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Biomimetic Hydrogels — Tools for Regenerative Medicine,
Oncology, and Understanding Medical Gas Plasma Therapy

Alice Martinet, Lea Miebach, Klaus-Dieter Weltmann, Steffen Emmert,

and Sander Bekeschus*

Biomimetic hydrogels enable biochemical, cell biology, and tissue-like studies
in the third dimension. Smart hydrogels are also frequently used in tissue engi-
neering and as drug carriers for intra- or extracutaneous regenerative medicine.
They have also been studied in bio-sensor development, 3D cell culture, and
organoid growth optimization. Yet, many hydrogel types, adjuvant compo-
nents, and cross-linking methods have emerged over decades, diversifying and
complexifying such studies. Here, an evaluative overview is provided, mapping
potential applications to the corresponding hydrogel tuning. Strikingly, hydro-
gels are ideal for studying locoregional therapy modalities, such as cold medical
gas plasma technology. These partially ionized gases produce various reactive
oxygen species (ROS) types along with other physico-chemical components
such as ions and electric fields, and the spatio-temporal effects of these compo-
nents delivered to diseased tissues remain largely elusive to date. Hence, this
work outlines the promising applications of hydrogels in biomedical research
in general and cold plasma science in particular and underlines the great
potential of these smart scaffolds for current and future research and therapy.

previous publications to distinguish and
classify them, notably cross-linking,’! phys-
ical and chemical properties, sources, and
even more.[*”] Besides the inherent proper-
ties of those gels, improvements have been
made possible thanks to hybridization, fab-
rication methods, or incorporated additives
within the gels, making them even more
polyvalent but also remarkably specific.®!
Over the past years, methods involving hy-
drogels have increased and continue to
be developed, especially in medicine.l!
Hydrogels are used nowadays as plasters
or contact lenses for drug delivery tissue
engineering.[*l In research, two and 3D cell
culture is achieved using hydrogels.[1%1!]
Moreover, hydrogel-based biosensors have
also been developed to bridge biological
substances and physicochemical signals.[*?]

1. Introduction

Hydrogels are 3D polymeric networks with a vast panel of com-
pelling properties.[*?] Those hydrophilic structures can absorb a
significant amount of water from synthetic or natural sources.
Most are biocompatible and biodegradable; therefore, they rep-
resent a material of great interest for biological applications.3*#!
Notwithstanding, choosing one hydrogel can become quite a has-
sle among the long list. Several criteria have been identified in
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Concerning this, advances in material sci-
ences have defined smart hydrogels as dy-
namic scaffolds able to modify their in-
trinsic properties under various chemical,
physical, or biochemical stimuli. This powerful feature further
extended the potential scope of hydrogel applications.[>-1]

In another domain, physical plasma is an exciting state of mat-
ter that has been extensively studied over the past decades.[*®]
Physical plasma, the fourth state of matter, designates an ion-
ized gas characterized by a substantial amount of charged par-
ticles, ions, and electrons. While physical plasmas are ubiqui-
tous in nature, they can also be artificially generated by, e.g.,
applying a strong electromagnetic field. Cold physical plasma,
in the context of medical applications, is a type of plasma op-
erating within a temperature range compatible with living or-
ganisms, thus, without risking severe damage.['’ Generally,
those plasma are ignited at atmospheric pressure using inert
gases like argon, helium, or ambient air. Set in the field of
applied redox biology, gas plasmas elicit their effects by gen-
erating an exceptional variety of reactive oxygen and nitrogen
species (ROS, RNS) simultaneously.'8] With the emergence of
various plasma technologies, the development of plasma sources
and devices for biology was greatly enhanced.">?"! While being
initially accredited for chronic wound care in dermatology, in-
tense research efforts were made in many other medical applica-
tion areas, such as oncology,!2?| gynecology,?*?*] dentistry,2>2¢]
ophthalmology,[¥-2%] and its use as a hemostatic agent.[?>3°] Med-
ical gas plasma-based instruments for chronic wound healing
are becoming more and more standardized in clinics?®**l while
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Figure 1. Hydrogel classifications by sources, cross-linking methods,
stimuli sensitivities, structures, and applications. Copyright: the authors.

being continued to be studied in basic research.?*3*] The high
compatibility of hydrogels and plasma physical and chemi-
cal features and the complementary needs expressed by re-
search on both biomaterial for medical applications and plasma
medicine have made plasma-enhanced hydrogels valuable tools
for the development of new reactive species carriers!®! and ap-
pointed hydrogels as surrogate models to study plasma-tissue
investigations.[**] This review aims to summarize recurrent hy-
drogels used in the field of biology with a focus on med-
ical applications, including their advantages and drawbacks.
From there on, the usage of such material to investigate the
effects of cold physical plasma in biology will be discussed
by depicting the numerous combination possibilities between
plasma and hydrogels, illustrating either plasma-tissue investi-
gations using hydrogels as 3D bio-matrix, plasma-enhanced hy-
drogels, or synergetic therapies with an overview on promising
approaches.

2. Classification of Hydrogels for Biological
Applications: Advantages and Disadvantages

As there are numerous types of hydrogels, there are many ways
to classify theml[3738] (Figure 1). A common distinction is made
between natural and synthetic hydrogels due to significant intrin-
sic characteristic differences leading to divergent fields of appli-
cation. Natural hydrogels are available naturally in living beings,
either from animals or plants. They are known for their inherent
biocompatibility and biodegradability. Moreover, they are most
likely cheaper than their synthetic peers because of their natu-
ral abundance. However, the extraction process cost has to be
taken into account. Synthetic hydrogels are artificially produced
and well-known for their strong mechanical properties, unlike
natural ones. Their biocompatibility and degradability vary ac-
cording to the structure, the polymer chains, or the cross-linking
methods.’] To optimize those gels and get the best of both gels,
countless combinations of natural and/or synthetic hydrogels
have been developed over the years.[*>*#!l Methods exist to mod-
ify matrix properties and sensitivity to specific stimuli such as pH
or temperature.[*?l Moreover, many additives can be added to the
structure, such as arginyl glycyl aspartic acid (RGD) peptides, to
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enhance cell adhesion.[*}] Vice versa, using biocompatible hydro-
gel as a carrier for non-biological material is also effective. The
increasing complexity of those matrices with unique properties
makes hydrogels ideal for specialized applications. If hydrogels
are applied to living beings, they have to be biocompatible and
non-toxic for apparent reasons, and the material’s biodegradabil-
ity is just as important. The evolution of the structure over time in
prolonged contact with living organisms, injected or grafted, is a
critical question. The biodegradability of a material is defined by
the aptitude to be genuinely degraded and discarded by the organ-
ism. Proteins in mammalian organisms can naturally biodegrade
collagen.[**] In the case of healing processes or grafts, adequate
biodegradability is when the material degrades at the same pace
as the natural tissue it was meant to imitate.l®/ When injected for
drug delivery,*] once the substance is delivered, the organism
should be able to evacuate, leaving as few residues as possible
to avoid an immune response from the host immune system.
Reversible cross-linkable hydrogel, such as gelatin, could be ad-
vantageous in this case. The hydrogels presented below are the
most common and/or bases for other hydrogels in the literature.
Nevertheless, the list is not exhaustive.

2.1. Natural Hydrogels

Natural hydrogels (Table 1) present many assets such as low tox-
icity, biodegradability, biocompatibility, or even low cost in most
cases due to their high availability in nature. On the other hand,
natural gels are most likely mechanically weak, which limits their
use alone in dynamic settings.[*¢#’] Polysaccharides like dextran,
starch, alginate, chitosan, and many others represent a large part
of the natural hydrogels;!®l however, the most common hydrogels
found in studies related to medicine are protein-base gel collagen
and gelatin.[*®] Collagen-based gels are most likely preferred for
translational research due to the significant presence of collagen
in human tissue matrices. Animal-sourced extra-cellular matri-
ces (ECM) generally offer more favorable sites for cell adhesion
and allow protein adsorption.[**>0]

2.2. Synthetic Hydrogels

Synthetic hydrogels (Table 2) are known for their robustness
and their intensive use in pharmaceutical®»*? and cosmetic
industries.[>*] However, despite fine tailoring, their low bio-
compatibility or biodegradability makes them challenging to
implement alone for biomedical applications.[**®] Nevertheless,
their extensive use in industry has provided substantial stud-
ies, making their use accessible from the literature. Addition-
ally, synthesizing such scaffolds has been highly controllable and
reproducible.>®>7]

2.3. Hybrid Hydrogels
As described above, natural and synthetic polymers are com-
plex to implement as a simple formula. To overcome mechan-

ical weakness and low biocompatibility, most studies have re-
ported using and developing hybrid hydrogels.[***!] Over the
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past years, more complex biologically enriched structures have
emerged with very specialized applications. Options are nearly
infinite, and studies on single-component hydrogels are rare
nowadays. Combinations of polymers aim for a fair compromise
between strength, stiffness, biocompatibility, and hydration.[58]
In some cases, combinations between only natural hydrogels!®!
or only synthetic!®>%6 are also described. All those gels are used
for equivalent purposes like tissue engineering, drug delivery,
and others.[*1] Their differences reside mainly in the cross-
linking processes and stimuli sensitivity, significantly impacting
the pros and cons and usage circumstances.[®?] Due to their so-
phisticated manufacturing and low availability, hybrid hydrogels
are known for being very pricey. One example is the patented
matrigel, a protein-enriched extracellular matrix favorable for tu-
mor cell growth.l%] Although criticized and despite alternative
suggestions,**%] this matrix has been used for numerous stud-
ies, and many support this model for cell culture.[ Finally, the
arrival of 3D printing has brought a new dimension to the use
of hydrogel. Initially used for prototyping (mostly with PLA),
this technology has become very popular and more affordable,
allowing the use of various raw materials. Nowadays, 3D print-
ing hydrogel scaffolds with high precision and complex patterns
for advanced mechanical purposes have been reported.[¢-7°]
This method suggests developing highly customizable scaffolds
adapted to each patient.

Refs.
[8,59,97,125,232]
8,233]
8,97,234]
8,97,235]
[236]

Cons
Low solubility in aqueous
solution (above pH 5), weak
mechanical properties
Physiologically unstable
Low solubility in common
solvents, insoluble in most
organic solvents
Premature drug release, low
mechanical properties, low
drug loading
Poor mechanical properties,
high cost

Pros
availability

viscosity

Non-toxic, heterogeneous,
biodegradable (lysozyme),
biocompatible, cheap, high

Tunable and temperature-dependent
Abundant in nature, low toxicity,
biodegradability, bioactivity,
hydrophobicity

Biodegradable, non-toxic,

biocompatible, low cost, easy
preparation, pH-sensitive

cross-linking
Low toxicity, highly soluble in water,
biodegradable, non-immunogenic,
high water retention, antimicrobial

3. Applications of Hydrogels and Motivations

Hydrogel applications in biology and medicine cross at many
points (Figure 2). Hydrogel drug delivery and 3D culture re-
search benefit wound healing and regenerative medicine. Com-
bining 3D cell culture with biosensor technologies presents
exciting perspectives.”'72] Lab-on-chip systems meet general
medicine for bedside testing prospects. The synchronized use of

biosensors for wound healing has been investigated using smart
scaffolds.l7374]

cross-linking
cross-linking,

fermentation
cross-linking

Cross-linking
pH increasing,
photo-cross-linking,
ionic interactions,
lonic interactions
Enzymatic
lonic cross-linking
Fermentation, chemical

3.1. Wound Healing

Wound healing is a complex process in which the body has to
go through four phases: hemostasis, inflammation, prolifera-
tion, and remodeling.”>7¢] During those phases and under cer-
tain circumstances, external assistance can be provided to help
the body to regenerate and heal. Traditional dressings (e.g., ban-
dages) are less flexible, have limited efficiency in extending the
healing process, and are more painful, with a lower percent-
age of recovery.””78] Various methods have been developed, in-
cluding hydrogel wound dressings.l”>#! In the hemostatic phase,
hydrogel-based dressings are employed first to promote hemosta-
sis. Hydrogels can favor coagulation by forming a highly ad-
hesive network barrier and allowing platelet adhesion onto its
surface.®182] Biocompatibility of the hydrogel assures good sta-
bility, avoids undesired responses, and keeps the tissue moist
while physically preventing the injury from contamination and
infection®! (Figure 3). Combined with an antibacterial agent
(e.g., Ag"), hydrogel dressings can significantly reduce the heal-
ing time, inducing early inflammation and remaining harmless

Sources
Derived from
Chitin
Seaweed
Insects, fish,
seafood, plants
Plant cell walls
Fungus

Usage
Drug delivery, agriculture,
wound healing
Drug delivery, tissue
engineering,
pharmaceutics, wound
healing
Cosmetics, agriculture, drug
delivery, tissue engineering
scaffolds, wound dressing,
cancer diagnosis
Pharmaceutics, drug delivery
Food industry, wound
dressing

Carrageenan

Table 1. (Continued)

Hydrogel
Chitosan
Chitin
Pectin
Pullulan
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Hydrogel type

Usage

Cross-linking

Pros Cons Refs.

