest is annotated and then, based on the intensity of the brown color, each cell is classified as GPX4 negative (blue), weakly positive (yellow),
moderately positive (orange), or very positive with high GPX4 expression (red). If the background is removed, brown color can be seen better (bottom
left). The arrow points to an example cell where the nucleus is dark brown and cytoplasm is almost white. Thus, this cell is detected as "red” for nucleus
but “yellow” for cytoplasm. C) Summary of the results for 143B (osteosarcoma) tumors. Results are expressed as the fraction of cells within the tumor
that are “red”, “orange”, “yellow”, or “blue” (high, moderate, weak, or no GPX4 expression, respectively). D) Alternative representation of results; each
dot represents a single tumor. In co-treatment condition (PTH-Dox) there are multiple tumors containing high fraction of cells with weak/no GPX4
expression (green circle). Statistical analysis (Kruskal-Wallis/Dunn or ANOVA/Tukey) was performed for each expression group individually, comparing all
conditions: **p < 0.01; *p < 0.05; # p < 0.1. E) mRNA levels of GPX4 and NRF2 in 143B tumors (ANOVA/Tukey; *, p < 0.05). F) Summary of the results
for SW872 tumors. Results are expressed as the fraction of cells within the tumor that are “red”, “orange”, “yellow”, or “blue” (high, moderate, weak,
or no GPX4 expression, respectively). Control: NT, tumors that were not treated with any hydrogel. NTH: non-plasma treated hydrogel. PTH: plasma-treated
hydrogel. Dox: Doxorubicin.
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3. Discussion

In previous works, we developed and optimized injectable
alginate-based PTHs as vehicles for the delivery of plasma-
derived RONS.[46,50,51] These PTH displayed cytotoxicity toward
osteosarcoma cell lines (MG63, 1438, and SaOS2). Furthermore,
alginate PTH therapy also enhanced the expression of immuno-
genic danger signals in cancer cells, which promoted their up-
take by immune dendritic cells.[50] Here, we aimed to challenge
the alginate PTH therapy in amore relevant and complex setting,
using the in ovo CAM osteosarcoma (a hard tissue sarcoma) and
liposarcoma (a soft-tissue sarcoma) tumor model. This model of-
fers a high throughput alternative to in vivo studies, allowing to
study vascularized tumors of several millimeters. Previous stud-
ies showed that achieving therapeutic doses with plasma-treated
liquids in vivo is challenging and usually a daily administration
is performed, but this is not a clinically realistic scenario.[42] In
inadequate doses, plasma-treated liquids could even promote tu-
mor growth[42] or treatment resistance through the enrichment
of cancer stem cells.[54] A way to work around these issues is to
combine the treatment with another anticancer agent.[42] Gener-
ally, the multimodal therapeutic approach is common in oncol-
ogy, involving a combination of several therapies (e.g., surgery,
chemotherapy, radiotherapy…). With potential clinical applica-
tions in mind, this work explored the following hypotheses, dis-
cussed in more detail in the sections below:

1) Drug Incorporation: Can Doxorubicin be incorporated into a
PTH system for co-delivery without affecting its function as a
RONS vehicle?

2) In Ovo Translation: Can in vitro results for PTH treatment be
replicated in a more challenging and relevant tumor model?

3) Synergistic Effects: Does combining and co-delivering Dox-
orubicin and RONS achieve synergistic therapeutic effects?

3.1. Incorporation of Dox to PTH for Co-Delivery with RONS

When including a drug in a PTH, the capacity of RONS to re-
act with and degrade organic molecules should be considered.[55]

Therefore, two possible approaches for the drug inclusion were
compared (Figure 1A,i): a) Addition of Dox to the alginate so-
lution after the solution has been exposed to plasma and en-
riched with RONS (PTH-Dox), or b) Direct generation of RONS
in an alginate solution containing Dox (PTH&Dox). Results re-
vealed that the addition of Dox to alginate solution after the treat-
ment, preserved the integrity of the drug even when the solu-
tion was exposed to a long plasma treatment (20 min) and, thus,
contained high concentrations of plasma-generated RONS. In
contrast, when Dox was mixed with alginate before plasma ex-
posure, a significant decrease in detectable Dox was observed
within minutes. HPLC-UV/VIS analysis revealed a 15% reduc-
tion after 3 min and a 25% reduction after 5 min compared to
the non-treated control (NTH-Dox). Taking these results into ac-
count, PTH-Dox was selected for subsequent experiments.
Incorporation of Dox did not impair the formation of PTH hy-

drogel (Figure 1B; Figure S1, Supporting Information) nor its
function as RONS vehicle (Figure 1C). Regarding the first, the
speed of the hydrogel formation (crosslinking kinetics) was not
altered, but the storage modulus of the hydrogel (elastic, solid-

like hydrogel behavior) was slightly lowered due to the presence
of Dox. Dox is a bulky planar molecule with multiple rings in
its structure and can pose a steric hindrance to the formation of
bonds between alginate chains, resulting in a lower crosslinking
degree and a more heterogeneous network (lowering the maxi-
mum G’ of the hydrogel). However, this difference was negligi-
ble, not impeding the hydrogel formation. In this study, alginate
solution was treated with plasma for a very long time (20 min)
to maximize the concentration of therapeutic RONS. In our ex-
ploratory in ovo study with pancreatic cancer, PTHs were pre-
pared using 10 min plasma treatment and administered to tu-
mors three times, yet, could not achieve significant therapeu-
tic effects.[51] Here, the strategy was to maximize the treatment
time and introduce Dox, to allow for therapeutic effects even af-
ter a single administration of hydrogel. Such long treatment time
did affect the crosslinking kinetics of the hydrogel, leading to
complete gelation of plasma-treated hydrogels (PTH and PTH-
Dox) in less than 5 min (stabilization of storage modulus), com-
pared to over 30min for non-plasma treated hydrogels (NTH and
NTH-Dox) (Figure 1B). Despite slower kinetics, the storage mod-
ulus of non-treated hydrogels (NTH and NTH-Dox) eventually
surpassed the one of plasma-treated hydrogels (PTH and PTH-
Dox) (Figure 1B). One possible explanation for these observa-
tions is the fragmentation of alginate polymer chains to shorter
fragments upon their exposure to plasma. Alginate fragmenta-
tion and ring opening have been identified as possible outcomes
for the interaction between plasma and alginate in solution.[56]

