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Pathogenic microbes are becoming one of the biggest health-threatening challenges leading to a global need for
sustainable solutions. Ultraviolet (UV) radiation enables the control of microorganismal replication. However,
microbes with protected and/or repairable nucleic acids have challenged the inactivation efficacy of current UV
sources. Targeting proteins responsible for nucleic acid protection and repair or microbial infection can be gamechanging. Here, we identified and kinetic-modelled the efficiency of a new mercury-free radiation technology:
microplasma UV, which radiates around proteins’ UV-absorption and decomposition peak with unique spectral
power distributions. Surrogates for challenging microorganisms were studied: Escherichia coli (E. coli) bacterium
that contains nucleic acid reactivation proteins, and bacteriophage-MS2 virus that possesses viral proteins
responsible for protecting nucleic acid (capsid) and initiating infection (maturation). The microplasma UV lamp
photons, at wavelengths below 240 nm, induced nucleic acid repair-deficiency disorder and enhanced inacti
vation of viral infectivity. Both studied microplasma UV sources presented higher germicidal efficiency for MS2
and significantly lower repair for E. coli compared with the standard values reported for mercury UVC lamps and
UVC light emitting diodes (UVC-LEDs) in the literature. The reactive oxygen species were found to not play a role
in this enhancement. The present results introduce promising UV sources for efficient and long-lasting microbial
inactivation, thereby paving the way toward sustainable disinfection systems.

1. Introduction
The emergence of pathogenic microbes is quickly becoming one of
the biggest health challenges of our time. Shortcomings associated with
chemical sterilization agents, e.g. by-product generation in water, dif
ficulty to be used for air, and market shortage for high demand surface
disinfection consumers, have revealed a worldwide need for a sustain
able disinfection technique [1]. The great potential of ultraviolet (UV)
radiation or, more precisely UVC (200–280 nm), to interfere with mi
crobial replication has been attracting significant attention for use in
various applications, such as water/air disinfection, surface sanitization,
and blood purification [2,3]. The low-pressure mercury vapor UV lamp
(LPMVL) is the most commonly used commercialized UV source [2] (see
Table S1 for a detailed operating characterization).
In principle, irradiated UV photons prevent microorganisms from
replication and survival, so-called inactivation, by changing their ge
netic nucleic acid structure [4], either ribonucleic acid (RNA) or deox
yribonucleic acid (DNA). In practice, however, two types of
microorganisms have challenged the further globalization of the
currently available UV sources: microorganisms with (i) UV-resistant

