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Simple Summary: During the last decade, cold atmospheric plasmas (CAP) have been broadly
investigated for their therapeutic effect against cancer. CAP sources can be used to treat liquid media,
thereby generating plasma-conditioned liquids (PCL). PCL represent a very interesting alternative
to direct CAP treatment, because they may allow treatment of malignant tumors located in inner
organs of the body by means of an injection, thus avoiding multiple surgeries. Although research
on this therapy is still in its early stage, PCL have already demonstrated their potential anticancer
effect in different types of cancer in vivo. This review gathers the existing literature involving
PCL treatments in vivo, highlighting the differences between the approaches undertaken and the
need for establishing standardized protocols in order to better understand the effects of PCL-based
therapies in vivo.

Abstract: Plasma-conditioned liquids (PCL) are gaining increasing attention in the medical field,
especially in oncology, and translation to the clinics is advancing on a good path. This emerging
technology involving cold plasmas has great potential as a therapeutic approach in cancer diseases,
as PCL have been shown to selectively kill cancer cells by triggering apoptotic mechanisms without
damaging healthy cells. In this context, PCL can be injected near the tumor or intratumorally, thereby
allowing the treatment of malignant tumors located in internal organs that are not accessible for
direct cold atmospheric plasma (CAP) treatment. Therefore, PCL constitutes a very interesting and
minimally invasive alternative to direct CAP treatment in cancer therapy, avoiding surgeries and
allowing multiple local administrations. As the field advances, it is progressively moving to the
evaluation of the therapeutic effects of PCL in in vivo scenarios. Exciting developments are pushing
forward the clinical translation of this novel therapy. However, there is still room for research, as the
quantification and identification of reactive oxygen and nitrogen species (RONS) in in vivo conditions
is not yet clarified, dosage regimens are highly variable among studies, and other more relevant
in vivo models could be used. In this context, this work aims to present a critical review of the state
of the field of PCL as anticancer agents applied in in vivo studies.

Keywords: plasma-conditioned liquids; cancer; in vivo; cold atmospheric plasma

1. Introduction

Plasma-treated or plasma-conditioned liquids (PCL), often designated also as plasma
activated liquids in the literature, are produced when the reactive oxygen and nitrogen
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species (RONS) generated from a cold atmospheric plasma (CAP) source are transferred
to a liquid. The transfer of these reactive species to the liquid is the result of complex
reactions between the plasma and the liquid at the plasma–liquid interface [1,2]. PCL
can contain superoxide anions (O2

−), hydroperoxyl radicals (HOO·), hydrogen peroxide
(H2O2), hydroxyl radicals (·OH), atomic oxygen (O), singlet oxygen (1O2), ozone (O3), nitric
oxide (NO), nitrogen dioxide (NO2), peroxynitrite (ONOO−), nitrite (NO2

−), and nitrates
(NO3

−), as well as dichloride radicals (Cl2−·) and hypochlorite anions (ClO−) [3–5]. Depending
on their lifetime, RONS can be classified as short-lived or long-lived reactive species. It is
known that short-lived reactive species (i.e., radicals, atomic oxygen, peroxynitrite, etc.)
have low stability and a short lifespan (sometimes around a few nanoseconds) and therefore,
their chance to reach the targeted cells or tissue is limited [6]. Consequently, due to their
higher stability, long-lived and far-ranging reactive species (mainly hydrogen peroxide,
nitrites, nitrates, and organic peroxides) are considered to be the major biologically relevant
elements in PCL treatments [7].

Research in this field suggests that CAP-generated RONS can be used to target ma-
lignant tumors, inducing apoptosis to cancer cells, without damaging healthy cells or
tissues [8,9]. In fact, cells produce RONS themselves through intrinsic biochemical pro-
cesses and, such RONS play a central role in reductive-oxidative biology (redox biology),
which is fundamental in the biochemistry of cells [10]. The supply of exogenous RONS
has been demonstrated to trigger specific biological pathways in cells [11]. For PCL, this
anti-cancer effect is thought to be related to the concentration and type of RONS generated
in the liquid upon CAP treatment and, in the last years, very interesting results have been
published postulating PCL as a novel and promising therapy for cancer treatment [12].

So far, PCL’s therapeutic effects have been proved against various types of cancer
in vitro [13,14] and ex vivo [15], and some researchers have already reported their beneficial
effects in vivo [16–33] in murine models. However, comparison among the different works
dealing with the biological action of PCL in vivo is hard due to the absence of standard
protocols. In this context, this review aims to recapitulate the existing literature, from the
earlier studies in 2013 [23] until the present date, on the use of PCL in animal models,
and to provide a critical review of the methodologies used to treat tumors in vivo, thus
shedding light on the next steps forward in the field.

2. In Vivo Cancer Model: Animal Model Selection

The use of adequate preclinical in vivo models is one of the most important compo-
nents in every aspect of translational cancer investigation, ranging from the understanding
of the biological basis of the disease to the development of new treatments [34]. Currently,
the anticancer activity of PCLs in vivo has only been assessed in mice, which is the most
commonly used preclinical in vivo platform in cancer research [35]. There are different
kinds of cancer mice models, basic models that rely on grafted tumors derived from cell
lines or explants, and more advanced ones with genetically modified animals that are
engineered to intrinsically develop the disease on their own [36].

Only grafted tumors derived from cell lines have been used to date to investigate
the antitumoral potential of PCLs. In 63% of the studies, a xenograft tumor was formed
using human cancer cell lines, while in the other 37%, mouse cancer cells were used to
generate syngeneic tumors (Figure 1A). Cancer modeling with cell line-derived xeno- and
allografted tumors is widely used in preclinical drug screening due to its ease of use, high
reproducibility, and relatively low associated costs [37]. Using cell line-based tumors can
be a first step for the investigation of the anticancer effect of PCL, but it involves some
limitations; for instance, these cells are immortalized and maintained in culture for many
generations and, as a consequence, they may lose and/or gain genetic features that can
alter their phenotype, biological functions like cell growth and migration, as well as their
responsiveness to stimuli [38]. Furthermore, using allogeneic or xenogeneic cell lines, it is
not possible to represent the complex molecular variations between patients shown in the
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clinic that involve differences in malignant growth, invasive and metastatic capacity, and
the acquisition of drug resistance [39,40].

Figure 1. Tumor formation strategies on mice models for PCL treatments in vivo. (A) Current
approaches assessed in the formation of tumors in animals for PCL treatments in vivo. (B) Possi-
ble future directions in the generation of tumors in mice for the study of PCL treatments in vivo,
which involve (B.i) patient derived xenografts, (B.ii) genetically engineered mice models, and (B.iii)
humanized mice models.

In this line, Xiang et al. studied the effect of PCLs in different breast cancer subtypes
with two of the most used human breast cell lines, the MDAMB231 and the MCF-7 cells [21].
The MCF-7 cells were isolated from a 69-year-old woman with metastatic breast cancer,
while the MDAMB231 cell line was obtained from a 51-year-old patient with the same
cancer affliction. Plasma-treated DMEM medium was used as PCL and 200 µL were daily
administered for 30 days. Results demonstrated the huge interpatient variability, since
MDAMB231-derived tumors responded well to the PCL therapy with a tumor growth
reduction of around 80%, while in MCF-7-derived tumors, PCL treatment barely achieved
a tumor growth reduction of 10%. This highlights that although the use of cell lines is a
valid approach in the first stages of the research for initial screenings, their poor predictive
potential may make difficult the translation of PCL-based antitumoral therapies, from more
advanced stages of the investigation towards clinical application [41]. To better represent
the interpatient tumor heterogeneity and improve the predictive potential of the approach,
one possibility in future experiments could be to evaluate the anticancer activity of PCL
in patient-derived xenografted tumors (PDX) (Figure 1B.i). These cancer models rely on
generating tumors in animals through the implantation of cells or cancer tissues that are
directly extracted from the patient’s tumors [42]. It has been shown that PDX are more
representative of human cancer biology and that they display a higher correlation with the
patient’s specific response to treatments [43–45]. In this sense, the PDX platform could allow
obtaining valuable and useful information, while enabling personalized medicine with
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PCL dose regimens adjusted to the patient’s tumor characteristics. However, xenografted
tumor models are based on the implantation of cancer cells into immunodeficient mice. It is
widely accepted that the immune system is closely related to cancer prognosis, oncogenesis,
and response to anticancer therapies. In this sense, the absence of the immune components
does not allow studying the implications and effects of PCL over the immune system in
cancer models. Therefore, using these models may compromise their predictive value in
translational research of PCL in cancer therapy.

