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ABSTRACT: Carbon monoxide is infamously known for its toxicity when administrated in
high doses. In this article, we review some of the evidence for therapeutic effects of CO used
in biology, when CO is delivered in small quantities. It is argued that plasmas in this context
are an attractive in situ source for the process of alleviating the risks related to CO storage.
Moreover, synergic effects of CO with other reactive species produced by plasma may be used
in the future for applications such as bacterial infection, wound healing, and cancer treatment.
KEY WORDS: carbon monoxide, plasma medicine, plasma agriculture, plasma sources

I. INTRODUCTION
Non-equilibrium, low-temperature plasmas are weakly ionized gases that have been very
VXFFHVVIXOO\GHYHORSHGIRUXVHLQGLIIHUHQW¿HOGVLQFOXGLQJPLFURHOHFWURQLFV1 lighting,2
combustion,3 nanoscience,4 and spacecraft propulsion.5 In the early 21st century, reVHDUFKHUV¿UVWUHSRUWHGWKDWSODVPDFRXOGSRWHQWLDOO\EHXVHGIRUELRPHGLFDODSSOLFDWLRQV
Stoffels et al.6ZHUHOLNHO\WKH¿UVWWRVKRZWKHSRWHQWLDORIFROGQHDUURRPWHPSHUDWXUH
plasmas in medicine by demonstrating their capability to detach mammalian cells without causing necrotic cell destruction.6 This study sparked investigations on the potential
RISODVPDVIRUPHGLFDODSSOLFDWLRQVZKLFKHYROYHGLQWRDQHZUHVHDUFK¿HOGRILWVRZQ
ODWHU WHUPHG 3ODVPD 0HGLFLQH 5HODWHG UHVHDUFK LV QRZ SHUIRUPHG IRU GLIIHUHQW ¿HOGV
including cancer treatment, wound healing, blood coagulation, dentistry, cosmetology,
sterilization, and decontamination, among others.7–15 Many studies have been successful,
DQGWKH¿UVWFOLQLFDOWULDOVZHUHXQGHUWDNHQLQWKHODVWIHZ\HDUV16–19 Recently, such plasPDVKDYHDOVREHHQVWXGLHGLQUHJDUGWRWKHLUXVHLQWKH¿HOGRIDJULFXOWXUHDVLQVHFWLFLGHV
for destruction of bacteria and fungi, and plant-growth enhancement.15,20 The success of
plasmas has come far as a result of their versatility and capacity to generate large amounts
RIUHDFWLYHVSHFLHVDWORZJDVWHPSHUDWXUH & FRPELQHGZLWKHOHFWULF¿HOGSKRWRQV
(infrared [IR], visible, and ultraviolet [UV] light), and charged species. These represent
the plasma components schematized in Fig. 1. In the case of direct plasma treatment, the
LQWHUDFWLRQEHWZHHQJDVÀRZVDQGOLTXLGVQHHGVWREHWDNHQLQWRDFFRXQWDVZHOO
Plasmas (i.e., gas electrical discharges) used in medicine are typically generated
using gas mixtures based on He, Ar, O2, N2, or simply air. The latter is either synthetic
1947-5764/18/$35.00 © 2018 by Begell House, Inc. www.begellhouse.com
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FIG. 1: Illustration of the plasma components and plasma interactions with a (biological) target.
7KH SODVPD FRPSRQHQWV FDQ EH VHSDUDWHG LQWR VHYHUDO FDWHJRULHV HOHFWULF ¿HOG WHPSHUDWXUHV
HOHFWURQVDQGLRQVSKRWRQVDQGUHDFWLYHVSHFLHV3ODVPDWDUJHWLQWHUDFWLRQVFRQVLVWRIJDVÀRZ±
liquid interactions, dissolution of species in a liquid, and surface (and volume) reactivity. IR,
Infrared; RONS, reactive oxygen and nitrogen species; UV, ultraviolet.