Polyethylene Glycol
(PEG)

Polyvinyl alchol (PVA)

Tissue engineering (bone
prostheses, wound
healing), drug delivery

Tissue engineering (cell
adhesion, artificial
grafts), wound dressing

Covalent cross-linking,
photo-polymerization

Repeated freezing and
thawing, gamma
irradiation, electron beam,
chemical (sulfuric acid or

methanol acetal),

temperature
Polyethylene Glycol Electron beam,

Diacrylate (PEGDA)

Wound dressing, drug

delivery, Bio-sensors, 3D photo-cross-linking

bioprinting
Poly(hydroxyethyl Contact lenses, drug Photo-cross-linking,
methacrylate) delivery, tissue chemical
(PHEMA) engineering (e.g.,
artificial cornea)
Polyacrylic acid (PAA) Biomedical applications Temperature
Poly acrylamide (PAAm) Drug delivery Chemical

Polyvinyl pyrrolidone Chemical, gamma

(PVP)

Drug delivery, wound
dressing
UV-radiation,
freezing-thawing

irradiation, electron beam,

Most widely used/studied for -
biomedical applications, enhanced

8,55,237]

biocompatibility (prevents protein
adsorption), water-soluble,
biodegradable, hydrophilic,
non-toxic, non-immunogenic
Toxic for chemical

Stable, elastic, biocompatible (if [55,59,238]

physical cross-linking), hydrophilic, cross-linking
biodegradable, transparent, (cross-linker

excellent mechanical strength residues)

Hydrophilic, tunable strength, -
extracellular matrix mimicking,
biocompatibility, non-toxic
Good mechanical properties, good - [8,55,247]
optical transparency, water stability,
non-toxic, biocompatible, high
water absorbing capacity, tunable
porosity
Good adhesive characteristics, - [55,242]
pH-dependent swelling

Tunable mechanical properties, 2D cell culture only, no [8,55,242]

standardized material for cell encapsulation, no cell
culture, fine stiffness control, pH receptor interactions,

and temperature sensitive cross-linker, toxicity

Transparency, biocompatibility, easily Chemical cross-linker, [55,59,60]

blendable with other polymers, toxicity
water-soluble, biodegradable,

hydrophilic

to the healthy tissue.®*”! In the remodeling phase, stem cell-
loaded hydrogels may promote the re-growth of the epidermal
layer.®5] Solid, liquid, and gaseous exchanges are made possible
by the dressings’ porous nature and swelling capacity,!®! favor-
ing re-epithelization.[®”] The type of hydrogel employed depends
on the wound’s healing state and the kind of wound, varying the
need for an active recovery.[¥”] For instance, burn wounds with
varying degrees and a high need for re-epithelization can be en-
hanced by controlled moisture, 8381 while auto-degrading scaf-
folds enable intracutaneous applications in the context of surgi-
cal wounds.[®l In general, acute wound dressing should combine
high adhesive and stretching abilities.[*”7:%°] Visual healing indi-
cators like embedding a pH indicator can also be relevant.”2]
Despite the enormous progress made by modern medicine over
the past decades, it is well known that chronic wounds are still
a worldwide disaster. They are characterized by an inability to
heal, causing pain,I’®! requiring amputations, or indirectly con-
tributing to lethality in 28% of cases within two years.®’] Many
methods have been implemented, including using several hy-
drogels as functional wound dressing, reported.l’:*+%] Global
outcomes revealed a high efficiency for wound healing, even in
diabetic patients. Despite drawbacks such as discomfort or ir-
ritations, those results revealed promising prospects for those
bio-materials.
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3.2. Drug/Material Delivery

Many hydrogels are considered for internal and external drug
delivery. External delivery has been described in the wound
healing section above. For internal use, drug-loaded hydrogels
are injected! % or placed and designed to deliver an adequate
amount of medication to the correct location during a definite
time before degradation or removal. The human body is a very
complex environment, so developing a suitable material can be-
come intricate. The need for stimuli-responsive hydrogels is cru-
cial to reach a specific target in the body. Possible stimuli are
chemical (e.g., ionic strength, glucose, pH), biological (e.g., en-
zymatic, antigenic), and physical (e.g., temperature, light, ultra-
sound, electric and magnetic fields, pressure)®! (Figure 4). De-
veloping a specialized hydrogel with smart drug release features
is then based on those stimuli individually or combined. Com-
bined stimuli-sensitive hydrogels ensure high specificity of the
release.

The encapsulation of the drug or material is achieved for three
main reasons. The drug could be highly sensitive or reactive and
could not reach the area of interest without being degraded up-
stream. In case of injection at a great distance from the target to
facilitate the implantation in clinics, the matrix assures the in-
tegrity of the load. Hydrogel is comparable to a sponge and is

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Hydrogels are used for biomedical applications such as drug car-
riers, regenerative medicine, 3D cell culture, bio-sensors, wound dressing,
and interconnected usages (arrows). Copyright: the authors.

capable of releasing the substance at a low pace, ensuring a treat-
ment over the long term and, therefore, better efficiency on resis-
tant pathologies, also limiting the injection frequency. Finally,
suppose the embedded material is toxic, non-biocompatible, or
insoluble in aqueous solutions. In that case, the hydrogel protects
the surrounding tissues, avoids immune response or cytotoxicity,
and helps its diffusion(®1%-192] (Figure 5).

3.3. Regenerative Medicine

Regenerative medicine uses enriched scaffolds (e.g., cells, pro-
teins) to mimic the original matrix and surrogate when the sys-
tem needs to restore itself or as a permanent solution. This
method is investigated for bones,1%] skin, 1% muscle,'®] vas-
cular networks, %! or internal organs.”"*?] Hydrogel is crucial

open wound barrier matrix
-Wﬁ,&» . .
C highly adljeswe
material
S =
adhesion of red
blood cells
platelets
i-microbi (J
anti-microbial @

loaded particles

physical barrier

prolonged or
stimulated
release

anti-microbial
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as it contains the biological material for reconstruction and is
inserted in the solid scaffold, at least for bone implants.!'®!
Thus, it has to adhere fully to the enveloping part. In the
case of skin or organ regeneration, it has to be physically ro-
bust to maintain its position in the healing area.'91%] For
this purpose, one solution is to combine two different hy-
drogels to obtain a robust, although biocompatible, scaffold.
Hybrid gel such as methacrylate gelatin (GelMA) enriched
with gold nanoparticles showed advanced mechanical proper-
ties and enhanced cell viability while decreasing cost by replac-
ing proteins (BMP-2) with gold nanoparticles in the case of
bone repair.''% Collagen/polyvinylalcohol/HA has also shown
promising results for bone repair.''!l GelMA+gelatin+HA bio-
printed gels for blood vessel constructs were successfully
demonstrated, allowing the potential even for more complex
structures.[3992:112]

3.4. Hydrogel-Based Bio-Sensors

The rise of recent technologies, particularly electronics, has
brought to the general public many tools for day-to-day life im-
provement. Within those advances, biosensors and lab-on-chip
technologies are gradually impending. Hydrogels are a material
of choice for such applications as they can perceive stimuli and
trigger a reaction.l!3] This response is sampled, transmitted, and
then analyzed. Stimuli can be biological, chemical, or physical,
as reported in the drug delivery section. One major drawback
would be the longevity/reusability of such apparatus for both in
vivo biosensors or a lab-on-chip device.['?] On this matter, a re-
port was made giving the concept of a self-cleaning membrane
proposed in 2016 that would allow up to six consecutive usages
of a thermo-sensitive glucose diffuser.''*) However, despite the
great potential, the conclusion stated a general “proof of con-
cept state” in the domain of biosensors. In addition, organs-on-
chips can also be considered bio-sensors. This technology aims
to recreate the in-vivo behavior of cells in an in-vitro hydrogel

model.[11>116]
op %o o2, °® ‘e s
& swelling » 9
— capacity
moderate
exchanges
tissue moisture
‘ mechanical
. malleability

closure progession

tissue remodeling

Figure 3. Hydrogels are used as active plasters that enhance hemostasis and have an anti-microbial effect, control tissue moisture and exchange with

the environment, and favor tissue remodeling. Copyright: the authors.
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Figure 4. Stimuli classifications for hydrogel activation are categorized as
chemical, physical, and biochemical. Copyright: the authors.

3.5. 3D Cell Culture

3D cell culture consists of the entrapment of cells in a hydro-
gel matrix. Hydrogel is required to ensure the best survival rate
of the cells. The choice of the gel has to be in line with the
cell type and the experiment scheme.[''7120] Investigations of
toxicity, migration, drug screening, targeted antibodies, tumor
immune interaction, or tumor-stroma interaction are potential
applications.['?!] Analysis such as fluorescent or 3D imaging can
be conducted through the transparent gel. Furthermore, one as-
set of collagen (or other gels, e.g., gelatin,['?] is its reversible gela-
tion over temperature or pH. Thus, cells can be released, e.g.,

\

stimu//§

"smart" shielding

©)

prolonged
release

protective
envelope

Figure 5. Particle embedding in hydrogels allows “smart” shielding for
targeted release by external stimuli 1), offers the prolonged release of par-
ticles 2), protects the surroundings from potentially harmful compounds,
or prevents the compounds from external degradation 3). Copyright: the
authors.
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flow cytometry. 3D cell culture offers a more realistic model for
cell behavior than 2D in liquid, while unlike veritable tissues,
this model remains controllable and solvable. After comparing
3D and 2D melanoma cell cultures with an in vivo reference,
it was proven that cell gene expression in 3D cell culture was
closer to the in vivo reference, conferring a better chemotherapy
treatment resistance.l'?) In addition, observations under an SEM
concluded a closer morphology resemblance for the 3D cultured
populations. Finally, just as 2D cultures, co-cultures or spheroids
are also feasible in 3D matrices,['?*] along with further possibili-
ties. This method is highly beneficial for research in cellular bi-
ology, regenerative medicine, wound healing, and biosensors. In
the long term, studies predicted a potential replacement of 2D
culture by 3D culture.[!]

4. The Use of Hydrogels in Biology and Plasma
Research

In many ways, the crossing of hydrogel with plasma becomes
increasingly investigated (Table 3). The combined use of hydro-
gels and plasma is supported by the sensitivity of hydrogels un-
der numerous stimuli highly compatible with plasma attributes
(Figure 4). Through its inherent properties such as electromag-
netic fields, reactive species, UV radiation, or heat!!2¢] (Figure 6),
physical plasma can enhance the polymerization process of hy-
drogels and introduce new biological, chemical, and physical
properties to the gel structures.['?’] Reactive oxygen and nitrogen
species (here abbreviated as ROS because most RNS also con-
tain reactive oxygen) can modify the intrinsic gel features and act
as dopants that can be released in prolonged timescales. Plasma
devices for biological applications usually operate in the ambi-
ent air or with an inert gas such as argon or helium at atmo-
spheric pressure and low temperature. Studies also investigate
gas admixtures to the carrying gas like oxygen or nitrogen to en-
hance particular reactive species production.['2#131] Device de-
signs vary according to the use of plasma jets like the kKINPen!'32]
(Figure 7) to classic DBD with planar electrodes;'*] therefore,
different plasma chemistries are involved. Specific devices such
as DBD patches for single plasma treatment!!3*! or Printed Cir-
cuit Board (PCB) electrodes!’! are also reported. In the case of
pure material synthesis, the plasma process at low pressure is de-
scribed to, e.g., ignite an N,-NH; plasma to treat hybrid hydrogel
(CMGG/PVA).[130]

4.1. ROS Carrier

Hydrogels’ high porosity and swelling capacity make them per-
fectly suitable as ROS carriers.[*1*>137] Multiple studies have re-
ported the possibility of using hydrogel for external or inter-
nal use.l'*®] Three ways are identified for ROS carrier hydro-
gel preparation (Figure 8). One consists of preparing the hy-
drogel with the standard, generally distilled water or phosphate-
buffered saline solution. Once solidified, the gel is then exposed
to plasma.l*¥l Another way is to use plasma during the gela-
tion as a cross-linker!'?’] or with another cross-linking method,
depending on the hydrogel. The third method uses a plasma-
treated solution (e.g., water) mixed with the hydrogel base (e.g.,

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

Juill

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panunuod)

[og1]

[Lstl

[eve]

[Ly1l]

lovL]

[evL]

leel]

[66]

[pwL]

[Ly]

(4HD

pappaquwia ‘A11A11o. JaduedIUE ‘BuIyd1a)

A11j1qe1am pue ‘ays |elialdeqlue

‘f11qepesSapolq Aujiqiedwodolq

9oueyud 0 [930.pAY JO JuaLLIeal]

|eLi] [BDIUID [NJ$S32INS quawanoidwl

9|qesedwiod pamoys JuaLIIeal] 19241p

pue |33 pajeasi-ewse|d usamiaq uosiiedwod

a1} JUALLUIEAI] JAAO 3SED[AI SOY

Jo uonedisaau

930.pAy pajean-ewseld

Aq paresjyur Juejdwi suoq diwess)

saipadoud |ediueydaW padsueyuS (3SEI[RI

SO¥ paduojoud ‘ainjesadwa) wood

1e pinby| ‘ainjesadwal Apoq je uone|ad

‘|28 aAnisuas-ainjesadwia) jo uawdolanag

Ja1em pajeasi-ewse|d ueyy

sja8oupAy jo swina,

je8unynue sa8uo| pue

|erzuajod UOIIONPaI-UOIIEPIXO J9MO] 1JEM

pue |9804pAy pajeasi-ewse|d jo uosuedwod

Ja1eM pajeasr-ewse|d o) pasedwod K1anlsp

pue A11oeded Ja1ued SOY JO JUAISSASSY

fpeded adetois SOY papeldap
ssa204d Bupul|-ss04d 3Y1 ‘SOY 10§

3|21YaA 3|qeIINS B 9q 0} pUNoy sem ajeuld|y

19804pAY yam punoy

asea|as SOy paduojoud ‘sjadoipAy pue

Ja1eM pajealr-ewse|d usamiaq uosuedwod

peaids d1jeiselaw

pue yimoud sowny panqiyul gd|

pue ewse|d |eaisAyd p|od jo uoneuiquiod

Ja1em pajeasi-ewse|d
pue ‘sjadoipAy pajea.i-ewseld
1341p ‘(uonn|ossip Joj 1a1eM

pajeas-ewse|d) 12a41pul jo uosiiedwod

(EHN+EN) 281eydsip mo|3 pauig

(41e quaiquue) a|pasu ewse|d

(uoSie) uadN

(uo3ie) uadNp|

(41e qusiquie) 10/ ewseld sggaH

a|paau winiay ‘(uodie) uadN |

a|paau wniay ‘(uodie) usadN |

(11e Juaiquie) gga

10 ewise|d

(41e quaiquie) (a8seydsip
Jalieq d1123|31p 33BMNS) A9d-S

(s109y2
J2dUBd(IUR) YHD

J1a1em pajeasj-ewse|d

juadeal ssaln
‘urewino) YNy

191eM pajesll-ewse|d

juadeal ssaln

saqoud juadsalon|4

auou

(a21) apexooiq
jutody2ayd aunwiw|

s1a8uaneds ‘sOy
U91eM pajeall-BLISE|d

(VAd) [oyooje [kuiakjod
‘wn3 Jen3 [Ay1awikxoqied

9so|n||a2 |Ay1aAxoiphH

areuid|e/une|pn

me_—..___QU_x_.:m_\/_

19804pAY (Wyyd) apiwelkioekjod

uneRn

areuId|y
(OAV) (1owikjodod
dA [ areaneyhyzsung
|Aojkidy winjuowiwy)
19801pAY DAY Xaj015 1Y

19804pAy d1uoinig
(19wo0qied) Op6 4oWoqgied
‘(D3H) aso|n|jad |Ayrakxoiphy
‘(DAY) 1awhjodod 4A/areiney
wniuowwelAylawip|hojkidy

(sannpajur-nue
4aoued) suoinedijdde
[ed1pawiolg

(suonipuod

unys) o1mA

(suoq) 19dued

JERTI-9)

(8uissaup

punom) [edunjiuy

JERIT-S)

JERII]-p)

9SEB3SIp UDyS Yadue)

JERIT-S)

[e1qoIDIWIUY

uoljedylpow
adeINS
4a1ued SOY

J3111Bd SOY

J3111Bd SOY

J3111ed SOY

J3111Bd SOY

J3111Bd SOY

J3144Bd SOY

J3111Bd SOY

J3111Bd SOY

J3111ed SOY

'sjoy

sSuipuy utepy

(sv8 4a1409) 92in0S eWSE|d

jueAn(pe [9304pAH

adAy [9804pAH

PIey urein

K103318)

‘sioyine ayy :1y3ukdod "ewseld yum pauiquiod sjpBolpAy jo suonediddy *¢ sjqer

© 2025 The Author(s). Small published by Wiley-VCH GmbH

2403856 (8 of 23)