Alternatively, advanced cancer models based on genetically modified animals that
develop cancer themselves could also overcome the drawbacks of cell line-derived cancer
models [46] (Figure 1(Bii)). These advanced models mimic the physiological and biologi-
cal tumor environment (extracellular matrix composition, tumor architecture, degree of
vascularization, etc.) with higher accuracy compared to the mentioned in vivo cancer
models [47] while preserving the immune system of the mice. However, the mice immune
system differs from that of humans. In order to study the human immune system in mice
models, the so-called humanized mice models have been developed (Figure 1(Biii)). In
these models, immunodeficient mice are engrafted with human hematopoietic stem cells
that develop into functional human immune systems. Consequently, humanized mice
could be used to better investigate the efficacy of PCLs in cancer immunotherapy [48–50].

The mentioned approaches (PDX, genetically engineered and humanized animals)
require more technical and economic resources, but the use of these advanced cancer models
might offer more valuable and translational information from the experimental research.

3. PCL Generation for In Vivo Cancer Treatment. Experimental Setup

The outcomes of the CAP-treatment in terms of the RONS generated in a liquid can
greatly vary depending on parameters of the experimental setup (device, applied voltage,
nature of the gas, gas flow, distance of treatment, composition of the liquid, liquid volume,
etc.) [2,51]. Analysis of the literature regarding PCL employed in in vivo studies for cancer
treatment puts forward that many differences in the experimental setup have been used to
produce and characterize PCL for cancer treatment applications (Table 1).
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Table 1. Cold atmospheric plasma settings employed for the generation of PCL for in vivo cancer treatment. Comparison between the concentration of RONS employed in in vivo studies
and in their associated in vitro experiments.

Tumor type Reference Plasma Device/Gas

Treatment Conditions of Liquids for In Vivo Cancer Therapy Quantification of RONS in PCL

Comments
Gas Flow (slm) Liquid Type Liquid Volume

(mL) Distance (mm) Treatment Time
(min)

In Vivo In Vitro *

[RONS] [RONS] (µM)

Su
bc

ut
an

eo
us

tu
m

or
s

M
el

an
om

a

[16] Plasma jet/Helium 4 DMEM 1 15 6 - - -

[17] micro DBD 1.5 RPMI - 2 10 - - -

[18] micro DBD 1.5 RPMI - 2 10 - - -

[19] Plasma jet/Helium 3 NaCl 8.5% 1 30 1, 2, 3, 4 and 5 - H2O2: ~35

Longer treatment time
and different liquid

type were used for the
in vivo condition

[20] Microwave plasma
generator - Water:DMEM

(1:10) 1000 - 50 - - -

Br
ea

st [21] Plasma jet/Helium 1 DMEM 2 13 15 - H2O2: ~200
Longer treatment time

was used for the
in vivo condition

[22] Plasma jet/Helium 0.2 PBS 2 13 10 - - -

O
va

ri
an

[23] Plasma jet/Argon 2 RPMI 4 15 10 - -

Smaller volume of
liquid and longer

treatment time were
used for the

in vivo condition

[24] Plasma jet/Argon 2 Ringer’s lactate 5.5 3 10 - H2O2: ~8

Smaller volume of
liquid and longer

treatment time were
used for the

in vivo condition

N
ec

k

[25] Plasma jet/Helium +
Oxygen 2

Serum-free
culture media.
Not specified

15 10–20 15

O3: 1.154 ppm
H2O2: 1.833 ppm

O2: 4.767 ppm
NO3

− : 0.167 ppm

same as in vivo -

Pa
nc

re
as

[26] Plasma jet/Argon 2 RPMI 4 15 10 - -

Smaller volume of
liquid and longer

treatment time were
used for the

in vivo condition
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Table 1. Cont.

Tumor type Reference Plasma Device/Gas

Treatment Conditions of Liquids for In Vivo Cancer Therapy Quantification of RONS in PCL

Comments
Gas Flow (slm) Liquid Type Liquid Volume

(mL) Distance (mm) Treatment Time
(min)

In Vivo In Vitro *

[RONS] [RONS] (µM)

Pe
ri

to
ne

al
tu

m
or

s

Pa
nc

re
as

[27] kINPen Med/Argon 3 DMEM 4 5 10 - - -

[28] Plasma jet/Argon 2 Ringer’s lactate 8 3 10 - -

Bigger volume of
liquid, longer treatment

time, and shorter
distance of the

treatment were used for
the in vivo condition

[29] kINPen Med/Argon 5 DMEM 5 - 10 - -

O
va

ri
an

[30] Plasma jet/Argon 2 RPMI 5.5 3 10 -
H2O2 at different

dilution ratios:
0.68 to 1692.16

Not specified which
dilution ratio was used

for the in vivo

G
as

tr
ic [31] Plasma jet/Argon 2 RPMI 6 3 5 - - -

[32] Plasma jet/Argon 2 DMEM 8 3 5 H2O2: 227 µM same as in vivo -

C
ol

on [33] kINPen/Argon 5 NaCl 0.9% 50 - 60 -

H2O2: 100
O2

− : (Abs. 0.08)
NO2

− : 2.5
NO3

− : 8

Different liquid type
was used for the
in vivo condition

En
do

m
et

ri
al

[32] Plasma jet/Argon 2 DMEM 8 3 5 H2O2: 227 µM same as in vivo -

* Note that the RONS quantified in vitro might have been produced under different conditions from these shown in Table 1, which correspond to those used in in vivo experiments.
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3.1. Relevant Parameters in Plasma Treatment

As reflected in Table 1, plasma jets are the main type of CAP-device employed to pro-
duce PCL for biomedical applications, followed far behind by dielectric barrier discharges
(DBD) [51]. For in vivo experiments, the working gas most often employed was argon,
although some studies used helium or mixtures of helium and oxygen, with gas flows
ranging from 0.2–10 slm. However, the most recurrent configurations are set to 2–5 slm.
A very similar thing happens with the distance of treatment, whose values range from 2
to 30 mm (distance between the nozzle of the jet and the surface of the liquid). Logically,
the smallest distances of treatment are set when using DBD to produce PCL. Nonetheless,
distances down to 3 mm are also found in certain plasma jet setups [28,30–32]. In all cases,
the treatment time of the liquid to generate PCL is in the order of minutes, 1 and 60 min
being the shortest and the longest treatment time. These conditions are relevant in how
they affect the concentration and type of RONS generated in the PCL.

3.2. Reactive Species Generated in PCL

Among the different reactive species generated in the liquid after CAP-treatment, it
is believed that the synergistic effect of long-lived RONS such as of H2O2 and NO2

- are
great contributors to the anticancer therapeutic effects of PCLs [4,52]. Although H2O2 and
NO2

- are not the only RONS in charge of the lethal effect of PCL on cancer cells [4,6], it
is essential to characterize and quantify as thoroughly as possible the RONS in PCL in
order to have a better understanding of their biological effects in vivo. For this reason,
besides the description of the conditions and parameters used to generate PCL (described
in the previous section), a meticulous quantification of RONS should be included, since
the lethal concentration of RONS may be different depending on the type and site of the
tumor treated.