genomic structure and (ii) effective post-irradiation repair mechanisms
for nucleic acid lesions, which are designated hereafter by UV-resistant
microorganisms (URMs) and effectively repairable microorganisms
(ERMs), respectively. These microorganisms lead to a higher required
UV-dose regulated by global environmental protection agencies for
adequate disinfection by UV sources, which, in turn, results in higher
energy consumption and lower process efficiency. Further, the regula
tions sometimes require the addition of chemical disinfectants, such as
chlorine and ozone, as supplementary disinfectants, defecting the pur
pose of the sustainable “chemical-free” UV treatment.
Sensitivity of nucleic acid protection and viral proteins in URMs for
UV with below 240 nm photons, known as far-UVC radiation [5] (see
Scheme S1 for partitioning of UV radiation), can be the key to increasing
susceptibility by inducing damage to these components. In ERMs, the
repair mechanism to maintain genome integrity consists of two main
phenomena: intrinsic nucleotide excision repair [6] and light-initiated
[7] repair, which are known as dark repair and photoreactivation,
respectively. In photoreactivation, the repair is performed by an
enzyme, called photolyase [8], which reverses UV-induced damage in
nucleic acids. In dark repair, the damage is reversed by the action of a
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number of different enzymes. All of these enzymes are activated by an
energy source which could be photons mainly in the wavelength range
of 300–500 nm for photoreactivation, or existent nutrients within the
cell for dark repair [9]. Inactivating radiation at a broad range of UVCs
has been claimed to be effective for reducing subsequent reactivation of
microorganisms [7,8].
Polychromatic medium pressure mercury vapor UV lamp (MPMVL)
was the first to be studied to solve the two aforementioned roadblocks of
UV disinfection as it irradiates far-UVC photons in its broad spectrum
(Fig. 1a). MPMVL was shown to be more effective at inactivating URMs
than LPMVL [7,10]. When damage to nucleic acid was measured, the
MPMVL and LPMVL were equally effective [11], which confirmed the
enhanced inactivation of URMs by absorbing far-UVC with their pro
teins. MPMVL has also been shown to limit the degree of photoreacti
vation compared to LPMVL [12]. However, the biggest drawback of
MPMVL compared with LPMVL is the overly broad spectrum (185–600
nm), which made them less efficient and more energy-consuming in
providing the same germicidal dose in the UVC range. In addition, this
broad emission gave rise to the possibility that the nucleic acid in a
target pathogen may undergo simultaneous damage and repair when
exposed to other wavelengths (UVA and visible light) during the disin
fection process, decreasing the efficiency of MPMVL disinfection (see
Table S1 for other characteristics).
Recently, a new semiconductor-based UV source, termed the ultra
violet light-emitting diode (UV-LED) [13], has been developed with
special features (Table S1), making it a great candidate for point-of-care
disinfection systems [14]. Low-power-consuming UV-LEDs have
garnered increasing interest as a promising alternative to UV mercury
lamps for disinfection [15]. However, UV-LEDs’ inability to generate
broad spectrums, including far-UVC with a reasonable wall plug effi
ciency, has hindered their further application for URMs and ERMs. Some
studies have successfully limited photoreactivation by adding UVA
pretreatment to UVC-LED disinfection [4,16]. However, energy and cost
analysis demonstrated that this technique is still uneconomical due to
the high dose requirement for UVA pretreatment [17].
Researchers have been encouraged to employ alternative far-UVC
radiating sources, such as excilamps [18], UV lasers [19], and pulsed
electric discharges [20]. However, in spite of exciting lab-scale
achievements [21], critical drawbacks of these sources (see Table S1)
along with a dearth of reliable operating protocol have impeded their
progress for practical applications. In addition, since far-UVC is near the
vacuum UV region (<200 nm), the absorption coefficient of aqueous
samples would be higher in comparison with the one for near-UVC,
depending on the water matrix, which leads to significant light attenu
ation and lower UV transmittance (UVT).
Microcavity plasma or “microplasma” technology is a new radia
tion source capable of generating UV radiation of different wave
lengths in a slim and flat form. This technology creates the opportunity
for the development of novel UV-based water, air, and surface disin
fection devices, thereby expanding the reach and applicability of
UV technology. Microplasma UV offers significant advantages over
conventional far-UVC sources (see Table 1 for microplasma UV lamps’
characteristics), allowing it to be utilized in commercial applications
[22]. Within the microplasma UV lamp, UV-generating rare-gas excimer
molecules, such as Xe2 and KrCl, are produced, which mono
chromatically emit radiation in the far-UVC spectral region at 172 nm
and 222 nm, respectively [23]. Ingeniously, a new broad spectrum in the
UVC region (220–280 nm) has also been generated by down-converting
Xe2 radiation with phosphorus.
To overcome the abovementioned challenges associated with the UV
disinfection of microorganisms, we have provided the first demonstra
tion of applying the newly emerged microplasma far-UVC lamps utiliz
ing a systematic kinetic study. To achieve accurate photokinetic data, we
applied a recently developed protocol for operating, controlling, and
UV-dose measuring of microplasma UV lamps [24]. We utilized two
microplasma far-UVC sources, monochromatic KrCl (K-Microplasma)

