
Vol:.(1234567890)

Biomedical Materials & Devices (2023) 1:146–161
https://doi.org/10.1007/s44174-022-00028-x

1 3

REVIEW

Sensing of Physical Factors by Cells: Electric Field, Mechanical Forces, 
Physical Plasma and Light—Importance for Tissue Regeneration

Meike Bielfeldt1   · Henrike Rebl1   · Kirsten Peters1   · Kaarthik Sridharan1 · Susanne Staehlke1   · 
J. Barbara Nebe1 

Received: 25 May 2022 / Accepted: 16 August 2022 / Published online: 9 September 2022 
© The Author(s) 2022

Abstract
The development of new biomaterials and medical devices has become a growing field of interdisciplinary research. The 
medical devices for tissue and cell treatments are being constructed for the application in regenerative medicine. There are 
many different approaches to improve cellular functions and it is known that physical stimuli affect cell physiology such 
as proliferation and differentiation. In this review we focus on electrical and mechanical stimulation as well as cold atmos-
pheric pressure plasma treatment and photobiomodulation. Bone forming cells show improved proliferation and migration 
after electrical stimulation, which is used as treatment in bone fracture healing and to enhance osseointegration. Especially 
mechanical forces have direct effects on central cell signalling pathways and cell adhesion to biomaterial surfaces. Physical 
plasma promotes tissue regeneration and exhibits anti-carcinogenic effects, while light of different wavelengths also improves 
wound healing and tissue repair by influencing stem cell fate. Although the treatment approaches are different, all these 
physical factors lead to the activation of cell signalling via calcium and reactive oxygen species. A better understanding of 
the cellular response to the applied stimuli will help develop efficient treatment strategies and optimised device settings.
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Introduction

Physical stimuli are essential for cell functions as well as 
important players in normal tissue development, cell regen-
eration, and disease. Just as organisms can sense their envi-
ronment, individual cells recognise physical parameters in 
the extracellular environment. For optimal growth of cells 
in vitro, the pH, temperature, and CO2 concentration must 
be controlled and adapted to fit the cell’s needs. Apart from 
these well-known and established parameters many other 
physical stimuli influence cellular behaviour. The stiffness 
of the surface, on which cells grow, influences their pheno-
type and gene expression [1]. For example, stem cells dif-
ferentiate in a osteoblastic direction when grown on rigid 
surfaces, while stem cells grown on softer substrates favour 
adipogenic differentiation [2, 3]. The transduction of extra-
cellular mechanical forces into intracellular biochemical 

signals is called mechanotransduction, which is also respon-
sible for translating shear stress or other mechanical stimuli 
into cellular signals. The variety of physical stimuli and the 
complexity of extra- and intracellular signals triggered are 
very large. However, second messengers such as calcium 
ions (Ca2+) and reactive oxygen species (ROS) play impor-
tant roles in the activation of downstream signalling. Ca2+ 
concentrations in the cytoplasm are ca. 20,000 times lower 
than in the extracellular environment. This concentration 
gradient is utilised in fast responses to external stimuli, as 
intracellular concentration increases, leading to changes in 
muscle contraction, exocytosis, synaptic transmission, and 
gene expression [4].

ROS are highly reactive oxygen metabolites which can 
oxidise proteins, lipids and DNA. ROS are generated in nor-
mal cell metabolism such as the respiratory chain and the 
membrane-bound enzyme complex nicotinamide adenine 
dinucleotide phosphate (NADPH)-oxidases and contributes 
to cell signalling in physiological as well as pathological 
processes [5].

New treatment strategies are focusing on the application 
of physical stimuli for tissue regeneration. In this review we 
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aim to examine electrical, mechanical and light stimuli as 
well as physical plasma application on cell signalling and 
behaviour with the focus on intracellular Ca2+ and ROS 
pathways.

Electric Field

Electrical signals play a crucial part in physiological pro-
cesses, from brain activity to heart-beat. The electrophysi-
ology of neurons and cardiomyocytes has been studied 
intensively as well as their response to external electrical 
stimuli. Deep brain stimulation and artificial cardiac pace-
makers have long been the standard of care. However, it 
is not widely known that bone also responds to electrical 
signalling. Fukada and Yasuda first described the piezo-
electric properties of dried bone [6], and piezoelectrical 
properties were also described in moisture bone later [7]. 
Through body movements, tissue deformation occurs in the 
bone, creating strain-related potentials. Also, bioelectrical 
potentials are generated by biological processes like aero-
bic glycolysis in the tissue. Especially fracture sites exhibit 
a negative voltage of 10–30 mV compared to undamaged 
tissue 1–2 cm away. In areas of negative polarisation, bone 
formation was detected [8]. Following these findings, many 
in vivo studies on the beneficial role of external electrical 
stimulation in bone healing have been conducted. A meta-
analysis from 2011 evaluated 105 clinical studies and 35 
in vitro studies [9]. The authors concluded that most studies 
favoured electrical stimulation, although no standard treat-
ment is available, and the results are difficult to compare. 
This ambiguity is due to three possible modalities for bone 
growth stimulation: direct contact, capacitive coupling, 
and inductive coupling (pulsed electromagnetic field) [10]. 
Moreover, different parameters in the electric field magni-
tude, stimulation duration, current, voltage and frequency 
were used in these studies, making a comparison even more 
difficult [11]. For reproducible results, detailed information 
about electronic devices, the experimental set-up, and the 
applied stimulus parameters should be provided. This way, 
in silico simulations can estimate the electric field more 
accurately and make the assessment and interpretation of 
biological results easier [12].