While certain RONS are hard to detect due to their short lifespan, others, like H2O2
and NO2

− or NO3
−, are more easy to detect and quantify with methods that do not re-

quire very sophisticated equipment [51,53]. However, only ~35% of the in vitro studies
performed prior to the in vivo investigations herein reviewed reported the characterization
of RONS in PCL, detecting species such as H2O2, NO2

−, NO3
−, O2, O3, or O2

−, depending on
the specific work. H2O2 was the only chemical that is quantified in all cases [19,21,24,25,30,32,33]
with concentrations ranging from ~0.01 to ~200 µM in the PCL, and the resulting cocktail
of RONS showed effectiveness in killing different types of cancer cells in vitro. However,
when moving from in vitro to in vivo studies, we observe disparities between the charac-
terization of RONS that may compromise and difficult the understanding of the biological
effects of PCLs.

On the one hand, although many of the works reported accurate concentration of
RONS in the PCL used in vitro, longer CAP treatment times were employed to generate
PCL for the in vivo condition, and the precise concentrations in the in vivo setting were
not reported [21,23,24]. For instance, Tanaka et al. analyzed different saline solutions
based on Ringer’s lactate composition (combining NaCl, KCl, CaCl2, and L-sodium lactate)
reporting differences in the concentration of H2O2 generated upon CAP treatment. Even
though in some liquids, the concentration of H2O2 was similar, these PCLs showed unequal
cytotoxicity on brain tumor cells (U251SP) in vitro, attributing the therapeutic effect on
the generation of acetyl and pyruvic acid-like groups due to the presence of L-sodium
lactate in the Ringer’s lactate solution. However, as discussed above, the treatment time
was longer and the volume of liquid treated was lower for the in vivo assay, thus possibly
generating much higher concentrations of RONS. Additionally, it has been observed that
smaller volumes of liquids produce higher concentrations of long-lived reactive species
(i.e., H2O2, NO2

−, NO3
−) [51].

For chemotherapeutic drugs, it is recognized that in vitro 2D cultures can lead to
results that deviate considerably from the in vivo response [54], so as reflected in the
papers reported, higher concentrations of RONS in PCL should be produced for the in vivo
setting. This has been shown in Tornin et al. [55], reporting that higher concentrations
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of RONS are needed in 3D engineered tumor cultures in comparison to 2D cultures, and
similarly in organotypical experiments with tumor sections [15]. In this sense, we strongly
suggest that to relate in vitro and in vivo results, the RONS should be quantified and
compared in both situations.

3.3. Nature of the Treated Liquid

Another relevant factor to take into account for the clinical translation of PCL-based
therapies is the nature of the liquid employed to generate PCL. While different varieties
of PCL have been investigated in vitro [51], for in vivo studies, this is more restricted. In
fact, only three different liquids have been employed to date in order to produce PCL for
cancer treatment in vivo: (i) cell culture media, (ii) saline solutions, and (iii) deionized
water (Figure 2). The nature of the liquid has a direct effect on the amount of RONS
generated after plasma treatment, which, in turn, has a clear influence over the therapeutic
effect of the PCL. However, in some studies, the liquid used in vivo was different from the
liquid used in vitro [19,33], and, in certain cases, the PCL employed in vivo is not clearly
specified [25,30]. This means that the kind and concentration of RONS is unknown. This is
a critical issue, as to give just an example in [56], PBS and 0.9% NaCl treated under equal
CAP conditions displayed different anticancer activity in vitro on spheroids models of
colorectal and ovarian cancer. More details about the importance of the composition of
PCL with regard the generation of RONS can be retrieved in [1,2,51].

Figure 2. Three different kinds of liquids were used to generate PCL for in vivo assays.

From another perspective, cell culture media (DMEM and RPMI) are surprisingly the
most widely used liquids to generate PCL in the in vivo studies to date, followed by saline
solutions (PBS, NaCl 0.9% and Ringer’s Lactate) (Figure 2). Cell culture media are a source
of nutrients for cells to support their growth in vitro, but they are not clinically approved
liquids. Therefore, for in vivo applications, saline solutions are a more interesting approach
to generating PCL in view of translation to the clinics, as some saline solutions are already
clinically accepted and in use in medical applications (i.e., NaCl 0.9% or Ringer’s lactate).
Additionally, it has been reported that the stability of RONS is lower in plasma-treated cell
culture media than in other liquids, mainly due to the reaction between the reactive species
and the components in the culture media (amino acids, vitamins, proteins, glucose, etc.)
that may scavenge RONS [57].

Some remaining challenges of PCL are that from a pharmaceutical point of view,
the development of a liquid with anticancer properties should be able to be stored for
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a relatively long period of time without losing its anticancer capacity. However, in the
current state of research, storage of PCL is not yet possible in most cases, so devices will
have to be designed allowing the treatment and placing in the dispenser of PCL in the
same surgical scenario with minimal manipulation from the surgeon/oncologist.

4. In Vivo Cancer Treatment with PCL

As mentioned in previous sections, it is crucial to standardize protocols to validate
and increase the relevance of research works focused on the anticancer activity of PCL in
in vivo approaches. In this sense, establishing consensus with regard to tumor monitoring,
analytical techniques, and PCL dosage regimes should be used to make comparable the
experimental data with PCL. This would allow the scientific community to advance at
faster path towards clinical translation.

4.1. Tumor Formation

As mentioned, only grafted tumors have been used to assess the anticancer potential
of PCLs in vivo. When working with grafted tumoral models, it is important to define
the best engraftment strategy to represent different cancer types. In general, there are two
main strategies used in tumor formation: ectopic and orthotopic. In ectopic approaches,
tumors are generated in a non-native location in the animal body. Otherwise, in orthotopic
models, cancer cells are injected in the native site of specific cancer where tumors are finally
formed [58,59]. Comparing all PCL-based anticancer studies to date, we observe that only
ectopic models have been used, mainly with subcutaneous and peritoneal tumors. Subcuta-
neous tumor models have been used to evaluate PCL treatments over the following cancers:
melanoma [16–20], neck [25], breast [21,22] ovarian [23,24], and pancreatic cancers [26]. On
the other hand, tumors formed in the peritoneal cavity have been used to study cancers
such as pancreatic [27–29], ovarian [30], colorectal [33], gastric [31,32], and endometrial
cancer [32].

In the majority of investigations using subcutaneous ectopic models, tumors were
easily observable under the skin, and their growth was monitored with daily measurements
with metric calipers. Most studies (64%) initiated administration of PCL when tumors
reached a specific size range between 4.5–6 mm in diameter. This is a step forward towards
establishing common protocols in the field. Unfortunately, in almost 71% of the works
involving peritoneal tumors, there is no formation of solid tumors in the animal, and PCL is
administered right after injection of cancer cells. Moreover, although the rest of the studies
wait reasonable times to allow tumor formation, the number and size of such tumors are
not quantified at the beginning of the study. This was associated to disparities among
protocols such as variations between lag times to generate tumors and starting points of
PCL administrations, as well as differences in the tumoral burden with the presence or not
of solid tumors.

For instance, Liedtke et al. evaluated the effect of PCL on solid peritoneal pancreatic
tumors that were grown for seven days before initiating administration of PCL [29]. In
contrast, Sato et al. started PCL therapy just after injection of cancer cells without the
presence of any solid tumor [28]. Thus, important differences exist among works, so the
establishment of common procedures would certainly allow extracting more valuable
conclusions. Some studies evaluating the effect of PCL on pancreatic, ovarian, and gastric
cancers [27,28,30–32] did not allow time for the formation of solid tumors. In this context,
comparing the number of injected cancer cells varies from 8 × 105 to 2 × 106 total cells, thus
also conditioning the initial cancer cells burden, and certainly different cells will present a
variable growth and tumor-forming ability. Therefore, these are some points that should
be taken into account, in views of extracting more valuable conclusions: (i) having solid
tumors, so allowing sufficient time after injection of cancer cells, and (ii) size of the tumor,
to establish similar tumoral burden in the animal models, thereby enabling comparison
among studies evaluating the therapeutic effect of PCLs.
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4.2. Tumor Monitoring

As previously mentioned, establishing the initial tumoral burden in the animals is
necessary to evaluate the anticancer activity of PCLs. In this sense, the number and size
of tumors before initialing PCL administrations, during and at the end of the treatment,
should be quantified to have precise control over the whole study. As to what concerns
subcutaneous tumors, in most of the studies to date, the initial tumoral burden in the
animals has been similar, and the evolution of the tumor size during the PCL treatment has
also been monitored. In this case, the easy observation of tumors under the skin allows
simple and painless measurements with metric calipers (Figure 3A).