Small 2025, 21, 2403856


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

smidll

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuuod)

juapuadap-Hd s1ays A1oeded

e1dn Jajem Jamo 11adoud [ediueydaw

panoiduwi {(Buijjams 1iews) aseajas nip

paduojoid pue Aidiqoydoaphy pasueyus uoledyipow
love] UOIIEIYIPOLU 3B4INS PIJEI}-BLUSE|d odap ewse|d OSANH Pl (n45) |PRINOIONY-§ s1euI8|e ‘(yAd) [oyod|e Auinkjog 190uUED ERLIES
Xujew
3y} 0juo uolsaype [|2 pue uoljdiospe
urazoud Suinosdwi Aq AniAnoeOIlq padueyUD (suoq) uoliedyipow
[sp2] Sunnioejnuew ployeds Qg PalsISSe-BWISE|d (O%H+1Y 4y) 3|90N snjk1S ewse|d - (03d) (apxo auajAia)k|od BunauiBua anssi| adeyNg
s1a8uaneds

se asepixosad

ysipesasioy pue

skemyied [eninins OSING ‘Ya42a°H
JO uoIjeAI}DR 0] P3| puk ‘sutajoid uoisaype ‘7-4va ‘¥nv ‘s||2
Jo uoissaidxa paseaidul ‘(juawuieasy auoq ‘z-utajoud Buijepow
SU J0j 9SEID3P) |041U0D 0 patedwiod onauadoydiow anssi}
juswiieasy st Joj uoiewo) auoq auoq uade|jod ‘(ja8urew ‘uoriesyipow
[spL] paseasnul [a811ew pajeasl-ewse|d ‘OAIA U] (a1e uaiquie) aga UeLUNY JUBUIGLIODDY Jo amusqns) unead ‘a8ue sjueidwi auog 210D Y3111Ed SOY
uage||od u1 uiuaalds ainynd
|192 a¢ ‘skesse uoisnyip [93-ul-sOY Suijapow
‘suoieoyipow Hd pasnpul-ewseld ‘pinb 4vaA 4dH 4dv ‘pa anssiy
[LzL] 01 |93 wouj podsues) SOY Jo uoiedisanu| (uo3ie) uadNp| Jouayd ‘ulinzesay uagde|jod 190UB) 43144Bd SOY
uoIsaype |92 wajs pue (ssauydnoi-oueu sadiedoueu yD1d (00£ UN) YADId M/M %09 uonedyipow
aoeyins) A1dijiydoapAy panoidui ‘sappipedoueu “(00€ UIN) DId M/M %0¥ Jo BRI
l6tL] sployeds pajund q¢ pajeas-ewise|d papeo|-3nig pasodwod ‘syut [9804pAY a|qelulid uonesauadal ade|iied Y31448d SOY
fjiqiredwodowisy pue
Aiainoe edunyijue/|eusioeqiue uinoidwi
awi} Juawieal) ewse|d pasealoul
YHM panIasqo aiam Hd Jamo| pue spijos
PaA|OSSIP |B10] 40 AJIAIIDNPUOD D1i1I3d
1ay31y pue suoijeuayje d13ojoydiow (1978M
oidodsouniw ‘s|a8oipAy paseq-iazem payund pue dej) uoledyIpow
[yl pajeasj-ewse|d Jo uonedisaaul el (41e quaiquue) 1a( ewseld Ja1em pajeasl-ewse|d uesouyd |eSunjijue/|euaeqiuy 9102 Y3141ed SOY
asuodsai Kiojewiwiejjul
Sunowoud ‘ad1w U1 uonessuadal punom
pue ‘Aujiqeia |23 ‘saruadoud jediueydaw
panoidwi ‘suonedsyipolu [ed1wayd uoledyipow
loc1] pUE 2JN1DNJISOIDIW PIdNpul-BLISE|d (Iy+°N ‘CO+3H ‘°N) ewse|d 4D@ “uadeas ssaun 193 snsodwod uuqy-y|Is Surjeay punop 210D 43LIEd SOY
REN] sSuipuy utepy (sv8 4a1409) 92in0S eWSE|d juean(pe [9304pAH adAy [9804pAH play utey K103318)

(penunuod) ¢ ajqeL

© 2025 The Author(s). Small published by Wiley-VCH GmbH

2403856 (9 of 23)

Small 2025, 21, 2403856


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

Juill

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panunuod)
(pinbij ay3 ur wiw 9°g) paisaddns
uonesnauad HO saads paal-uoys
01 pasedwiod s||ad Uuo pjay d11d3d
Jo saads panil-Suo| jo 1oedwi 1sapow
[661L] e pa1sad3ns Jalueq SOY e se 98 asousedy (uo3ie) 19( eLISE|d pide o1jeydasg) asouedy JERI]CS) Buijapows anssi|
a3ueyd Hd jo Ausuajul
ay3 pue azis ay3 Sunoedw Kyoeded
Jayng pue ‘salie||ided 1a( ewsed jo adAy
‘awiy yuswireal; ‘Hd [eniur o3 3uipiodoe (Hd) suoneoidde
[og] palIBA S|9POLW 3U] JO UOIIEDYIPIOE BLUSE|] (wniay) 19l ewselq uladsalon|4 asouely |edipawiolg Suijapow anssi|
sa1hydoseruaw
uomkydoyou
Aipqen (a1e Jua1quue) pue ‘suediqe
[pel] e119)2Bq padnpai ainsodxa ewse|d 1paliQg apoJ13)d yored ggq asn-s|3uis epipue) ‘elaldeg asoJedy (jreu) je8unjuy apow anssi]
1093 |eldIdEqIUE panoidwi pue
‘A1121q0ydoapAy ‘suoiesyipow |ediwayd uoledyipow
[651] pue £3ojoydiow pasnpur Suiysis ewseld - - uesolyd Ja14ed 3nuq ERLITIIN
(adoN) ad» padop-uadoiyiu uonesyipow
[eotL] sjue|dwil Jo UOISaYPE |92 paduBYUS-BLISE|d (41e quaiquie) ewsejd-onipy - PaAIIaP-324N0S3101q ‘UBSONYD sjue|dwi auog 910D pue 3deJINS
Anpqepesdapolq pue AlAisuas
Hd ‘s10aya [euaioeqIUE ‘9sea|as Snip
pa8uojoid Surione; ‘uoieinjeUSp [BLIBYY
pue ‘Suiya1a SOY £q suonesyipow Ansnpui
|eoiydesdodoy ‘saipiadoud [ediueydaw pooy ‘elia1dEq uoledyipow
[os1] ydoupAy pasueyua JuaLuleal) BLUSE|d (‘o+2H) aga unejad/uesolyd ‘UoI1234ul YoBLWOo1S adepNng
ainpanas ((pioe onoej)Ajod)
Vv1d oo (dyH) a1ededxoipAH
‘(VIND3d) 21ejhieLpow
S[|92 puE \/]d UO uoisaype (0243 auajhy1a)Ajod ‘(VINTH) uoljedylpow
[eal] pasueyua Ad1j1IydoipAy paonpul-ewse|d (uoSue) ewse|q - a1e|kideyiaw [Ky1ahxoipAy-z sp|oyeds auog RTINS
Ja11ied aAIsuas-Hd Joj spunodwod (sq®DN) s1op wnjuenb
Supjul|-ssoud d1x0} pue ainjesaduwiay auaydeud padop-uadoiu uoledyipow
[L8] p1oAe 01 up|ul|-SSOID Padnpul-BLWISE|d (a1e quaiquue) ewse|d-odi |y - ‘|980.pAy paseq-uesolyd JERD:) 210D
(sadDN) siop wnjuenb
ewse|d-o.iw auaydeud padop-uadoiyu uoledyIpow
[8y2l 03 uesonyd 3uisodxa Aq sisayiuhs |930iphH (41e quaiquie) ewsejd-oipy - ‘|2804pAy paseq-uesonyd $10SU3solq 4adue) 210D
1930.pAy a|qexulj-ssod-ojoyd
saijadoud [ediueydaw pasueyud (03d1) 4awAkjodod ydojquy suonedijdde uoledyipow
[zv2] pue Supjul|-ssoid-aid pasnpul-ewse|d (wniay) 19l ewseld - paseq-(apixo auajky1a)Ajod |edipawolg 910D pue 92eyNg
REN] sSuipuy utepy (sv8 4a1400) 921n0s eWSE|d juean(pe [9304pAH adAy [9804pAH play urey K103318)

(penunuod) ¢ aqeL

© 2025 The Author(s). Small published by Wiley-VCH GmbH

2403856 (10 of 23)

Small 2025, 21, 2403856


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

NANO - | |
www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuiuod)

[g61]

[e1z]

(4%

levz

[c07]

[s6L]

[e61]

syuawieal; poj3ue 3af ewse|d ayy jo azis
|lews ay3 aydsap Ajwiiojiun pood yum
92BJINS 3y} PaIan0d SOY paALap-ewsed
“uapuadap 1ua1U0d J9jEM pUE BWI]
juawieas) ewse|d sem yidap uonensuad £

uie[as jo uoidesy ssew 3uisealnul

SU1 YHM SISBIDIP 10943 DIsIoy

pJay 211033 4ae| 32eJNS Y] Ul pauLyuod
moy sed Jo s10aya ‘Ailjiqeawsad ul ajod
|e1dnud e pake|d spjay d14123[2 pue Moy sen

$s3204d JB|ND3|OW JAMO|S B

eIA syydap Jajawl||iw 03 pariodsues) aiom
SOY ‘22BNS [3pOLU ANSSI} 3Y} Ul SOY
Jo uonesauad ayy sajowoud siskjojoyd AN

(uonesyuaduod
20 ay1 uo puadap) uoidnpoud
SOY pasueyus 10 pajigiyul 3y

pinbi| u1 suiaioid ‘quswiIeal) 9AIIINPUOD

{(6HO ‘_°ON ‘“O%H 40j) 2qoud

aAI3ISUasS-SOY Sulureuod pinbij jo doy
uo Jake| unnejad anssiy ul SOY Jo Modsuely

pue uonesauad ewse|d uo uadixo arels

punoJg Jejndsjow pue uidjoid jo aduanju|

2O °H jo uondnpas
ssa| :pinbij ay1 ul HO jo duasaid

pauwi| ‘uonesjauad adhy SOY ssasse
pue anssi} diwlapida a1e|nwis o} [980ipAH

198 ay3 ur uonednsanul SOY

‘s9se3 om) o) Joj S9BJ UOITBAIIDEUI JUIBYIQ

uojesjauad SOY

SuizAjeue 1oy 3|qe3INS punoy pue [apow
14 3y} 03 pasedwod sem [apow asolede ay|

(“0+iy) 10! BWISEl4

(winyjay) 19{ ewse|q

(uo3ie) 15( eWISE|Y

(wnijoy) 391 ewisel

(wnippy) 39f eWise|d

(a1e pue wnijay)
(QINS) a81eydsip-0aoiw 2dBHNS

(41e quaiquie) aga

yoaeis-|y|

(uonesauad Snup
paisisse-ewse|d
are|nwis) ‘ONeN

yoaeis-|y

pioe dijoy
‘opliojy201pAyip
‘uiwelpaualAyle
(1AyaydeN-1)-N
‘opiwe|iugy|ns
‘YS1 ‘@reuoynsuy
o3ipul ‘vdL

u1edsalon|4 YNy

uieRn

unepPn

asoedy

uieRn

(maydan
3 YHWS) 3|qeLiIojuo) AYSeu|

asoledy

asoedy

suonedidde
|edipswiolg

suonedijdde
[ed1pawiolg

suonedidde
|edipswiolg

Ansnpui
pooj ‘suoljedidde
[ealpawiolg

yoJeasal
Jaredas yNQ ‘punom

UOI1D2UISIP UB|S

Surjeay punopm

Buijepow anssi|

Buijapows anssi|

Suijepow anssi|

Buijepow anssi|

Suijepows anssi|

Suijepow anssi|

Suijepow anssi|

'sjoy

s3uipuy urepy

(sv3 4214409) 32iNn0S ewWsE|d

juean(pe [2304pAH

9dAy |9804pAH

PIsy urein

K103a1e)

(panunuod) ¢ ajqeL

© 2025 The Author(s). Small published by Wiley-VCH GmbH

2403856 (11 of 23)

Small 2025, 21, 2403856


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

Juill

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panunuod)

l6s1]

losz]

[£s1]

[331]

lez1l

[szL]

[Ls1l

[zell

[s1e]

ssaw}dIYy}
[9pow anssiy pue aduelsip jo Aduapuadap
UOI1BIIUIIUOD SOY ‘92B}INS [9po anssiy
ay1 uo saads anneal Jo Addns |eied
uoljesjauad SOY JO JUIIXS A1 IO}
|eD131ID Sem 9duelsIp 921Aap ewise(d (a8 01
pinbi| wouy podsuel) SOY paresauad-ewse|d
usoned
uonepixo padeys-|eIpes paLuIoy d3el
moyy sed mo| pue (adeys inuop) uoisnyip
AX pawiioy a3ed moly sed ydiy :smojj omy
usamiaq diysuoneal ayy uo papuadap
uoISNYIP SOY {UONQLISIP SOY Ul X3HOA
pasnpui moy sed ewse|d jo uonednsaul
saioads Ay asam _°Q
pue {Q°H ‘uonesynuapi saads dyioads
10 pinbi| ayy ul 1a3uaneds Jo asn tio}dalap
198 aAnIsuas-sOyY uo pinbij ayi ySnoayy
uonnquIsip SOY Az Jo uonesnsanu|
ewse|d aH 03 pasedwod yoiels-|y
ul eale SOY 42183.8 B paonpoud ¢o/aH

$SauydIY1 JaAe| Jatem pue 1y3iay ayl Jo

Kouapuadap ‘|93 o3 pinbi| wouy podsuen
SONY pa1etauad-ewse|d jo uonedisau|
(908B44NnS Y3 1€ 5|2 pEIP BI0W)
XUlBW Q€ dY3 Ul 19aya yidap ayy ssasse
01 5||92 p3jaqe| ‘oWl Juawileal) ewse|d
03 paje|a. sem sisojdode |22 19dued 3unT
uonNquIsIp
SO¥ [eneds uo 3uipjaiys ays jo
1edwi ayy Aejdsip o3 pasn sem |28 asosedy
unejad ayj Jo 1033 Jaliieq
3y} paonpal pjay d1193[3 MO {UoIId.)
ssew Jajem uje|dd yym paseasoul
s9129ds 93131u Jo paads uoljesjauad
a111eq unejad y3nouyy uonesauad sOY

(‘O+aH) 12l BLLUSEY

(f0 ‘“O+2H ‘aH) 12f eWISE|Y

(‘0+aH) 12/ BLISEYY

(‘O+aH) 12/ eLUSEYY

(‘O+aH ‘aH) 39! BLUSE|d

(fO ‘“O+2H ‘aH) 12f eWISE|Y

(a1e Juaiquie) gga

3uipjaiys + (wnijay) 12f ewseld

(11e Juaiquie) gga

Yoaels-|y|

Yodels-|y|

Yodels-|y|

Yodels-|y|

Yodels-|y|

Yodels-|y|

juadeal ssaln

pue paJ xa|dwy
!s|]92 4adued Sun

Yodels-|y

juadeal ssaln

asouely

asoledy

asoledy

asotedy

asoledy

asoledy

uagde|jod

asosely

uneRn

Uoueasal [edipawiolg

Uoueasal [edipawolg

Uoueasal [edipawolg

Uoieasal [ed1pawolg

Uoueasal [edipawiolg

Uoaeasal [edipawolg

J90UE)