In vitro experiments have shown a wide range of effects 
on cell functions. Improved cell-material interactions and 
proliferation were noticed after stimulation of osteoblasts 
on titanium surfaces [13] and anodized titanium [14, 15]. 
Pettersen et al. also described improved cell survival after 
pulsed electrical stimulation and enhanced collagen pro-
duction [16]. Collagen I mRNA was found to be increased 
depending on the used voltage even when no enhanced 
proliferation was described [17]. Also alkaline phos-
phatase (ALP) activity and gene expression was found to be 

enhanced at low voltages indicating osteogenic differentia-
tion. Furthermore, gene expression of bone morphogenetic 
protein 2 and osteopontin, which contribute to osteogenic 
differentiation, were elevated after direct current (DC) stim-
ulation of pre-osteoblasts [18]. Capacitive coupled electrical 
stimulation with 0.7 V/mm and a high frequency pulse of 
60 kHz was found to enhance osteogenic differentiation in 
pre-osteoblasts and mesenchymal stem cells in vitro [19].

Many studies report changes in Ca2+ concentration due to 
stimulation. Khatib et al. described 45 times higher intracel-
lular Ca2+ concentrations in human osteoblasts 20 min after 
the beginning of DC stimulation with 2 V/cm. They found an 
influx of extracellular Ca2+ through stretch-activated cation 
channels (SACC) and a release from intracellular stores, 
as well as the activation of phospholipase C (PLC) to con-
tribute to Ca2+ increase [20]. They hypothesised that the 
activation of voltage-gated calcium channels (VGCC) only 
occurs at higher field strengths. Bagne et al. found increased 
protein expression of VGCCs and calmodulin after direct 
stimulation, whereas only calmodulin was increased after 
electromagnetic treatment [21]. They proposed a Ca2+ influx 
either from extracellular or intracellular stores, leading to 
increased cytosolic Ca2+ concentrations and subsequent 
calmodulin activation. After binding Ca2+, calmodulin is 
able to bind specific proteins such as adenylate cyclase type-
1, calmodulin kinases, and G-protein coupled receptors [22]. 
Calmodulin kinase I, II, and IV were shown to be expressed 
in osteoblasts and contribute to osteoblast differentiation 
through the activation of CREB/CRE signalling [23, 24].

Treatment with pulsed electromagnetic fields at 1 mT also 
led to increased proliferation, intracellular Ca2+ levels, and 
osteogenic differentiation in mesenchymal stem cells [25]. 
The authors also found greater protein expression of Wnt1 
and β-catenin. They proposed an interdependent Wnt/Ca2+ 
and Wnt/β-catenin signalling pathway as increased intracel-
lular Ca2+ enables β-catenin translocation into the nucleus. 
The canonical Wnt pathway is well known to play an essen-
tial role in mesenchymal stem cell differentiation and osteo-
blast maturation [26]. Other studies reported the activation 
of the mTOR (mammalian Target of Rapamycin) pathway 
after pulsed electromagnetic field treatment increased prolif-
eration [27]. The activation of mTOR depends on the phos-
phatidylinositol 3-kinase (PI3K) activity [28]. PI3K activity 
is enhanced upon calmodulin binding and therefore sensitive 
to Ca2+ dynamics [29]. The mTOR complexes facilitate bone 
formation and osteoblastic differentiation [30]. Also, some 
Wnt ligands were shown to exhibit their beneficial effects 
on osteoblast proliferation and activity via the activation of 
mTOR signalling [31].

Changes in the Ca2+ oscillation patterns occur during 
osteogenic differentiation of mesenchymal stem cells. Both 
intensity and amplitude of Ca2+ spikes were decreased 
in mature osteoblasts compared to the stem cells. During 
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treatment of mesenchymal stem cells with osteoinductive 
factors or direct contact electrical stimulation, Ca2+ spike 
patterns were altered and resembled osteoblast-specific pat-
terns. Induction of osteogenic differentiation was confirmed 
by increased ALP levels and extracellular Ca2+ deposits [32, 
33]. Sun et al. discussed membrane depolarisation to occur 
after stimulation with high voltages. In contrast, Bhavsar 
et al. treated adipose-derived mesenchymal stem cells with 
smaller voltage DC and observed hyperpolarisation during 
electrically enhanced osteogenic differentiation [34].

Another effect of electrical stimulation is observed during 
DC stimulation. Cells orientate themselves perpendicular 
to the electric field and migrate in the direction of the elec-
trodes [35, 36]. While adipose-derived mesenchymal stem 
cells were found to migrate towards the anode [37], osteo-
blast cell lines migrated towards the anode or cathode [38].

Rohde et al. described directed migration towards the 
anode and increased migration speed under DC stimulation 
in primary human osteoblasts [39]. However, this effect was 
not abolished by inhibiting the transmembrane Ca2+ flux. 
Despite these results, the inhibition of VGCCs by nifedi-
pine during DC stimulation of adipose-derived mesenchy-
mal stem cells abolished the previously seen beneficial 
effect on migration and calcium deposition. The blockage 
of voltage-gated sodium and potassium channels also inhib-
ited enhanced migration [40]. In contrast to Rohde et al., 
Özkucur et al. found the migration of osteoblasts as well as 
redistribution of focal adhesions and the actin cytoskeleton 
to be dependent on Ca2+ in the cell culture medium and 
possibly Ca2+ influx through VGCCs. However, they were 
applying unphysiologically high electric field strengths of 
14 V/cm compared to field strengths of 0.1–0.03 V/cm in 
fracture sites [38].

In consistency with the cell orientation, the cytoskeleton 
was observed to orientate perpendicular to the DC field as 
well [41]. While the mesenchymal stem cells at 0.1 V/cm 
field strength appeared to have denser F-actin structures near 
the cathode, Titushkin and Cho described an impairment of 
actin filaments after stimulation with 2 V/cm [42].

Apart from Ca2+ signalling, many other cellular mecha-
nisms are discussed to contribute to beneficial or adverse 
effects of electrical stimulation. For instance, the direct 
contact stimulation leads to the generation of faradic by-
products such as H2O2 in the cell culture medium. Stimu-
lated medium alone was able to influence cell viability and 
gene expression of osteoblasts [18]. Leppik et al. also dis-
cussed the formation of lipid rafts and ATP synthesis to trig-
ger intracellular signalling after electrical stimulation [10]. 
Lipid rafts were found to cluster during electrical stimu-
lation, leading to the activation of intracellular signalling 
molecules such as PI3K [43].