and polychromatic Xe2-phosphor (P-Microplasma). The kinetics and
mechanism of microbial inactivation and posttreatment reactivation for
K-Microplasma and P-Microplasma were investigated and compared
with other commonly used germicidal UVC sources in terms of germi
cidal efficiency and the extent of reactivation after UVC treatment. The
methodology for the selection of the studied cases is described in Section
2.1.
2. Materials and methods
2.1. Case study selection
In the current work, we analyzed indicator microorganisms for URMs
and ERMs. For URMs, bacteriophage-MS2, a single-stranded RNA
(ssRNA) virus, was used as a conservative UV-resistant representative,
due to its lower susceptibility to far-UVC. This is according to MS2’s
spectral sensitivity, compared with adenovirus, Salmonella typhimurium,
Staphylococcus aureus, and Cryptosporidium parvum as well-known
regulated standards for pathogenic viruses, gram-negative bacteria,
gram-positive bacteria, and protozoa [21]. In the shadow of COVID-19
outbreak, it is noteworthy to mention that bacteriophage MS2 could
potentially be a proper surrogate for studying the UV susceptibility of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); see Text
S1 of Supplementary Information for further discussion. For ERMs, a
nonpathogenic strain of Escherichia coli (E. coli), which is the most
commonly used representative for investigating the protein-based dark
and photo-initiated repair behavior after UV irradiation [4,7,25–27]
was selected. E. coli can be inactivated with a fair UV-dose compared
with other ERMs and contains various intercellular proteins [28]. Fig. 1b
demonstrates the relative spectral sensitivity of E. coli and MS2.
Here we chose to analyze the inactivation of microorganisms in
water samples as a conservative strategy since UV rate constants are
lower for water than for aerosolized droplets in air or on the surface
because water sorption onto the microbe surface provides protection
against UV-induced damage [9,29].
2.2. Microplasma UV irradiation setup
Two monochromatic and polychromatic microplasma UVC lamps,
both 2 × 2 in2 in size, were obtained from Eden Park Illumination Inc.
(Champaign, IL, USA). The emitted radiation from the lamps and cor
responding spectral power distribution (SPD) were measured using an
Ocean Optics USB2000+ spectrometer equipped with a Sony ILX511B
CCD detector. The measured normalized SPD and SPD-related specifi
cations for both lamps are illustrated in Fig. 1a.
A UV exposure apparatus was designed based on the previously
developed characterization and kinetic study protocols [24] (see Fig. S1
for the summarized protocol). In this setup, a microplasma UV lamp,
either K-Microplasma or P-Microplasma, was located at a distance of 6.5
cm from a fully filled closed quartz solution container 5.5 cm in diam
eter, perpendicular to its surface normal vector. At this distance, ac
cording to the protocol, all the radiation uniformity, collimation, and
divergence values are in their satisfactory standard ranges, and conse
quently, uniform distribution of fluence is delivered to microbial cells
within the container. In addition, using a black sheet with an aperture on
top of the container, the beams are controlled to enter the solution only
from the container surface rather than the walls. To be sheltered from
any extra ambient light-induced photoinactivation or photoreactivation,
the entire experimental apparatus was covered with a black box. The
inner wall of the box was also UV-absorbing to minimize the reflection.
A schematic representation of the experimental setup is shown in
Fig. S2.
As controlling the input voltage and electrical current is essential for
constantly driving the microplasma UV lamps, each lamp, and its power
supplying electrical circuit was connected to a DC power supply (Model:
Aim TTI EX355R) separately. Although it was previously demonstrated
2
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Fig. 1. (a) An extensive comparison of the spectral
power distribution (SPD) of different germicidal UVC
sources. Microplasma UV lamps were employed in
this work, and others were common SPDs extracted
from literature, but some alterations with respect to
peak sharpness and full width at half maximum
(FWHM) may have varied slightly for extracted sour
ces. Action spectrums were extracted from published
values [30]. (b) The relative spectral sensitivity of
E. coli and MS2 (weighted by the LPMVL emission) in
the UVC region. (c) A general absorption spectrum of
microbial cell components (protein and nucleic acid)
at the UVC radiation range at the same concentrations
[31]. Note that absorption of different proteins may
slightly vary according to the constituent amino acids,
and these figures are shown only for general insight
into the difference between nucleic and protein UVabsorption behavior. The same claim is also valid for
the nucleic acid of different microorganisms as the
general DNA absorption is depicted here.
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samples were taken at intervals, and each reactivation experiment was
conducted in triplicate to obtain reproducibly insured statistical data.