When chains are longer, they provide more bonding sites and
span over longer distances within the hydrogel, for a more en-
tangled and stable elastic structure (higher storage modulus).[57]

On the other hand, shorter chains have greater freedom and mo-
bility within the solution, and less steric hindrance, which en-
hances the probability of the contact, alignment, and interac-
tion between the chains for a faster hydrogel formation (time to
storage modulus plateau). Another possible mechanism behind
the reduction in storage modulus of plasma-treated alginate hy-
drogels is that the interaction with short-lived RONS could de-
crease the number of carboxylic groups, responsible for the poly-
mer crosslinking.[56] Nevertheless, the long plasma treatment
times of alginate evaluated here still allowed for the formation
of hydrogels with rheological properties comparable to the con-
trol, confirming the practicality of employing this polymer for
the preparation of PTHs as vehicles for high local delivery of
RONS.
Finally, the concentration and release kinetics of RONS were

also not affected by the presence of Dox (Figure 1C). The
PTH-Dox co-delivery system showed a dual release profile,
with a burst release of RONS within 30 min, likely through
simple diffusion of these small species, and a slower release
of larger Dox molecules, reaching stationary stage after 2 h.
Burst of RONS, followed by somewhat delayed drug release,
might help sensitize cells to the drug and/or facilitate drug
penetration.[58–60] Altogether, we can conclude that the dual Dox
and RONS delivery via PTH is a viable option, where none of
the functionalities is significantly affected. This study explored
the option of directly loading free Dox into the hydrogel in
views of simplicity. Different engineering strategies could be ex-
plored in the future for a more controlled and sustained drug
release.[61]
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3.2. Challenging PTHs in a More Relevant Preclinical Sarcoma
Model

Previously, we characterized the alginate PTH used here in the
cell culture model, reporting cytotoxicity and immunogenicity
for osteosarcoma.[50] However, in a three-dimensional scaffold
environment, osteosarcoma cells have been reported to respond
differently and to show greater resistance to the treatment with
plasma-treated liquids.[54] Here, we transition to amore advanced
and clinically relevant in ovomodel, where three-dimensional tu-
mors of several millimeters in diameter are grown on chorioal-
lantoic membrane (CAM), which shares similar properties with
the extracellular matrix (ECM) in terms of composition and high
vascularization, allowing for a more native-like tumor environ-
ment (see Figure 2B,E).[62–64] While this model emerges as a
more time and cost-effective alternative to in vivo models and
can help refine and reduce the number of animal experiments,
it cannot fully replace them, as it is an immunodeficient sys-
temwith a short experimental window (short follow-up times). In
this study, 143B osteosarcoma and SW872 liposarcoma cell lines
were used to grow in ovo tumors. As any cell-line derived tumor
model, it does not fully replicate the heterogeneity found in pa-
tient tumor tissues. Nevertheless, several studies have reported
the relevance of cancer cell line-derived in ovo tumors, observing
histological properties and treatment responses comparable to
in vivo and patient-derived xenografts.[53,63,65] Among the tested
cell lines (MG63, 143B, SW872, and CCL121), SW872 and 143B
cell lines generated tumors with weight within the desired range
of 20–50 mg (Figure 2A,B). The in ovo tumor weight was cell-
line specific and was not significantly affected by the number of
the seeded cells (Figure 2A,B, comparable with ref. [53]). 143B
cell line grew in ovo tumors of 54 ± 14 mg, slightly above the de-
sired range and with significant dispersion in the tumor weight
(between 45 and 70 mg in the control group). This can affect the
efficacy of the treatment, with larger tumors beingmore resistant
than smaller tumors to the applied therapeutic dose. This is likely
why, throughout the study, the tumor response can be observed to
differ in two groups of tumors (clusters) within the PTH-Dox co-
therapy condition – one group of tumors that responded very well
to the treatment (70% reduction in tumor weight compared to
control average; 60% of GPX4-negative tumor cells) and another
one showing only mild/no change in respect to control condition
(see Figures 3B and 5D, green circle). Since the starting tumor
weight/ size (prior to the treatment) is unknown and is only deter-
mined is only determined at a single time point, upon the termi-
nation of the in ovo study, normalization of the data and more ex-
act interpretation are not possible. However, there appeared to be
a certain weight threshold (likely >55 mg), above which the em-
ployed therapeutic dose/regimen was insufficient, highlighting
the challenge of treatment scale-up when moving toward more
complex preclinical tumor models.
When transitioning from two-dimensional cell culture mod-

els to three-dimensional models, the penetration of the therapeu-
tic molecule is challenged, the number of cells increases drasti-
cally, but also the complexity of cell-cell interactions and com-
munications, which can affect the expression of genes to en-
hance the resistance to the treatment, as shown also for plasma-
treated liquids.[42,54] In addition, the penetration of the therapeu-
tic molecules to the tumor core is challenging. This is why in

all in vivo studies, indirect plasma treatment with plasma-treated
liquids is administered repeatedly (usually a daily injection of
plasma-treated liquids).[41] However, even this frequency often
does not suffice and better results are achieved when combin-
ing plasma-treated liquids with drugs.[42] In contrast to plasma-
treated liquids, PTHs are not as easily diluted with body liquids
and offer a more localized delivery of RONS for possibly higher
therapeutic concentration at the target site. However, our recent
study in a well-established pancreatic cancer in ovo model re-
vealed that alginate-based PTHs prepared with 10 min plasma-
treated alginate and administered to tumors three times, didn’t
deliver sufficient concentrations of RONS to achieve a reduction
in tumor weight nor affect different tumor properties studied.[51]