Taken together, intracellular Ca2+ signalling plays a major 
part in mediating the effects of electrical stimulation of 

bone cells. The origin of the Ca2+ signal may vary depend-
ing on the cell type or stimulation set up and parameters. 
Since there is no standard treatment for electrical stimu-
lation in bone healing, applied parameters and the results 
are often difficult to compare. Identified pathways include 
the activation of calmodulin, mTOR, and Wnt signalling, 
which affect cell proliferation, differentiation, and migration 
in vitro (Fig. 1). Understanding the molecular mechanisms 
of electrical stimulation is essential to optimise stimulation 
parameters in bone healing treatments and further improve 
patients’ lives.

Mechanical Forces

The whole human organism and its physiological processes 
are stimulated by mechanical forces, e.g., by the general 
earth gravitation (9.807 m/s2) or by shear stress due to blood 
flow and pressure in the vascular system. It is well known 
from long-term space flights that gravitation has a remark-
able impact on muscle and bone mass. Mechanical loading 
exercises can regenerate bone mass and function, and are 
also required to maintain bone health whilst aging [44]. The 
weightlessness during human space flights led to bone loss 
of 1.5% per month in the femoral neck of the astronauts 
and cosmonauts, which was detected by dual-energy X-ray 
absorptiometry [45].

In tissues, the cells are permanently influenced by 
dynamic mechanical stimuli in the environment such as 
shear forces, osmotic stress, and stretch via the extracellular 
matrix molecules and their nano-topographical cues [46]. 
In in vitro experiments, the mechanical impact on cells was 
clearly shown. Microgravity conditions (absence of gravita-
tional and, therefore, load-bearing forces) caused a decrease 
in osteoblast cellular integrity accompanied by smaller and 
fewer focal adhesions, thinner cortical actin, and stress fibres 
[47]. Shear stress via pulsating fluid flow influenced the live-
cell volume of MC3T3 osteoblasts, which was decreased by 
half. At the same time the protein expression of intracel-
lular phospho-paxillin and the receptor subtype integrin-α5 
was increased more than twofold [48]. In another approach, 
mechanical stress via an orbital shaker induced signal trans-
duction in erythroblasts, i.e., the signalling molecule extra-
cellular-signal related kinase (ERK), was enhanced in a Ca2+ 
dependent process where mechanosensitive channels were 
involved [49].

Cells are able to sense mechanical forces from the sur-
rounding tissue and neighbouring cells. Specific mecha-
nosensitive ion channels are located in the cell membrane, 
and their components Piezo1 and Piezo2 [50–52] were 
recently structurally identified by electron cryo-microscopy 
by Ardem Patapoutian’s work (Nobel Prize in 2021). The 
multipass transmembrane piezo protein Piezo1 is large with 
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300 kDa [51, 52]. Notably, several groups suggest that the 
response of Piezo1 to mechanical forces from outside the 
cell is dependent on the cytoskeleton’s integrity and scaffold 
proteins [53, 54]. Atomic force microscopy (AFM)-based 
mechanical stimulation of Piezo1 in living cells showed that 
Piezo1 channels were sensitized to mechanical pulling when 
collagen IV, which is responsible for the mechanical connec-
tion in the basal lamina, was the mediator between the cell 
membrane and the cantilever of the AFM [54]. However, 
Piezo1 activation was lower for ECM-coated AFM pulling 
than for AFM pushing with 33 nN and 200 nN, respectively 
[46, 54].

Besides these mechanosensitive cationic ion channels, 
two distinct mechanical sensor points in the cell membrane 
were recovered—the integrins within focal adhesions con-
nected to the extracellular matrix (ECM) and the cadherins 
in cell–cell contacts. In experimental approaches, forces 
in the nm-dimension were found between cell–cell contact 
sides in epithelial cells with approximately 100 nN and 

between cells and the ECM with 200–400 nN [55]. The 
transmembrane adhesion receptors—the integrins—are 
connected to the actin cytoskeleton in the cell via adaptor 
proteins (e. g. paxillin, vinculin), building a “bridge” from 
outside the cell to its interior [56–58]. Thus, physical forces 
can be transmitted outside-in, called mechanotransduction 
[59], which means the conversion of mechanical signals into 
biochemical signals [60]. As a result, intracellular signalling 
molecules can be activated by phosphorylation, e. g. p-ERK 
and p-Akt [61, 62] or released from intracellular stores, such 
as the calcium ions (iCa2+) as “second messengers” [63, 64]. 
A specific integrin α5 receptor has immense importance for 
anabolic actions on skeletal tissue after mechanical loading. 
In a knock-out mouse model the α5 deficiency lead to, i.a., 
impeded load-induced connexin Cx43 hemichannel open-
ing, resulting in inhibited endosteal bone formation [65]. 
Integrin-mediated signalling is specific since mechanically 
stressing of a non-integrin receptor (transferrin) did not pro-
voke the iCa2+ rise in U2-OS osteoblastic cells [66]. Cyclic 

Fig. 1   Possible mechanisms of electrical stimulation induced pro-
liferation and differentiation in mesenchymal stem cells and pre-
osteoblasts. Electric field application leads to an increase of intra-
cellular Ca2+ and subsequent activation of gene expression. CREB/
CRE cAMP response element-binding protein/cAMP response ele-
ment; ER endoplasmic reticulum; IP3 inositol-triphosphate; mTOR 
mammalian target of rapamycin; NF-AT nuclear factor of activated 