Figure 3. Possible methods available for tumor monitoring and biological molecular analysis to
monitor and evaluate the effectiveness of PCL treatments in vivo. (A) Analysis applicable for tumor
monitoring in vivo; (B) Biological and molecular analysis for ex vivo tumor analysis

However, when working with peritoneal tumors, the monitoring of tumoral burden is
more difficult, so none of the investigations in the field to date have quantified the number
and size of new-formed tumors at the beginning of the study. In this regard, imaging
techniques that enable the quantification of tumor burden in situ—such as bioluminescence
imaging (BLI) or magnetic resonance imaging (MRI)—would allow this follow-up from
the first moments and provide a more complete vision of the effects of the therapy on the
tumors [60]. For example, light-based methods are currently being used to visualize cell
line-based tumors that have been genetically engineered to express fluorescent proteins [61]
(Figure 3A). In fact, some of the reviewed studies successfully monitored the tumor burden
through BLI of gastric GCIY-EGFP cancer cells expressing green fluorescence protein
(GFP) [31], and pancreatic AsPC1-CMV/Luc cancer cells and ovarian ES2 cancer cells
both engineered to synthesize luciferase [28,30]. However, insufficient lag time between
inoculation of cancer cells and PCL treatment did not allow the establishment of the initial
number and size of tumors before PCL therapy.

When wishing to increase the predictive potential and to better represent the tumor
heterogeneity between patients by using PDX models, luminescent methods cannot be
applied, since genetic modification may change the biological characteristics of the native
tumor. Instead, MRI provides higher detection accuracy, and it does not require genetic en-
gineering to visualize and quantify tumor burden in animals [60,62] (Figure 3A). Therefore,
MRI is compatible with both cell line and PDX cancer models and would allow the precise
visualization and measurement of the tumors in situ before starting PCL administrations.
Moreover, MRI would be suitable also in orthotopic models, which mimic better cancer
diseases by generating the tumors at the precise location of specific cancer.
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4.3. Biological and Molecular Evaluation: Analytical Techniques

Besides the evolution of the tumor size and location, to understand the molecular
basis behind the therapeutic effects of PCL in cancer treatment in vivo, it is necessary
to associate biological and molecular studies. Moreover, deeper knowledge about the
effect and implications of PCL on tumoral and healthy tissues will allow to evaluate and
determine the safety of this novel approach in cancer treatment.

In this context, 41% of the studies evaluating PCL as anticancer agent in vivo have per-
formed some ex vivo biological and/or molecular evaluation at the end of the study. Most of
such ex vivo evaluation was performed in subcutaneous cancer models, probably due to the
easier retrieval of the tumor mass compared to peritoneal models. Among them, the most
used analytical technique to date has been immunohistochemistry (IHC) [17,18,22,25,27],
followed by immunofluorescence (IF) [16,19,23,27], western blotting (WB) [16,17,19,25], and
finally qPCR [17], which is the less used method (Figure 3B). All the mentioned techniques
have been mainly used to assess the effect of PCL on cell proliferation, cell cycle arrest, and
apoptosis through detection, visualization, or quantification of specific proteins and genes
involved in these cellular mechanisms. Interestingly, four common proteins/genes have
been evaluated through IHC, WB, and qPCR in these studies. Specifically, p53, which is
involved in cell cycle arrest and apoptosis [63], Bcl-2 and Casp-8, which are associated with
apoptotic pathways [64], and Akt, which is involved in cell proliferation and growth [65].

Then, more specific markers for each particular kind of tumor should be analyzed, as
in Zhou et al., where the effect of PCL was evaluated on the specific markers ER, HER2,
and ALDH1, which are key proteins in the development of breast cancer [22]. Even beyond,
studying the specific cancer transcriptome profile would allow the scientific community
to identify the gene networks regulated by PCL treatment, and correlate it to cancer gene
ontology to provide a deep understanding of genomic and proteomic data of cancer and
healthy cells.

Additionally, the TUNEL assay has been employed to detect fragments of DNA
generated during apoptosis. In fact, Liedtke et al. used this method to evaluate the
selective cytotoxic effect of PCL, where apoptosis was visualized in tumoral cells, while
healthy cells appeared normal without signs of apoptosis [27].

As discussed, performing biological and molecular analysis will enable the scientific
community to correlate the characteristics of PCL with their selective anticancer potential
at the cellular level, which is of crucial importance to avoid incidental damage on patients
and ensure the safety of this novel therapy.

4.4. PCL Dosage Regimen

One additional relevant point to assess in vivo efficacy of PCL lays in the dosage regi-
mens established. PCL-based anticancer treatments have been demonstrated to be effective
in vivo in murine models against pancreatic, melanoma, ovarian, breast, neck, colon, and
gastric cancers by achieving a significant tumor mass reduction in most subcutaneous and
peritoneal tumors. As reflected in Table 2, there are notorious differences among treatment
durations, volumes of injected PCL, and their dosage regimen. For instance, disparate
times of treatment ranging from three days to five weeks, different volume doses ranging
between 200 and 2500 µL, and variety among the number of doses from three to seven
PCL administrations per week (Table 2). In general, the biggest volumes were employed in
peritoneal tumors, as the treatment area is wider, and the most commonly injected dose
was 200 µL.
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Table 2. Therapeutic effects of PCL in vivo. Influence of initial tumor size, dosage regimen, and treatment duration on tumor growth reduction for different types of cancer.

Tumor type Reference Initial Tumor Size
(mm Ø) PCL Dose Volume (µL) Administration Route Dosage Regimen Treatment

Duration (Days)
Therapeutic Effect

Tumor Growth Reduction (%)

Su
bc

ut
an

eo
us

tu
m

or
s M

el
an

om
a

[16] 5–6 DMEM 400 Subcutaneous Daily 25 76.7 *

[17] 4.65 RPMI 200 Subcutaneous Daily 4 ≈20

[18] 4.65 RPMI 200 Subcutaneous Daily 3 No reduction **

[19] 5 NaCl 8.5% 200 subcutaneous
(intratumoral) Daily 14 78.7

[20] Not quantified Water:DMEM (1:10) 1000 Subcutaneous Daily 12 ≈85

Br
ea

st [21] 5 DMEM 200 Subcutaneous Daily 30 ≈80 ≈10 a

[22] 5 PBS 200 Subcutaneous Daily 30 ≈60

O
va

ri
an [23] No tumor formation RPMI 200 Subcutaneous 3 times/week 30 ≈66.7 ≈37.5 a

[24] No tumor formation Ringer’s lactate 200 Subcutaneous 3 times/week 42 ≈75

N
ec

k

[25] 4.65 Serum-free culture
media. Not specified 200 Subcutaneous

(intratumoral) Daily 6 ≈50

Pa
nc

re
as

[26] No tumor formation RPMI 200 Subcutaneous 3 times/week 30 ≈66.7

Pe
ri

to
ne

al
tu

m
or

s

Pa
nc

re
as

[27] No tumor formation DMEM 1000 Intraperitoneal Daily 35 ≈21.1

[28] No tumor formation Ringer’s lactate 2500 Intraperitoneal Days 2–4 and Days
8–11 15 Not quantified