Thus, here, a longer plasma-treatment time of 20 min was em-
ployed to maximize the production of RONS and a Dox drug was
introduced into PTH. 20 min was the maximum treatment time
reasonable for our setting, limited by the evaporation of the wa-
ter from the alginate solution (see Section 2.1). The doubling of
the treatment time compared to the previous study[51] increased
the H2O2 concentration in PTH by 2-fold and the NO2

− con-
centration by 5-fold. Moreover, the co-delivery strategy allowed
to achieve visible and important therapeutic effects (reduction in
143B osteosarcoma tumor weight and GPX4 expression) already
after a single administration of the PTH-Dox hydrogel, which is
exceptional (see Figures 3B and 5D, green circle). In contrast,
mono-therapy with NTH-Dox or PTH could not reduce tumor
weight or GPX4 expression. On the other hand, in line with our
in vitro results on MG63, 143B, and SaOS2 osteosarcoma cell
lines,[50] PTHmono-therapy could enhance the expression of cal-
reticulin (CRT) and heat shock protein 70 (HSP70), which are
immunogenic cell death (ICD) and immune-promoting[66] mark-
ers, in 143B osteosarcoma and SW872 liposarcoma in ovo tumors
(Figure 4). However, the obtained results on ICD markers are
not straightforward to interpret, as: 1) enhanced ICD expression
was observed only in a small fraction of tumors; 2) in 143B tu-
mors, HSP70 was not enhanced in response to PTH treatment;
3) the synergy (positive or negative) for PTH-Dox remains un-
clear as PTH-Dox usually performed worse than PTH (possibly,
cell-line and ICD-marker specific); 4) localization of ICD mark-
ers (translocation) was not studied; and 5) only semi-quantitative
IHC/image analysis was employed. Tumor tissue images inter-
estingly revealed that cancer cells with enhanced ICD expression
were always localized on one side of the tumor, likely the one that
was in contact with the therapeutic hydrogel (see Figure 4B, white
arrow), illustrating the gradient that can be found when treat-
ing three-dimensional tumor models. Further studies, includ-
ing more quantitative methods and immune cells, e.g., immune-
competent mouse models, are needed to validate the immuno-
genicity of the treatment, i.e., the ability to promote anti-tumor
immune responses.
Finally, in vitro, co-delivering Dox with plasma-derived RONS

via PTH-Dox allowed to reduce the Dox IC50 dose 6-fold (in
the more drug-resistant SW872 cell line), achieving 50% of cell
death already at 0.5 μm Dox (compared to 3.1 μm for NTH-
Dox) (Figure 2C). This is comparable to a previous work where
the combination with plasma-treated medium also reduced the
IC50 Dox dose almost 6-fold in prostate cancer cells derived
from bone metastasis.[60] The reduction in IC50 drug dose can
be due to plasma treatment-assisted enhanced drug uptake and
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accumulation (e.g., via downregulation of efflux pumps[60] or up-
regulation of importer channels)[67] or independent of this, due
to additive or synergistic cytotoxic effects.[68,69] The treatment ef-
ficacy is challenged when transitioning to 3Dmodels, where can-
cer cells show altered gene expression and higher resistance.[54]

Despite being able to reduce IC50 drug dose in vitro for SW872
cells (Figure 2C), in ovo, PTH-Dox therapy was not able to reduce
liposarcoma tumor weight in these liposarcoma tumors, but only
in 143B osteosarcoma tumors, once again, illustrating that it is
critical to use advanced tumor models for preclinical character-
ization and optimization of therapy. Even though 143B tumors
were larger and on average 2.5 times heavier than SW872 tumors,
PTH-Dox reduced the tumor weight in the first but not in the lat-
ter (see Figures 1A and 3C). This is likely related to the fact that
the proliferative, thus metabolic activity, of the two observed tu-
mors was very different (50% of cancer cells within SW872 tu-
mors were negative for Ki67 proliferation marker, Figure 3C),
but a more in-depth investigation would be needed to test this
hypothesis.

3.3. Synergistic Effect of Co-Delivering Dox and Plasma-Derived
RONS via PTH-Dox

While mono-therapies (via NTH-Dox and PTH) had no effect, co-
therapy via PTH-Dox hydrogel resulted in a significant reduction
in tumor weight of 143B osteosarcoma tumors. One-third of the
treated 143B tumors weighed ≈70% less than the untreated con-
trol (on average 18 mg, compared to 54 mg in the control group)
(Figure 3B, green circle). In another third of tumors, some weight
reduction was achieved, however, comparable to the PTH group.
As discussed in Section 3.2, it appeared that there was a tumor
weight threshold (around 50–55 mg), above which the admin-
istered therapy was insufficient, challenging the scale-up strat-
egy. However, the fact that the effect on tumor weight could be
observed already after a single administration of PTH-Dox to in
ovo osteosarcoma tumors is highly significant, given that indirect
plasma treatments tested in literature up to now are normally ad-
ministered multiple times when treating three-dimensional tu-
mors and even this does not guarantee desired results (see Sec-
tion 3.2).[41,42,51,54] This is why there is a shift toward employ-
ing plasma in the context of combinatorial and multimodal ap-
proaches, where it is used together with other cancer manage-
ment strategies, e.g., to help sensitize cells to the treatment or
achieve synergistic therapeutic effects.[29,42]