(~ 80% N2 and 20% O2) or already naturally present (N2 78.08%, O2 20.95%, Ar 0.934%,
and CO2 400 parts per million [ppm]) around the plasma and that can mix into the latter
via convective processes. The plasma generates a lot of highly reactive neutral species,
such as atomic O, N species, or He and Ar metastable states, and also rather stable neutral species such as nitric oxide (NO), NO2, and O3. Due to the presence of 400 ppm of
CO2 in natural air (as well as the presence of water vapor), the formation of other species
such as CN, CO, OH, NH, and H2O2 can additionally occur.
Since Claude Bernard’s discovery of carbon monoxide (CO) toxicity,21 this molecule is mostly considered and known for its adverse effects on the human body and its
reactivity with hemoglobin.22 However, Marks et al.,23 ¿UVWVXJJHVWHGWKDW&2PD\LQ
fact have a physiological function as well and that, like NO, CO is an essential signaling molecule in humans.24,25 6LQFH WKHQ D PXOWLWXGH RI VWXGLHV KDYH FRQ¿UPHG WKHVH
hypotheses, and CO has been found in many experiments to have positive effects for the
treatment of several diseases.26,27$WVPDOOGRVHV&2SUHVHQWVVRPHEHQH¿FLDOHIIHFWV
VXFKDVDQWLLQÀDPPDWRU\DFWLRQDQWLDSRSWRWLFHIIHFWVDQWLSUROLIHUDWLYHSURSHUWLHVDQG
protective properties for tissues from hypoxia and reperfusion injury.28
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0DQ\VWXGLHVHVSHFLDOO\LQWKH¿HOGVRI&22 lasers or energy storage by CO2 conversion, showed that CO can be easily produced with non-equilibrium plasmas.29,30 The aims
of this article are to (1) discuss the potential for using plasmas as a CO source for treating
YDULRXVDIÀLFWLRQVERWKLQDQLPDOV KXPDQVLQFOXGHGLQWKDWFDWHJRU\ DQGSODQWV  SRLQW
RXWWKDWLQVRPHFDVHV&2PROHFXOHVFRPELQHGZLWKSODVPDVZLOOKDYHVRPHEHQH¿FLDOHIfects in medicine and agriculture, thanks to their possible synergetic effects with other species that are produced by the plasma, such as NO and reactive oxygen and nitrogen species;
and (3) advocate for future studies on the development of new CO plasma sources relevant
IRUWKHUDSHXWLFFRQGLWLRQV:HDOVRGLVFXVVVRPHFRQ¿JXUDWLRQVWKDWPD\EHLPSRUWDQWIRU
plasma medicine (i.e., direct delivery with other reactive species from the plasma, remote
FRQ¿JXUDWLRQVWRVHUYHDVD>SXUH@JDVHRXV&2VRXUFHDQGSODVPDDFWLYDWHGOLTXLGV 
Because CO is highly toxic and even lethal at high doses, we start with a review of its
toxicity and the mechanisms leading to its adverse effects on human physiology. We then
GLVFXVVRI¿FLDOUHJXODWLRQVIRUWKHGHJUHHVRIVDIHH[SRVXUHWR&2FRQFHQWUDWLRQVLQWKHHQYLURQPHQWEDVHGRQPHGLFDOLQYHVWLJDWLRQV,QWKHVHFWLRQ%HQH¿WVRI&2LQ0HGLFLQHDQG
$JULFXOWXUHZHVKRZWKDWVRPHRIWKHHYLGHQFHSRLQWVWRDEHQH¿FLDOUROHRI&2LQPHGLFLQH
as a signaling molecule, and we highlight some initial clinical trials. We also give a brief
discussion of biochemical pathways of CO in cells and tissues, with reference to relevant
ZRUNVUHYLHZV LQ WKH ¿HOG:H FRQFOXGH E\ GLVFXVVLQJ SRWHQWLDO &2 SODVPD VRXUFHV IRU
PHGLFLQHDQGVRPHRIWKHLUEHQH¿WVDQGGLIIHUHQFHVFRPSDUHGWR³WUDGLWLRQDO´&2VRXUFHV
II. TOXICITY OF THE CO MOLECULE
CO is a tasteless, odorless, and non-irritating gas that is toxic at high concentrations. It
originates generally from incomplete combustion of hydrocarbons. Once in the lungs,
CO binds to hemoglobin instead of O2 and forms carboxyhemoglobin (COHb). Because
WKHDI¿QLW\RIKXPDQKHPRJORELQIRU&2LVWLPHVJUHDWHUWKDQWKDWIRU22 DI¿QLW\
rates depend on the animal; e.g., it is only 50 times greater for mouse hemoglobin),
the presence of oxygen in the blood decreases, leading to tissue hypoxia.31,32 Due to
WKHLUKLJKPHWDEROLFUDWHVWKHEUDLQDQGKHDUWDUHWKHWZR¿UVWRUJDQVWRVKRZGDPDJH
resulting from lack of oxygen.31&2LVQRWRQO\GDQJHURXVEHFDXVHRILWVKLJKDI¿QLW\
to hemoglobin, but also because of its slow kinetics for release from hemoglobin.31 The
CO elimination half-time is ~ 150 min, whereas the recovery time (the point at which a
SDWLHQWIHHOV³EDFNWRQRUPDO´ FDQYDU\IURPKRXUVWRGD\V33
7KH¿UVWV\PSWRPVWKDWDYLFWLPZLOOH[SHULHQFHDIWHUPLOG&2H[SRVXUH ±
COHb) are exhaustion and headache and then dizziness, nausea, and dyspnea. At moderate exposure (30%–40% COHb), signs include visual disturbances, confusion, syncope,
DQGVHL]XUH7KHYLFWLPZLOO¿QDOO\HQWHUFRPDOHDGLQJWRGHDWKLIWKH&2+EUDWHULVHVWR
above 60%. Figure 2 lists CO poisoning symptoms as a function of COHb blood level.
One can see that the effects of CO exposure depend very strongly on exposure time as
well as CO concentration in the air. Quite interestingly, short CO exposure times to relaWLYHO\KLJKGRVHV SSP OHDGWRDOPRVWQRDGYHUVHSK\VLRORJLFDOHIIHFWVEHFDXVH
of the time necessary for CO exchange with O2LQWKHOXQJVDQG¿[DWLRQE\KHPRJORELQ
Volume 8, Issue 1, 2018
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FIG. 2: CO safety. (a) COHb level in blood versus concentration of CO in air after 2 h exposure
(orange line) and 8 h exposure (blue line); (b) COHb level in blood versus CO inhalation time
for three different CO concentrations: 25 ppm (blue curve), 200 ppm (red curve), and 1000 ppm
(green curve); (c) enlargement of (b) for short times. CO poisoning symptoms (right) are listed
as a function of COHb percentage. COHb, carboxyhemoglobin; ppm, parts per million. (Adapted
from Peterson and Steward, Bruce and Bruce, Omaye, Varon et al., and Raub et al.34–39)

Exposure concentration limits in a work environment depend on the country and are
listed in Table 1 for long exposure times (> 8 h). The limits are all in the safety range and
do not lead to apparent symptoms, meaning that COHb in the blood is < 10%. Those CO
limits can be crossed if exposure time is shorter, because the important parameter is not
CO concentration, but rather, COHb blood level. One must note that heavy smokers may
have as much as 10%–15% COHb in their blood.40 The graph in Fig. 2(b) compares COHb
blood level for different CO concentrations of 25, 200, and 1000 ppm and shows that 10%
COHb is reached at 12 min for 1000 ppm, 50 min for 200 ppm, and never for 25 ppm, because the hemoglobin has time to liberate enough CO before the COHb level reaches 10%.
Mann has pointed out that the exposure limits given by authorities are probably
overestimated.24 Mayr et al. showed that inhalation of 500 ppm CO for 1 h did not have
DQ\VLJQL¿FDQWHIIHFWRQYLWDOSDUDPHWHUVZKHUHDVWKH$PHULFDQ(QYLURQPHQWDO3URWHFTABLE 1: CO exposure limits at work for different countries for long term exposure41
Country
France (Circulaire, 1985)
United States (ACGIH, 1991)
Germany (MAK)

CO (ppm)
50
25
30

/RQJWHUPH[SRVXUHW\SLFDOO\GH¿QHGDVDZRUNLQJGD\SHULRGRIKRXUV
0$. 0D[LPDOH$UEHLWVSODW].RQ]HQWUDWLRQ LQ*HUPDQPHDQLQJ³PD[LPXPFRQFHQWUDWLRQDWWKHZRUNSODFH´
ACGIH, Association Advancing Occupational and Environmental Health; ppm, parts per millions.
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tion Agency gives 330 ppm as the maximum 60-min exposure and meanwhile greater
exposures can possibly result in death.42
CO creation with plasma requires the use of CO2 as the feed gas. As mentioned
above, CO2 is a tasteless, odorless, and irritating gas that at high concentrations (> 20%)
can become lethal. Inhalation of CO2 increases CO2 partial pressure in blood and then
induces a pH decrease due to acid–base disequilibrium, resulting in some damage to the
kidneys, lungs, heart, and central nervous system. CO2 poisoning symptoms as a function of percentage of CO2 in air are listed in Fig. 3. The exposure limit at long term, that
LVIURPWRKLV¿[HGDWSSPZKHUHDVWKHVKRUWWHUPH[SRVXUHOLPLWGHSHQGV
on the country. Table 2 lists exposure limits as a function of country.

FIG. 3: CO2 poisoning symptoms listed as a function of percentage of CO2 in air, based on the
Base de Données Fiches Toxicologiques43

TABLE 2: CO2 exposure limits in the work environment for different countries43,44
Country
United States (ACGIH, 1991)
Germany (MAK)
Sweden
United Kingdom

Work day exposure
limit (ppm)
5000
5000
5000
5000

Short-term exposure limit
(ppm/min)
30,000/15
10,000/60
10,000/15
15,000/10

ACGIH, Association Advancing Occupational and Environmental Health; ppm, parts per millions.