Ja0UED

suoneoidde
|edipawiolg

Suijapow anssi|

Suijepow anssi|

Suijepows anssi|

Suijepow anssi|

Suijapow anssi|

Suijepows anssi|

Buijspows anssi|

Suijapow anssi|

Suijepow anssi|

'sJoy

s3uipuy ure|y

(sv8 4a1409) 92in0S eWSE|d

juean(pe [a80ipAH

adAy |9804pAH

PRy utey

K103a3eD)

(panunuod) “¢ ajqer

© 2025 The Author(s). Small published by Wiley-VCH GmbH

2403856 (12 of 23)

Small 2025, 21, 2403856


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

smidll

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panunuod)

(saanuiw) 3ef-awn yum inq 193.e} asosede
ay1 y3nouyy o8 ued saidads aaieSau pue
od ‘asosede y3nouyy o3 o1 s|qeun ae

saioads |esinau ‘Kijawoldads ssew Suisn
punoy (ww g'¢) Jaueq asosede y3noiyy

[z52] s3123ds dIuol pue |esnau jo Jodsuel| (wniay) 19/ ewse|q - asoedy YoJeasas |ed1pawiolg Suijepow anssi|
sapow
ewse|d Jy pue aH jo uosiedwod ‘SOY
JO SUOIBIIUSIUOD Ul S9DUIYIP JuedYIudis
191BM Y)IM Juawiieal} udnpuod
01 paiedwod 1981e1 asosede ySnoayy
[ogz] J1a1em o1ul UoISnyIp saidads Jo uoljedisanu| (uoBue pue wnijay) 19( ewselq - asoiely YoJeasas |edipawiolg
‘0 ‘*ONH
‘CoeN ‘““O%H :(ww g'|) aroqe Jateq
SOY asoseSe pajeas; yym pinbi| ayy ul suonedidde
[ssz] juasaid sadads ay3 Jo uoiN|ons pue 3|yoid (wniay) 19( ewselq - asoedy |edipawolg Suijspow anssi|
0 "*ONH ‘“0eN
‘20 %H :asosede y3noayy payiodsuesy
$3|NJ3|0W INOJ ‘SOY JO ISE3|aU
pasde|-awi ‘aunsodxa Suuinp asoseSe
Ul SOY Y1 JO UOIRNWINDDE ‘aLul)-|edl
u1 4a1em jo uondiosqe AN ‘(wwy) pinby suoneoijdde
[¥szl B 9A0qE J3LIeq SOY B SB pasn sem asoiedy (wniay) 19( ewseld - asoJedy |edipawolg Buijspow anssi|
ajyo.d uoisnyip
SO¥ 341 10U INq 2BJINS B} PAYIPOLL MOJ}
[eszl sed !s|ad uo uianed sOY Jo uonedisanu| (wniay) 19l ewselq yoaeis-|y asoedy YoJeasas [edipawiolg Buijapows anssi|
(a4p
sapisan pidijoydsoyd paypuanb-jjas e
01 93ewep Jo [aA3] puk ainjeu Suiurejuod sajdIsan) suonedidde
[zsz] ay1 pasuanjui Apuesyiudis a|Sue Juswieal) (wnay) 19( ewselq sajpIsan pidijoydsoyq unepRn |edipawolg Buijspow anssi|
aNSS1} [9POLU JO JUSIUOD
J191eM By} 4O B} JuaLieas) ewse|d yum
Ajieaur) paseasdul €0 jo yidap uonesjpuad
‘33ue uoneurpur yum padueyd susaled
S} JuaLIeal] paseasdul-ewse|d
Yum paSueydun aiam Inq ajed Moy}
se3 yyum pasealdul siajawelp suiajed suoneoidde
[L6L] adeyns padeys-3ull SOY Jo uonedisaul (“0+aH) 19! ewise|q Yodels-|y| uneRn |edipawolg apow anssi|
ewse|d a|qixal
[Lsz] Aq pacueyua sem AiaAijap 3nip |ewlapsuel] (41e Juaiquie) yored ewsed ajqixa|4 - asoJedy Kianijap 3nug Buijspow anssi]
198 asosede
[vozl y8noay3 uonedisaaul uoiesrauad SOY (“0+aH ‘aH) 10! BWISE|Y oaelS |y asosedy UoJeasal [edIpawiolg Buijapow anssi|.
'sjoy s3uipuy ure (sv3 4214409) 32iNn0s ewse|d juean(pe [930ipAH adAy [980ipAH play urey Ki03a1e)

(panunuod) ¢ a|qer

© 2025 The Author(s). Small published by Wiley-VCH GmbH

2403856 (13 of 23)

Small 2025, 21, 2403856


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

Juill

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[sel]

[Loz]

looz]

l6szl

[961]

[gs2l

[Let]

[v6L]

[z0]

Juawieas) ease-adie| 4oy [enuajod
9yl paalasqo wﬁwﬂo\_uuw_w ue se pasn
gDd) a24nos ewse|d 1al-3nw e jo Apnis
(uonisodsip pue ssauydiy}
Suikien) Ja1ieq se a1eSouins anssiy asoledy

|opow asnow

e yum uosiiedwiod ‘(ssauxdiyy Suikien)
Ja1eq SOY Se ajedouins anssiy asoledy

sishjeue pides ‘SSauaAIIdaYa-1S0d
Buissaip ay1 y3nouy pariodsuesy (QH

uoin|os

¢O%H pautejuod dnoid |o1juod ays ‘wy
ui1e|a8 ay) Jo 9DBLINS BY1 MO[aq W G|
o1 wirl 0G| woly K1anijpp SOY paALap-ewise|d

punoy A1j1qe1desxe

poo3 ‘paniasqo juaLuieas) snoauadowoy
‘[28 ays U1 A1IAIDE SwWAZUS padnpas ewise|d
uoisnylp pue juswieal) ewse|d usamiaq
Kejap ‘adepiaiul 93 ewse|d je s|edipes
HO jo 3uiduaneds ‘unejad ydnouyy
2O %H jo uonesjauad pue uondNpoid
saqny padeys- pue | {(°0%H)
193 ay3 ul 9kp Juadsaiony (s3QO BuiBewn

1SB} YHM SN [BUISIUI JO) S

Buipuejsiapun ‘s1adie; aqny asosede
aA132NpU0d 01Ul 39|nq ewse|d jo uoneSedoiy
sapuanbayy ewse|d |eianss Joj suianed
a3ueyd Hd pue uoiepixo paajosas A|jenjeds

(41e Juaiquue)
92.nos ewse|d apo123jd gdd

(winyjay) 19( ewse|q

(wnippy) 39f ewiseld

(winyjay) 19( ewseq

(wnippy) 39f BWiSE|d

(‘o+1y Uy) uadNI

(O%H+3H
‘CO+aH ‘aH) a|paau 13l ewse|d

(wny2y) 19| Inq ewiselq

(wnijay) 12f ewiserd

Yodels-|y|

(sjapowi |22
J118Y1UAS 3DISaA
pidijoydsoyd ui

VNQ parensdeous)
|apow

[199 ‘d¥H-adO ‘¥YNd

d¥H/ado ‘H4da
(Anjenb

|BLIOSUSS SSO| pue
suoldeas Sulumolq
10y 9|qisuodsau
swiAzug)
(@0d) asepixosad
pue (Odd)

asepixo |ouaydAjod

Yodeas-|y|

anv

uladsalony ‘yoieis-|y|

asoJedy

asouely

asoledy

(maydaN 73 ynws)
9|qewIoju0D) d}SeIU| ‘UllR]9D

unjeen

(£Z1-4 21u0an|d) |98 sawexojod
(2314]9D) 21€]d WNS Ue]PD

uneRn

asotedy

asouely

[eSunjiuy

JERTI]-g)

JERDT-S)

YoJeasau [edipawiolg

Suljeay punom Y4adue)

Aasnpui poo4

Uoueasal [edipawolg

JERII]-9)

Loueasal [edipawolg

apow anssi|

Suijapow anssi|

apow anssi|.

apow anssi]

Buijepow anssi|

Suijepow anssi|

1|apow anssi|.

apow anssi|.

'sjoy

s3uipuy urey

(sv8 4a1u09) 92in0S eWSE|d

juean(pe [a801pAH

adAy |9804pAH

P12y utey

JSLY-Eilce)

(panunuod) ¢ ajqeL

© 2025 The Author(s). Small published by Wiley-VCH GmbH

2403856 (14 of 23)

Small 2025, 21, 2403856


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

visible light

.

o,

~ UV light . physical cold

\A\‘ plasma

1))

heat

-®

e -~ | % (o) =
. electromagnetic V reactive species
e field

R

P
charged particlfs

@eo¥

Figure 6. Properties of cold physical plasma: plasma is composed of reac-
tive species and charged particles, exudes heat, and radiates electromag-
netic fields, UV, and visible light. Copyright: the authors.

powder). Many studies have compared the ROS release effi-
ciency of plasma-treated hydrogel in opposition to plasma-treated
waterl4199137.138 140.141] Figyre 9). A majority agreed on a higher
concentration of long-lived species after a prompt exposition
of the plasma-treated water. However, plasma-treated hydrogel
showed a more extended release capacity, exceeding the ROS
concentration of the plasma-treated water after a definite dura-
tion. The main impact of plasma-treated hydrogel is ruled by
long-lived ROS release emerging from secondary plasma gas
phase species reactions.['*?] Like other redox-based therapy ap-
proaches applied in the clinic, e.g., photodynamic therapy, ROS
exposure follows the hormesis concept.[’®! In an in vitro study,
where treated gel and water were compared, the prolonged re-
lease of ROS via plasma-treated hydrogel was shown to more
efficiently induce apoptosis on cancer cells A375 without harm-
ing healthy HaCaT cells.®! This selectivity was reported in other
studies.['3%1*3] Plasma-treated hydrogel with additionally embed-
ded immune checkpoint blockade (ICBs) was investigated as

Figure 7. Representative images of operating the kINPen plasma device
in air and conductive set-up. Copyright: the authors.
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Figure 8. Preparation of plasma-altered hydrogels by dissolution of hy-
drogel compound by plasma-treated solution 1), plasma-assisted cross-

linking 2), and plasma treatment of polymerized hydrogel 3). Copyright:
the authors.

an injectable substance!'** and demonstrated promising results
on tumor growth and metastatic spread inhibition. Depending
on the application, various plasma sources have been studied
and compared, from plasma jets!'371% to larger DBD devices,
to identify the most effective ROS infiltration into the gel.'*!
Plasma-derived ROS are not only efficient against cancer cells
but were initially revealed as decisive as antifungal/antibacterial
methods. At first investigated for disinfection via direct treat-
ment for tools,['*] wounds,['*’! or implants,[**] hydrogels rep-
resent new support to carry ROS into tissues to trigger antifun-
gal/bacterial response.l*!l Plasma-treated hydrogels help obtain
a more extended diffusion, improve the effects, and thus ben-
efit more resistant pathologies than plasma-treated water. Like
standard plasma-treated dressings,'*] those hydrogels can be
installed directly as wound dressing.[">* They maintain the hy-
dration of the tissue, protect it from the external environment,
and enhance the healing process (Figure 4). Moreover, addi-
tional drugs can be loaded into the hydrogels to create an active
scaffold.[3®] This method was also investigated for skin diseases

A

(liquid)
s O &)

Figure 9. Drug-release comparison between liquids and hydrogels. Hy-
drogels offer a prolonged and more steady release (purple), while liquids
display a single spike release (blue). Copyright: the authors.

concentration

>
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such as vitiligo and showed promising results in patients,[>!l en-
couraging further dermatology applications. Besides extracuta-
neous use, recent studies have considered injectable hydrogels
as an on-site anticancer therapeutic. In this case, the choice of
the appropriate hydrogel is central. A recent study presented a
methylcellulose-based hydrogel liquid at room temperature, ideal
for plasma treatment, solidifying at body temperature,['*!] as well
as plasma-treated alginate-based hydrogel, which is solidifying
in water.['*?] Alginate can also solidify when cross-linked with
Ca2+ present in the body but can also be added to assure solid
gelation,['?l making it an excellent option for this purpose. Those
findings highlight the interest in using hydrogel for such usage.
On an anti-cancer efficacy scale, plasma-treated hydrogel ranked
between plasma-treated water and direct plasma treatment./*3#]
Plasma-treated water contains a low variety of ROS and a low
treatment precision; however, it is easily applicable to all types of
cancer by injection.!'>31%*] On the other hand, direct plasma treat-
ment displays a greatabundance of ROS with a high load capacity,
although direct plasma use remains challenging for some inter-
nal applications. Plasma treated hydrogel is injectable yet still vis-
cous and selective, it has a lower ROS load than direct treatment,
however higher than plasma treated water. In addition, treatment
of materials by plasma may induce further modifications which
are discussed below.

4.2. Surface and Core Modifications

Tissue engineering always seeks new methods to provide the
most suitable scaffolds, combining robustness and biocompat-
ibility for regenerative medicine. With this matter, plasma sur-
face modification purposes seem a relevant candidate. Plasma is
well known for its capacity to alter surfaces, and its use has al-
ready broadened in countless applications in industrial spheres
such as electronics, textiles, or manufacturing.'>! The extensive
use of this technology both shows its high efficacy and grants
myriad studies becoming more and more sharpened to specific
materials. Thanks to particles displayed in the state of plasma,
it can induce the etching,!'*%7] deposition,!**®] or doping of the
target,l®) changing surface properties and therefore promoting
hydrophilicity/hydrophobicity,['3*1°¢15%1  adhesion capacity,!'*!
chemical reactivity, pH sensitivity,'*® biocompatibility,['3*1%] or
biodegradability.['**) ROS modify the bio-surface chemistry on
a long timescale observation (seconds to minutes). They bond
with surface bio-molecules, lowering the pH'! and creating
an oxidative gradient between the surface and the bulk of the
material. PVA gel matrix has shown drug release capacity un-
der chemical plasma stimuli."®?! In a second time, this gradient
gets progressively diffused into the material to return to a bal-
anced state. Cold physical plasma is capable of modifying the
surface and applied during the gel’s cross-linking process.[!’]
As seen in the previous part, plasma can mechanically!'>¢15]
alter the hydrogel, making it more resistant and generating
new chemistry.'”) In the case of bone implantation, plasma
treatment enhanced the Dbio-properties of the gels, confer-
ring better hydrophilicity and nano-roughness to facilitate cell
adhesion'[103,139,163,164]
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4.3. Tissue Modeling for Plasma Research

The investigation of plasma for medical application implies the
need to understand the effects of physical plasma on tissues to
be quantified, understood, and optimized for its application in
clinics. Hydrogels are already used in many bio-medical con-
texts (Figure 2) as biological matrices and offer stable support
for plasma investigations and plasma-enhanced therapies. In-
deed, many studies describe hydrogels as capable of mimicking
tissue-similar properties (e.g., dielectric,'>-7*l mechanical,'””!
biological, 'l and acoustic/'”’), therefore being relevant for in-
vestigating plasma effects on the biological target. However, nat-
ural tissue (ex vivo and in vivo) is the most accurate model but
presents several disadvantages. It is usually quite troublesome to
obtain, especially in consistent quantity, whether for harvested
tissues or directly on patients or animals. In the case of ex vivo
samples, it becomes unstable quickly over time. Last but not least,
it constitutes a complex and sometimes overwhelming matrix in
which investigating specific plasma effects is arduous. For in-
stance, the signals from fluorescent probes for ROS assessment,
especially short-lived species, are disturbed by the tissue fluores-
cence background and thus make measurements and analysis
much more intricate. On the other hand, 2D cell culture models
have been widely investigated for plasma biological effects.!'7®]
However, cells show many differences when cultured in 2D com-
pared to growing in 3D, as shown in.'2317°] Hydrogels meet both
models’ advantages by offering a more realistic 3D matrix with
even embedded cells while being more straightforward and ac-
cessible. Moreover, the transparency of hydrogels represents a
veritable asset for either 3D cell culture, allowing optical analy-
sis such as High Content Imaging (HCI) of stained cells as well
as embedding of colorimetric or fluorescent probes for ROS de-
tection or fluorescent stained cells in a 3D matrix.['8181] More-
over, the importance of conducting plasma treatment conditions
to the matrix to induce cell death in 3D cancer cell culture in ma-
trigel was demonstrated.['®2] In another study, the metabolic ac-
tivity of the cells was successfully measured with hydrogel-adding
resazurin. Adding cells to the hydrogel helps to understand how
cells in an authentic matrix would be affected by plasma treat-
ment.