Related to this, the PTH-Dox co-therapy was able to synergis-
tically target GPX4 protein expression in osteosarcoma tumors
(Figure 5). There was a 1.4-fold increase in the fraction of cancer
cells with no/low cytoplasmic GPX4 expression in the PTH-Dox
co-therapy group. In contrast, monotherapies even had a slightly
negative effect (0.7-fold change for PTH and 0.9-fold change for
NTH-Dox). As a ferroptosis inhibitor, GPX4 is an emerging tar-
get in oncology in the context of sensitizing cells to treatments
(reversing drug resistance).[17–20] It is an important antioxidant
protein that together with other proteins confers cells protection
against oxidative stress, and, thus, against the therapies that act
via this path (such as Dox and plasma), making them ineffec-
tive, as it was the case in this study. Cancer cells often upregulate
GPX4 and a very high expression was observed in both 143B os-

teosarcoma and SW872 liposarcoma tumors. However, the distri-
bution of GPX4 within the cell compartments was slightly differ-
ent. In 143B tumors, very high GPX4 expression was detected
in the cytoplasm and slightly lower expression in the nucleus
(Figure 5C). In SW872 tumors, GPX4 was present only in very
small concentrations in the cytoplasm, but in very high in the
nucleus of the cells (Figure 5F; Figure S5, Supporting Informa-
tion). The cytoplasmic GPX4 is of particular importance for fer-
roptosis where it is responsible for the reduction of lipid per-
oxidation to protect the integrity of the cell membrane. In re-
sponse to PTH-Dox co-treatment, the levels of GPX4 protein in
osteosarcoma tumors were reduced both in the cytoplasm and
the nucleus of 143B osteosarcoma cells (Figure 5C). Further-
more, in PTH-Dox co-therapy group, there were multiple os-
teosarcoma tumors where≈60% of the cells were GPX4-negative
(Figure 5D, green circle). In contrast, in mono-therapy groups
<10% of the cells within the tumor could be classified as negative
for cytoplasmic GPX4 expression (Figure 5D). This finding is in
agreement with prior reports where direct plasma was combined
with temozolomide to inhibit GPX4 expression in glioblastoma
spheroids[70] or with a GPX4-inhibitor (RSL3) to promote ferrop-
tosis in lung cancer cells.[71] As for the indirect plasma treatment,
a plasma-treated cell culture medium was reported to affect sev-
eral proteins in lung cancer cells that are involved in ferropto-
sis, but in particular it did not affect the levels of GPX4.[72] In a
different approach, plasma-treated liquid was combined with a
STAT3-inhibitor (known to also enhance the sensitivity of cells
to ferroptosis)[72] to target tumorigenicity.[42] In another study, a
plasma-treated liquid and Dox combination was shown to help
further decrease antioxidant defenses, including GPX1 that be-
longs to the same family of proteins as GPX4 but has different
functions.[60] Overall, to the best of our knowledge, our study is
the first one to report the synergistic effect of combining an indi-
rect plasma treatment (PTH) and chemotherapy to target GPX4
expression.
Decreased GPX4 expression is related to a decreased ability

of cells to combat excess peroxidation of lipids in cellular mem-
branes, an event known to trigger ferroptosis.[73] Ferroptosis is
a recently described, non-apoptotic cell death pathway that relies
on an iron-dependent Fenton reaction. GPX4 is considered a key
repressor of ferroptosis and is the only one in the GPX family
of antioxidant proteins that can reduce phospholipid hydroper-
oxides to the respective alcohols, to prevent their interaction with
ferrous iron and, thus, onset of Fenton reaction and generation
of further radicals and lipid peroxides.[74] Induction of ferropto-
sis, e.g., by inactivation of GPX4,[17] has been shown to sensitize
cancer cells to treatment, including osteosarcoma cells.[21,72,75–77]

However, we were not able to detect enhanced malondialdehyde,
MDA (Figure S6, Supporting Information), which is a marker
of lipid peroxidation and ferroptosis,[78] suggesting that, despite
sensitization to ferroptosis due to reduced GPX4 expression, no
ferroptosis was triggered under the selected treatment regimen.
Finally, interestingly, despite the downregulation of GPX4 pro-

tein in response to PTH-Dox therapy, no compensatory increase
in cellular mRNA production of GPX4 or NRF2 was observed
(Figure 5E). NRF2, short for nuclear factor erythroid 2 (NFE2)-
related factor 2, is considered a critical transcriptional regulator
of glutathione metabolism (GSH is a cofactor of GPX4) and nu-
merous other factors that protect cells from oxidative stress. Its
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inhibition has been shown to reverse the resistance of cancer to
therapies targeting GPX4 and ferroptosis.[79] The NRF2 pathway
is one of the key pathways frequently altered in cancer, contribut-
ing to resistance to (chemo)therapies and oxidative stress.[74,80–82]

This is well illustrated by our findings, where exposure of os-
teosarcoma tumors toDoxmonotherapy (viaNTH-Dox) triggered
upregulation of NRF2 and GPX4 mRNA levels in tumors, 48 h
after the treatment (Figure 5E). This response likely represents a
protective mechanism by the tumor cells to counteract oxidative
stress damage and mitigate the effects of chemotherapy. How-
ever, thus was not observed for the tumors treated with plasma-
derived RONS alone or in combination with Dox (via PTH or
PTH-Dox), despite RONS being potent oxidative stress agents.
This study is the first to explore, within a broader context, the im-
pact of PTH on antioxidant defenses in cancer. These promising
findings open new avenues for research and call for further stud-
ies with amore systematic in-depth investigation of this pathway.
Collectively, our results suggest that leveraging PTH to co-deliver
RONS alongside Doxorubicin could produce certain synergistic
effects, effectively re-sensitizing cancer cells to oxidative stress
therapies and ferroptosis.