Volume 8, Issue 1, 2018

98

Carbone & Douat

III. BENEFITS OF CO IN MEDICINE AND AGRICULTURE
A. Roles of CO In Vivo
The major source of CO in mammals is the oxidation of heme (which is the name for the
complexed ferrous ion Fe2+ with porphyrin) by the heme oxygenase (HO) enzyme. HO
catalyzes the oxidation of heme to CO, Fe2+, and biliverdin (bile pigment), accounting
for ~ 86% of the CO produced in humans. The remaining 14% comes from a mixture of
sources, including photo-oxidation, lipid peroxidation, xenobiotics, and bacteria.25
CO preferentially binds with heme- or transition metal–containing proteins.45 In addition to its well-known interactions with hemoglobin, targets of CO can include cytochrome oxidase, nicotinamide adenine dinucleotide phosphate oxidase, NO synthase,
and mitochondrial complexes.25 CO is known to activate guanylyl cyclase but is about 80
times less effective than NO and leads to the formation of guanosine 3,5-monophosphate
(cGMP), a secondary messenger that affects, for instance, ionic transport46 and is involved in vasodilation. CO appears to modulate the activation state of mitogen-activated
protein kinases, which are critical for cellular signal transduction in response to stress and
LQÀDPPDWLRQ47 CO also seems to be involved in down-regulation of extracellular signalregulated kinases 1 and 2 and in c-Jun amino-terminal kinase pathways. It is important
to note, however, that although the crystal structures of these proteins are still unknown,
but they would not contain any metallic ion center. Considering the lack of reactivity of
CO with amino acids, the mechanisms of interaction of CO with those proteins at the
PROHFXODUOHYHOWKXVUHPDLQXQFOHDULIWKHDEVHQFHRIDPHWDOFRPSOH[LVFRQ¿UPHG25
Many potential functions of CO have been observed in vivo.24 The following are a
IHZLOOXVWUDWLYHDQGVLJQL¿FDQWH[DPSOHV
1. $nWiInÁDPPDWoU\
CO inhibits the activation of monocytes, macrophages, and leukocytes in vitro and in
vivo and suppresses the ability of T cells to proliferate.45&KURQLFDOO\LQÀDPHGWLVVXHLV
FKDUDFWHUL]HGE\WKHLQ¿OWUDWLRQRIPRQRQXFOHDULPPXQHFHOOVLQFOXGLQJPRQRF\WHVDQG
PDFURSKDJHVWKDWFRQWLQXRXVO\JHQHUDWHLQÀDPPDWRU\PHGLDWRUVVXFKDV12&2KDV
EHHQVKRZQWRLQKLELW12SURGXFWLRQLQPDFURSKDJHVDQGUHGXFHLQÀDPPDWLRQ25
2. VDVoGiODWoU
CO has been found to have important effects on vascular function. Released by vasFXODUFHOOV&2UHJXODWHVEORRGÀRZYLDLQKLELWLRQRIYDVRPRWRUWRQH LHWKHWHQVLRQ
in smooth muscle inside the walls of blood vessels, particularly in arteries) by way of
molecular signaling with vascular smooth-muscle cells.48
3. $nWiDSoSWoWiF
CO reduces apoptosis in renal tubular cells infected by bacterial toxins,49 probably via
inactivation of existing inducible NO synthase (iNOS) (overexpression of iNOS leads
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to cytotoxic effects) via interaction with its heme iron moiety.50 CO is also antiapoptotic
for endothelial cells, hepatocytes, and cardiomyocytes and preventing in this way cell
and tissue injury.51–53
4. $nWiSUoOiIHUDWivH
CO has been shown to block cell proliferation of a number of cell types including cancer
cells, T cells, and vascular smooth-muscle cells.40
5. +\So[iD
CO can reduce side effects of hypoxia (the deprivation of adequate oxygen supply at the
tissue level). Clark showed that cardiac cells pretreated with a CO-releasing molecule
(CO-RM) became more resistant to the damage caused by hypoxia reoxygenation and
oxidative stress.54
6. InKiEiWoU oI +XPDn 3ODWHOHW $JJUHJDWion
Platelet aggregation is inhibited in the presence of CO gas point.55 Slow release of CO was
IRXQGWREHWKHPRVWHI¿FLHQWDQG&2FDQWKXVEHXVHGDVDQDQWLWKURPERWLFGUXJ56
7KHVHVSHFL¿FDFWLRQVDWWKHOHYHORIWLVVXHVDQGRUJDQVDOORZWKHXVHRIGHVLJQLQJ
strategies for CO in treating various diseases or for circumventing side effects due to medical treatments. In the following section, a review of some of these applications shows the
variety of actions that this simple gaseous molecule can have at tissue and organ levels.
B. Application of CO in Medicine
Several review articles have focused on potential applications of CO for various models
of diseases. For a more extensive overview, we refer, for instance, to Mann,24 Motterlini
and Otterbein,57 and Ling et al.58 Various studies on the application of CO in animal
models with positive results include the following cases.
1. 6XSSUHVVion oI 2UJDn *UDIW 5HMHFWion
CO as a gas (into saturated solutions) can be used as a protective adjuvant that may
be added into preservation solutions before transplantation.59 CO additionally protects
against ischemia/reperfusion injury associated with transplantation.60
2. &DUGioSXOPonDU\ %\SDVV 6XUJHU\
,QKDOHG&2SURYLGHVSXOPRQDU\DQWLLQÀDPPDWRU\DQGDQWLDSRSWRWLFHIIHFWVDQGSUHvents acute lung injury and acute respiratory distress syndrome during cardiopulmonary
bypass surgery.61
Volume 8, Issue 1, 2018
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3. 3XOPonDU\ +\SHUWHnVion
CO exposure can reverse established hypertension, resulting in near-normal pressures
and heart weights. In addition, CO induces a remodulation of the vascular system.62
4. %DFWHUiDO InIHFWion
Sepsis-induced death associated with Enterococcus faecalis was reversed by overexSUHVVLRQRI+2LQÀDPPDWRU\UHVSRQVH LHWKHQXPEHURIFLUFXODWLQJLQÀDPPDWRU\
cells) was not reduced, but bacterial clearance was enhanced via an increase in phagocytosis and antimicrobial response.63 A CO-RM was also observed to exert bactericidal
activity on Pseudomonas aeruginosa.64 Interestingly, Motterlini and Oetterbein noted
that CO has no direct apparent effect on bacteria survival, but it would only enhance the
killing of bacteria via macrophages.57
5. :oXnG +HDOinJ
The literature shows that HO-1 and CO exogenous application accelerated wound healLQJLQPLFHGXHLQSDUWWRWKHLUDQWLLQÀDPPDWRU\SURSHUWLHV,QDGGLWLRQDQLQFUHDVHLQ
vascularization was seen.65,66
6. 3DnFUHDWiF &DnFHU
CO was found in vitro to have antiproliferative effects on human pancreatic cancer
cells.67
7KHH[DPSOHVOLVWHGDERYHDUHRQO\DIHZVHOHFWHGFDVHVZKHUHLQVLJQL¿FDQWLPSURYHments after treatment with CO were observed. Other cases include cases of hemorrhagic
shock, rheumatoid arthritis, acute liver failure, postoperative ileus, chronic colitis, and
asthma.570RVWVWXGLHVVKRZLQJEHQH¿WVLQWKHFDVHVOLVWHGDERYHZHUHSHUIRUPHGZLWK
either exogenous CO gas or CO-RMs in mouse or rat models and in pigs. Following
successful preclinical tests, the next phase is testing humans in vivo, and several clinical trials are in fact now being performed, with some already in phase II or even phase
III.24,58%DWKRRUQHWDOIRULQVWDQFHREVHUYHGDQWLLQÀDPPDWRU\HIIHFWVRI&2RQSDtients with chronic obstructive pulmonary disease.68 In conclusion, the results discussed
here indicate that CO carries much potential as a therapeutic molecule, and its future in
clinical treatments is already very promising. However, the role of its mode of delivery
still needs further study.
C. Applications of CO in Agriculture
The toxicity of CO atmosphere on seed germination was studied in 1904 by Richards
and MacDougal.69 For 90% or more of CO atmosphere, these researchers observed
a complete inhibition of seed growth or moderate germination followed by death.
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With an atmosphere of ~ 70% of CO, germination of seeds occurred, but consequent
growth and development were restricted. For pregerminated seeds, the authors found
an overall inhibition of seed development. Still, in the case of wheat, they reported
a comparable length of seedling compared to the control experiment in air, but with
limited secondary root development. Below the circle of adventitious roots ordinarily