T-cells; PI3K phosphatidylinositol 3-kinase; PIP2 phosphatidylin-
ositol-4,5-bisphosphate; PIP3 phosphatidylinositol-3,4,5-trisphos-
phate; PLC phospholipase C; SACC​ stretch-activated cation channel; 
VGCC​ voltage-gated calcium channel. (Parts of the figure were drawn 
by using pictures from Servier Medical Art, licensed under a Crea-
tive Commons Attribution 3.0 Unported License, https://​creat​iveco​
mmons.​org/​licen​ses/​by/3.​0/)

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
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forces of 1 Hz via paramagnetic beads bound to β1- and 
α2-integrin receptors were more effective than continuous 
stress in a magnetic drag force device [62]. The induced bio-
chemical signals are fundamental for the cell physiological 
processes proliferation, differentiation, and migration. Other 
authors identified the same downstream signalling pathway 
and showed that mechanically stretching the whole adherent 
cells (10 min cyclic mode) induced a clear phosphorylation 
of ERK1/2 but not of Akt [67]. In their experiments cells 
grew on fibronectin, a ligand for α5β1integrins. Interest-
ingly, there is an interrelation to the ROS signalling in cells 
during the attachment phase since integrin-mediated cell 
adhesion and growth induced ROS sources, e.g. the mito-
chondria [67, 68].

The actin cytoskeleton plays an important role in mecha-
notransduction. In a work by Wang et al. [69], the mechani-
cal role of these microfilaments was elucidated in 6 h-adher-
ent endothelial cells. The cytoskeletal disrupter cytochalasin 
D inhibited cell stiffness by 50%. Under mechanical exposi-
tion, it was found that integrins directly stably link to the 
actin cytoskeleton. In human leukocytes, the β2-integrins 
were cross-linked with antibodies, and after Triton X-100 
extraction, this induction of a physical linkage of the integrin 
subtype to actin was visible [70]. This physical interaction 
seems to be essential in integrin-mediated signal transduc-
tion [71].

The cell–cell contact sides called cadherins also trans-
duce and respond to mechanical forces and interplay also 
with the integrins via the actin-myosin network [60] (Fig. 2). 
The coordinated interaction between integrins and cadherins 
mechanically connects the actin cytoskeleton to neighbour-
ing cells and to the ECM in order to regulate multicellular 
processes on the tissue level, such as migration and pattern-
ing during morphogenesis [60].

Vinculin as one of the essential adaptor proteins in focal 
adhesions, connecting talin and actin [72] (Fig. 3), was 

found to be also localised in cadherin-dependent adherens 
junctions. Under high intracellular tension, the α-catenin in 
these junctions exposes a binding site for vinculin. Thus 
vinculin links adherens junction to F-actin [73], thereby 
forming a mechanically driven crosstalk between cadherins 
and integrins [60]. These interactions between the cadherin-
mediated cell–cell and the integrin-mediated cell–matrix 
adhesions can be cooperative and interdependent to achieve 
tensional homeostasis in cells [60] and tissue. Thus, trans-
cellular force transmission to neighbouring cells occurs not 
via integrin-type cell–matrix adhesions but via cadherin-
type cell–cell adhesions [74].

The focal adhesion kinase (FAK) is also a central adhe-
sion protein essential for cell mechanical stability in the 
cells’ focal adhesions. The Fabry group discovered that 
FAK-deficient (-/-) mouse embryonic fibroblasts showed 
lower cell stiffness, reduced cell areas, and reduced adhe-
sion strength [75]. They also observed that the increased 
cytoskeletal dynamics was attended by reduced stability of 
the cytoskeleton compared to the wild-type cells.

To receive all the detailed information about cell physi-
ological processes, cells can be mechanically stimulated 
in vitro by several devices such as compressive tensile 
stresses, flow-induced shear stress, cell stretching devices, 
microfluidics [47, 48, 76], microgravity [47] or via magnetic 
drag force devices [62, 63].

Physical Plasma

Physical plasma refers to the fourth state of matter, defined 
as a partially ionised gas [78]. Physical plasma is generated 
by the input of energy, e.g., heat energy, to a neutral gas. 
Plasma consists of charged particles (electrons, ions), neu-
tral and electrically excited atoms and molecules, UV pho-
tons, and radicals. In addition to the industrial application of 

Fig. 2   Transmembrane integrins and cadherins—responsible for 
mechanically sensitive cell connections. Integrin-based focal adhe-
sions to the extracellular matrix (A) and cadherin-based adherens 
junctions in cell–cell contacts (B) transmit mechanical signals via the 

actin–myosin network (C). (Image from Mui, Chen and Assoian [60], 
adapted with permission from J Cell Sci, https://​www.​ncbi.​nlm.​nih.​
gov/​pmc/​artic​les/​PMC48​13297/​bin/​joces-​129-​183699-​g1.​jpg)

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4813297/bin/joces-129-183699-g1.jpg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4813297/bin/joces-129-183699-g1.jpg
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plasma in metal processing and automotive engineering, its 
therapeutic benefits in medicine are also being increasingly 
researched. Thermal argon plasma can be used, for example, 
for heat cauterisation during endoscopic surgery or sterilisa-
tion of medical devices [79].

Especially for medical applications, plasma with lower 
temperatures produced under atmospheric pressure is more 
accessible and versatile. It can also be applied to living tis-
sue, which resulted in the rise of a new field of research 
called plasma medicine. To produce cold atmospheric pres-
sure plasma (CAP), the carrier gas is usually exposed to an 
electric field. Neutral gas always contains a small proportion 
of electrons and ions. These are accelerated by the electric 
field and generate new electrons and ions in collisions with 
neutral atoms and molecules or with the electrode surfaces 
[80]. The plasma’s density, temperature, and composition 
can be influenced by changing the electric field (e.g., field 
strength, pulse duration) [81, 82]. Due to the variety of 
atmospheric plasmas generated (source: Jet or DBD; gas: 
Ar or He ± O2) and energies applied to generate a plasma 
(discharge voltage 1–6 kV and frequency of 2.5 kHz for 
kINPen®MED (neoplas tools GmbH); discharge voltage 
14 kV and frequency of 100–400 Hz for PlasmaDerm® 
(Cinogy GmbH) [83, 84] there are multiple parameters 
influencing the plasma efficacy [84]. This is why, at the 
moment, a standardisation of the term “plasma dose” is 
being discussed worldwide, although a final decision has 
not yet been achieved. In a complex experimental approach 