In a related manner, one of the biggest questions in plasma
medicine is how profound the impact of plasma is on tissues
and its biological translation. If primary-generated ROS[?1183]
(Figure 10) were proven not to reach the underlayer (e.g., deeper
epidermis or dermis) of the skin barrier, this would explain
the good tolerability of medical gas plasma technology in clin-
ical applications. In this regard, many studies quantified the
penetration depth of certain species,13*185] their diffusion,!18¢
and what they may trigger into tissues using biomimetic hydro-
gel models. For this purpose, ROS probes are embedded into
gel matrices, and signals from the probes are quantified after
plasma treatment. Numerous publications have presented the
use of potassium iodide and starch in the hydrogel. The io-
dine ion reacts with ROS, and the chain reaction with starch
turns the gel from transparent to purple, allowing the identifi-
cation of the oxidized area. Potassium iodide is sensitive to sev-
eral ROS, such as H,0,, OH, O;, HO,, singlet oxygen, O,",

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 10. Principle of reactive species generation in the case of an atmospheric pressure argon plasma jet. Reproduced with permission.[?'] Copyright

2021, Elsevier.

or 0.'"] The selectivity of iodine does not allow the differ-
entiation between those species. However, the reaction is im-
mediate, and the method is easy to establish. This combina-
tion has been extensively investigated in various configurations
to investigate ROS diffusion patterns in gels.'¥7192] The ROS
oxidation pattern was evaluated when running through a lig-
uid layer before oxidizing the gel to mimic tissue moisture
layers.[12918L187.188] Tp those cases, height, liquid thickness, gas
flow, or gas composition were significant parameters influencing
the ROS pattern on the gel. In this configuration, adding scav-
engers into the upper liquid layer highlighted the key species go-
ing through the liquid and oxidizing the gel, respectively, H,O,
and O,". Other probes for more specific ROS detection can also
be incorporated into hydrogels. In that case, one should ensure
that the probe is not reacting with the gel before plasma ex-
posure or that the probe is not degraded during the hydrogel
preparation process, for instance, during heating in the case of
agarose or gelatin. The detection of hydrogen peroxide (H,0,)
has been studied with Amplex UltraRed (AUR),[141145,181.193,194]
titanium oxysulfate,[!*>) OPD/HRP (o-phenylenediamine dihy-
drochloride/horseradish peroxidase) or DCFH.!'] However, this
last probe was not specific to H,0, compared to the previously
mentioned probes.[!””] Production of nitrite (NO,”) is assess-
able by incorporating Griess reagent/13014L143.18L198] p gyjlfanil-
amide and N-(1-Naphthyl) ethylenediamine dihydrochloride.['*]
Peroxynitrite (ONOO™) reacts with folic acid***! or Dichlorodihy-
drofluorescein diacetate (H,DCF-DA).['*] Hydroxide (OH) pres-
ence is revealed by terephthalic acid!**>!%) or 7-hydroxycoumarin
(7-OH-coumarin).'1] The presence of aqueous O, can be de-
tected using indigo trisulfate.!®>] The very reactive nitric oxide
(NO) is measured using the dye diaminofluorescein-2 (DAF-
2).11211%5] Byrther probes such as Aminophenyl fluorescein (APF)
for OH, HOCl ONOO~ and hydroxyphenyl fluorescein (HPF)
for OH, ONOO™ encapsulated in collagen have been reported
by."2!l The main drawbacks of using such probes are proba-
bly the high reagent cost, suggesting small samples for spar-
ing, combining the excellent sensitivity of the probes, and keep-
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ing the integrity of the gel. For instance, the gelation of some
hydrogels can be problematic in the presence of acidic envi-
ronments during cross-linking.[?! As a complement to ROS
evaluation, pH reagents also give essential information on the
plasma effect on tissues since plasma also has an acidic im-
pact on surfaces.??!] For this matter, investigations employing
fluorescein, 32921 or phenol red!'?!! showed significant acidifica-
tion of the gel after plasma treatment. They thus pointed out
the need to anticipate such effects when targeting pH-sensitive
tissues.

Considering the question of penetration depth, some experi-
ment designs use hydrogels as tissue or, more specifically, skin
surrogates to investigate the role of an upper layer (i.e., skin) in
ROS diffusion. Previously, it was shown that short-lived species
such as OH could not pass through the 4 mm thick hydrogel
layer while a significant concentration of H,0O, was still present
in the liquid below.[?)) By scavenging plasma-generated OH rad-
icals with the gel layer, this study also proved the impact of OH
on DNA damage, envisaging hydrogel to protect open wounds
from undesired species during plasma treatment. In previous
work, a tissue model gel was also disposed of upon a ROS re-
active hydrogel layer to quantify penetration depth and ROS dif-
fusion pattern.8%2%] The molding of hydrogel offers matrices
with creative forms that can mimic internal parts of the body,
such as veins or intestines. In another study, agarose with ROS-
fluorescent reagent was molded in either an L or T shape ma-
trix to observe the diffusion in cavities.['>!] The arrival of 3D-
printed scaffolds may enhance this method and offer even more
complex networks. Plasma devices can be investigated and tested
through hydrogel models, where parameters such as treatment
mode, gas flow, and electric field can then be studied.'®?] In
previous work, the hydrogel is directly used as a surrogate for
nail simulation to evaluate the efficiency of a single-use DBD
patch electrode.l3*! In plasma medicine, it has been shown that
biological effects are significantly driven by interactions with
plasma-derived ROS.[18:126:205.206] Tp thig regard, comparable to
ROS effect assessment, hydrogels are suitable for translating

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

Table 4. Symbiosis of cold physical plasma and hydrogels. Copyright: the authors.

Therapeutic purpose Hydrogel type Hydrogel adjuvant

Plasma source

Main findings Refs.

Cancer Hyaluronic acid Tyramine,B-blocking

nano adjuvant
TLN

Chronic wounds Pyrrole (Ppy), Therapeutic platelet

FLA Medic+

S-DBD (argon)

Cold physical plasma used for cross-linking [208]
((Tyramine-HRP)+HA combined with TLN) once
injected into the tumor

Plasma for cross-linking, enhanced mechanical [209]

hyaluronic acid proteins features, slow therapeutic release, retention effect,
(HA), gelatin NIR-driven hyperthermic effect on lesion (heat shock
(GEL) proteins)
Wound (burn), Hyaluronic acid Cur-ZIFS@HA Plasma jet (helium) Burn treatment, combined treatment with loaded drug [262]

antibacterial

Cancer Collagen -

Plasma jet (helium)

hydrogel and direct plasma treatment, gel pH
sensitive to cold physical plasma
Investigation of electric fields and plasma frequency in [214]
collagen hydrogel during plasma treatment

plasma-physical impacts on bio-materials and targeting retroac-
tion onto plasma.['**! However, more studies need to be done on
this matter, as discussed in the prospects and developments sec-
tion. It is also worth noticing that the hydrogel approach con-
tributes to avoiding the extensive use of animals for experiments,
which is not negligible for ethical research. Overall, hydrogels
appeared to effectively serve as a bridge between in vivo and 2D
models in plasma research applied to biology, offering a multi-
tude of creative setups.

5. Prospects and Developments of Hydrogel in
Plasma Research Applied to Medicine

Translational research aims to develop new technologies that di-
rectly impact and promote human welfare. Derived from this,
several types of studies can be conducted, such as proof of con-
cepts, animal studies, or clinical trials, to determine the potential
of use and assess safety, efficacy, and suitability. In preclinical
plasma medicine, hydrogels can be helpful in tissue engineer-
ing. Still, challenges remain in the translational relevance of the
different hydrogels used as tissue surrogates and the influence
of their composition. In addition, suitable methods to address
ROS distribution and the contribution of other plasma effec-
tors on biological tissues have to be further established. Hydro-
gels and cold physical plasma are already established or at least
closely investigated for therapeutic purposes regarding wound
healing or, more recently, cancer therapeutics. At the same time,
the symbiosis of both seems to be on its way. However, future
applications in clinics of plasma-treated hydrogel, e.g., regen-
erative medicine, require their approval through clinical stud-
ies, which is costly and time-consuming. Preclinical proof-of-
concepts have successfully demonstrated the feasibility of this
approach. However, approaches and aims for implementation in
clinical settings are still under discussion. Recently, studies have
explored injectable plasma-treated hydrogels, e.g., for osteosar-
coma treatment.[1*22%7] There are numerous strategies, and col-
laborations with clinicians are highly valuable.

In this combination, both hydrogel and plasma play a mul-
tipurpose role (Table 4). Through heat, UV, and ROS produc-
tion, plasma can polymerize the hydrogel, bringing various ad-
vantages. Plasma avoids using toxic chemicals for polymeriza-
tion while supplying the hydrogel with ROS like H,O,. Plasma-
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induced cross-linking is efficient in contacting gels’ main weak-
ness, i.e., mechanical properties. Swelling properties were also
improved by plasma treatment for a tyramine hyaluronic acid
combined gel(?®! or gelatin-hyaluronic acid gels.[?%] This trans-
lates to the ability of hydrogels to store the plasma-derived ROS
while it is being polymerized. When hydrogel is loaded with ei-
ther drugs or cells, plasma operates as a switch on the gel by
inducing stimuli. This is made possible mainly by developing
“smart” hydrogels.[”] For drug release, local plasma treatment
could allow molecules in the gel to be delivered to wounds or
tumors.[100:209.210] [ vitro, the plasma effect is dose-dependent. In
one case, plasma can enhance cell proliferation and contribute to
the repopulation of the matrix. However, the opposite effect was
observed at a distinct dose, inhibiting cell growth.!*] The bio-
logical effects of plasma induced by ROS chemistry have been
widely investigated; however, effects caused by plasma physical
properties such as UV or electric field on biological matrices re-
main timidly examined and could deserve more attention. Pre-
viously, the generation of UV-produced ROS at the surface of

ROS supplier polymerization
method
NO'
© @e 5
@© i &
properties % = @D ) ) drug release
enhancer I \Ho9) % % enhancer
| "f’ 1 ; ]

drug carrier physical

barrier

contained release
over time

ROS carrier

Figure 11. Potential symbiosis between cold physical plasma and hydro-
gels. Benefits offered by plasma technologies for enhanced hydrogel uses
(pink top) along with hydrogel intrinsic properties for synergetic out-
comes. Copyright: the authors.
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the target was shown in addition to the usual plasma-delivered
ROS.[21I All tissues contain a minimum water content of ~40%
and can reach up to ~#90%.["72 Therefore, they are intrinsically
conductive. Furthermore, the state of plasma, however electri-
cally neutral, can interact with surrounding targets if electrically
non-inert, as proven in,!?'2] where a conductive treatment con-
figuration was studied. The impact of plasma-induced electric
field and frequency on hydrogel matrices was shown in,[145:213.214]
highlighting primarily a target thickness dependency. Additional
E-field applied during plasma treatment showed a significantly
deeper ROS penetration, especially for higher gelatin with higher
water content.?’®! In those domains, further research would be
beneficial in the future to better understand plasma-tissue inter-
actions (Figure 11).

6. Conclusion

This work summarized the potential of hydrogels for biomed-
ical purposes like wound healing, regenerative medicine, drug
delivery, 3D cellular biology, or even for developing biosensors,
all of which can be combined for specific applications. The de-
sign of hydrogels is headed to improve their mechanical proper-
ties and general biocompatibility. In this regard, well-known gels
like collagen have been closely investigated, but further investi-
gation into new hybrid hydrogels would be helpful. On the other
hand, plasma technologies have been given more consideration
over the past decades in the medical field, notably wound heal-
ing. The combination of plasma and hydrogels comes in several
forms. The enhancement of hydrogel properties could be enabled
by multiple plasma parameters. Using hydrogel as a tissue sur-
rogate helps to unravel the fundamental mechanisms of plasma-
tissue interactions. Several methods have been established, ad-
mitting there is still room for improvement. In the meantime,
recent outcomes are encouraging for basic or translational med-
ical research.

Acknowledgements

Figures in this manuscript were created using biorender.com. A.M. re-
ceived funding from the Local State (Mecklenburg-Western-Pomerania,
Germany) Graduate Academy.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

CAP, LTP, non-thermal plasma, NTP, plasma medicine, reactive oxygen
species

Received: May 13, 2024
Revised: January 23, 2025
Published online: February 5, 2025

[1] ©. Okay, in Hydrogel Sensors and Actuators, (Eds: G. Gerlach, K. F.
Arndt), Springer, Berlin, Heidelberg 2009, pp. 1-14.

Small 2025, 21, 2403856

(2]
3]

3]
(6]

7

(8]
[
(1]

(1]
(12]

[13]
(14]
[15]
[16]

(17]

(18]

(19]
(20]

(21]
(22]

(23]
(24]

(25]

28]

(27]

(28]
(29]
(30]

(31]

(32]

2403856 (19 of 23)

www.small-journal.com

L. Yahia, J. Biomed. Sci. 2015, 4, 13.

N. A. Peppas, J. Z. Hilt, A. Khademhosseini, R. Langer, Adv. Mater.
2006, 78, 1345.

S. Bashir, M. Hina, J. Igbal, A. H. Rajpar, M. A. Mujtaba, N. A.
Alghamdi, S. Wageh, K. Ramesh, S. Ramesh, Polymers (Basel) 2020,
12,2702.

J. Xu, X. Liu, X. Ren, G. Gao, Eur. Polym. J. 2018, 100, 86.

K. S. Joshy, S. Snigdha, S. Thomas, in Non-Thermal Plasma Technol-
ogy for Polymeric Materials, Elsevier, Amsterdam, 2019, pp. 439-458.
H. Schoof, ). Apel, I. Heschel, G. Rau, J. Biomed. Mater. Res. 2001,
58, 352.