developed in corn seedlings, a considerable number of supernumerary secondary roots
arose without order.
Despite the earlier overall negative effects of CO on plants, its role at low doses and
more particularly in saturated solutions has been more recently investigated. Several
studies indicate that CO is involved in several physiological processes and is generated as a signaling molecule in response to abiotic and oxidative stresses. Abiotic stress
includes excessive salinity, heavy metals, drought, and UV radiation (see He and He70
and Jin et al.71 and references therein).
Liu et al. showed that exogenous CO aqueous solution can alleviate salt-induced
inhibition of rice seed germination.72 Ling et al.73 showed similarly that CO aqueous solution mitigates salt-induced inhibition of wheat root growth and suppresses programmed
cell death by inhibiting superoxide anion overproduction. Siegel et al.74 ZHUH WKH ¿UVW
to report that CO can promote seed germination. CO has been also found to induce an
increase in lateral root formation in several types of seeds.75–79 The direct role of CO was
FRQ¿UPHGE\*XRHWDO80 who observed delayed root hair development for the tomato
HO-1 mutant yg-2, which is defective in CO generation. Cao et al.76 additionally showed
that for rapeseed, CO is directly involved in the endogenous production of NO by adding
VSHFL¿FVFDYHQJHUVIRUWKH&2PROHFXOHDQGDQLQKLELWRURIWKH12V\QWKDVHZKHQPHDsuring NO. They concluded that CO-induced lateral root development in rapeseed seedlings is NO dependent and that CO intervenes as a trigger for NO endogenous production.
Yannarelli et al.81 showed an increase of HO-1 expression in soybean plants following exposure to UV-B radiation. They related HO-1 expression as a response to the
formation of reactive oxygen species to protect the cell against oxidative damage. Xie et
al.82 studied the Arabidopsis+<PXWDQW GH¿FLHQWLQ+2 DQGIRXQG89&K\SHUVHQsitivity and down-regulation of antioxidant defenses. Another example of the role of CO
in plants is the observation that CO can alleviate cadmium-induced stress in Medicago
sativa seedlings by activating gluthatione metabolism.83 Similarly, the administration of
a CO solution rescued mercury (Hg)-induced lipid peroxidation and root growth inhibition in alfalfa.84
Many more studies on the potential effects of CO have been reported in the literature,
and we do not to list them all here (more detail may be found in Jin et al.,71 for instance).
7KHH[DPSOHVFLWHGDERYHJLYHRQO\DÀDYRURIWKHVXUSULVLQJO\ZLGHUDQJHRIDSSOLFDtions for which CO was tested with apparent positive results. However, the biochemical
pathways of CO in plants appear to be (much) less understood than the process in animals;
the same holds true for the NO molecule.85 However, although only phenomenological
and in an early stage, the current understanding of CO biochemistry in plants highlights
CO as a molecule having similar roles as those in animals and with similar importance.86
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IV. CO SOURCES
A. Current Production and Delivery Modes of CO in Medicine
Nowadays, the two main systems of delivering CO in medicine are through inhalation
DQG&250V,QKDODWLRQRIDVPDOODPRXQWRI&2KDVDOUHDG\SURYHQLWVHI¿FLHQF\DQG
has been used in clinical applications.28,87+RZHYHUWKLVWHFKQLTXHLVGLI¿FXOWEHFDXVH
of the lack of control for CO local delivery and its toxicity at high concentrations, both
of which depend on the patient.88 Delivery is not local and thus affects the entire human
ERG\EHFDXVHRI&2¿[DWLRQRQKHPRJORELQDQGWUDQVSRUWLQWKHEORRG7RRYHUFRPH
WKRVHLVVXHV&250VDUHEHLQJGHYHORSHGWRWDUJHWVSHFL¿FWLVVXHVDQGRUJDQV7KLV
technique can liberate CO locally and avoid inducing elevation in CO absorption by
hemoglobin. In principle, there would be no risk of CO poisoning with this technique.
However, despite their promising features, CO-RMs are far from being used in clinical
application and must be scrutinized. Indeed, the safety and toxicity of these molecules
and their by-products are still not fully understood.87–89
Other existing techniques that are currently being developed and/or investigated
include hemoglobin-based CO carriers, CO-saturated red blood cells, and liquid solution presaturated with CO injection.89 However all such techniques suffer from the
unknown adverse or synergic effects of the transport/delivery process, their by-products,
and elevated CO absorption by hemoglobin. As mentioned by Foresti et al., clinicians
do not yet know whether these techniques will ever be used as therapeutic strategic approaches.87 Because of that, some authors in fact believe that the future still lies in CO
gaseous administration. For such a purpose, only one device, called the Covox Delivery
System (DS), has been approved for hospital use.57 The Covox DS ensures that the
delivery of CO, with a rate measured in milligrams per hour, is maintained on a breathby-breath basis. Finally, in botany, we note that in addition to using compressed CO
gas bottles (that are not easily transported in hospitals for obvious safety reasons), CO
is usually produced via a chemical route. For instance, Cao et al.76 prepared CO gas by
heating formic acid (HCOOH) with concentrated sulfuric acid (H2SO4). The aqueous
CO solution was obtained by bubbling the CO gas for at least 15 min to saturate the solution. The use of concentrated acids and highly irritating species such as formic acid will
not likely be very welcomed into a hospital environment. This leads us to the conclusion
that room still exists for new technologies for local gaseous CO production and delivery
WRVSHFL¿FRUJDQVSDUWV
B. Plasmas as CO Sources
As mentioned previously, the two main drawbacks of current CO delivery methods are
the increase in COHb level and/or the uncertainties on the toxicity of the molecules
used.24,89 The pharmacodynamics and pharmacokinetics of gaseous CO are well known,
but for CO-RMs this is not the case.45 To the best of our knowledge, one patented device
has been approved for use in a hospital setting.57 Thus, the development of new devices
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would be helpful for delivery of CO alone or with other species relevant for medicinal
therapy. In this section, we present some plasma devices as potential CO sources (based
on atmospheric pressure plasma sources with a CO2 admixture) that may offer alternaWLYHÀH[LEOHVROXWLRQV HJIRUH[WHUQDODSSOLFDWLRQRQZRXQGVIRULQVWDQFH ,QDGGLtion, because of the intrinsic properties of plasmas, synergic effects can be expected in
addition to the sole delivery of the CO molecule to the target (see the Conclusion, below).
1. *HoPHWUiHV DnG 'HOivHU\ 0oGHV
Plasmas have been studied for biological and medical application for almost two decades. This ionized gas has demonstrated its ability to generate a multitude of comSRQHQWV VXFK DV UHDFWLYH VSHFLHV HOHFWULF ¿HOG OLJKW DQG FKDUJHG SDUWLFOHV >VHH )LJ
1]) that can interact with living tissue. But as far as we know, plasmas have not yet
VSHFL¿FDOO\EHHQXVHGDVD&2VRXUFHIRUELRPHGLFDODSSOLFDWLRQVDOWKRXJKIRUVHYHUDO
decades it has been well known that plasma can produce CO molecules. Many studies
KDYHEHHQSHUIRUPHGRQSODVPDHVSHFLDOO\IRUWKH¿HOGVRI&22 lasers and energy storage.29,30 Those studies reveal that, depending on the plasma source, the amount of CO
can be controlled and tuned to a very broad range, from less than 1 ppm to several 10s
of percent.
Figure 4 presents a schematic of some plasma discharge reactors that could be
XVHGDV&2VRXUFHV7KH\DUHFODVVL¿HGLQWRWZRFDWHJRULHVGLUHFWDQGLQGLUHFWSODVPD
sources.90,91$ UHDFWRU LV FDOOHG D ³GLUHFW SODVPD VRXUFH´ LI WKH SODVPD FRPSRQHQWV