4. Conclusions

This study demonstrates the potential of PTH-Dox as a novel ther-
apeutic strategy for the treatment of sarcoma, where combating
local recurrence is critical and current therapeutic strategies are
often ineffective and challenged by cancer resistance. The results
of the study support the hypothesis that PTH could be used as a
single vehicle for localized co-delivery of plasma-derived RONS
and a drug (here, Dox) to work around the challenge of indirect
plasma treatment scale-up and reduce the systemic drug dose
while allowing for improved, synergistic, therapeutic effects. This
is supported by the observations that (i) incorporation of Dox into
the system did not affect the function of PTH as RONS-vehicle,
nor did plasma-derived long-lived RONS compromise Dox in-
tegrity, (ii) delivery of Dox via PTH could reduce the cytotoxic
IC50 Dox dose by 6-fold in in vitro cell culture, (iii) In contrast
to mono-therapies, single administration of co-therapy via PTH-
Dox was able to inhibit osteosarcoma tumor growth in ovo (up to
70% lower tumor weight) and to reduce the levels of ferroptosis-
inhibiting, antioxidative GPX4 protein (up to 40% in the cyto-
plasm and 25% in the nucleus of cells; in addition, the percent-
age of GPX4-low/negative cells reached 90% inmultiple tumors),
while avoiding upregulation of antioxidant defenses at themRNA
level. In addition, this study was able to observe, to some degree,
the ability of PTH treatment to enhance the expression of im-
munogenic cell death signals in in ovo tumors, previously demon-
strated in our recent study in cancer cell culture monolayer. Fi-
nally, the mentioned therapeutic effects were observed in only a
subset of treated tumors, likely of lower initial weight, empha-
sizing three key challenges in preclinical research: (i) treatment
scale-up, (ii) optimization of the dosage and regimen for maxi-
mum efficacy, and (iii) identification of the specific clinical in-
dications (tumor types and molecular targets) where the treat-
ment can deliver superior outcomes. Despite these challenges,
our findings mark an important step toward refining PTH-based
combinatorial therapies, showcasing their potential to overcome

resistancemechanisms and improve therapeutic responses in se-
lected tumor types.

5. Experimental Section
Cell Culture: Human osteosarcoma cell lines 143B (ATCC CRL-8303)

and MG63 (ATCC CRL-1427), human liposarcoma cell line SW872 (ATCC
HTB-92) and human fibrosarcoma cell line CCL121 (ATCC HT-1080) were
cultured in DMEM (Thermo Fisher Scientific 10 313 021) supplemented
with 10% FBS, 1% Penicillin/Streptomycin, and 2 mm L-Glutamine (com-
plete DMEM).

Plasma Treatment and Preparation Of Hydrogels: Injectable, algi-
nate hydrogels were prepared according to our previously optimized
protocol.[50] Briefly, to prepare plasma-treated hydrogel (PTH), 1 ml of
0.5% w/v sodium alginate solution (PanReac A3245, dissolved in auto-
claved deionized water) was added to a 24-well plate and exposed to a
plasma source for 20 min (kINPen IND NEOPLAS Tools, operated with
high-purity argon gas at 1.1 slm gas flow rate, 10 mm distance, and room
temperature, under a sterile hood). After 20 min of plasma treatment,
a significant amount of water evaporated so that the final concentration
of the alginate solution was 0.91% w/v. Thus, to prepare non-treated hy-
drogels (NTH), a non-plasma-treated 0.91% w/v alginate solution was
used. To crosslink alginate solution into an alginate hydrogel, 20 μL of
a crosslinker mixture was added (1:10 v/v). The crosslinker mixture con-
sisted of equal volumes of 1 m CaSO4·2H2O crosslinker solution (Merck
1 021 610 500) and 125 mm Na2HPO4·2H2O retardant solution (Fluka
BioChemika 71 644), mixed together immediately prior to their addition
to the alginate solution. For the preparation of Doxorubicin-containing hy-
drogels (PTH-Doxo and NTH-Doxo), 20 μL of Doxorubicin HCl solution
(Selleckchem #S1208, 240 μm working solution prepared in water on the
day of use) was added to 200 μL of plasma-treated or non-plasma-treated
alginate solution before adding the crosslinkermixture. Thus, the final con-
centration of Doxorubicin in the hydrogels was 20 μm. Table 1 summarizes
the preparation protocol for different hydrogels used in this study.

Rheology: The crosslinking process (gelation) of all formulations was
monitored using a Hybrid Rheometer (Discovery HR-2, TA Instruments)
with 20 mm parallel rugous plates configuration. First, a strain sweep
(from 0.01 to 10 000% at 1Hz) and frequency sweep (from 0.1 to 500Hz at
1% strain sweep) were performed at room temperature to determine the
optimal acquisition parameters for the monitoring of gelation time with-
out breaking the hydrogels. To this end, the hydrogel (200 μL) was injected
on the rheometer base immediately after the initiation of crosslinking (via
addition of the crosslinker mixture), the rheometer arm was lowered to
400 μm gap and after 15 min (when hydrogels are well formed) the mea-
surement was initiated. After the optimization, a frequency of 1 Hz and
a strain of 1% were selected for the determination of gelation time. For
this, the hydrogel (200 μL) was injected on the rheometer base immedi-
ately after the initiation of crosslinking (via addition of the crosslinker mix-
ture), the rheometer arm was lowered to 400 μm gap and immediately the
measurement was initiated. In particular, oscillatory measurements were
conducted at room temperature and storage (elastic) modulus (G′) and
the loss (viscous) modulus (G′′) were followed for 30 min. The gelation
time was defined as the point value where the G′ modulus reached the
plateau. Three independent replicates were measured.

HPLC: For HPLC analysis, hydrogels (200 μL) containing 20 μm Dox-
orubicin (Dox) were prepared and left for 24 h in PBS (600 μL) at 37 °C to
allow for the maximum release of Dox. Then, the release medium was col-
lected, filtered and analyzed via HPLC. In total 4 different hydrogels were
prepared (in triplicates): NTH-Dox (whereDoxwasmixedwith non-treated
alginate solution), PTH-Dox (where Dox was mixed with 20-min-plasma
treated alginate solution), PTH&Dox_2 (where Dox was mixed with algi-
nate solution and then exposed to plasma for 2 min), and PTH&Dox_5
(where Dox was mixed with alginate solution and then exposed to plasma
for 5 min). HPLC/UV-Vis measurements were done using a Shimadzu
Prominence XR instrument with autosampler and UV/VIS photodiode ar-
ray detector equipped with a Agilent 5 TC-C18(2) analytical column (5 μm
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Table 1. Preparation of hydrogels used in this study.