[29] Not quantified DMEM 1000 Intraperitoneal Daily 21 ≈27.8

O
va

ri
an

[30] No tumor formation RPMI Not specified Intraperitoneal Daily 3 Not quantified

G
as

tr
ic [31] No tumor formation RPMI Not specified Intraperitoneal Days 1–4 and Days

8–11 15 Not quantified

[32] No tumor formation DMEM 1000 Intraperitoneal Days 0, 1, 2, 6, 7, and 8 8 Not quantified

C
ol

on [33] Not quantified NaCl 0.9% 300 Intraperitoneal Days 2–6 Not specified ≈66.7

En
do

m
et

ri
al

[32] No tumor formation DMEM 1000 Intraperitoneal Days 0, 1, 2, 6, 7, and 8 8 Not quantified

* Co-treatment with cyclophosphamide 130 mg/kg intraperitoneal led to a tumor size reduction of 98%. ** Co-treatment with silymarin 1 mg/kg led to a tumor growth reduction of 50%. a Two different tumor
growth reductions are displayed, because two different cell lines were used for these experiments.
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While the research is still in an early stage to draw general conclusions regarding the
most effective PCL treatment, valuable information can be extracted. For instance, research
in melanoma gathers one third of all the existing studies evaluating the anticancer activity
of PCLs. In four out of the five existing studies to date, authors injected 1 × 106 melanoma
cancer cells and allowed tumors to reach similar sizes around 4.5–6 mm in diameter. In
most studies, 200 µL of the PCL was administered daily, but with significant differences on
the length of treatment that was set at three, four, 14, or 25 days. For instance, Adhikari
et al. carried out the experiments with the shortest dosage regimens (three and four days).
In both studies, authors performed a 10 min µ-DBD treatment to generate PCL, 200 µL of
which were injected daily in the tumor site for three or four days. Three-day treatment was
not sufficient to observe any tumor reduction, while in four-day PCL treatment, tumors
experienced a growth reduction of around 20–30% without apparent side effects [17]. In
this line, Liu et al. achieved a higher tumor growth reduction of 78.7% in a 14 days PCL
treatment [19]. The longer treatment is probably not the only parameter that enhanced the
anticancer effect of this treatment. Here, the authors used a plasma jet device with helium
instead of a µ-DBD with air, and instead of cell culture media as vehicle for the RONS, they
used 5-min-treated saline solution. In this sense, the large variability in the PCL therapies
reviewed, along with the disparity in their therapeutic effects, reveals the importance of
optimizing and establishing standard protocols to better understand the therapeutic effects
of this novel anticancer approach.

Another issue which is of undoubted interest is the potential synergy of PCL with
other entities such as drugs. In this sense, two works evaluated chemotherapeutics in
combination with PCL [18]. One of them involved PCL and silymarin, a bioactive molecule
extracted from milk thistle, which has demonstrated chemosensitizing activity against vari-
ous cancers in vivo, as well as in clinical trials [66,67]. Results demonstrated an additional
reduction in tumor growth of 50% in animals that were treated with silymarin (1 mg of/kg
of body weight) one day before starting PCL treatment as compared to no tumor reduction
of the PCL treatment alone. Similarly, Saadati et al. also assessed the anticancer potential of
a combinational treatment involving PCL and cyclophosphamide (chemotherapeutic drug)
on melanoma cancer in vivo [16]. In this case, treatment with PCL alone showed a tumor
growth reduction of 76%, while the combination therapy demonstrated higher anticancer
activity with a reduction of tumor growth around 86%. Importantly, the combined treat-
ment not only arrested tumor growth, but reduced tumor volume from approximately 100
to 7 mm3. Although few side effects were reported in the animals, combinational therapies
demonstrated a synergistic anticancer activity. Therefore, this can clearly be an interesting
approach for further development.

The administration of PCLs in subcutaneous tumors is relatively easy, since in most
cases, there is a single tumor mass that is visible under the skin, which allows an accurate
and effective injection of PCL nearby the tumor mass or even intratumorally. However, in
more internal and spread cancers represented by intraperitoneal tumors, multiple tumoral
nodules are spread throughout the intraperitoneal cavity. Therefore, the internal tumors
are not visible, and it is more difficult to equally reach them with PCLs compared to
subcutaneous tumors treatment (Figure 4).

For this reason, in peritoneal tumors, the volume of PCL administered is higher than
that injected in subcutaneous tumors. For instance, in two studies, authors administered
1 mL plasma-treated DMEM medium intraperitoneally to treat pancreatic cancer [27,31].
Another example can be found in the study conducted by Sato et al., where authors admin-
istered 2.5 mL of plasma-treated RPMI medium or 2.5 mL of plasma-treated Ringer’s lactate
solution into the animals also suffering pancreatic cancer [28]. Despite the increase of PCLs
dosage volume, in general, the anticancer activity was lower compared to the great thera-
peutic effect observed in the subcutaneous tumor treatments. This was confirmed in [42],
where tumor burden in the animals was quantified by MRI. Here, after daily intraperitoneal
administration of 1 mL of plasma-treated DMEM for 21 days, the treatment only achieved
a tumor growth reduction of around 21% [27]. However, it should also be mentioned
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that in most studies working with intraperitoneal tumors, authors performed intermittent
PCL dosing regimens with different treatment durations ranged from three days to three
weeks. In this sense, due to the obvious diversity of methodologies, it is difficult to analyze
the data and detect which parameters are key factors in PCL-based anticancer therapies.
Therefore, although the majority of studies showed effectiveness in reducing and delaying
tumor growth, there are still many open questions that require more investigation before
this novel anticancer approach can be translated towards clinical application.

Figure 4. Schematic illustration of subcutaneous and peritoneal administration of PCL, including the
percentage of the studies that used each route of administration to treat tumors in vivo with PCL.

5. Conclusions and Future Directions

The field of PCL-based anticancer therapy is moving forward, as research has already
shown very encouraging results in vivo in murine models. Since the concentration of
RONS and dosage regimen are the two most critical assets in the efficiency of the therapy,
an accurate quantification of the RONS in the conditions of the in vivo experiment is
crucial. As the field progresses, standardized methods are required as much as possible,
ensuring, for example, a minimum lag-time between generation of the tumor and initiation
of the PCL therapy, and follow-up of the tumor size with imaging techniques during the
experiment along with control of the animal’s body weight. Ultimately, a detailed ex vivo
analysis of relevant biomarkers should contribute to improve the understanding related
to the mechanisms of PCL, triggering their selective anti-cancer effect. Of course, the full
potential of any tumor model can only be met by proposing an appropriate animal model
according to the biological response to be evaluated. Therefore, the establishment of PCL’s
therapeutic efficacy in preclinical testing requires a hierarchical approach, progressing
through a series of animal models of increasing sophistication to eventually evidence both
the efficacy and safety of PCL treatments.

PCL hold great prospects as anticancer therapy, and we need to take advantage of the
lessons learnt and discussed in this review to quickly progress towards a more detailed
knowledge of the mechanisms involved in the anticancer action of PCL, as well as the
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suitable dosage regimens and concentrations of RONS, employing liquids already in use in
the clinical scenario. This will allow moving forward to the clinics in a sooner stage.

Author Contributions: Conceptualization: C.C.; formal analysis: X.S.-M. and A.E.-N.; funding
acquisition: C.C.; investigation: X.S.-M., A.E.-N., and C.C.; project administration: C.C.; supervision:
M.-P.G. and C.C.; validation: M.-P.G. and C.C.; writing—original draft: X.S.-M. and A.E.-N.; writing—
review and editing: X.S.-M., A.E.-N., M.-P.G., and C.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This project has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation program (grant agreement No 714793).
The authors acknowledge the financial support of MINECO for PID2019-103892RB-I00 project. The
authors belong to the SGR2017-1165. Support for the research of MPG was received through the
ICREA Academia Award for excellence in research, funded by the Generalitat de Catalunya.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. Images created with Biorender®.