FIG. 4: Scheme of different potential plasma sources as CO sources. atm, atmospheric; DBD,
GLHOHFWULFEDUULHUGLVFKDUJH)('%'ÀRDWLQJHOHFWURGH±GLHOHFWULFEDUULHUGLVFKDUJH+9KLJK
voltage; RF, radio frequency; MW, microwave.
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OLJKWHOHFWULF¿HOGFKDUJHGSDUWLFOHVDQGUHDFWLYHVSHFLHV>)LJ@ FDQLQWHUDFWZLWK
the biological target. A synergistic effect can occur with the combination of those components (discussed more in detail in the Conclusion, below). In contrast, if reactive
species are the only plasma components able to interact with the target, the source is
LQGLUHFW$WKLUGFRQ¿JXUDWLRQLVDK\EULGVRXUFHZKHUHLQWKHSODVPDLVQRWLQGLUHFW
contact with the target, but components other than reactive species, such as charged
SDUWLFOHVDQGOLJKWFDQLQWHUDFWZLWKWKHWDUJHW7KLVFRQ¿JXUDWLRQLVQRWGLVFXVVHGKHUH
but details may be found in the review of Isbary et al.91
'LUHFWSODVPDVRXUFHWUHDWPHQWVFDQEHFODVVL¿HGLQWRWZRW\SHVDWWKHVXUIDFHRU
via endoscopy. Surface treatment allows treating external tissues or targeted organs after
surgical protocol provides the access, whereas endoscopy treatment reaches some organs
ZLWKRXW LQYDVLYH VXUJHU\)RULQVWDQFHÀRDWLQJHOHFWURGH±GLHOHFWULFEDUULHUGLVFKDUJH
(FE-DBD) provides nonthermal plasma and is generated in air.92 Naturally, 400 ppm of
CO2 is present in air and can potentially be converted into CO, and even if conversion
is complete, the concentration of CO does not exceed 400 ppm. As the treatment time
range is typically from seconds to several minutes, COHb levels will not exceed 10%,
meaning that conditions are safe.
3ODVPDMHWVDUHGHYLFHVWKDWGHOLYHUDQRQWKHUPDOSODVPDRXWVLGHWKHFRQ¿QHPHQW
of electrodes. The plasma propagates in the surrounding air and can reach very long distances (up to 10 cm).93,94 Contrary to FE-DBD, the feed gas is generally a noble gas such
as helium or argon. Because the plasma propagates in air, it can convert a small part of the
CO2 present into CO. The amount of CO produced can be easily increased and controlled
by adding a small percentage of CO2 through the discharge. The plasma diameter is very
small, from some hundreds of micrometers to a few millimeters, and allows tissues to be
treated locally. The geometry of the plasma jet represented in Fig. 4 is a coaxial DBD,93,95
EXWWKLVLVRQO\RQHH[DPSOHDPRQJQXPHURXVH[LVWLQJFRQ¿JXUDWLRQV96
If wider treatment surfaces are required, one can use a multi-jet. This device generDWHVVHYHUDOSODVPDMHWVWKDWIRUPDSDWWHUQ7KHODWWHUSDWWHUQFDQEHPRGL¿HGDFFRUGLQJ
to the application to form, for instance, a line, matrix, or circle.97–100 In addition, other
plasma devices may be used, such as the atmospheric pressure plasma radio frequency
5) WRUFKLQD³VKRZHUKHDG´FRQ¿JXUDWLRQWKDWFDQRSHUDWHLQDUJRQZLWKVPDOODGPL[tures of molecular gases in the < 1% range.101,102
To avoid surgery for a patient, an endoscopic method may be used. Some devices,
JHQHUDOO\EDVHGRQWKHSODVPDMHWFRQ¿JXUDWLRQFDQSURSDJDWHWKHSODVPDLQDFDSLOODU\
tube for several meters.103,104 These devices are fed with noble gas and in the body can
result in He or Ar gas accumulation and then to an arc formation (because of the low
potential threshold for electrical breakdown). Winter et al. showed recently that CO2 or
air shielding avoids this effect.104 Even if gas shielding is not required for plasma jets in
an open environment, it is worth noting that gas shielding offers an additional tool for
controlling plasma chemistry (in addition to adding gases directly through the plasma).
In any case, CO2 gas shielding locally increases the amount of CO, and its biological
relevance should be studied in the future.
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Unlike direct plasma sources, any kind of (non)equilibrium plasma can be used
as an indirect source as long as the reactive species are the only plasma components
that interact with the target. The gas temperature in the enclosures does not need to
be at room temperature, because temperature will cool down during transport to the
WDUJHW YLD WKH JDV ÀRZ &2 LV SURGXFHG E\ SODVPD LQ LWV FRQYHUVLRQ RI WKH &22 gas
initially injected through the reactor. CO, which reacts very slowly with other species
in the atmosphere,105 is essentially chemically inert in water due to the large activation
energy needed for the water–gas shift reaction at room temperature.106 Because CO
is a stable molecule, it can be transported for long distances to a biological target. A
GLUHFWFRUUHODWLRQEHWZHHQÀX[HVIURPWKHSODVPDDQGGRVHVGHOLYHUHGWRWKHWLVVXHV
can then, in principle, be made in a straightforward fashion, independently of the exact
production mode.
,QGLUHFW VRXUFHV FDQ EH FODVVL¿HG EDVHG RQ WKH IUHTXHQF\ RI WKH DSSOLHG YROWDJH
DBD (single shots to several kilohertz), RF discharge (some megahertz), and microwave discharge (some gigahertz). The feed gas can be pure CO2 or CO2 with some
admixture. Noble gases dilute the amount of CO produced, whereas molecular gases
including oxygen and nitrogen allow for the production of other species, such as NO
or O3, that will additionally affect a biological target.8,107 According to the reactor, gas
mixture, and plasma parameters, the concentration of CO can be tuned from some parts
per million to 10s of percents. For instance, a small DBD in pure CO2 that generates only
RQHRUWZR¿ODPHQWVSURGXFHVVRPHKXQGUHGVSSPRI&2108–110 and the conversion rate
with a microwave plasma can rise to > 60%.111,112
As explained in a previous subsection, CO-saturated solutions are among the current methods used for CO delivery in medicine.113,114 One drawback of this method,
however, is the use of a CO tank, which can be dangerous in a medical environment
if a leak should occur. Plasmas may be used as a local, inline CO source instead of
being used with a CO tank. An indirect plasma source in pure CO2 can provide a very
large amount of CO (> 60%).112 In the afterglow of the plasma, CO can be separated
from the other species present in the gas phase using membranes or reactive absorption
processes.115–117 The gas is then bubbled into a liquid, or the plasma can be generated
directly in contact with the solution, as shown in Fig. 5. Such a system would be safer
than using compressed CO gas bottles or high-temperature processes.
The combination of CO-saturated solution with plasma-activated water (PAW) may
EHEHQH¿FLDOIRUPHGLFDORUSODQWWUHDWPHQWVDVZHOO)RULQVWDQFH&2PD\UHGXFHDQ
LQÀDPPDWRU\UHVSRQVHZKHUHDV3$:ZRXOGGLVLQIHFWWKHWLVVXHWKDQNVWRLWVDQWLEDFWHrial properties.118,119 PAW is produced by the interaction of a plasma source with a liquid.
Its low pH and the presence of NO2– and H2O2 are usually invoked to explain its bactericidal effect.118 Figure 5 presents an example of such a system, wherein a discharge is in
contact with the water surface,118EXWLWH[LVWVDPRQJRWKHUFRQ¿JXUDWLRQV120 Generally,
water is treated by the plasma, but other types of liquid, such as phosphate-buffered
saline (PBS) solution, can also be activated by the plasma.119
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FIG. 5: Scheme of plasma-activated water and CO bubbling