STEP 1. PREPARE ALGINATE STEP 2. MIX HYDROGEL COMPONENTS STEP 3. INJECT
HYDROGEL

Sodium alginate solution
concentration [% w/v]

Plasma treatment
[min]

Alginate solution [μL] Doxorubicin solution [μL];
the final concentration in the

hydrogel was 20 μm

Crosslinker mixture [μL]; the
two components were mixed
immediately prior to use

150 μL directly on top of
the tumor in ovo

0.91 – 200 – 20 NTH

0.91 – 200 20 22 NTH-Dox

0.5a) 20 200 – 20 PTH

0.5a) 20 200 20 22 PTH-Dox
a)
After 20 min of plasma treatment, due to water evaporation, the concentration of plasma-treated alginate solution becomes 0.91% w/v.

4.6 ×150 mm). Solvent A (0.5 L) was prepared using 1.36 g of Phos-
phate Buffer (Sigma-Aldrich #71 504) and 0.6 mL of 85% phosphoric acid
(Sigma-Aldrich #30 417). Solvent B was acetonitrile. Gradient for B: 1 min
isocratic at 25%, increase to 40% in 7min, 2min isocratic at 40% and back
to 25% in 2 min. The flow rate was 1 mL min-1, temperature 30 0C, detec-
tion 190–700 nm and injection volume 20 μL. Under these conditions, the
retention time for Dox was 9.20 min. Calibration lines were obtained by
analysing, under the same conditions, standard solutions of Dox in PBS.
For the calculation of Dox concentration, the area of the peak at 480 nm
between 9.0 and 9.5 min was observed. Based on the theoretical Dox con-
centration in the hydrogel and the assumption that all Dox was released
from the hydrogel, the fraction of “preserved” Dox was calculated (Dox
that was not affected by the plasma treatment) relative to NTH-Dox con-
trol. Since small volumes of solutions were treated (1 mL), water evapora-
tion during the plasma treatment affected the final concentration of Dox
in PTH&Dox hydrogels, this was taken into the account.

RONS Quantification: To quantify nitrite ions (NO2
−), 50 μL of the

sample (here, non-crosslinked plasma-treated alginate solution) was
transferred to a transparent 96-well plate and then mixed with 50 μL of the
Griess reagent (0.1% w/v of N-(1-naphthyl) ethylenediamine dihydrochlo-
ride, 1% w/v of sulphanilamide, and 5% w/v of phosphoric acid in deion-
ized water). Absorbance was measured in a microplate reader at 540 nm
and a calibration curve (prepared in the 0.91% w/v alginate solution) was
used to calculate theNO2

− concentration.Hydrogen peroxide (H2O2) was
quantified using Amplex Red/Horseradish peroxidase (AR/HRP)-based
fluorescence assay (Sigma). First, the sample was diluted 1:500 in deion-
ized water. Then, 200 μL of the diluted sample was transferred to a black
96-well plate and mixed with 50 μL of AR/HRP solution. The plate was in-
cubated for 30 min at 37 °C. Fluorescence was measured in a microplate
reader at 𝜆ex = 560/20 nm and 𝜆em = 590/20 nm and a calibration
curve (prepared in 1:500 diluted 0.91% w/v alginate solution) was used to
calculate the H2O2 concentration.

RONS and Dox Release: To study the release of NO2
− and H2O2 from

hydrogel, 200 μL of hydrogel was pipetted onto a 24-well plate and 1 min
later, 1 mL of PBS (Capricorn Scientific, #PBS-1A) was added on top. The
plate was incubated at 37 °C. After 7, 15, 30, 60, and 120 min, 50 μL of the
release medium was collected from the well to quantify released NO2

− by
Griess test, and 25 μL of the release medium was collected and diluted
1:100 to quantify released H2O2 by AR/HRP assay as described above. At
each time point, 75 μL of fresh PBS was added to the well to compensate
for the collected volume.

Similarly, released Dox was detected by sampling 60 μL of the release
medium (600 μL volume) and measuring the fluorescence (𝜆ex = 485 nm,
𝜆em = 595 nm). At each time point, 60 μL of fresh PBS was added to the
well to compensate for the collected volume. A calibration curve prepared
in PBS was used to calculate the concentration of Dox based on the flu-
orescence signal. The percentage of released Dox was calculated as the
fraction of the theoretical Dox concentration at full release (6.67 μM).

IC50: Cancer cells were seeded to a 24-well plate 18 h before the treat-
ment: 40 000 cells per well for 143B and 60 000 cells per well for SW872 cell
line, in complete DMEM without Sodium-Pyruvate (Thermo Fisher Scien-

tific 31 053 028). To treat cells, the conditioned cell culture medium was
removed and 200 μL of Dox-loaded hydrogel was injected directly onto the
cells. The hydrogel was either non-treated (NTH-Dox) or 2-minute plasma
treated (PTH2-Dox). In line with Table 1, hydrogels were prepared by mix-
ing 200 μL of 0.5% (w/v) non-treated or plasma-treated alginate solution
with 20 μL of Dox solution and 22 μL of crosslinker solution.Oneminute af-
ter administering the hydrogel to cells, 1ml of fresh complete DMEMwith-
out Sodium-Pyruvate was added to the well. After 48 h, the hydrogel and
conditioned medium were removed and Presto Blue cell viability reagent
was added to the cells: 250 μL per well of 1:10 dilution in cell culture
medium (Thermo Fisher Scientific P50200). After 1 h of incubation, the
Presto Blue reagent was transferred to a black 96-well plate (100 μL/well)
and the fluorescent signal was measured (𝜆ex = 560 nm, 𝜆em = 590 nm).
IC50 value was calculated as a concentration of Doxorubicin at which the
fluorescence (cell viability) decreased by 50% compared to the untreated
control.