Table 1
Operating characterizations of microplasma far UVC lamps.
UV source

Operating characteristics

Microplasma UV
Lamps a

• Both monochromatic (221 nm) and polychromatic
(220–270 nm)
• No mercury
• No warm-up time
• >5,000 h lifetime
• Electrical to germicidal UV conversion efficiency <20%
• Low power supply requirement (<30 V DC)
• Flat geometry in different sizes for designing planar
reactors
• Low operating surface temperature (<40 ◦ C)

a

2.5. Reactive oxygen species analysis
To elucidate the role of reactive oxygen species (ROSs) in far-UVC
inactivation, radical scavengers were employed to create radical-free
•
•
conditions. Hydroxyl radical ( OH), superoxide radical ( O–2), and
hydrogen peroxide (H2O2) were scavenged by mannitol (C6H14O6) [32],
4-Hydroxy-TEMPO (TEMPOL, or 4-hydroxy-2,2,6,6-tetramethylpiperi
din-1-oxyl) [33], and catalase [34], respectively. These scavengers
were deliberately selected based on (1) having no harmful effect on
microbes within the duration of the UV irradiation tests and (2) their
reaction rate constants with radicals to ensure that the majority of pri
mary radicals reacted with scavengers rather than with cells. Control
experiments were conducted by adding only scavengers to the microbial
suspensions without UV irradiation. No changes in the microbe con
centrations were observed during these control experiments indicating
no germicidal effect of the selected scavengers. In addition, as ROS may
present as intermediates either in water or inside the microbial cell (or
both) during UV exposure, scavengers were intentionally selected to not
only quench the ROS in water but also permeate the cells as intracellular
scavengers [4,35–37]. Previous studies have indicated that the selected
scavengers can penetrate into the cells to affect the level of radicals in
the intracellular environment [4]; details can be found in Text S2 of
Supplementary Information. All scavengers were obtained from Sigma
Aldrich Co. The biological impact of scavengers was examined by adding
them to microbial suspensions without UV irradiation. No change in
concentrations was observed during these control experiments, thus
indicating that scavengers are not intrinsically destructive for cells. A
given concentration of each scavenger (1 mM TEMPOL, 0.5 M mannitol,
and 1 g L–1 catalase) was added to the relevant reaction solution in
advance. To make the scavenger dissolve in water and permeate into
cells prior to the UV treatment, the scavenger containing the microbial
sample was initially stirred in the dark for 30 min [4,38]. Inactivation
and reactivation experiments were conducted and compared in the
presence and absence of scavengers to perceive the role of each ROS.

References: [22,23].

that a lamp’s rising temperature does not change its output [24], an air
cooling system was installed for heat dissipation and thermal manage
ment. The lamp surface temperature was consistently controlled to be at
27 ◦ C.
2.3. UV inactivation experiments
For microbial inactivation experiments, the container was filled
entirely with the microbial solution to prevent systematic error caused
by wall reflectance of incoming radiation. During the UV exposure and
30 s before it, a magnetic stirrer was used for mixing the microbial
samples to ensure a well-mixed consistency for uniform UV fluence
distribution inside the solution. We were able to keep the solution at
room temperature (25 ◦ C) without any significant change before and
after UV treatment. All experiments were repeated with three biologi
cally independent samples to obtain enough statistical data. The data in
the figures are presented as averages with error bars representing the
standard deviation. A two-tailed paired t-test statistical analysis was
performed to determine the significance of the observed data at 95%
confidence (p < 0.05).
2.4. Microbial reactivation experiments
The time required for 3-log and 4.5-log inactivation was backcalculated by using the resulted kinetic data in the inactivation phase
of the work. When the assigned time of irradiation for each case was
reached, the lamps were turned off, stirring was stopped, and the sus
pension container was immediately transferred to a separate dark repair
or photoreactivation apparatus for studying the corresponding repair.
For dark repair, the microbial sample was placed inside a light-isolated
black box while continuously stirring for 4 h. In the photoreactivation
apparatus, two parallel fluorescent lamps (Philips F15T8, 18 W, cool
white, 4100 K) were aligned at 10 cm above the microbial sample, which
was stirring for 4 h. The 4 h time of reactivation experiments was
selected based on the information reported in the literature as the typical
required time for the reactivation of E. coli to reach the maximum of
survival [3,9,24,26].
The Ocean Optics USB2000 spectrometer was used to measure the
broad 300–700 nm emission spectrum of the fluorescent lamps. Fluo
rescent lamps were turned on 15 min before the actual photoreactiva
tion experiment to warm up and to ensure the stabilized output for
photoreactivation. Throughout this 15 min, the average irradiance was
measured using a UVA-visible radiometer, the Newport Optical 1917-R,
with a 918D-ST-UV detector. The irradiance at the beginning of the
photoreactivation process was measured to be 4.2 mW/cm2 at the sus
pension surface. The temperature of the microbial solutions was moni
tored using a thermocouple and remained at room temperature of 25 ◦ C
without any significant change before and after the reactivation exper
iments. After the reactivation experiments, the reactivation was evalu
ated though the colony-forming ability assay. In both dark and photo
repair, to track the microorganism concentration over time, 30-min