:H KDYH EULHÀ\ GLVFXVVHG VHYHUDO SODVPD UHDFWRUV WKDW FDQ JHQHUDWH &2 DQG
RWKHU VSHFLHV  LQ YDULRXV FRQ¿JXUDWLRQV 7KLV QRQH[KDXVWLYH OLVW GHPRQVWUDWHV WKHLU
ÀH[LELOLW\ DQG LW LV LPSRUWDQW WR PHQWLRQ WKDW DOPRVW DOO RI WKHVH GHYLFHV DUH DOUHDG\
EHLQJLQYHVWLJDWHGIRUVSHFL¿FDSSOLFDWLRQVLQSODVPDPHGLFLQH,WLVKRSHGWKDWXVLQJ
these plasmas with CO for in vitro or in vivo experiments will then require only minimal
changes.
2. 3ODVPD 'iDJnoVWiFV
Measuring CO can be challenging, especially when performing local non-invasive
measurements on plasmas at atmospheric pressure. Such plasmas are generally nonKRPRJHQRXVDQGKDYHD¿ODPHQWDU\VWUXFWXUHWKDWUHQGHUWKHPGLI¿FXOWWRGLDJQRVHin
situ. Moreover, plasma dimensions can be very small, ranging from some hundreds of
PLFURPHWHUV WKHW\SLFDOGLDPHWHURID¿ODPHQW WRFHQWLPHWHUVDQGWKH\DUHLQÀXHQFHG
by the presence of any metal or dielectric surfaces that are within close range. However, the CO molecule has the advantage of stability at atmospheric pressure and room
temperature and can therefore be easily measured ex situ. Listed in Table 3 are different
types of diagnostics and their characteristics. Below, we discuss these techniques in
some more detail.
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TABLE 3: Characteristics of various diagnostic techniques for CO density measurements
Techniques
FTIR
Laser absorption
MS
TALIF
GC
Solid sensors

In situ
No
'LI¿FXOW
No
Yes
No
No

Absolute density
Yes
Yes
Yes
Complicated
Yes
Yes

Sensitivity
Medium
High
Low
High
High
High

Time resolution
s to min
100 ns to ms
s to min
ns to min
min
s to min

FTIR, Fourier-transform infrared (spectroscopy); GC, gas chromatograph; MS, mass spectrometry; TALIF,
WZRSKRWRQDEVRUSWLRQODVHULQGXFHGÀXRUHVFHQFH