D. A. Gyles, L. D. Castro, J. O. C. Silva, R. M. Ribeiro-Costa, Eur.
Polym. J. 2017, 88, 373.

H. Chamkouri, M. Chamkouri, Am. J. Biomed. Sci. Res. 2021, 11, 485.
S. R. Caliari, ). A. Burdick, Nat. Methods 2016, 13, 405.

O. Chaudhuri, Biomater. Sci. 2017, 5, 1480.

K. Vollmecke, R. Afroz, S. Bierbach, L. ). Brenker, S. Frucht, A. Glass,
R. Giebelhaus, A. Hoppe, K. Kanemaru, M. Lazarek, L. Rabbe, L.
Song, A. Velasco Suarez, S. Wu, M. Serpe, D. Kuckling, Gels 2022, 8,
768.

Y. Samchenko, Z. Ulberg, O. Korotych, Adv. Colloid Interface Sci.
2011, 168, 247.

D. Gu, A. ). O’Connor, G. G. H. Qiao, K. Ladewig, Expert Opin. Drug
Delivery 2017, 14, 879.

S. Mantha, S. Pillai, P. Khayambashi, A. Upadhyay, Y. Zhang, O. Tao,
H. M. Pham, S. D. Tran, Materials (Basel) 2019, 12, 3323.

S. Bekeschus, P. Favia, E. Robert, T. von Woedtke, Plasma Processes
Polym. 2018, 16, 1800033.

K. Wende, A. Schmidt, S. Bekeschus, in Comprehensive Clinical
Plasma Medicine, (Eds: H.-R. Metelmann, T. von Woedtke, K.-D.
Weltmann), Springer International Publishing, Cham 2018, pp. 83—
109.

A. Privat-Maldonado, A. Schmidt, A. Lin, K. D. Weltmann, K. Wende,
A. Bogaerts, S. Bekeschus, Oxid. Med. Cell. Longevity 2019, 2019,
9062098.

J. Winter, R. Brandenburg, K. D. Weltmann, Plasma Sources Sci. Tech-
nol. 2015, 24, 064001.

K. Weltmann, T. Von Woedtke, Plasma Phys. Controlled Fusion 2016,
59,014031.

S. Bekeschus, Redox Biol. 2023, 65, 102798.

J. Berner, C. Seebauer, S. K. Sagwal, L. Boeckmann, S. Emmert, H.-R.
Metelmann, S. Bekeschus, Appl. Sci. 2020, 10, 1944.

M. Weiss, M. B. Stope, Arch. Gynecol. Obstet. 2018, 298, 853.

N. J. van de Berg, G. M. Nieuwenhuyzen-de Boer, X. S. Gao, L.
L. Rijstenberg, H. J. van Beekhuizen, Cancers (Basel) 2023, 15,
2386.

R. Matthes, L. Jablonowski, L. Miebach, V. Pitchika, B. Holtfreter, C.
Eberhard, L. Seifert, T. Gerling, R. Schliiter, T. Kocher, S. Bekeschus,
Int. J. Mol. Sci. 2023, 24, 1606.

J.-H. Kim, M.-A. Lee, G.-J. Han, B.-H. Cho, Acta Odontol. Scand.
2014, 72, 795660.

H. H. Reitberger, M. Czugala, C. Chow, A. Mohr, A. Burkovski, A.
K. Gruenert, R. Schoenebeck, T. A. Fuchsluger, Am. J. Ophthalmol.
2018, 790, 150.

O. Alekseev, K. Donovan, V. Limonnik, J. Azizkhan-Clifford, Transl.
Vis. Sci. Technol. 2014, 3, 2.

S. Bekeschus, . Briggemeier, C. Hackbarth, T. von Woedtke, L.-I.
Partecke, ). van der Linde, Clin. Plasma Med. 2017, 7-8, 58.

S. Bekeschus, B. Poschkamp, |. van der Linde, Biomaterials 2021,
278, 120433.

S. Emmert, S. Pantermehl, A. Foth, J. Waletzko-Hellwig, G. Hellwig,
R. Bader, S. Iliner, N. Grabow, S. Bekeschus, K.-D. Weltmann, O.
Jung, L. Boeckmann, Int. J. Mol. Sci. 2021, 22, 9199.

S. Bekeschus, T. von Woedtke, S. Emmert, A. Schmidt, Redox Biol.
2021, 46, 102116.

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(33]

(34]

3]

(36]

(37]
(38]

(39]
(40]

[41]

[42]
(43]

(44]
[45]
46]
(47]
(48]
(49]
[50]
(51]
(52

(53]

(54]
(53]

[56]
[57]

(58]
[59]

(60]
(61]
(62]
(63]
(64]
(65]
(66]
(67]

(68]
6]

(70]

Small 2025, 21, 2403856

Juill

A. Curukoglu, G. Gungor, G. Akan, A. Kukner, G. Ogutcu, M.
Kalayc, M. Temizel, F. e. Ozgencil, Vet. Med. (Praha) 2023, 68,
152.

A. Schmidt, F. Niesner, T. von Woedtke, S. Bekeschus, IEEE Trans.
Radiat. Plasma Med. Sci. (TRPMS) 2021, 5, 412.

H. Zhang, S. Xu, J. Zhang, Z. Wang, D. Liu, L. Guo, C. Cheng, Y.
Cheng, D. Xu, M. G. Kong, M. Rong, P. K. Chu, Biomaterials 2021,
276, 121057.

G. Busco, A. V. Omran, L. Ridou, J.-M. Pouvesle, E. Robert, C.
Grillon, J. Phys. D: Appl. Phys. 2019, 52, 24LT01.

E. M. Ahmed, J. Adv. Res. 2015, 6, 105.

F. Ullah, M. B. H. Othman, F. Javed, Z. Ahmad, H. M. d. Akil, Mater.
Sci. Eng. C Mater. Biol. Appl. 2015, 57, 414.

C. Vasile, D. Pamfil, E. Stoleru, M. Baican, Molecules 2020, 25, 1539.
A. Vashist, A. Kaushik, A. Vashist, V. Sagar, A. Ghosal, Y. K. Gupta,
S. Ahmad, M. Nair, Adv. Healthcare Mater. 2018, 7, 1701213.

J. Chen, Z. Wang, |. Sun, R. Zhou, L. Guo, H. Zhang, D. Liu, M. Rong,
K. K. Ostrikov, Adv. Sci. (Weinh) 2023, 10, 2207407.

Y. Qiu, K. Park, Adv. Drug Delivery Rev. 2012, 64, 49.

R. Abka-khajouei, L. Tounsi, N. Shahabi, A. K. Patel, S. Abdelkafi, P.
Michaud, Mar. Drugs 2022, 20, 364.

C. H. Lee, A. Singla, Y. Lee, Int. J. Pharm. 2001, 221, 1.

Z. Sun, C. Song, C. Wang, Y. Hu, ). Wu, Mol. Pharm. 2020, 17, 373.
B. Kaczmarek, K. Nadolna, A. Owczarek, in Hydrogels Based on Nat-
ural Polymers, Elsevier, Amsterdam 2020, p. 151.

P. Ghasemiyeh, S. Mohammadi-Samani, Trends Pharmacol. Sci.
2019, 5, 7.

M. C. Catoira, L. Fusaro, D. Di Francesco, M. Ramella, F.
Boccafoschi, J. Mater. Sci. Mater. Med. 2019, 30, 115.

J. Lou, D. J. Mooney, Nat. Rev. Chem. 2022, 6, 726.

G. Jose, K. T. Shalumon, ). P. Chen, Curr. Med. Chem. 2020, 27, 2734.
J. Jagur-Grodzinski, Polym. Adv. Technol. 2009, 21, 27.

N. A. Peppas, P. Bures, W. Leobandung, H. Ichikawa, Eur. J. Pharm.
Biopharm. 2000, 50, 27.

T. F. R. Alves, M. Morsink, F. Batain, M. V. Chaud, T. Almeida, D. A.
Fernandes, C. F. da Silva, E. B. Souto, P. Severino, Cosmetics 2020,
7,75.

S. Mitura, A. Sionkowska, A. Jaiswal, J. Mater. Sci. Mater. Med. 2020,
31, 50.

U. S. K. Madduma-Bandarage, S. V. Madihally, J. Appl. Polym. Sci.
2020, 738, 50376.

R. Solanki, D. Bhatia, Gels 2024, 10, 440.

F. Zhao, D. Yao, R. Guo, L. Deng, A. Dong, |. Zhang, Nanomaterials
2015, 5, 2054.

A. K. Means, M. A. Grunlan, ACS Macro Lett. 2019, 8, 705.

B. S. Kaith, A. Singh, A. K. Sharma, D. Sud, J. Polym. Environ. 2021,
29, 3827.

M. S. B. Husain, A. Gupta, B. Y. Alashwal, S. Sharma, Energy Sources,
Part A 2018, 40, 2388.

P. Date, A. Tanwar, P. Ladage, K. M. Kodam, D. Ottoor, Chem. Pap.
2020, 74, 1965.

A. Maitra, V. K. Shukla, Am. J. Polym. Sci. 2014, 4, 25.

C.S. Hughes, L. M. Postovit, G. A. Lajoie, Proteomics 2010, 70, 1886.
E. A. Aisenbrey, W. L. Murphy, Nat. Rev. Mater. 2020, 5, 539.

M. T. Kozlowski, C. ). Crook, H. T. Ku, Commun. Biol. 2021, 4, 1387.
A. Passaniti, H. K. Kleinman, G. R. Martin, J. Cell Commun. Signal
2022, 16, 621.

M. Champeau, D. A. Heinze, T. N. Viana, E. R. de Souza, A. C.
Chinellato, S. Titotto, Adv. Funct. Mater. 2020, 30, 1910606.

T. Boland, T. Xu, B. Damon, X. Cui, Biotechnol. J. 2006, 1, 910.

S. K. Alavi, O. Lotz, B. Akhavan, G. Yeo, R. Walia, D. R. McKenzie,
M. M. Bilek, ACS Appl. Mater. Interfaces 2020, 12, 38730.

H. Zhang, Y. Cong, A. R. Osi, Y. Zhou, F. Huang, R. P. Zaccaria, J.
Chen, R. Wang, J. Fu, Adv. Funct. Mater. 2020, 30, 2003261.

(71]
[72]
(73]

(74]

[75]
[76]
[77)
(78]
[79]
(80]
(81]
(82]
(83]
(84]

(85]

(86]
(87]
(88]
(89]
(9]
(51
[92]
(93]
[94]
(93]
[96]
[57]
(98]

[99]

[100]

[101]

[102]

2403856 (20 of 23)

www.small-journal.com

X. Wang, Q. Ao, X. Tian, ). Fan, H. Tong, W. Hou, S. Bai, Polymers
(Basel) 2017, 9, 401.

S. Lee, S.-P. Jin, Y. K. Kim, G. Y. Sung, J. H. Chung, J. H. Sung, Biomed.
Microdevices 2017, 19, 22.

A. Schréter, A. Walther, K. Fritzsche, |. Kothe, A. Résen-Wolff, G.
Gerlach, Procedia Chem. 2012, 6, 175.

P. Salvo, V. Dini, A. Kirchhain, A. Janowska, T. Oranges, A. Chiricozzi,
T. Lomonaco, F. Di Francesco, M. Romanelli, Sensors 2017, 17,
2952.

E. M. Tottoli, R. Dorati, |. Genta, E. Chiesa, S. Pisani, B. Conti, Phar-
maceutics 2020, 12, 735.

R. Zhao, H. Liang, E. Clarke, C. Jackson, M. Xue, Int. J. Mol. Sci. 2016,
17,2085.

V. Brumberg, T. Astrelina, T. Malivanova, A. Samoilov, Biomedicines
2021, 9, 1235.

R. Dong, B. Guo, Nano Today 2021, 41, 101290.

Y. Liang, J. He, B. Guo, ACS Nano 2021, 15, 12687.

C. K. Balavigneswaran, S. Selvaraj, T. K. Vasudha, S. Iniyan, V.
Muthuvijayan, Biomater. Adv. 2023, 153, 213570.

D. Kurniawan, |. Mathew, M. R. Rahardja, H. P. Pham, P. C. Wong,
N. V. Rao, K. K. Ostrikov, W. H. Chiang, Small 2023, 19, 2206813.
H. Li, X. Wei, X. Yi, S. Tang, ). He, Y. Huang, F. Cheng, Mater. Sci.
Eng. C Mater. Biol. Appl. 2021, 123, 111978.

S. Pourshahrestani, E. Zeimaran, N. A. Kadri, N. Mutlu, A. R.
Boccaccini, Adv. Healthcare Mater. 2020, 9, 2000905.

W. C. Huang, R.Ying, W. Wang, Y. Guo, Y. He, X. Mo, C. Xue, X. Mao,
Adv. Funct. Mater. 2020, 30, 2000644.

L.-C. Hsu, B.-Y. Peng, M.-S. Chen, B. Thalib, M. Ruslin, T. D. X. Tung,
H.-H. Chou, K.-L. Ou, J. Biomed. Mater. Res. B Appl. Biomater. 2019,
107, 278.

A. E. Stoica, C. Chircov, A. M. Grumezescu, Materials (Basel) 2020,
13, 2853.

Z. Obagi, G. Damiani, A. Grada, V. Falanga, Surg. Technol. Int. 2019,
35, 50.

Y. Gong, P. Wang, R. Cao, J. Wu, H. Ji, M. Wang, C. Hu, P. Huang, X.
Wang, ACS Nano 2023, 17, 22355.

H. M. Geng, P. F. Zhang, L. Liu, Y. T. Shangguan, X. Cheng, H. R. Liu,
Y. P. Zhao, ). C. Hao, W. W. Li, J. W. Cui, Mater. Today Chem. 2022,
25, 100968.

J. Koehler, F. P. Brandl, A. M. Goepferich, Eur. Polym. J. 2018, 100, 1.
L. Wang, M. Zhou, T. Xu, X. Zhang, Chem. Eng. J. 2022, 433, 134625.
Y. Wang, R. K. Kankala, C. Ou, A. Chen, Z. Yang, Bioact. Mater. 2022,
9, 198.

J. Escandon, A. C. Vivas, |. Tang, K. . Rowland, R. S. Kirsner, Wound
Repair Regener. 2011, 19, 526.

I. Firlar, M. Altunbek, C. McCarthy, M. Ramalingam, G. Camci-Unal,
Gels 2022, 8, 127.

M. Kharaziha, A. Baidya, N. Annabi, Adv. Mater. 2021, 33, 2100176.
H. Zhang, K. Liu, Y. Gong, W. Zhu, J. Zhu, F. Pan, Y. u. Chao, Z. Xiao,
Y. Liu, X. Wang, Z. Liu, Y. Yang, Q. Chen, Biomaterials 2022, 287,
121673.

I. Gholamali, Regener. Eng. Transl. Med. 2019, 7, 91.

P. Patel, A. Mandal, V. Gote, D. Pal, A. K. Mitra, J. Polym. Res. 2019,
26, 131.

X. Jing, T. Wu, D. Liu, H. Zhang, S. Xu, J. Zhang, Z. Wang, R. Zhou,
D. Xu, H. Xu, X. Wang, M. Rong, Y. Zhao, J. Phys. D: Appl. Phys. 2023,
56, 265202.