In Ovo: In ovo experiments were performed following a previously de-
scribed protocol.[51] Briefly, fertilized chicken eggs at the embryonic devel-
opment day 4 (ED4) were incubated for 1 day in an egg incubator (Ova-
Easy 100, Brinsea) at 37.7 °C, 65% humidity, and with automatic rotation
mode on. After this, the eggs were stored in an upright position and with-
out rotation. All experimental work on the eggs was performed inside the
sterile hood and with the eggs placed on a heat block (37 °C). On ED5,
the upper side of the egg was disinfected and punctured using a 20G ster-
ile needle and the hole was sealed with a medical tape. On ED7, cancer
cells were pelleted in Eppendorf tubes and stored on ice (1 × 106 for 143B
cells and 2 × 106 for SW872 cells). To seed cancer cells, first the eggshell
was cut open. Then, a small cut was made on a well-visible blood vessel
by touching the vessel with a filter paper briefly soaked in diethyl ether.
Next, a sterile silicone ring (with an inner diameter of 5 mm) was placed
on top of the vessel, cancer cells were resuspended in 15 μL of Matrigel
(8.6 mg mL−1; Corning) and once slightly gelified, pipetted inside the sili-
cone ring. Finally, the egg was sealed using Tegaderm and incubated for 4
more days to allow tumor formation. On ED11, the Tegaderm was cut to
access the tumor tissue, another plastic ring was placed around it (inner
diameter 7 mm), and hydrogel (150 μL) was pipetted into the ring to treat
the tumor. On ED13, tumors were collected, weighted, and processed for
downstream analysis. Since in ovo experiments were not conducted be-
yond ED14, no approval from ethical committee was required. When plot-
ting and discussing tumor weight results, several tumors that weighed
over 70 mg were excluded, as well as tumors that were observed to be very
small even before the treatment, because here the treatment effect could
not be claimed with certainty. For 143B, in total three separate in ovo ex-
periments were conducted and for SW872 two. On average, approximately
40 tumors were extracted after each in ovo experiment.

Histology–Tissue Preparation: Collected tumors were fixed in a 4%
paraformaldehyde solution for 24 h and embedded in paraffin following a
standard protocol. Paraffin-embedded tumor blocks were sectioned (5 μm
thickness) and these tumor sections were mounted onto glass slides. The
slides were baked for 2 h at 60 °C, then stored at 4 °C until staining. Be-
fore staining, tissue was deparaffinized and hydrated by immersing the
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Table 2. Conditions and reagents used to perform different histological stainings. IHC: immunohistochemistry. IF: immunofluorescence.

Staining Antigen Blocking Primary antibody Secondary antibody Control

IHC Ki67 2% BSA Anti-Human Ki-67, MIB-1 (Dako Agilent
#M724029-2), 1:75

Universal Dako HRP (EnVision FLEX/HRP Dako
Omnis #DM842)

Tonsil tissue

IHC Cleaved
Caspase-3

10% goat serum Anti-Cleaved Caspase-3, (CellSignTech #9661T),
1:250

Universal Dako HRP (EnVision FLEX/HRP Dako
Omnis #DM842)

Tonsil tissue

IHC GPX4 10% goat serum Anti-Glutathione Peroxidase, EPNCIR144
(Abcam #ab125066), 1:100

Universal Dako HRP (EnVision FLEX/HRP Dako
Omnis #DM842)

Stomach tissue

IF CRT 10% goat serum Rabbit IgG monoclonal anti-Calreticulin
antibody, EPR3924 (Abcam #ab92516), 1:500

Goat anti-rabbit IgG H&L Alexa Fluor 488
(Abcam #ab150077), 1:1000

Rabbit Ig isotype control
(Abcam #ab172730),

1:500

IF HSP70 10% goat serum Rabbit IgG monoclonal anti-HSP70 antibody
(Abcam #ab181606), 1:50

Goat anti-rabbit IgG H&L Alexa Fluor 488
(Abcam #ab150077), 1:1000

Rabbit Ig isotype control
(Abcam #ab172730),

1:50

slides sequentially in xylene (10 min), 100% isopropanol (6 min), 95%
isopropanol (6 min), 70% isopropanol (6 min), and MilliQ water (6 min).
Then, antigen retrieval was performed using citrate buffer, pH 6.1 (EnVi-
sion FLEX target retrieval, Agilent Dako Omnis GV805). Finally, the slides
were washed two times to remove the remaining antigen retrieval buffer.
All washing steps were performed using a 1X wash buffer (Agilent Dako
Omnis GC807) with a detergent (0.025–0.1% Tween or Triton-X). Before
starting the staining, the tissue-containing region of the slide was outlined
using a PAP pen (Enzo Life Sciences), which helped prevent drying out of
tissues during incubation steps.

Tissue Staining: Below, general protocol steps are described and de-
tails and antibodies used for each histological staining are indicated in
Table 2. To detect Ki67, cleaved Caspase-3, and GPX4, immunohistochem-
ical staining was performed. For this type of staining, the prepared tissues
were incubated for 10 min with 3.5% H2O2 solution in MilliQ water to
block endogenous peroxidases. The slides were then washed and incu-
bated for 40–60 min with a blocking solution. The blocking solution was
prepared in the wash buffer and chosen based on the host species of the
secondary antibody (see Table 2). After the incubation, the excess block-
ing buffer was shaken off, and the tissues were incubated for 40–90 min
with primary antibody diluted in 1% blocking solution. The slides were
then washed and incubated with a secondary antibody for 40 min. In the
case of cleaved caspase-3 staining, a linker (EnVision FLEX Rabbit-linker,
Dako Omnis GV809) was added for 15 min after the primary antibody and
before the secondary antibody to enhance the signal. After the secondary
antibody, the slides were washed again, and a freshly prepared DAB chro-
mogen/substrate mixture (EnVision FLEX, Dako Omnis) was added. The
signal was developed for 5–10 min. The slides were then washed and the
tissues were counterstained with Hematoxylin for 2 min, and rinsed in
deionized water. Finally, the slides were dehydrated by immersing them
sequentially in 70% isopropanol (2 min), 95% isopropanol (2 min), 100%
isopropanol (3 min), and xylene (3 min) and mounted onto glass cover-
slips for imaging. For each staining, positive and negative (without primary
antibody) staining controls were included. To detect CRT and HSP70, im-
munofluorescence staining protocol was followed. The prepared tissues
were incubated for 2 h with a blocking solution. The blocking solution was
prepared in the wash buffer and chosen based on the host species of the
secondary antibody (see Table 2). After the blocking step, tissues were in-
cubated overnight at 4 °C with primary antibody in 1% blocking solution.
Corresponding isotype controls were used. After overnight incubation, the
slides were washed well and a secondary antibody diluted in 1% BSA was
added to the slides and the slides were incubated at room temperature,
protected from the light, for 1 h. Finally, the slides were washed again and
mounted onto coverglass using Vectashield HardSet Antifade Mounting
medium with DAPI (H-1500) for imaging.