a. Residual Gas Analyzers
For plasma diagnostics, residual gas analyzers can be subdivided into mass spectrometers
and gas chromatographs (GCs), based on their separation techniques. These devices usually operate on the principle that a small fraction of gas that is sampled from the volume is
then sent to an analyzer. The chemical composition of reactive plasmas can be investigated
E\PDVVVSHFWURPHWU\XVLQJDFDSLOODU\VDPSOLQJRUL¿FH121–123 or a differentially, doubleSXPSHGPLFURRUL¿FHLQDPROHFXODUEHDPFRQ¿JXUDWLRQ124 Both can determine densities of
stable species, but the latter can sample additional radicals. In the case of CO, which has 28
atomic mass units of molecular mass, its detection is complicated by the fact that N2, which
is naturally present in air, has the same mass. The shape of the cross sections for electron
impact ionization can in theory discriminate among different species having the same mass
by measuring the ionic signal for several electron energies and then distinguishing the parent ion from dissociative ionization processes.125 CO has an ionization potential of 14 eV,
whereas N2 has an appearance ionization potential of 15.6 eV.126 In principle then, these
two species can be differentiated. However, the targeted densities of CO to be measured (<
1000 ppm) for any practical application in plasma medicine makes its signal discrimination
IURPQRLVHKLJKO\GLI¿FXOW7KXVWKLVWHFKQLTXHDSSHDUVWREHXQVXLWDEOH127
GCs are routinely used in medicine for measuring the quantity of CO in blood (see
Sundin and Larsson,128 for instance). In the gas phase, various GCs can detect CO with
high sensitivity.129 The downside of GCs is usually their very slow response time (several minutes). In the category of residual gas analyzers, we may also add solid-state
gas sensors that also detect CO remotely. They have limited, but usually low, detection
ranges and can give absolute densities following proper calibration procedures for given
temperature ranges.130 Their response time is slow as well.
b. Absorption Spectroscopy
IR light can interact with the CO molecule and therefore be measured by means of an
absorption method that is based on the Beer–Lambert law.131–133 Fourier-transform IR
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(FTIR) absorption spectroscopy and laser absorption, both based on this law, use, respectively, a broadband light and a laser as light source. FTIR absorption yields broad
absorption spectra with low sensitivity,132 whereas laser absorption can measure a very
small amount of CO (< 1 ppm) on a very narrow spectral range. A quantum cascade laser
is generally used instead of its ancestor, the lead salt laser,131 and a temporal resolution
down to 100 ns is, in principle, feasible.
Usually, it is hardly possible to use these methods in situ to measure CO density
due to the small dimensions and the nonhomogeneity of atmospheric pressure plasmas.
For low CO concentrations, a multipass cell is needed to allow increases in absorption
length and method sensitivity. The diagnostic can then be remote and deliver similar
results to those of gas analyzers.
c. Two-Photon Absorption Laser-Induced Fluorescence
7ZRSKRWRQ DEVRUSWLRQ ODVHULQGXFHG ÀXRUHVFHQFH 7$/,)  RI WKH &2 PROHFXOH LQ
the B1گ+VWDWHZDV¿UVWGHPRQVWUDWHGE\/RJHHWDO134 and has since been developed to
detect CO.135 In atmospheric pressure gases, sub-ppm detection levels were reported
by Aldén et al.1363ODQDUODVHULQGXFHGÀXRUHVFHQFH¿UVWGHYHORSHGE\+DXPDQQHW
al., allows two-dimensional CO density distribution mapping.137 At high pressure,
collisional quenching (mainly by CO2 and O2, but also by CO itself) limits the detection of CO when using nanosecond pulsed lasers,138 and picosecond lasers are necessary at atmospheric pressure.139 Femtosecond lasers have been recently developed in
WKH ¿HOG RI 7$/,) GLDJQRVWLFV DOORZLQJ IDVWHU PHDVXUHPHQWV DQG DOOHYLDWLQJ ODVHU
disturbance including photolytic effects.140 The determination of the effective collisional quenching rate (which depends on the species present in the gas phase and on
WKHJDVWHPSHUDWXUH PDNHVWKLVWHFKQLTXHUHODWLYHO\GLI¿FXOWWRXVHIRUTXDQWLWDWLYH
measurements in situ in the plasma phase. However, both spatial and temporal resolution are excellent.
In summary, several diagnostic methods are available to measure CO concentration
at various ranges, allowing control of the amount of CO produced by the plasma. Table
3 summarizes and sorts these methods as a function of their advantages and disadvantages. Local absolute-density measurements in the plasma (i.e., mapping) is complicated
WRDFKLHYHGXHWRWKH¿ODPHQWDU\VWUXFWXUH%XWEHFDXVHWKHGLPHQVLRQRIWKHSODVPD
is much smaller than the dimensions of the biological target, local absolute density in
plasma may not be an important criterion but nevertheless can still be obtained using
TALIF. The parameter of primary biological relevance is the total amount of CO produced by the plasma. Depending on conditions, the amount can be measured with the
techniques listed previously. It is important to note that those measurements are hardly
feasible during treatment of an animal, because the techniques are very sensitive and
must be performed in motionless conditions. However, the plasma can be calibrated
ahead of time by measuring CO concentration in conditions with a similar setup, during
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ZKLFKHYHU\FRPSRQHQWLVVWDELOL]HG2QD¿QDOQRWHLWLVZRUWKQRWLQJWKDWGHVSLWHWKH
fact that CO is a species that is naturally present in air, no easy, straightforward method
for its detection is available, and dedicated measurements are required. Considering
that plasma jets or discharges in air affect the CO/CO2 ratio at the tissue level, it will be
interesting to characterize the existing sources and correlate their biological impact with
other reactive species such as H2O2 or NO.
V. POTENTIAL SYNERGIC EFFECTS OF CO AND PLASMAS: DISCUSSION
Usual CO-based treatments now occur via inhalation of gaseous†&2WKDWLVWKHQ¿[HG
in large quantities as COHb. Quite interestingly, it has been reported that CO can mediate HO-1 induction in hepatoma cells.45,141 Local delivery of controlled CO amounts (see
Section IV.A. Plasmas as CO Sources) has the potential to activate locally the CO signaling pathways and avoid using large amounts of CO that will impact the whole organism.
Reviewing some of the clinical investigations of the CO molecule as a therapeutic
species reveals its high potential. Because plasmas have proven effects in treating
VRPHDIÀLFWLRQVLWLVYHU\OLNHO\WKDWEHQH¿FLDOHIIHFWVRIDGGLQJ&22 to the plasma
discharge (and so producing CO) will also be observed. However, considering the
large number of species that a plasma produces, we must caution that any new positive
results due to the addition of CO2 (and consequently the production of CO) shall not
be by default associated with a therapeutic effect of CO. Adding an extra molecule
to the discharge can lead to strong modulation of all reactive species present in the
plasma and its afterglow.
HO-1 is also often referred as heat shock protein (i.e., a protein that is produced in
response to a thermal stress of the tissue).142 Because cold atmospheric pressure plasmas
can sometimes be a moderate source of heat, it can be expected that heat and exogenous
CO (both delivered by the plasma) may induce cumulative effects in cellular response.
Plasmas would then offer the possibility of limiting the effects of excessive exposure
to gaseous CO and accelerating CO induction of transcription processes at lower exogenous doses of CO.‡
7KHSRWHQWLDOEHQH¿WVRISODVPDVKDYHEHHQUHFHQWO\VWXGLHGLQFDVHVRIVHHGJHUmination and growth in plants.20 Some positive results have been observed, but UV
UDGLDWLRQ IURP WKH SODVPD  PD\ DOVR HOLPLQDWH VRPHPRVW RI WKH EHQH¿FLDO HIIHFWV82
The observation that in most cases exposure to CO can mimic the protective effects of
HO-147,143 suggests that HO-1 acts in a protective manner via the generation of CO. In
that respect, the observation that the up-regulation of HO-1 procures protection against
UV radiation indicates that CO could have a direct protective role.81
$SURPLVLQJ¿HOGLVDOVRWKHDGPLQLVWUDWLRQRI&250VEXWPROHFXODUFDUULHUVFRQWLQXHWREHWHVWHGIRU
potential pathological effects. The amounts of CO delivered to target tissues are complex to predict because
of the relatively limited knowledge about equilibrium dissociation constants of the complexes in vivo.

†

 RZHYHUWKHUHDSSHDUVWREHFRQÀLFWLQJHYLGHQFHDQGRULQWHUSUHWDWLRQDERXWWKHGLUHFWLQGXFWLRQRI+2
+
protein transcription by heat shock.144,145