with 18 varying parameters and subsequent modelling, it 
was shown that especially the parameters “treatment time”, 
“cell number” and “volume of fluid” have an influence on 
the anti-tumor effect of CAP, while e.g. the distance between 
plasma jet and medium is less relevant [85]. In compara-
tive studies, it is therefore enormously important to select 
uniform conditions for the cultivation of the cells [86, 87]. 
Therefore, one of the main tasks for the future is the interna-
tional standardisation of CAP sources for medical use both 
in terms of their technical parameters (beyond the general 
regulations for medical devices) and their biological perfor-
mance. This will be crucial for the comparability and repro-
ducibility of research efforts.

Generally, there is a consensus that the amount and the 
mixing ratio of the generated reactive species are crucial for 
the plasma effect. Lately more insight was gained into the 
dependence of reactive oxygen and nitrogen species (RONS) 
composition, plasma density and electron temperatures on 
target characteristics and plasma-target interactions [88].

The effects of CAP have been described in numerous 
studies; for example, it has a disinfecting effect (bacteria, 
fungi, viruses), promotes tissue regeneration (pH modula-
tion, angiogenesis), is anti-inflammatory and anti-carcino-
genic (pro-apoptotic) [89–91]. The treatments of chronic 
wounds with anti-inflammatory, disinfecting effects and 
promoted wound healing have also been successfully tested 
clinically [91, 92].

Fig. 3   Complex mechanical anchorage of cells in their micro-envi-
ronment with cell–cell and cell—extracellular matrix adhesions. A 
Osteoblastic cells are strongly attached to each other and to the basal 
surface. The intracellular actin cytoskeleton shines through with its 
relief-like stress fibres bridging intracellularly both cell contact types, 
thus providing a mechanically stabile scaffold. (24 h cell growth on 
glass coated with plasma polymer [77], gold sputtered; SEM DSM 
960A, Carl Zeiss, scale bar 25 µm, image from HR). B HCMEC cells 

connected via cadherin contacts (green). The actin cytoskeleton (red) 
is not only organized in stress fibres but also submembranously dis-
tributed nearby the cell–cell borders (nucleus in blue, LSM780, Carl 
Zeiss, scale bar 10 µm, image from P. Müller, Dept. of Cell Biology, 
Rostock). C Adaptor protein vinculin (red) co-localised with actin 
cytoskeleton fibre tips in focal contacts of SLUlar1 cell–matrix adhe-
sions (LSM780, Carl Zeiss, scale bar 5 µm, image from HR)
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In recent years, the potential use of CAP in cancer ther-
apy has been investigated. The controlled application of 
CAP can induce apoptosis of cells in a defined area. Thus, 
eliminating malignant lesions without significant necrosis 
and subsequent inflammation becomes possible. Numerous 
publications have demonstrated CAP-mediated inhibition of 
cell invasion and migration [93, 94] and apoptosis induction 
[94–97] in various cancer cell lines. More recently, the field 
of plasma immunology has been explored as new evidence 
suggests the involvement of the immune system in the anti-
tumorigenic effects of CAP in vivo [98]. Compared to con-
ventional cancer therapies, CAP treatment has been shown 
to be highly selective towards cancer cells [94, 96, 99]. This 
observation places CAP as a promising approach in tumour 
therapy. Therefore, it is essential to explore the mechanisms 
behind the potential selective effect of CAP.

It has not yet been adequately and comprehensively clari-
fied by what means CAP unfolds its anti-carcinogenic, anti-
inflammatory and regenerating efficacy. It is well accepted 
that RONS play a major role. In this context, not only the 
reactive species in the plasma itself are meant, but also 
RONS that are formed intracellularly by plasma treatment 
[89, 100]. Cells produce a well-regulated amount of RONS 
due to normal metabolism, and it is thus tolerated by the 
cells. However, according to the concept of oxidative eus-
tress and distress, lethal effects such as apoptosis may occur 
if a maximum tolerable threshold is exceeded. Therefore, 
depending on the amount of RONS present in the tissue, a 
proliferation-promoting or lethal effect can be generated by 
CAP treatment (Fig. 4). Low concentrations of, e.g., H2O2 or 
peroxynitrite can promote a protective reaction by increasing 

the amount of reducing equivalents, such as NADPH [101]. 
In addition, the induction of the hypoxia-inducible factor 
1α (HIF1α) may lead to increased glycolysis and pro-angi-
ogenic effects [102].

Intracellularly, a high influx of RONS or impairment of 
RONS scavenging pathways leads to RONS accumulation 
resulting in organelle and cell dysfunction. The major RONS 
buffer systems in mitochondria are glutaredoxin, glutathione, 
and thioredoxin systems. The conversion of O2

− to H2O2 
is performed by the SOD (superoxide dismutase) protein 
family. In the mitochondrial matrix, dismutation is mainly 
by SOD2 (MnSOD; manganese-dependent superoxide dis-
mutase), whereas in the intracellular space, dismutation is by 
SOD1 (Cu, Zn-SOD). Decomposition of H2O2 into O2 and 
H2O then occurs via the glutathione redox system, which 
includes glutathione reductases, peroxidases, and peroxire-
doxins [103].

If the RONS level exceeds the cellular detoxification 
capacity, RONS lead to the activation of several signalling 
pathways. The excessive intracellular formation of RONS, 
for example, leads to DNA damage [89]. Reactive species 
also trigger lipid peroxidation reactions, which can lead to 
damage in the cell membrane and thus to an increased influx 
of reactive species into the cell, where they influence the 
metabolism of the cells via the Ca2+ signalling pathway, 
activation of NF-κB, or trigger apoptosis through oxidative 
stress.