Image Acquisition and Analysis: Whole slide images were acquired only
for GPX4 (10x), CRT (SW872), and HSP70 (20x) stainings using ZEISS
Axio Scan.Z1. For CRT (143B), images were acquired with ZEISS Axio Ob-

server and tiles were used to image the area of the entire tumor (ZEN soft-
ware). Images of Ki67 and cleaved Caspase-3 stainings were taken with
Leica ICC50 E microscope using the Leica Application Suite EZ. Image
analysis was performed using QuPath software. First, a tumor region of
interest was annotated, so that chicken cell membrane, necrotic regions,
large blood vessels, tissue or staining artifacts were excluded. Next, all tu-
mor cells within the annotations were detected. Finally, detected tumor
cells were classified as positive or negative for the specific marker based
on the stain intensity. For IHC stainings (Ki67, cleaved Caspase-3, and
GPX4), the “positive cell detection” function was used with the param-
eters as shown in Table 3. For IF stainings (CRT, HSP70), the “cell detec-
tion” followed by “single measurement classifier” function was used. For
“cell detection” function, the following parameters were used: detection
image “DAPI”, requested pixel size microns “0.5”, background radius mi-
crons “8.0”, background by reconstruction “true”, median radius microns
“0”, sigmamicrons “1”, minimum cell area microns “27” for 143B tumors
or “23” for SW872 tumors, maximum cell area microns “300”, threshold
“50”, watershed post process “true”, cell expansion microns “5”, include
nuclei “true”, smooth boundaries “true”, make measurements “true”. For
“single measurement classifier” function, the following thresholds were
applied to the cytoplasm compartment: 1900 (CRT 143B), 5600 (CRT
SW872), 4800 (HSP70 143B), and 4100 (HSP70 SW872). Cells above this
threshold were classified as positive. Images where the staining or tissue
appeared faulty were excluded from the analysis.

qPCR: Upon their extraction, tumor tissues were snap frozen in liquid
nitrogen. Without allowing for tissues to thaw, they were disrupted with a
micro-pestle (Fisher Scientific #16 339 635) and then homogenized us-
ing QiaShredder column (Qiagen #79656). The RNA was isolated using
RNeasy Mini Kit (Qiagen #74 104). Then the cDNA was synthetized with
MaximaFirst Strain cDNA synthesis kit (Fisher Scientific #K1671). qPCR
was performed with QuantiNova SYBR Green PCR kit (Qiagen) and using
following thermal profile: hot start (95 °C for 2 min), 40 amplification cy-
cles (95 °C for 5 sec, then 65 °C for 10 sec), melt curve (95 °C for 30 sec,
then 65 °C for 30 sec, then 95 °C for 30 sec). For NRF2 amplification fol-
lowing primer pair was used: CACATCCAGTCAGAAACCAGTGG (forward)
and GGAATGTCTGCGCCAAAAGCTG (reverse). For GPX4 amplification,
primers were designed to detect all GPX4 isoforms: TGCACGAGTTTTC-
CGCCAAG (forward) and CCACGTTGGTGACGATGCAC (reverse).

Statistics and Figures: The statistical analysis was conducted using
GraphPad Prism or R software. Where assumptions for parametric tests
were met (normality and homogeneity of variance), ordinary one-way
ANOVA was used. Where standard deviations were significantly differ-
ent (Brown-Forsythe <0.05) Welch’s ANOVA was used. If normality cri-
teria were not met (Shapiro-Wilk <0.05), a non-parametric Kruskal-Wallis
test was used. To correct for multiple comparisons, the recommended
post-hoc test was applied (Dunnett, Dunn, Tukey). Statistical tests used
and significance levels are specified in the figure’s legends and figures.
Data is presented as mean ± SD, with dots representing individual tumor
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Table 3. Parameters used to detect positive cells within IHC stained tumor sections.

Positive cell detection function parameters 143B SW872

Detection image Optical density sum

Requested pixel size microns 0.5

Background radius microns 8

Background by reconstruction True

Median filter radius microns 0.5

Sigma microns 1.5 1.5 for Ki67 and GPX4, 1.0 for cleaved Caspase-3

Minimum cell area microns 27 23

Maximum cell area microns 300

Threshold 0.2 0.5 for Ki67 and GPX4, 2 for cleaved Caspase-3

Maximum background intensity 2 3 for Ki57 and GPX4, 2 for cleaved Caspase-3

Cell expansion microns 5

Include nuclei True

Smooth boundaries True

Make measurements True

Threshold compartment Nucleus: DAB OD for Ki67 and GPX4, Cell: DAB
OD for cleaved Caspase-3, Cytoplasm: DAB OD

for GPX4

Single threshold True for Ki67 and cleaved Caspase-3, false for GPX4

Thresholds 0.3 for Ki67, 0.23 for cleaved Caspase-3, 0.3/0.6/0.9
for GPX4

0.3 for Ki67, 0.13 for cleaved Caspase-3, 0.3/0.6/0.9
for GPX4

tissues. For non-biological experiments, at least 3 replicates were per-
formed. Figures were created using BioRender, Prism GraphPad, and
Inkscape.
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