2.6. Microorganisms propagation and enumeration
As discussed in the Surrogate Selection section, the disinfection po
tential of microplasma UV lamps was measured via examining two types
of microorganisms, bacterium E. coli (ATCC 11229) and bacteriophage
MS2 virus (ATCC 15597 with E. coli ATCC 15597 as the host). The dry
powder form of each microbe was purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultivated according
to the supplier’s instructions. A spread agar plate and a double-layer
agar plate technique, adapted from a standard protocol proposed by
the United States Environmental Protection Agency [39], were used to
assess infectivity for E. coli and MS2, respectively, after UV inactivation
or the post-treatment reactivation. See Text S3 on Supplementary In
formation for details.
2.7. Calculation and modelling
The corresponding in-solution UV fluence for each case was calcu
lated using the following equation, which was formulated throughout
the developed protocol in our previous work [24]:
(
)
DF × RF
H =E×
× (WF × τ)
(1)
CF
where H (mJ⋅cm− 2) is the average in-solution fluence, E (mW⋅cm− 2) is
the average incident irradiance on the solution surface, and τ (s) is the
exposure time. In brief, in the collimated and uniform irradiance assured
distance from the lamp; first, the average incident irradiance was
4
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measured on the solution surface by the Ocean Optics USB2000 spec
trometer. The average irradiance on solution surface was measured as
0.703 and 0.752 mW cm− 2 for K-Microplasma and P-Microplasma ex
periments, respectively. Then, the divergence factor (DF), reflection
factor (RF), and collimation factor (CF) were calculated for the given
container using their definitions. Finally, the water factor (WF) of the
actual microbial sample was calculated to account for the UV trans
mittance and depth of the solution [40]. For monochromatic K-Micro
plasma, the aforementioned correction factors were calculated for the
peak wavelength (221 nm), but for P-Microplasma, they were weightaveraged based on the broad SPD in the 220–280 nm range [41].
According to the second law of photochemistry, UV microbial inac
tivation is usually modelled based on the Chick–Watson first-order
model [42]. Apart from the initial shoulder region for E. coli, the rela
tionship between microbial log inactivation and the delivered UV flu
ence is linearly modelled as:
( )
N0
Log inactivation = log
= K⋅H
(2)
Nt

method [43] to report standard kinetic data in collimated beam setups;
the method is approved by the United States Environmental Protection
Agency (USEPA) as a standard protocol for a collimated beam apparatus
design. The average of the collected data was calculated and selected for
the investigation. The upper and lower bounds of the error bars in
Fig. 2a,b show the maximum and minimum log inactivation that can be
achieved by a given fluence. Therefore, the implemented data for
LPMVL for comparisons in this study are the standard values rather than
the randomly extracted ones from several studies. Furthermore, to
ensure the reproducibility of utilized kinetic data for LPMVL from the
standard literature, the inactivation experiments were conducted in a
collimated setup which was designed based on Bolton’s method for
LPMVL. The results were in the range of standard values reported in the
literature.
A suitable calculation technique for the germicidal efficiency (GE) of
a radiation source should be performed as a function of source radiating
behavior. On the other hand, every microorganism has a specific spec
tral sensitivity fingerprint based on its biological compositions. There
fore, the non-dimensional GE is defined by the over-wavelength integral
of the convolution of source SPD (Eλ) and the normalized action spectra
of the target microorganism for LPMVL (Gλ) divided by the integral of
the source SPD [43]. Published action spectra weighted by LPMVL
emission [30] were used in this work. In this work, this is called
“theoretical GE” and calculated as follows:

where N0 and Nt represent the number of colonies (CFU mL− 1 for E. coli
and PFU mL− 1 for MS2, respectively) before and after the UV exposure,
H (mJ⋅cm− 2) is the in-solution UV fluence, and K (cm2 mJ− 1) is the
fluence-based inactivation rate constant.
In this work, the challenge microorganisms’ kinetic data for LPMVL
were collected from the particular literature that followed Bolton’s

Fig. 2. (a) E. coli and (b) MS2 action log reduction fluence responses under irradiation of microplasma UV lamps (this work) and LPMVL (from literature). (c)
Comparison of calculated relative theoretical (Eq. (3)) and action (Eq. (4)) GE of the LPMVL for microplasma sources for both microorganisms. (d) Comparison of
calculated LPMVL-relative theoretical germicidal efficiencies for different germicidal UV sources (see Fig. 1a for the SPD of the studied sources). Dashed lines in (a)
and (b): First-order model fittings (Eq. (2)) excluding shoulder region. Initial concentrations for experiments: ~106 CFU mL− 1 E. coli and ~106 PFU mL− 1 MS2 in
sterile phosphate-buffered saline (PBS). Error bars represent the standard deviation from triplicate runs. Results with statistically significant differences (p < 0.05) are
depicted in figures.
5

M. Raeiszadeh and F. Taghipour

Chemical Engineering Journal xxx (xxxx) xxx

∫

Eλ ⋅Gλ dλ
Theoretical GE = ∫
Eλ dλ

fluorescent lamp (or sunlight) spectrum, the well-known first-order UV
disinfection kinetics is applied for the total survival decay as follows:

(3)

In parallel, GE for microplasma UV lamps was also calculated based
on the experimental photokinetic data to check whether they corrobo
rated theoretical GE values [30]. This so-called “action GE” is defined as:
KF,Microplasma
Action GE =
KF,LP

dS
= kd ⋅S
dt
S = S0,d ⋅e−

(4)

Nrt
× 100%
N0

1+

(5)

Smax =

)

+ S0

(8)

1+

(9)

Sm

(

Sr =

Sm
S0

)
− 1 e−

(13)
k2 ⋅Sm ⋅t

(
(k2 Sm − kd ) (S0 −

kd S0
Sm )(kd − k2 Sm )

k2

)k kSd

2 m

(14)

The non-dimensional GE of a UV source expresses the ratio of the
effectiveness of that UV source compared with that of an LPMVL.
Techniques for calculating the theoretical and action GE for micro
plasma UV lamps toward the studied microorganism are extensively
discussed in Section 2.7.
The dose responses for irradiation of E. coli and MS2 suspensions by
microplasma UV sources are shown in Fig. 2a,b. The fitted kinetic
models with experimental data demonstrated that 4-log inactivation of
E. coli was achieved at about 9.9 and 8.4 mJ.cm− 2 UV fluences for KMicroplasma and P-Microplasma, respectively, while, for the same UV
source order, MS2 was 4-log reduced by 33.4 and 56.5 mJ.cm− 2 UV
fluence.
Regardless of the microplasma source SPD, the fluence-response of
E. coli showed an S-shaped pattern comprising a starting lag phase
(shoulder region), followed by a linear loss of bacteria viability, and
saturation (tailing region) at high fluences. The pattern is shared among
all UV sources in the literature.
In the linear region, P-Microplasma gained a higher first-order re
action rate as it targeted the genomic regions of the bacterium by irra
diating UV with a broad spectrum containing the relative peak of DNA
UV-absorption (Fig. 2a), while the emitted photons of K-Microplasma
were less destructive for DNA. Both microplasma lamps demonstrated a
lower rate constant compared with LPMVL in this region. It is well
documented that inactivation of E. coli by 254 nm UV occurs mainly by
damaging DNA rather than proteins. However, ongoing from 254 to 205
nm, the absorption of intercellular proteins was found to increase
significantly [45]. This resulted from the high absorbance of constituent
aromatic (mainly tyrosine and tryptophan) and sulfur-containing
(mainly cystine) amino acids, which usually show a peak absorption
value at around 205 nm [46,47]. For instance, the molar absorption
coefficient of aromatic amino acids increased approximately one order
of magnitude from 254 to 220 nm (Fig. 1c). Absorption by proteins at
wavelengths below 230 nm has been even shown to be identical to that
by DNA at 260 nm [31]. Additionally, the decomposition quantum yield