ROS such as O2
−, HO·, and H2O2 can influence the intra-

cellular Ca2+ balance. Mild oxidative stress transiently 
increases the Ca2+ concentration via release from intracel-
lular stores. In contrast, severe oxidative stress causes an 
influx of Ca2+ from the extracellular space [104]. Studies on 
melanoma cells showed a marked increase in intracellular 
Ca2+ after CAP treatment. This increase was due to Ca2+ 
release from intracellular stores (mitochondria and endo-
plasmic reticulum). A fundamental aspect within the inter-
action between intracellular Ca2+ and ROS is their tightly 
interconnected regulation. Since Ca2+ signalling is crucial 
for the production of ROS, and vice versa, intracellular Ca2+ 
signalling can be controlled by ROS [105, 106]. The com-
bination of CAP with other treatment regimens may exploit 
this effect, as calcium homeostasis influences the cellular 
reprogramming of cancer cells. Recently, the combination 
of CAP with hyperthermia, a heat treatment at 42 °C, was 
described, demonstrating the activation of transient recep-
tor potential melastatin 2 (TRPM2) and consequently an 
increased intracellular calcium level [107].

A unique mechanism is the chemical reaction of RONS 
with the sulfhydryl groups of redox-sensitive proteins, 
resulting in a covalent and reversible modification of the 
highly reactive cysteine residues in these proteins. Redox-
sensitive proteins with regulatory functions including ion 
translocators, DNA topoisomerases, and signalling proteins 

Fig. 4   Biological responses to reactive oxygen and nitrogen species 
(RONS) mediated stress depend on the dose. Low levels lead to adap-
tive responses in cell signalling, such as induction of anti-oxidant 
gene expression. High levels are associated with irreversible damage 
without signalling involvement
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(protein phosphatases and kinases, nuclear factor kappa B 
(NF-kB), p53, and G proteins) have reactive cysteines at the 
active sites, DNA-interacting motifs, and signalling protein 
interfaces. RONS cause stepwise oxidation of cysteines to 
sulfonic acids. The oxidized cysteines lead to irreversible 
loss of biological activity in most proteins. Experimental 
data showed that several genes, including members of redox-
sensitive proteins such as NF-kB, B-cell lymphoma 2 (Bcl-
2), and tumor necrosis factor family, were strongly affected 
by CAP [108]. Especially the Bcl-2/Bax (Bcl-2-associated X 
protein) ratio is crucial for the induction of apoptosis via the 
mitochondria-mediated pathway. CAP treatment has been 
shown to increase pro-apoptotic Bax protein while decreas-
ing anti-apoptotic Bcl-2 [109].

The modulation of ROS levels or the targeted use of 
antioxidants for cancer treatment is not new. A significant 
increase in ROS levels, for example, is also the basis for the 
anti-tumorigenic effect of chemotherapeutic agents such as 
cisplatin, carboplatin, and doxorubicin [110].

The influx of ROS into the cell could take place through 
membrane-penetrating aquaporins. It is known that H2O2 
can enter the cytoplasm via AQP1 or AQP3. This is relevant 
since it is argued that several cancer cells express a higher 
number of aquaporins than their non-cancerous counterparts 
[111]. However, new work suggests that the mere expres-
sion level of aquaporins does not allow a correlation with 
the sensitivity to plasma treatment [112]. It is possible that 
the activity of the aquaporin channels also plays a signifi-
cant role. Other mechanisms that could explain the selective 
effect of plasma are considered to be the different levels 
of detoxifying enzymes, such as glutathione peroxidase, 
catalase, or peroxiredoxin [113, 114]. Different cholesterol 
content in the membrane is also discussed as a causal factor 
since a low cholesterol content can favour pore formation 
[115].

In addition to direct treatment with CAP, indirect treat-
ment with plasma-activated fluids is also possible, which 
shows comparable efficacy [89, 116]. In plasma-acti-
vated fluids, long-lived reactive species such as H2O2 and 
NO2

− are formed [98]. The efficacy of plasma-activated cell 
culture medium (PAM) is attributed to long-lived, stable 
organic peroxides formed by the reaction of amino acids 
or proteins with short-lived reactive species [89]. Peroxi-
dised amino acids can react by polymerisation to form larger 
compounds. Due to the long-lived reactive species, argon 
plasma-activated medium continues to produce effects for up 
to 21 days after the medium has been treated [117]. Stable 
plasma-activated fluids offer further clinical application pos-
sibilities besides the direct application of CAP.

Future challenges include standardisation of plasma 
sources and treatment doses for biological and medical 
applications, as this is one of the most important issues in 
plasma medicine [118]. Prospective applications favour the 

combination of plasma with other treatments, such as nano-
particles, where the uptake of nanoparticles is enhanced by 
the joint action of RONS and electric fields [119], with the 
complexity of the plasma being a key contributor.

Light

Light energy has many effects on human physiology and 
health. Some of these mainly beneficial effects, such as 
signal transmission via the light-sensitive cells of the eye 
or vitamin D production by skin cells, are well described. 
Nevertheless, there are also negative, more unspecific effects 
such as damage to the skin by ultraviolet (UV) radiation. 
Light is an electromagnetic wave that transports energy 
through space. For example, light energy from the sun is 
transported into our atmosphere and has an influence on the 
environment here (Fig. 5). Light energy is not continuous, 
but arrives in discrete units called photons. Photons are the 
particles of light that are electrically neutral and massless. 
The energy of photons is inversely proportional to the wave-
length of the electromagnetic wave. That is, the shorter the 
wavelength, the more energetic the photon; the longer the 
wavelength, the less energetic the photon. When photons 
strike matter (e.g., the human body), they can be absorbed 
by its atoms and transfer their energy via electrons from the 
ground state to an excited state and vice versa (Fig. 5).