G. Yurdabak Karaca, Y. E. Bulbul, A. U. Oksuz, Int. . Biol. Macromol.
2023, 253, 127075.

J. Liu, C. Qi, K. Tao, ). Zhang, J. Zhang, L. Xu, X. Jiang, Y. Zhang, L.
Huang, Q. Li, H. Xie, J. Gao, X. Shuai, G. Wang, Z. Wang, L. Wang,
ACS Appl. Mater. Interfaces 2016, 8, 6411.

W. Zhang, L. Hao, J. Huang, L. Xia, M. Cui, X. Zhang, Y. Gu, P. Wang,
Talanta 2019, 201, 455.

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[103]

[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]

[112]

[113]
[114]
[115]
[116]
[117]
[118]

[179]

[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]

[129]

[130]
[131]

[132]

Small 2025, 21, 2403856

smidll

P.-C. Wong, D. Kurniawan, J.-L. Wu, W.-R. Wang, K.-H. Chen, C.-Y.
Chen, Y.-C. Chen, L. Veeramuthu, C.-C. Kuo, K. K. Ostrikov, W.-H.
Chiang, ACS Appl. Mater. Interfaces 2023, 15, 44607.

V. N. V. A. Uppuluri, S. Thukani Sathanantham, S. K. Bhimavarapu,
L. Elumalai, Adv. Pharm. Bull. 2022, 12, 437.

H. Baniasadi, S. Mashayekhan, S. Fadaoddini, Y.
Haghirsharifzamini, J. Biomater. Appl. 2016, 31, 152.

L. E. Bertassoni, M. Cecconi, V. Manoharan, M. Nikkhah, |.
Hjortnaes, A. L. Cristino, G. Barabaschi, D. Demarchi, M. R.
Dokmeci, Y. Yang, A. Khademhosseini, Lab Chip 2014, 14, 2202.

B. Seal, Mater. Sci. Eng.: R: Rep. 2001, 34, 147.

M. T. Spang, K. L. Christman, Acta Biomater. 2018, 68, 1.

P. Ramiah, L. C. du Toit, Y. E. Choonara, P. P. D. Kondiah, V. Pillay,
Front. Mater. 2020, 7, 76.

D. N. Heo, W.-K. Ko, M. S. Bae, |. B. Lee, D.-W. Lee, W. Byun, C. H.
Lee, E.-C. Kim, B.-Y. Jung, |. K. Kwon, J. Mater. Chem. B 2014, 2, 1584.
W. Song, D. C. Markel, X. Jin, T. Shi, W. Ren, J. Biomed. Mater. Res.
A 2012, 100, 3071.

L. Xu, M. Varkey, A. Jorgensen, |. Ju, Q. Jin, ). i. H. Park, Y. Fu, G.
Zhang, D. Ke, W. Zhao, R. Hou, A. Atala, Biofabrication 2020, 12,
045012.

C. B. Goy, R. E. Chaile, R. E. Madrid, React. Funct. Polym. 2019, 145,
104314.

A. Herrmann, R. Haag, U. Schedler, Adv. Healthcare Mater. 2021, 10,
2100062.

C. Liu, X. Liu, C. Liu, N. Wang, H. Chen, W. Yao, G. Sun, Q. Song, W.
Qiao, Biomaterials 2019, 205, 23.

H. Liu, Y. Wang, K. Cui, Y. Guo, X. Zhang, J. Qin, Adv. Mater. 2019,
31, 1902042.

T. Andersen, P. Auk-Emblem, M. Dornish, Microarrays (Basel) 2015,
4, 133.

F. Ruedinger, A. Lavrentieva, C. Blume, I. Pepelanova, T. Scheper,
Appl. Microbiol. Biotechnol. 2015, 99, 623.

R. Schmid, S. K. Schmidt, J. Hazur, R. Detsch, E. Maurer, A. R.
Boccaccini, ). Hauptstein, ). Te@mar, T. Blunk, S. Schriifer, D. W.
Schubert, R. E. Horch, A. K. Bosserhoff, A. Arkudas, A. Kengelbach-
Weigand, Cancers (Basel) 2020, 12, 2320.

T. A. Ulrich, A. Jain, K. Tanner, J. L. MacKay, S. Kumar, Biomaterials
2010, 37, 1875.

L. Miebach, M. Hagge, S. Bekeschus, Cancer Cell Cultures Bioeng.
2023, 10, 367.

N. Bhattarai, F. A. Matsen, M. Zhang, Macromol. Biosci. 2005, 5, 107.
J. C. Fontoura, C. Viezzer, F. G. dos Santos, R. A. Ligabue, R.
Weinlich, R. D. Puga, D. Antonow, P. Severino, C. Bonorino, Mater.
Sci. Eng. C Mater. Biol. Appl. 2020, 107, 110264.

X. Gong, C. Lin, ). Cheng, ). Su, H. Zhao, T. Liu, X. Wen, P. Zhao,
PLoS One 2015, 10, 0130348.

M. Sun, A. Liu, X. Yang, J. Gong, M. Yu, X. Yao, H. Wang, Y. He, Adv.
NanoBiomed. Res. 2021, 1, 2000066.

S. Bekeschus, A. Schmidt, F. Niessner, T. Gerling, K. D. Weltmann,
K. Wende, J. Visual. Exp. 2017, 129, 5633 1.

K. L. M. Taaca, E. |. Prieto, M. R. Vasquez, Jr., Polymers (Basel) 2022,
14, 2560.

T. Kawasaki, W. Eto, M. Hamada, Y. Wakabayashi, Y. Abe, K. Kihara,
Jpn. J. Appl. Phys. 2015, 54, 086201.

T. Kawasaki, K. Kawano, H. Mizoguchi, Y. Yano, K. Yamashita, M.
Sakai, T. Shimizu, G. Uchida, K. Koga, M. Shiratani, IEEE Trans.
Plasma Sci. 2014, 42, 2482.

H. R. Lee, H.-Y. Lee, |. Heo, J. Y. Jang, Y. S. Shin, C.-H. Kim, Mater.
Sci. Eng., C 2021, 128, 112304.

M. Suresh, V. S. S. K. Kondeti, P. ). Bruggeman, J. Phys. D: Appl. Phys.
2022, 55, 185201.

S. Bekeschus, A. Schmidt, K.-D. Weltmann, T. von Woedtke, Clin.
Plasma Med. 2016, 4, 19.

[133]
[134]

[135]
[136]

[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]

[150]
[151]

[152]
[153]

[154]
[155]
[156]
[157]
[158]
[159]
[160]
[161]
[162]
[163]
[164]
[165]
[166]

[167]

2403856 (21 of 23)

www.small-journal.com

R. Brandenburg, Plasma Sources Sci. Technol. 2017, 26, 053001.

J. M. Bulson, D. Liveris, |. Derkatch, G. Friedman, . Geliebter, S.
Park, S. Singh, M. Zemel, R. K. Tiwari, Mycoses 2020, 63, 225.

H. Zhu, L. Guo, M. Li, Y. Jiang, H. Li, Vacuum 2021, 184, 109888.
G. Dalei, S. Das, S. P. Das, Int. J. Polym. Mater. Polym. Biomater.
2019, 70, 75.

C. Labay, I. Hamouda, F. Tampieri, M.-P. Ginebra, C. Canal, Sci. Rep.
2019, 9, 16160.

M. Zivanic, A. Espona-Noguera, A. Lin, C. Canal, Adv. Sci. (Weinh)
2023, 70, 2205803.

S.-J. Lee, D. Yan, X. Zhou, H. Cui, T. Esworthy, S. Y. Hann, M. Keidar,
L. G. Zhang, Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 111, 110844.
Z.Liu, Y. Zheng, J. Dang, ). Zhang, F. Dong, K. Wang, |. Zhang, ACS
Appl. Mater. Interfaces 2019, 11, 22941.

X. Solé-Marti, T. Vilella, C. Labay, F. Tampieri, M.-P. Ginebra, C.
Canal, Biomater. Sci. 2022, 10, 3845.

M. Zivani¢, A. Espona-Noguera, H. Verswyvel, E. Smits, A. Bogaerts,
A. Lin, C. Canal, Adv. Funct. Mater. 2023, 34, 2312005.

C. Labay, M. Roldén, F. Tampieri, A. Stancampiano, P. E. Bocanegra,
M.-P. Ginebra, C. Canal, ACS Appl. Mater. Interfaces 2020, 12, 47256.
T. Fang, X. Cao, B. Shen, Z. Chen, G. Chen, Biomaterials 2023, 300,
1221809.

P. Eisenhauer, N. Chernets, Y. Song, D. Dobrynin, N. Pleshko, M. ).
Steinbeck, T. A. Freeman, J. Tissue Eng. Regener. Med. 2016, 10, 772.
R. Matthes, S. Bekeschus, C. Bender, |. Koban, N. O. Hubner, A.
Kramer, GMS Krankenhhyg Interdiszip 2012, 7, Doc02.

S. Bekeschus, A. Kramer, A. Schmidt, Molecules 2021, 26, 5682.

L. Nonnenmacher, M. Fischer, L. Haralambiev, S. Bekeschus, F.
Schulze, G. I. Wassilew, J. Schoon, J. C. Reichert, EFORT Open Rev.
2023, 8, 409.

C. Canal, F. Gaboriau, S. Villeger, U. Cvelbar, A. Ricard, Int. J. Pharm.
2009, 367, 155.

N. Eswaramoorthy, D. R. McKenzie, Biophys. Rev. 2017, 9, 895.

S. Zhai, M. Xu, Q. Li, K. Guo, H. Chen, M. G. Kong, Y. Xia, J. Invest.
Dermatol. 2021, 141, 2710.

S.). Bidarra, C. C. Barrias, P. L. Granja, Acta Biomater. 2014, 10, 1646.
E. Freund, S. Bekeschus, IEEE Trans. Radiat. Plasma Med. Sci. 2021,
5,761.

H. Tanaka, S. Bekeschus, D. Yan, M. Hori, M. Keidar, M. Laroussi,
Cancers 2021, 13, 1737.

T. Maeda, F. Endo, K. Tsuji, A. Hotta, in Handbook of Modern Coating
Technologies, Elsevier, Amsterdam, 2021, pp. 69-100.

P. Panda, R. K. Mahanta, S. Das, High Energy Chem. 2023, 57, 541.
A. Chaichi, A. Prasad, L. Kootta Parambil, S. Shaik, A. Hemmasian
Ettefagh, V. Dasa, S. Guo, M. L. Osborn, R. Devireddy, M. M.
Khonsari, M. R. Gartia, ACS Biomater. Sci. Eng. 2019, 5, 2147.

A. Arkhangelskiy, A. Quaranta, A. Motta, Y. J. Yang, V. K. Yadavalli,
D. Maniglio, Adv. Mater. Interfaces 2022, 9, 2200454.

J. Xu, Y. Li, J. Yang, S. Zhou, W. Situ, Int. J. Biol. Macromol. 2023, 230,
123257.

B. Kaczmarek-Szczepariska, M. Wekwejt, A. Patubicka, A. Michno, L.
Zasada, A. M. Alsharabasy, Int. J. Biol. Macromol. 2024, 258, 128870.
C. C. Winterbourn, Nat. Chem. Biol. 2008, 4, 278.

N. Gaur, B. L. Patenall, B. Ghimire, N. T. Thet, ). E. Gardiner, K. E. Le
Doare, G. Ramage, B. Short, R. A. Heylen, C. Williams, R. D. Short,
T. A. Jenkins, ACS Appl. Mater. Interfaces 2023, 15, 19989.

S.-C. Liao, Y.-D. Wu, J.-K. Siao, Coatings 2023, 13, 367.

F. Tan, Y. Fang, L. Zhu, M. Al-Rubeai, Crit. Rev. Biotechnol. 2021, 41,
425.

J. Gomez-Tames, Y. Fukuhara, S. He, K. Saito, K. Ito, W. Yu, Comput.
Biol. Med. 2015, 61, 144.

M. A. Kandadai, ). L. Raymond, G. J. Shaw, Mater. Sci. Eng. C Mater.
Biol. Appl. 2012, 32, 2664.

R. Pomfret, K. Sillay, G. Miranpuri, Ann. Neurosci. 2013, 20, 99.

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[168]
[169]
[170]
171
[172]
[173]
[174]
[175]
[176]

[177]

[178]
[179]

[180]
[181]

[182]

[183]
[184]
[185]

[186]
[187]

[188]
[189]
[190]
[191]
[192]
[193]
[194]

[195]
[196]

[197]
[198]
[199]

[200]
[201]

[202]

Small 2025, 21, 2403856

Juill

M. P. Robinson, M. J. Richardson, J. L. Green, A. W. Preece, Phys.
Med. Biol. 1991, 36, 1565.

L. S. Solanki, S. Singh, D. Singh, Optik 2016, 127, 2217.

T. Sunaga, H. lkehira, S. Furukawa, M. Tamura, E. Yoshitome, T.
Obata, H. Shinkai, S. Tanada, H. Murata, Y. Sasaki, Bioelectromag-
netics 2003, 24, 214.

T. Takimoto, T. Onishi, K. Saito, M. Takahashi, S. Uebayashi, K. Ito,
Electron. Commun. Jpn 2007, 90, 48.

R. Pethig, Clin. Phys. Physiol. Meas. 1987, 8, 5.

R. Pethig, D. B. Kell, Phys. Med. Biol. 1987, 32, 933.

Z. Shi, X. Gao, M. W. Ullah, S. Li, Q. Wang, G. Yang, Biomaterials
2016, 111, 40.

G. Scionti, M. Moral, M. Toledano, R. Osorio, ). D. G. Durdn, M.
Alaminos, A. Campos, M. T. Lépez-L6pez, J. Biomed. Mater. Res. A
2014, 102, 2573.

P. X. Ma, Adv. Drug Delivery Rev. 2008, 60, 184.

K. Zell, ). I. Sperl, M. W. Vogel, R. Niessner, C. Haisch, Phys. Med.
Biol. 2007, 52, N475.

G. Bauer, IEEE Trans. Radiat. Plasma Med. Sci. 2018, 2, 87.

H. Zhang, J. Zhang, Z. Liu, D. Xu, L. Guo, D. Liu, M. G. Kong, Plasma
Processes Polym. 2019, 16, 1970026.

B. W. Pogue, M. S. Patterson, J. Biomed. Opt. 2006, 11, 041102.

S. B. Karki, T. T. Gupta, E. Yildirim-Ayan, K. M. Eisenmann, H. Ayan,
J. Phys. D: Appl. Phys. 2017, 50, 315401.

L. Miebach, E. Freund, R. Clemen, K.-D. Weltmann, H.-R.
Metelmann, T. von Woedtke, T. Gerling, K. Wende, S. Bekeschus,
Free Radical Biol. Med. 2022, 180, 210.