References
1. Zvereva, G.; Gorbanev, Y.; Graves, D.B.; Ceriani, E.; Petrovic, Z.L.; Tsai, P.A.; Verlet, J.R.R.; Jablonowski, H.; Reid, J.P.;

Graham, W.G.; et al. Plasma–liquid interactions: A review and roadmap. Plasma Sources Sci. Technol. 2016, 25, 53002. [CrossRef]
2. Bruggeman, P.; Leys, C. Non-thermal plasmas in and in contact with liquids. J. Phys. D Appl. Phys. 2009, 42, 53001. [CrossRef]
3. Graves, D.B. The emerging role of reactive oxygen and nitrogen species in redox biology and some implications for plasma

applications to medicine and biology. J. Phys. D Appl. Phys. 2012, 45. [CrossRef]
4. Bauer, G. The synergistic effect between hydrogen peroxide and nitrite, two long-lived molecular species from cold atmospheric

plasma, triggers tumor cells to induce their own cell death. Redox Biol. 2019, 26, 101291. [CrossRef] [PubMed]
5. Bauer, G. Signal amplification by tumor cells: Clue to the understanding of the antitumor effects of cold atmospheric plasma and

plasma-activated medium. IEEE Trans. Radiat. Plasma Med. Sci. 2017, 2, 87–98. [CrossRef]
6. Girard, P.M.; Arbabian, A.; Fleury, M.; Bauville, G.; Puech, V.; Dutreix, M.; Sousa, J.S. Synergistic Effect of H2O2 and NO2 in Cell

Death Induced by Cold Atmospheric He Plasma. Sci. Rep. 2016, 6. [CrossRef] [PubMed]
7. Mohades, S.; Laroussi, M.; Sears, J.; Barekzi, N.; Razavi, H. Evaluation of the effects of a plasma activated medium on cancer cells.

Phys. Plasmas 2015, 22, 122001. [CrossRef]
8. Keidar, M.; Walk, R.; Shashurin, A.; Srinivasan, P.; Sandler, A.; Dasgupta, S.; Ravi, R.; Guerrero-Preston, R.; Trink, B. Cold plasma

selectivity and the possibility of a paradigm shift in cancer therapy. Br. J. Cancer 2011, 105, 1295–1301. [CrossRef]
9. Yan, D.; Talbot, A.; Nourmohammadi, N.; Cheng, X.; Canady, J.; Sherman, J.; Keidar, M. Principles of using Cold Atmospheric

Plasma Stimulated Media for Cancer Treatment. Sci. Rep. 2015, 5, 18339. [CrossRef]
10. Trachootham, D.; Lu, W.; Ogasawara, M.A.; Valle, N.R.-D.; Huang, P. Redox Regulation of Cell Survival. Antioxid. Redox Signal.

2008, 10, 1343–1374. [CrossRef]
11. Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?

Nat. Rev. Drug Discov. 2009, 8, 579–591. [CrossRef] [PubMed]
12. Harley, J.C.; Suchowerska, N.; McKenzie, D.R. Cancer treatment with gas plasma and with gas plasma–activated liquid: Positives,

potentials and problems of clinical translation. Biophys. Rev. 2020, 12, 989–1006. [CrossRef] [PubMed]
13. Yan, D.; Sherman, J.H.; Keidar, M. The Application of the Cold Atmospheric Plasma-Activated Solutions in Cancer Treatment.

Anticancer Agents Med. Chem. 2017, 18, 769–775. [CrossRef] [PubMed]
14. Kaushik, N.K.; Ghimire, B.; Li, Y.; Adhikari, M.; Veerana, M.; Kaushik, N.; Jha, N.; Adhikari, B.; Lee, S.-J.; Masur, K.; et al. Biological

and medical applications of plasma-activated media, water and solutions. Biol. Chem. 2018, 400, 39–62. [CrossRef] [PubMed]
15. Mateu-Sanz, M.; Tornín, J.; Brulin, B.; Khlyustova, A.; Ginebra, M.-P.; Layrolle, P.; Canal, C. Cold Plasma-Treated Ringer’s Saline:

A Weapon to Target Osteosarcoma. Cancers 2020, 12, 227. [CrossRef]
16. Saadati, F.; Mahdikia, H.; Abbaszadeh, H.A.; Abdollahifar, M.A.; Khoramgah, M.S.; Shokri, B. Comparison of Direct and Indirect

cold atmospheric-pressure plasma methods in the B16F10 melanoma cancer cells treatment. Sci. Rep. 2018, 8, 7689. [CrossRef]
17. Adhikari, M.; Adhikari, B.; Kaushik, N.; Lee, S.J.; Kaushik, N.K.; Choi, E.H. Melanoma growth analysis in blood serum and tissue

using xenograft model with response to cold atmospheric plasma activated medium. Appl. Sci. 2019, 9, 4227. [CrossRef]
18. Adhikari, M.; Kaushik, N.; Ghimire, B.; Adhikari, B.; Baboota, S.; Al-Khedhairy, A.A.; Wahab, R.; Lee, S.J.; Kaushik, N.K.;

Choi, E.H. Cold atmospheric plasma and silymarin nanoemulsion synergistically inhibits human melanoma tumorigenesis via
targeting HGF/c-MET downstream pathway. Cell Commun. Signal. 2019, 17, 52. [CrossRef]

http://doi.org/10.1088/0963-0252/25/5/053002
http://doi.org/10.1088/0022-3727/42/5/053001
http://doi.org/10.1088/0022-3727/45/26/263001
http://doi.org/10.1016/j.redox.2019.101291
http://www.ncbi.nlm.nih.gov/pubmed/31421409
http://doi.org/10.1109/TRPMS.2017.2742000
http://doi.org/10.1038/srep29098
http://www.ncbi.nlm.nih.gov/pubmed/27364563
http://doi.org/10.1063/1.4933367
http://doi.org/10.1038/bjc.2011.386
http://doi.org/10.1038/srep18339
http://doi.org/10.1089/ars.2007.1957
http://doi.org/10.1038/nrd2803
http://www.ncbi.nlm.nih.gov/pubmed/19478820
http://doi.org/10.1007/s12551-020-00743-z
http://www.ncbi.nlm.nih.gov/pubmed/32757133
http://doi.org/10.2174/1871520617666170731115233
http://www.ncbi.nlm.nih.gov/pubmed/28762318
http://doi.org/10.1515/hsz-2018-0226
http://www.ncbi.nlm.nih.gov/pubmed/30044757
http://doi.org/10.3390/cancers12010227
http://doi.org/10.1038/s41598-018-25990-9
http://doi.org/10.3390/app9204227
http://doi.org/10.1186/s12964-019-0360-4


Cancers 2021, 13, 452 16 of 17

19. Liu, J.R.; Wu, Y.M.; Xu, G.M.; Gao, L.G.; Ma, Y.; Shi, X.M.; Zhang, G.J. Low-temperature plasma induced melanoma apoptosis by
triggering a p53/PIGs/caspase-dependent pathway in vivo and in vitro. J. Phys. D Appl. Phys. 2019, 52, 315204. [CrossRef]

20. Lee, C.B.; Seo, I.H.; Chae, M.W.; Park, J.W.; Choi, E.H.; Uhm, H.S.; Baik, K.Y. Anticancer Activity of Liquid Treated with
Microwave Plasma-Generated Gas through Macrophage Activation. Oxid. Med. Cell. Longev. 2020, 2020, 1–13. [CrossRef]

21. Xiang, L.; Xu, X.; Zhang, S.; Cai, D.; Dai, X. Cold atmospheric plasma conveys selectivity on triple negative breast cancer cells
both in vitro and in vivo. Free Radic. Biol. Med. 2018, 124, 205–213. [CrossRef] [PubMed]