The energy of light can be used for a variety of medical 
therapies. When light in the visible and near-infrared spec-
tral range are used to treat diseased or damaged tissue with-
out emitting thermal energy, it is defined as photobiomodu-
lation therapy (also called photomodulation therapy or, when 
light is applied with a laser, low-level laser therapy/LLLT). 
This form of therapy represents a mostly non-invasive, low-
threshold therapeutic approach in regenerative medicine. 
In photobiomodulation, the light-specific electromagnetic 
force is used to trigger chemical and/or physical processes 
in the treated tissue at the molecular level, which modu-
lates the biological activity of the tissue. Photobiomodula-
tion therapy has been clinically applied or studied to treat a 
wide variety of medical disorders, including the promotion 
of tissue repair and restoration and stimulation of chronic 
wound healing [120].

Although photobiomodulation therapies have been known 
for many decades and there is ample evidence of therapeu-
tic efficacy, scientific validation of this topic is still quite 
limited. The reason for this comparatively weak scientific 
research base can be attributed to several aspects: (a) the 
complexity of the many different light parameters (e.g., 
wavelength, energy, irradiation time, and treatment inter-
vals), (b) the large heterogeneity of the diseases treated, 
and (c) the poorly understood molecular mechanisms at 
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the cellular or tissue level. The joint presence of the above-
mentioned three aspects makes the subject considerably 
confusing and thus complicates the creation of a uniform 
data basis.

Presumed photoacceptors relevant for photobiomodula-
tion: Photochemical reactions depend on the absorption of 
light by a system (Grotthuss–Draper law). The molecules 
mediating the biological response to light are photoac-
ceptors (chromophores). The energy retained in the pho-
toacceptor after light activation can initiate a photochemi-
cal reaction in the cells. Different cellular photoacceptors 
exist, and their activation is dependent on the wavelength, 
among others [121, 122]. One comparatively well-studied 
potential photoacceptors is cytochrome C oxidase (CCO). 
This is the terminal enzyme of the mitochondrial electron 
transport chain. CCO contains two copper centres and two 
hemes which are involved in redox reactions within the 
enzyme. There is some evidence that CCO functions as a 
photoacceptor and transducer of photosignals in the red 
and near-infrared regions of the light spectrum [123, 124]. 
However, the comprehensive theory for the photochemical 
response in mitochondria is currently under development, 
as recent studies have shown that the isolated CCO enzyme 
has not demonstrated significant effects on light exposure. 
Thus, the exact processes that occur in the CCO enzyme 
and the mitochondria during absorption of light energy 
have not yet been elucidated [125–127]. However, regard-
less of the as-yet unclear mechanisms of CCO activation, red 
and near-infrared light increases mitochondrial membrane 
potential, leading to an increase in adenosine triphosphate 
(ATP) synthesis and changes in ROS and nitric oxide (NO) 
concentrations [128]. In addition, there is evidence of light-
induced changes in mitochondrial ultrastructure [129] and 
alteration of inflammatory activities of the ‘nuclear factor 

kappa-light-chain-enhancer of activated B cells’ (NF-κB) 
[130]. However, the exact effects of such light exposure are 
difficult to predict and clearly depend on the dose, the cell 
type studied, and the specific experimental conditions.

Another group of potential photoacceptor molecules is 
the opsins. Opsins have only recently begun to be studied 
for their function beyond vision, as they have only been dis-
covered in recent years in various cell types outside the eye 
(e.g., skin, brain, adipose tissue, blood vessels) [131–134]. 
Opsins are G protein-coupled receptors that can excited by 
blue or green light [135]. Several publications have inves-
tigated the role of opsins in blue light-mediated signalling 
both in vitro and in vivo. Barreto Ortiz et al. found opsins in 
arterial smooth muscle cells where they are involved in the 
regulation of vasorelaxation [131]. In addition, the presence 
of opsins is shown in human adipose tissue and subcuta-
neous white adipocytes [134]. However, the molecular and 
cellular mechanisms of the photobiomodulated signalling 
pathway have not been fully elucidated [136]. It is suggested 
that a downstream target of opsins are the ligand-gated ‘tran-
sient receptor potential’ (TRP) channels [122, 137]. At least 
28 TRP cation channel superfamily members were discov-
ered in mammals, which can be subdivided into two groups 
and six families (among them are TRP channels, which pos-
sess Ca2+-selectivity). At present, there is currently limited 
evidence that light-mediated activation of TRP channels is 
responsible for some of the mechanisms of action of photo-
biomodulation. TRP are redox sensors activated by hydrogen 
peroxide (H2O2) and nitric oxide (NO), for example, and 
their activation alters gene transcription [138].

Flavins or flavoproteins are another group of tentative 
photoacceptors in photobiomodulation. These photoaccep-
tors show excitability by light in the blue wavelength range 
[139]. Flavoproteins are found in the electron transport 

Fig. 5   Simplified depiction of the electromagnetic waves emitted 
by a light source, which act on the environment in the form of pho-
tons (also on the cells of the human body). These photons then strike 
atoms, by which they are absorbed and transfer this energy to elec-

trons, which shift from the ground state to an excited state and vice 
versa (images created with pictures from Servier Medical Art by Ser-
vier, licensed under a Creative Commons Attribution 3.0 Unported 
License)
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chain, and blue light is thought to lead to the reduction of 
oxygen (O2) to superoxide (O2

−), increasing ROS levels and 
affecting mitochondrial activity, as is the case with red and 
near-infrared light [140].

In addition, there is some evidence that light exposure 
in cell-free systems can also affect biologically important 
molecules beyond those previously described in cells. For 
example, it has been reported that the latent form of trans-
forming growth factor β (TGFβ) can be activated by light 
exposure [141]. Moreover, exposure of an ATP solution to 
red and near-infrared light resulted in changes in ATP reac-
tivity and Mg2+ binding capacity [142].