S. K. Sagwal, S. Bekeschus, Oxid. Med. Cell. Longevity 2021, 2021,
6816214,

X. Lu, M. Keidar, M. Laroussi, E. Choi, E. ). Szili, K. Ostrikov, Mater.
Sci. Eng.: R: Rep. 2019, 138, 36.

J. Duan, L. Gan, L. Nie, F. Sun, X. Lu, G. He, Phys. Plasmas 2019, 26,
043504.

A. H. Muhr, ). M. V. Blanshard, Polymer 1982, 23, 1012.

T. Kawasaki, S. Kusumegi, A. Kudo, T. Sakanoshita, T. Tsurumaru, A.
Sato, IEEE Trans. Plasma Sci. 2016, 44, 3223.

T. Kawasaki, K. Koga, M. Shiratani, Jpn. J. Appl. Phys. 2020, 59,
110502.

T. Kawasaki, F. Mitsugi, K. Koga, M. Shiratani, J. Appl. Phys. 2019,
125,213303.

M. Thulliez, O. Bastin, A. Nonclercq, A. Delchambre, F. Reniers, J.
Phys. D: Appl. Phys. 2021, 54, 463001.

D. Liu, T. He, Z. Liu, S. Wang, Z. Liu, M. Rong, M. G. Kong, Plasma
Process. Polym. 2018, 15, 1870022.

J. Kapaldo, X. Han, S. Ptasinska, Plasma Process. Polym. 2019, 16,
1800169.

D. Dobrynin, G. Fridman, G. Friedman, A. A. Fridman, Plasma Med.
2012, 2, 71.

D. Park, G. Fridman, A. Fridman, D. Dobrynin, IEEE Trans. Plasma
Sci. 2013, 41, 1725.

M. Du, H. Xu, Y. Zhu, R. Ma, Z. Jiao, AIP Adv. 2020, 10, 025036.

E. ). Szili, J. W. Bradley, R. D. Short, J. Phys. D-Appl. Phys. 2014, 47,
152002.

X. Chen, Z. Zhong, Z. Xu, L. Chen, Y. Wang, Free Radic. Res. 2010,
44, 587.

T. He, D. Liu, Z. Liu, S. Wang, Z. Liu, M. Rong, M. G. Kong, J. Phys.
D: Appl. Phys. 2019, 52, 045204.

P.-C. Chien, C.-Y. Chen, Y.-C. Cheng, T. Sato, R.-Z. Zhang, J. Appl.
Phys. 2021, 129, 163302.

R. H. Bogue, J. Ind. Eng. Chem. 2002, 14, 32.

A. Helmke, D. Hoffmeister, N. Mertens, S. Emmert, |. Schuette, W.
Vioel, New J. Phys. 2009, 11, 115025.

A. V. Omran, G. Busco, L. Ridou, S. Dozias, C. Grillon, ). M.
Pouvesle, E. Robert, Plasma Sources Sci. Technol. 2020, 29, 105002.

[203]

[204]

[205]
[2086]
[207]
[208]

[209]

[210]

[217]

[212]
[213]
[214]
[215]
[216]
217]
[218]

[219]
[220]

[221]
[222]

[223]
[224]
[225]
[226]
[227]
[228]
[229]
[230]

[231]
[232]

2403856 (22 of 23)

www.small-journal.com

N. Gaur, H. Kurita, ).-S. Oh, S. Miyachika, M. Ito, A. Mizuno, A. |.
Cowin, S. Allinson, R. D. Short, E. J. Szili, J. Phys. D-Appl. Phys. 2021,
54,035203.

T. Kawasaki, A. Sato, S. Kusumegi, A. Kudo, T. Sakanoshita, T.
Tsurumaru, G. Uchida, K. Koga, M. Shiratani, Appl. Phys. Express
2016, 9, 076202.

K. Wende, T. von Woedtke, K.-D. Weltmann, S. Bekeschus, Biol.
Chem. 2018, 400, 19.

L. Miebach, E. Freund, R. Clemen, S. Kersting, L.-l. Partecke, S.
Bekeschus, Proc. Natl. Acad. Sci. USA 2022, 119, 2200708119.

A. Espona-Noguera, F. Tampieri, C. Canal, Int. J. Biol. Macromol.
2024, 257, 128841.

J. Byun, Y. Wu, J. Lee, ). S. Kim, G. Shim, Y.-K. Oh, Biomaterials 2023,
299, 122162.

Y.-H. Chen, E.-Y. Chuang, P.-R. Jheng, P-C. Hao, J.-H. Hsieh,
H.-L. Chen, B. W. Mansel, Y.-Y. Yeh, C.-X. Lu, J.-W. Lee, Y.-C.
Hsiao, N. Bolouki, Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 131,
112488.

A. Espona-Noguera, M. Zivanic,
Privat-Maldonado, C. Canal, Macromol.
2400213.

B. Ghimire, E. ). Szili, P. Lamichhane, R. D. Short, . S. Lim, P. Attri,
K. Masur, K.-D. Weltmann, S.-H. Hong, E. H. Choi, Appl. Phys. Lett.
2019, 114, 093701.

T. Darny, ). M. Pouvesle, V. Puech, C. Douat, S. Dozias, E. Robert,
Plasma Sources Sci. Technol. 2017, 26, 045008.

T. He, D. Liu, Z. Liu, Z. Liu, Q. Li, M. Rong, M. G. Kong, Appl. Phys.
Lett. 2017, 111, 211105.

D. B. Zolotukhin, L. Lin, E. Gjika, M. Keidar, Plasma Processes Polym.
2019, 16, 1900129.

T. He, D. Liu, H. Xu, Z. Liu, D. Xu, D. Li, Q. Li, M. Rong, M. G. Kong,
J. Phys. D: Appl. Phys. 2016, 49, 205204.

P. Jaipan, A. Nguyen, R. J. Narayan, MRS Commun. 2017, 7, 416.

S. Mohanto, S. Narayana, K. P. Merai, J. A. Kumar, A. Bhunia, U.
Hani, A. Al Fatease, B. H. ). Gowda, S. Nag, M. G. Ahmed, K. Paul,
L. K. Vora, Int. J. Biol. Macromol. 2023, 253, 127143.

Y. Meng, ). Lu, Y. Cheng, Q. Li, H. Wang, Int. J. Biol. Macromol. 2019,
135, 1006.

P. A. Janmey, J. P. Winer, ). W. Weisel, J. R. Soc. Interface 2009, 6, 1.
C. B. Highley, G. D. Prestwich, . A. Burdick, Curr. Opin. Biotechnol.
2016, 40, 35.

J. A. Burdick, G. D. Prestwich, Adv. Mater. 2011, 23, H41.

W. Xiao, A. Ehsanipour, A. Sohrabi, S. K. Seidlits, J. Vis. Exp. 2018,
138, 58176.

M. Grieco, O. Ursini, I. E. Palama, G. Gigli, L. Moroni, B. Cortese,
Mater. Today Bio 2022, 17, 100453.

S. H. Zainal, N. H. Mohd, N. Suhaili, F. H. Anuar, A. M. Lazim, R.
Othaman, J. Mater. Res. Technol. 2021, 10, 935.

K. M. Z. Hossain, V. Calabrese, M. A. da Silva, S. |. Bryant, J. Schmitt,
J. L. Scott, K. ). Edler, Carbohydr. Polym. 2020, 233, 115816.

M. Maswal, O. A. Chat, A. A. Dar, Colloid Polym. Sci. 2015, 293,
1723.

F. Jiang, X.-W. Xu, F.-Q. Chen, H.-F. Weng, J. Chen, Y. Ru, Q. Xiao,
A.-F. Xiao, Mar. Drugs 2023, 21, 299.

P. Zucca, R. Fernandez-Lafuente, E. Sanjust, Molecules 2016, 21,
1577.

M. Qamruzzaman, F. Ahmed, M. I. H. Mondal, J. Polym. Environ.
2021, 30, 19.

S. R. Van Tomme, W. E. Hennink, Expert Rev. Med. Devices 2007, 4,
147.

F. Charbonier, D. Indana, O. Chaudhuri, Curr Protoc 2021, 1, 124.
M. C. G. Pell4, M. K. Lima-Tenério, E. T. Tenério-Neto, M. R.
Guilherme, E. C. Muniz, A. F. Rubira, Carbohydr. Polym. 2018, 196,
233.

E. Smits, A. Bogaerts, A.
Biosci. 2024, 24,

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[233]
[234]

[235]

[236]

[237]

[238]

[239]
[240]

[247]

[242]
[243]

[244]

[245]

[246]
[247]

[248]

Small 2025, 21, 2403856

smidll

R. Yegappan, V. Selvaprithiviraj, S. Amirthalingam, R. Jayakumar,
Carbohydr. Polym. 2018, 198, 385.

M. Barikani, E. Oliaei, H. Seddigi, H. Honarkar, Iranian Polym. J.
2014, 23, 307.

S. S. Han, S. M. Ji, M. J. Park, M. Suneetha, U. T. Uthappa, Pectin
Based Hydrogels for Drug Delivery Applications: A Mini Review.
Gels 2022, 8.

C. N. Elangwe, S. N. Morozkina, R. O. Olekhnovich, V. O. Polyakova,
A. Krasichkov, P. K. Yablonskiy, M. V. Uspenskaya, Int. J. Mol. Sci.
2023, 24, 4962.

C. C. Lin, K. S. Anseth, Pharm. Res. 2009, 26, 631.

S. Jiang, S. Liu, W. Feng, J. Mech. Behav. Biomed. Mater. 2011, 4,
1228.

K. Hanna, O. Yasar-Inceoglu, O. Yasar, MRS Adv. 2018, 3, 1697.

M. Hakim Khalili, R. Zhang, S. Wilson, S. Goel, S. A. Impey, A. I.
Aria, Polymers (Basel) 2023, 15, 2341.

Y. S. Casadio, D. H. Brown, T. V. Chirila, H.-B. Kraatz, M. V. Baker,
Biomacromolecules 2010, 11, 2949.

Y. S. Zhang, A. Khademhosseini, Science 2017, 356, aaf3627.

X. Solé-Marti, C. Labay, Y. Raymond, J. Franch, R. Benitez, M. P.
Ginebra, C. Canal, Plasma Process. Polym. 2022, 20, 2200155.

C. G. Cuéllar-Gaona, ). A. Gonzélez-Lépez, E. O. Martinez-Ruiz,
P. Acufia-Vazquez, M. D. Davila-Medina, J. J. Cedillo-Portillo, R. I.
Narro-Céspedes, G. Soria-Arguello, M. Puca-Pacheco, M. C. Ibarra-
Alonso, M. G. Neira-Veldzquez, Plasma Chem. Plasma Process. 2024,
44, 2303.

M. Camara-Torres, R. Sinha, P. Scopece, T. Neubert, K. Lachmann,
A. Patelli, C. Mota, L. Moroni, ACS Appl. Mater. Interfaces 2021, 13,
3631.

G. Dalei, S. Swain, S. Das, S. P. Das, ChemistrySelect 2020, 5, 2168.
I. Hamouda, C. Labay, M. P. Ginebra, E. Nicol, C. Canal, Polymer
2020, 792, 122308.

D. Kurniawan, R.-C. Jhang, K. K. Ostrikov, W.-H. Chiang, ACS Appl.
Mater. Interfaces 2021, 13, 34572.

[249]

[250]

[251]

[252]

[253]
[254]
[255]

[256]

[257]
[258]

[259]

[260]

[261]

[262]

2403856 (23 of 23)

www.small-journal.com

N. Gaur, E. J. Szili, J.-S. Oh, S.-H. Hong, A. Michelmore, D. B.
Graves, A. Hatta, R. D. Short, Appl. Phys. Lett. 2015, 107, 103703.
T. Kawasaki, S. Kusumegi, A. Kudo, T. Sakanoshita, T. Tsurumaru,
A. Sato, G. Uchida, K. Koga, M. Shiratani, J. Appl. Phys. 2016, 119,
173301.

Y. R. Lee, S. Lee, D. G. Kim, Biomed. Phys. Eng. Express 2019, 5,
045027.

S. E. Marshall, A. T. A. Jenkins, S. A. Al-Bataineh, R. D. Short, S.-H.
Hong, N. T. Thet, J.-S. Oh, J. W. Bradley, E. ]. Szili, J. Phys. D: Appl.
Phys. 2013, 46, 185401

F. Mitsugi, S. Kusumegi, T. Kawasaki, IEEE Trans. Plasma Sci. 2018,
47, 1057.

J.-S. Oh, E. J. Szili, N. Gaur, S.-H. Hong, H. Furuta, R. D. Short, A.
Hatta, J. Photopolym. Sci. Technol. 2015, 28, 439.

J.-S. Oh, E. . Szili, S. Ito, S.-H. Hong, N. Gaur, H. Furuta, R. D. Short,
A. Hatta, Plasma Med. 2015, 5, 125.

J.-S. Oh, E. J. Szili, N. Gaur, S.-H. Hong, H. Furuta, H. Kurita,
A. Mizuno, A. Hatta, R. D. Short, J. Phys. D-Appl. Phys. 2016, 49,
304005.

J.-S. Oh, E. ). Szili, S.-H. Hong, N. Gaur, T. Ohta, M. Hiramatsu, A.
Hatta, R. D. Short, M. Ito, J. Photopolym. Sci. Technol. 2017, 30, 317.
B. Surowsky, A. Fischer, O. Schlueter, D. Knorr, Innovative Food Sci.
Emerg. Technol. 2013, 19, 146.

E. ). Szili, N. Gaur, S.-H. Hong, H. Kurita, J.-S. Oh, M. Ito, A. Mizuno,
A. Hatta, A. ]. Cowin, D. B. Graves, R. D. Short, J. Phys. D: Appl. Phys.
2017, 50, 274001.

E. ). Szili, J.-S. Oh, H. Fukuhara, R. Bhatia, N. Gaur, C. K. Nguyen,
S.-H. Hong, S. Ito, K. Ogawa, C. Kawada, T. Shuin, M. Tsuda, M.
Furihata, A. Kurabayashi, H. Furuta, M. Ito, K. Inoue, A. Hatta, R. D.
Short, Plasma Sources Sci. Technol. 2017, 27, 014001.

E. ). Szili, ).-S. Oh, S.-H. Hong, A. Hatta, R. D. Short, J. Phys. D: Appl.
Phys. 2015, 48, 202001.

X. Wang, Z. Liu, L. Zhao, H. Yang, J. Qin, J. Zhang, J. Zhao, X. Guan,
W. Zhang, J. Ma, Sci. China Technol. Sci. 2023, 66, 2808.

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

	Biomimetic Hydrogels 9040� Tools for Regenerative Medicine, Oncology, and Understanding Medical Gas Plasma Therapy
	1. Introduction
	2. Classification of Hydrogels for Biological Applications: Advantages and Disadvantages
	2.1. Natural Hydrogels
	2.2. Synthetic Hydrogels
	2.3. Hybrid Hydrogels

	3. Applications of Hydrogels and Motivations
	3.1. Wound Healing
	3.2. Drug/Material Delivery
	3.3. Regenerative Medicine
	3.4. Hydrogel-Based Bio-Sensors
	3.5. 3D Cell Culture

	4. The Use of Hydrogels in Biology and Plasma Research
	4.1. ROS Carrier
	4.2. Surface and Core Modifications
	4.3. Tissue Modeling for Plasma Research

	5. Prospects and Developments of Hydrogel in Plasma Research Applied to Medicine
	6. Conclusion
	Acknowledgements
	Conflict of Interest
	Keywords


		2025-02-28T17:07:48+0530
	Preflight Ticket Signature