22. Zhou, X.; Cai, D.; Xiao, S.; Ning, M.; Zhou, R.; Zhang, S.; Chen, X.; Ostrikov, K.; Dai, X. Invivopen: A novel plasma source for
in vivo cancer treatment. J. Cancer 2020, 11, 2273–2282. [CrossRef] [PubMed]

23. Utsumi, F.; Kajiyama, H.; Nakamura, K.; Tanaka, H.; Mizuno, M.; Ishikawa, K.; Kondo, H.; Kano, H.; Hori, M.; Kikkawa, F. Effect
of indirect nonequilibrium atmospheric pressure plasma on anti-proliferative activity against chronic chemo-resistant ovarian
cancer cells in vitro and in vivo. PLoS ONE 2013, 8, 81576. [CrossRef] [PubMed]

24. Tanaka, H.; Nakamura, K.; Mizuno, M.; Ishikawa, K.; Takeda, K.; Kajiyama, H.; Utsumi, F.; Kikkawa, F.; Hori, M. Non-
thermal atmospheric pressure plasma activates lactate in Ringer’s solution for anti-tumor effects. Sci. Rep. 2016, 6, 36282.
[CrossRef] [PubMed]

25. Kim, S.Y.; Kim, H.J.; Kang, S.U.; Kim, Y.E.; Park, J.K.; Shin, Y.S.; Kim, Y.S.; Lee, K.; Kim, C.H. Non-thermal plasma induces AKT
degradation through turn-on the MUL1 E3 ligase in head and neck cancer. Oncotarget 2015, 6, 33382–33396. [CrossRef]

26. Hattori, N.; Yamada, S.; Tori, K.; Takeda, S.; Nakamura, K.; Tanaka, H.; Kajiyama, H.; Kanda, M.; Fuji, T.; Nakayama, G.; et al.
Effectiveness of plasma treatment on pancreatic cancer cells. Int. J. Oncol. 2015, 47, 1655–1662. [CrossRef]

27. Liedtke, K.R.; Bekeschus, S.; Kaeding, A.; Hackbarth, C.; Kuehn, J.P.; Heidecke, C.D.; Von Bernstorff, W.; Von Woedtke, T.;
Partecke, L.I. Non-thermal plasma-treated solution demonstrates antitumor activity against pancreatic cancer cells in vitro and
in vivo. Sci. Rep. 2017, 7, 8319. [CrossRef]

28. Sato, Y.; Yamada, S.; Takeda, S.; Hattori, N.; Nakamura, K.; Tanaka, H.; Mizuno, M.; Hori, M.; Kodera, Y. Effect of Plasma-Activated
Lactated Ringer’s Solution on Pancreatic Cancer Cells In Vitro and In Vivo. Ann. Surg. Oncol. 2018, 25, 299–307. [CrossRef]

29. Liedtke, K.R.; Freund, E.; Hackbarth, C.; Heidecke, C.-D.; Partecke, L.-I.; Bekeschus, S. A myeloid and lymphoid infiltrate in
murine pancreatic tumors exposed to plasma-treated medium. Clin. Plasma Med. 2018, 11, 10–17. [CrossRef]

30. Nakamura, K.; Peng, Y.; Utsumi, F.; Tanaka, H.; Mizuno, M.; Toyokuni, S.; Hori, M.; Kikkawa, F.; Kajiyama, H. Novel Intraperi-
toneal Treatment With Non-Thermal Plasma-Activated Medium Inhibits Metastatic Potential of Ovarian Cancer Cells. Sci. Rep.
2017, 7, 6085. [CrossRef]

31. Takeda, S.; Yamada, S.; Hattori, N.; Nakamura, K.; Tanaka, H.; Kajiyama, H.; Kanda, M.; Kobayashi, D.; Tanaka, C.; Fujii, T.; et al.
Intraperitoneal Administration of Plasma-Activated Medium: Proposal of a Novel Treatment Option for Peritoneal Metastasis
From Gastric Cancer. Ann. Surg. Oncol. 2017, 24, 1188–1194. [CrossRef] [PubMed]

32. Ikeda, J.I.; Tanaka, H.; Ishikawa, K.; Sakakita, H.; Ikehara, Y.; Hori, M. Plasma-activated medium (PAM) kills human cancer-
initiating cells. Pathol. Int. 2018, 68, 23–30. [CrossRef] [PubMed]

33. Freund, E.; Liedtke, K.R.; van der Linde, J.; Metelmann, H.R.; Heidecke, C.D.; Partecke, L.I.; Bekeschus, S. Physical plasma-
treated saline promotes an immunogenic phenotype in CT26 colon cancer cells in vitro and in vivo. Sci. Rep. 2019, 9, 634.
[CrossRef] [PubMed]

34. Denayer, T.; Stöhrn, T.; Van Roy, M. Animal models in translational medicine: Validation and prediction. New Horiz. Transl. Med.
2014, 2, 5–11. [CrossRef]

35. Holen, I.; Speirs, V.; Morrissey, B.; Blyth, K. In vivo models in breast cancer research: Progress, challenges and future directions.
Dis. Model. Mech. 2017, 10, 359–371. [CrossRef]

36. Frese, K.K.; Tuveson, D.A. Maximizing mouse cancer models. Nat. Rev. Cancer 2007, 7, 654–658. [CrossRef]
37. Hidalgo, M.; Amant, F.; Biankin, A.V.; Budinská, E.; Byrne, A.T.; Caldas, C.; Clarke, R.B.; de Jong, S.; Jonkers, J.; Mælandsmo,

G.M.; et al. Patient-derived Xenograft models: An emerging platform for translational cancer research. Cancer Discov. 2014, 4,
998–1013. [CrossRef]

38. Kaur, G.; Dufour, J.M. Cell lines. Spermatogenesis 2012, 2, 1–5. [CrossRef]
39. Bedard, P.L.; Hansen, A.R.; Ratain, M.J.; Siu, L.L. Tumour heterogeneity in the clinic. Nature 2013, 501, 355–364. [CrossRef]
40. Meacham, C.E.; Morrison, S.J. Tumour heterogeneity and cancer cell plasticity. Nature 2013, 501, 328–337. [CrossRef]
41. Becher, O.J.; Holland, E.C. Genetically Engineered Models Have Advantages over Xenografts for Preclinical Studies. Cancer Res

2006, 66, 3355–3364. [CrossRef] [PubMed]
42. Da Hora, C.C.; Schweiger, M.W.; Wurdinger, T.; Tannous, B.A. Patient-Derived Glioma Models: From Patients to Dish to Animals.

Cells 2019, 8, 1177. [CrossRef] [PubMed]
43. Lam, H.M.; Nguyen, H.M.; Corey, E. Generation of prostate cancer patient-derived xenografts to investigate mechanisms of novel

treatments and treatment resistance. Methods Mol. Biol. 2018, 1786, 1–27. [CrossRef] [PubMed]
44. Igarashi, K.; Kawaguchi, K.; Kiyuna, T.; Miyake, K.; Miyake, M.; Li, Y.; Nelson, S.D.; Dry, S.M.; Singh, A.S.; Elliott, I.A.; et al.