Wavelength-dependent penetration depth into tissues: 
Most of the effects of photobiomodulation have been 
described for the treatment with red to near-infrared wave-
length ranges. This is probably due to the corresponding 
chromophores and the different penetration depths into the 
treated tissue. The penetration depth is much less for blue 
light than for red or near-infrared light. While blue light 
has a penetration depth of about 1 mm, near-infrared light 
reaches a penetration depth of up to 5 mm [143, 144]. There-
fore, the clinical application of blue and green light might be 
limited due to the lack of tissue penetration [122].

Effects of light exposure on mesenchymal stem/stro-
mal cells: As mentioned above, light exposure has been 
shown in numerous studies to affect cell proliferation, cell 
metabolism, and the inflammatory response, and thus can 
fundamentally support tissue healing. Because of its role 
in regeneration and its use in regenerative therapies, mes-
enchymal stem/stromal cells (MSC) are one central area of 
interest in studies of the effects of light energy [145]. MSC 
can self-renew, differentiate into various specialized cell 
types, and have immunomodulatory properties. MSC have 
been detected in almost all tissues of the body, including 
comparatively easily obtainable tissues such as bone mar-
row, adipose tissue, umbilical cord, and placenta [146]. With 
these described properties, MSC have the potential to sup-
port the regenerative capacity of tissues, and this potential 
has been shown to be influenced by light exposure. In par-
ticular, the exposure to the red and near-infrared wavelength 
range showed apparent effects on MSC of different origins: 
For example, Tani et al. were able to achieve a higher degree 
of osteogenic differentiation after treatment of human bone 
marrow MSC with light in the red and infrared wavelength 
range [147]. Also, human umbilical cord MSC were proven 
to have a higher osteogenic differentiation capacity when 
treated with red light [148]. In addition, the treatment of 
umbilical cord MSC with red and near-infrared light could 
improve the efficiency of neural differentiation under spe-
cific differentiation stimuli [149]. This is only a small selec-
tion of the effects already described, but all of these effects 
depended on the wavelengths used. Our experiments in an 
ongoing study on the effects of different light wavelengths 

on adipose tissue-derived MSC (adMSC) also showed sig-
nificant differences depending on the wavelengths used in 
the analysis of the “in vitro wound healing capacity” using 
the so-called scratch assay (Fig. 6, unpublished results). The 
treatment with the blue light of an adMSC suspension in a 
light exposure chamber at a wavelength of 455 nm resulted 
in an energy-dependent increase in “in vitro-wound healing 
potential”: adMSC treated with blue light for 7.5 min (energy 
of 414 J in the light exposure chamber) almost completely 
overgrew the surface, whereas untreated cells still showed 
a clear gap. Shorter treatment with blue light (2.5 min) and 
thus a lower energy input (energy of 138 J) resulted in a 
state between the control and 7.5 min treatment. Whether 
these differences are solely due to the increased migratory 
activity of adMSC caused by blue light exposure and what 
molecular mechanisms are involved is part of the currently 
ongoing study. The exposure of adMSC to the red light of 
wavelength 660 nm and a similar power input showed no 
effect in this experimental setup (data not shown).

The finding that light exposure affects the migratory 
ability of MSC has been rarely investigated. Ong et al. 
were also able to demonstrate an increased migratory 
capacity in human MSC. However, the experimental 
approach was completely different from our experiments, 
as a transwell chamber system was used, and the cells 
were irradiated with a green LED light source (wavelength 
530 nm) at a distance of 30 cm to the transwell chamber 
with different power densities (11.3, 22.8 and 66.4 mW/
cm2). Due to the different experimental dimensions (cells 
in suspension exposed in an integrating sphere vs. adher-
ent cells in a transwell chamber with single-sided light 
exposure), a direct comparison of light energy delivery 
is not feasible. In the transwell experiments from Ong 
et al. the cells migrated away from the green light source, 
whereas orange light exposure (wavelength 625 nm) did 
not affect the migration activity of MSC [150].

In summary, the experiments performed with MSC 
resulted in changes in proliferation, differentiation, and 
other regeneration-promoting properties such as migratory 
capacity or reduction of inflammation. Therefore, it can be 
assumed that photobiomodulation therapy can also influ-
ence tissue regeneration via direct light-induced effects in 
MSC [145]. However, there are explicit dependencies on the 
wavelength used, the energy input, the origin of the MSC, 
and other experimental characteristics.

Despite the great progress in the study of the effects and 
molecular mechanisms of light-induced effects in recent 
years, many technical and biological aspects that may affect 
the safety of photobiomodulation therapy are still open. 
Basically, the available data are often difficult to compare 
due to different experimental approaches using different 
cell culture methods, light exposure techniques, and differ-
ent light sources. Therefore, further efforts are needed to 
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better understand both the technical basis and the cellular 
mechanisms underlying the effects of photobiomodulation.

Conclusion

Electrical fields, mechanical forces, physical plasma and 
light are applied in a wide range of research areas with the 
common focus on the development of regenerative thera-
pies. Medical devices, which apply these stimuli to tissues 
or cells in cultures, should run on optimised parameters, as 
even small changes in the applied forces lead to changed 
cellular outcomes. For example, electrical stimulation was 
described to increase or decrease apoptosis and cell prolif-
eration depending on the used voltage, treatment time, cell 
type, and stimulation set up [151]. Although we described 
the application of different physical factors on various cell 
types, a common cell signalling pattern emerges. We found 
the increase of intracellular Ca2+ and ROS concentrations 
to be important for cell signalling and downstream gene 
expression. ROS generation was described to contribute 
to aging, cancer and neurodegenerative diseases, but in 
the last decades ROS has been discovered to contribute 

to physiological cell signalling as well [152]. Also ROS 
and Ca2+ signalling were found to be connected and their 
cross-talk taking place not only in physiological but also 
in pathological processes [105, 153].

Therefore, our review outlined important mechanisms in 
proliferation, differentiation and wound healing due to stimula-
tion with physical factors.
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