‡
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12KDVEHHQYHU\PXFKGLVFXVVHGLQWKH¿HOGRISODVPDPHGLFLQHIRULWVUROHLQ
various processes such as wound healing and cancer therapy.146 Similarly to CO, NO
increases activation of guanylyl cyclase (one of the main receptors for NO itself, as
a signaling molecule)147 to produce cGMP, acts as a neurotransmitter in the brain, decreases vascular tone, and inhibits platelet aggregation.148 However, it is not expected
that CO and NO are redundant messenger molecules. Durante and Schafer48 point out
WKDWLPSRUWDQWGLIIHUHQFHVLQWKHVSHFL¿FLQGXFHUVDQGUHJXODWRUVRIWKHHQ]\PHVOHDG
to their production, and they have different reactivity with biomolecules such as hemoproteins. The lack of CO reactivity when compared to NO has in fact been proposed to
be an advantage in stress conditions, where NO bioavailability is compromised, but CO
can still exert its signaling properties.25 NO has also been determined to be a regulator of
HO-1 gene expression in vascular smooth-muscle cells.149 However, CO can also act as a
regulator of the effects of NO at the cellular level. For instance, Kostoglou-Athanassiou
et al. reported that endotoxin stimulates both NO and CO generation, but the two gases
have counter-regulatory effects on the activation of endocrine glands.150 In some conditions, CO can also bind and activate NO synthase to stimulate NO production.151 Ingi et
DOVKRZHGWKDWFHUHEHOODUJUDQXOHVSURGXFHVLJQL¿FDQWDPRXQWVRI&2LQFXOWXUH,QWKLV
system, NO acts as the major regulator of cGMP production, whereas endogenous CO
apparently down-regulates the response to NO.152
0RUHJHQHUDOO\FKURQLFDOO\LQÀDPHGWLVVXHLVFKDUDFWHUL]HGE\WKHLQ¿OWUDWLRQRILPPXQHFHOOVLQFOXGLQJPDFURSKDJHVWKDWFRQWLQXRXVO\JHQHUDWHLQÀDPPDWRU\PHGLDWRUV
such as NO. CO has been shown to inhibit NO production in macrophages and reduce
LQÀDPPDWLRQ2512H[HUWVPXOWLSOHPRGXODWLQJHIIHFWVRQLQÀDPPDWLRQDQGKDVDNH\
role in the regulation of immune responses. However, large amounts of NO, usually
SURGXFHGHQGRJHQRXVO\E\L126FDQEHWR[LFDQGSURLQÀDPPDWRU\153 Thom et al.154
reported that CO stimulates the release of NO and the production of the strong oxidant
peroxynitrite (e.g., in blood platelets and vascular cells). Piantadosi remarked that NO is
the most reactive physiological gas and it may be converted to the toxic NO2 molecule
at high concentrations.22 Additionally, both NO and CO interact with the Fe2+ of hemoglobin, with an association rate constant in favor of NO compared to CO. However,
the dissociation rate of CO bound to hemoglobin is much slower. Piantadosi concluded
WKDW &2 ZLOO OLNHO\ LQÀXHQFH WKH ELRDFWLYLW\ RI QHZO\ V\QWKHVL]HG 12 LQ UHVSRQVH WR
physiological stimulation or pathological events.22 Motterlini and Otterbein57 argued
that both molecules are closely related and necessary for the expression/production of
one another. Actually, it was proposed that the activation of HO-1 may defend against
NO-mediated toxicity by negatively modulating iNOS expression or activity. CO released in the process of heme catabolism can inactivate existing iNOS by interacting
with its iron moiety.49,155
From the discussion throughout this article, it may appear that NO is usually a molecule (that is currently widely studied in plasma medicine) with often the same effects
as those tentatively attributed to CO. However, one should note that during treatment,
a limit of 80 ppm of exogenous gaseous NO is followed in clinical therapies.156 Plasma
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jets typically produce NO densities in the range of 1–100 ppm.133,157–159 Graves144 also
notes also that creams used for wound healing usually use NO-releasing species, but
GLVFXVVLRQVDERXWWKHLUXVHFLWHWKHIDFWWKDWWKH\FDQFDXVHVNLQLUULWDWLRQLQÀDPPDWLRQ
Due to its overall complete chemical inertness (which only forms complexes with transition metals, the latter being weak, nonchemical bounds in a reversible manner), CO
clearly shows the potential to be a substitute (of exogenous NO) and/or complementary
molecule in the plasma cocktail delivered to solutions, cells, and tissues. Adding CO to
the mix is expected to offer extra cell protection and enhance positive cellular responses
to the plasma.
High concentrations of CO increase intracellular hydrogen peroxide (H2O2) production§ in the brain, accompanied by increases in hydroxyl radical (•OH) production. This
consequently affects the redox balance of glutathione in mitochondria.160 High doses
of exogenous CO produced by plasmas may then trigger •OH and H2O2 production inside cells in addition to delivering them at their surface. Adding CO to the cocktail of
reactive molecules may then help achieve similar effects at the cellular level, maintain
reduced oxidation levels of the membrane, and increase survival.
Finally, we note that plasmas with CO2DGPL[WXUHDOVRSURGXFHVLJQL¿FDQWDPRXQWV
of other species including O atoms, O3, and 1O2 molecules that are also active in medicine. Adding CO2 WR WKH JDV GLVFKDUJH LV DQ DGGLWLRQDO ZD\ WR WXQH WKH ÀX[ RI WKRVH
species to the target and provide an alternative to the O2 admixture into the plasma jet
(e.g., and provide less oxidizing conditions).
VI. CONCLUSIONS
From this review of the literature, it appears that the CO molecule has a surprisingly large
UDQJHRIWKHUDSHXWLFDFWLRQVLQFOXGLQJDQWLLQÀDPPDWRU\DQWLK\SR[LDDQGDQWLDSRSWRWLF
effects; vasodilation; and inhibition of platelet aggregation. In plants, CO promotes cell
germination and lateral root formation and is involved in protective mechanisms against
UV radiation and abiotic stresses due to metals, salinity, or drought. Importantly, the
ranges wherein therapeutic effects can be observed are below levels of either short- or
long-term toxicity.
7KHUH PD\ EH D VLJQL¿FDQW EXW \HW XQH[SORUHG RSSRUWXQLW\ IRU &22 plasma discharges that have been previously analyzed to come to a fundamental understanding
of the dissociation process of the CO2 PROHFXOH LQWR &2 WR EH UHXVHG LQ WKH ¿HOG RI
SODVPDPHGLFLQH,QWKLVDUWLFOHZHUHYLHZHGVHYHUDOVWXGLHVWKDWVKRZWKHEHQH¿FLDO
effects of CO at low doses (both in medicine and agriculture), with some discussion
on the molecular pathways involved with CO. In that respect, CO’s interplay with the
NO molecule appears to be critical. This may produce general implications on the use
of NO generating plasma sources in medicine. Fundamental understanding of CO’s effects on tissues may not directly increase from trial results using plasmas because of
§

Note that NO also triggers H2O2 production.144
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WKHLUKLJKLQWULQVLFFRPSOH[LW\+RZHYHULWDSSHDUVWKDWVXI¿FLHQWHYLGHQFHDQGDJRRG
understanding exist already in the literature about CO pharmacology. These previous
studies will help clarify any new effect that may be observed using (well-characterized)
plasmas with and without CO production. It is even tempting to consider that CO may
already be responsible for some of the effects observed in plasma medicine because
of the natural CO2 presence in the atmosphere. It will be interesting to experimentally
PHDVXUH&2GHQVLWLHVLQWKHHIÀXHQWRISODVPDMHWVWRYHULI\LWVSUHVHQFH7RWKHEHVW
of our knowledge, such measurements have not been reported in the literature yet for
any plasma source used in biomedical applications. We provided a review of potential
(plasma) diagnostic techniques that could be used for that purpose and included their
respective advantages and disadvantages.
An overview of the recent literature on CO and NO molecules shows them to be
strongly related both in their effects and their mutual regulation of endogenous expresVLRQ,QWKDWUHVSHFWWKHDGGLWLRQRIH[RJHQRXV&2PD\EHSDUWLFXODUO\EHQH¿FLDOIRU
FRXQWHUEDODQFLQJ WKH SRWHQWLDO LUULWDWLRQLQÀDPPDWRU\ HIIHFWV RI H[RJHQRXV 12 SURduced by the plasma. In the case of (chronic) wounds, CO-based plasmas may be of
SDUWLFXODUXVHLQFRPELQLQJVWHULOL]DWLRQDQGDQWLLQÀDPPDWRU\HIIHFWV
Following this overview of the related literature, we make a compelling case for the
LPSRUWDQFHRIWKH&2PROHFXOHLQWKHWUHDWPHQWRIYDULRXVDIÀLFWLRQVDQGIRUSURFHVV
stimulation. Potential applications both in medicine agriculture were underlined. We
believe that CO2 plasmas should be tested for use in plasma medicine and agriculture in
the future. The fact that the CO molecule has positive biological effects was discovered
less than 20 years ago; thus, potential biomedical CO use is still in its infancy compared
to other pharmacological active species. However, this relatively recent discovery does
not diminish its potential, but instead opens a window of opportunity for plasmas with
CO2 admixture. The possibility of synergic effects of the CO molecule with other components of plasma such as charged and neutral species, UV radiation, or heat are very
exciting.
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