Temozolomide regresses a doxorubicin-resistant undifferentiated spindle-cell sarcoma patient-derived orthotopic xenograft
(PDOX): Precision-oncology nude-mouse model matching the patient with effective therapy. J. Cell. Biochem. 2018, 119, 6598–6603.
[CrossRef] [PubMed]

http://doi.org/10.1088/1361-6463/ab1ca9
http://doi.org/10.1155/2020/2946820
http://doi.org/10.1016/j.freeradbiomed.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29870749
http://doi.org/10.7150/jca.38613
http://www.ncbi.nlm.nih.gov/pubmed/32127954
http://doi.org/10.1371/journal.pone.0081576
http://www.ncbi.nlm.nih.gov/pubmed/24367486
http://doi.org/10.1038/srep36282
http://www.ncbi.nlm.nih.gov/pubmed/27824103
http://doi.org/10.18632/oncotarget.5407
http://doi.org/10.3892/ijo.2015.3149
http://doi.org/10.1038/s41598-017-08560-3
http://doi.org/10.1245/s10434-017-6239-y
http://doi.org/10.1016/j.cpme.2018.07.001
http://doi.org/10.1038/s41598-017-05620-6
http://doi.org/10.1245/s10434-016-5759-1
http://www.ncbi.nlm.nih.gov/pubmed/28058557
http://doi.org/10.1111/pin.12617
http://www.ncbi.nlm.nih.gov/pubmed/29235204
http://doi.org/10.1038/s41598-018-37169-3
http://www.ncbi.nlm.nih.gov/pubmed/30679720
http://doi.org/10.1016/j.nhtm.2014.08.001
http://doi.org/10.1242/dmm.028274
http://doi.org/10.1038/nrc2192
http://doi.org/10.1158/2159-8290.CD-14-0001
http://doi.org/10.4161/spmg.19885
http://doi.org/10.1038/nature12627
http://doi.org/10.1038/nature12624
http://doi.org/10.1158/0008-5472.CAN-05-3827
http://www.ncbi.nlm.nih.gov/pubmed/16585152
http://doi.org/10.3390/cells8101177
http://www.ncbi.nlm.nih.gov/pubmed/31574953
http://doi.org/10.1007/978-1-4939-7845-8_1
http://www.ncbi.nlm.nih.gov/pubmed/29786784
http://doi.org/10.1002/jcb.26792
http://www.ncbi.nlm.nih.gov/pubmed/29737543


Cancers 2021, 13, 452 17 of 17

45. Owonikoko, T.K.; Zhang, G.; Kim, H.S.; Stinson, R.M.; Bechara, R.; Zhang, C.; Chen, Z.; Saba, N.F.; Pakkala, S.; Pillai, R.; et al.
Patient-derived xenografts faithfully replicated clinical outcome in a phase II co-clinical trial of arsenic trioxide in relapsed small
cell lung cancer. J. Transl. Med. 2016, 14, 111. [CrossRef] [PubMed]

46. Eastmond, D.A.; Vulimiri, S.V.; French, J.E.; Sonawane, B. The use of genetically modified mice in cancer risk assessment:
Challenges and limitations. Crit. Rev. Toxicol. 2013, 43, 611–631. [CrossRef] [PubMed]

47. Walrath, J.C.; Hawes, J.J.; Van Dyke, T.; Reilly, K.M. Genetically Engineered Mouse Models in Cancer Research. Adv. Cancer Res.
2010, 106, 113–164. [CrossRef]

48. Lampreht Tratar, U.; Horvat, S.; Cemazar, M. Transgenic Mouse Models in Cancer Research. Front. Oncol. 2018, 8, 268. [CrossRef]
49. Wang, M.; Yao, L.; Cheng, M.; Cai, D.; Martinek, J.; Pan, C.; Shi, W.; Ma, A.; Vere White, R.W.; Airhart, S.; et al. Humanized mice

in studying efficacy and mechanisms of PD-1-targeted cancer immunotherapy. FASEB J. 2018, 32, 1537–1549. [CrossRef]
50. Walsh, N.C.; Kenney, L.L.; Jangalwe, S.; Aryee, K.-E.; Greiner, D.L.; Brehm, M.A.; Shultz, L.D. Humanized Mouse Models of

Clinical Disease. Annu. Rev. Pathol. Mech. Dis. 2017, 12, 187–215. [CrossRef]
51. Khlyustova, A.; Labay, C.; Machala, Z.; Ginebra, M.-P.; Canal, C. Important parameters in plasma jets for the production of RONS

in liquids for plasma medicine: A brief review. Front. Chem. Sci. Eng. 2019, 13, 238–252. [CrossRef]
52. Kurake, N.; Tanaka, H.; Ishikawa, K.; Kondo, T.; Sekine, M.; Nakamura, K.; Kajiyama, H.; Kikkawa, F.; Mizuno, M.; Hori, M. Cell

survival of glioblastoma grown in medium containing hydrogen peroxide and/or nitrite, or in plasma-activated medium. Arch.
Biochem. Biophys. 2016, 605, 102–108. [CrossRef] [PubMed]

53. Tornin Cavielles, J.; Labay, C.P.; Tampieri, F.; Ginebra Molins, M.P.; Canal Barnils, C. Evaluation of the effects of cold atmospheric
plasma and plasma-treated liquids in cancer cell cultures. Nat. Protoc. 2021. accepted.

54. Duval, K.; Grover, H.; Han, L.H.; Mou, Y.; Pegoraro, A.F.; Fredberg, J.; Chen, Z. Modeling physiological events in 2D vs. 3D cell
culture. Physiology 2017, 32, 266–277. [CrossRef]

55. Tornín, J.; Villasante, A.; Solé-Martí, X.; Ginebra, M.-P.; Canal, C. Osteosarcoma Tissue-Engineered Model Challenges Oxidative
Stress Therapy Revealing Promoted Cancer Stem Cell Properties. Free Radic. Biol. Med. 2021, 164, 107–118. [CrossRef]

56. Griseti, E.; Merbahi, N.; Golzio, M. Anti-Cancer Potential of Two Plasma-Activated Liquids: Implication of Long-Lived Reactive
Oxygen and Nitrogen Species. Cancers 2020, 12, 721. [CrossRef]

57. Yan, D.; Nourmohammadi, N.; Bian, K.; Murad, F.; Sherman, J.H.; Keidar, M. Stabilizing the cold plasma-stimulated medium by
regulating medium’s composition. Sci. Rep. 2016, 6, 26016. [CrossRef]

58. Justilien, V.; Fields, A.P. Utility and Applications of Orthotopic Models of Human Non-Small Cell Lung Cancer (NSCLC) for the
Evaluation of Novel and Emerging Cancer Therapeutics. Curr. Protoc. Pharmacol. 2013, 62, 14.27.1–14.27.17. [CrossRef]

59. Jung, J. Human Tumor Xenograft Models for Preclinical Assessment of Anticancer Drug Development. Toxicol. Res 2014,
30, 1–5. [CrossRef]

60. Ravoori, M.K.; Margalit, O.; Singh, S.; Kim, S.H.; Wei, W.; Menter, D.G.; DuBois, R.N.; Kundra, V. Magnetic Resonance Imaging
and Bioluminescence Imaging for Evaluating Tumor Burden in Orthotopic Colon Cancer. Sci. Rep. 2019, 9, 6100. [CrossRef]

61. Bouvet, M.; Hoffman, R.M. Tumor imaging technologies in mouse models. Methods Mol. Biol. 2015, 1267, 321–348.
[CrossRef] [PubMed]

62. Krupnick, A.S.; Tidwell, V.K.; Engelbach, J.A.; Alli, V.V.; Nehorai, A.; You, M.; Vikis, H.G.; Gelman, A.E.; Kreisel, D.;
Garbow, J.R. Quantitative monitoring of mouse lung tumors by magnetic resonance imaging. Nat. Protoc. 2012, 7, 128–142.
[CrossRef] [PubMed]

63. Li, T.; Kon, N.; Jiang, L.; Tan, M.; Ludwig, T.; Zhao, Y.; Baer, R.; Gu, W. Tumor suppression in the absence of p53-mediated
cell-cycle arrest, apoptosis, and senescence. Cell 2012, 149, 1269–1283. [CrossRef] [PubMed]

64. Kuzu, B.; Cüce, G.; Ayan, İ.Ç.; Gültekin, B.; Canbaz, H.T.; Dursun, H.G.; Şahin, Z.; Keskin, İ.; Kalkan, S.S. Evaluation of Apoptosis
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