where S0 and Sm are the survival ratios immediately after UV exposure
and at ultimate saturation (maximum value in this model), respectively,
and k1 (time-1) is the first-order reactivation rate constant. In this model,
Sr is equal to total S as no decay phase is predicted. However, further
investigations showed that this model could not predict the beginning of
the photoreactivation curve when an induction period is observed. In
this regard, Nebot Sanz et al. recommended a logistic regression model
defined as [25]:
dSr
= k2 ⋅(Sm − S)⋅Sr
dt

)
− 1 e−

3.1. Microbial inactivation

(7)
k1 ⋅t

Sm
S0

kd ⋅t

3. Results and discussion

where S is the survival ratio at time t, and N0 and Nrt are the same as
what was defined for Eq. (5).
Kashimada et al. assumed the photoreactivation phenomenon as a
saturation-type pseudo-first-order reaction and suggested the first
asymptotic kinetic model as follows [26]:

(
Sr = (Sm − S0 ) 1 − e−

Sm e−

In this recommended model, S would be the total survival (Sr ∕
=S
anymore), and Sm would no longer be the maximum survival. Instead,
the new formula for predicting the maximum survival is presented in the
Eq. (14).

(6)

dSr
= k1 ⋅(Sm − Sr )
dt

(

S=

where N0 and Nd are the cell numbers before and right after UV expo
sure, and Nrt is the cell number after reactivation for a t period of time,
all with unit colony forming units (CFU) mL− 1 for E. coli and plaqueforming units (PFU) mL− 1 for MS2. In addition, to model the reac
tivation process, the ratio of the colony-forming ability of cells is
frequently defined as the survival ratio to express reactivation, which is
calculated as follows:
S=

(12)

kd ⋅t

where S0,d is the survival ratio at the beginning of the decay phase (tm),
and kd (time–1) is the decay rate constant, which depends on the exposed
radiation and resistance of the microorganism. During the photoreacti
vation, the survival decay begins at the time tm where the term S0,d
coincides with the survival Sr of the Nebot Sanz et al. model. By
combining corresponding models for the growth and decay phases, the
following expression is proposed for the total survival:

where KF, Microplasma (cm2 mJ− 1) is the fluence-based first-order rate
constant of log removal for each microplasma UV source and KF, LPMVL
(cm2 mJ− 1) is the corresponding value for LPMVL. Here, the KF, LPMVL
values for studied microorganisms were collected and averaged from the
data in the literature [44]. In a collimated and uniform irradiance
assured experimental condition, theoretical and action GE values should
be equal.
The microbial reactivation, both dark and photo-initiated, was first
quantitatively evaluated by defining the percentage of log repair as
follows:
log10 Nrt − log10 Nd
Log Repair =
× 100%
log10 N0 − log10 Nd

(11)

(10)
k2 ⋅Sm ⋅t

where k2 (time–1) is the reactivation second-order rate constant.
However, this model also supposed a maximum saturation for the
photoreactivation process over a prolonged period (Sr = S) and may not
predict the decay phase at the very end of the photoreactivation process.
A new general model was developed in our work and was applied to
describe the photoreactivation. To achieve this goal, a new term was
introduced to the Nebot Sanz et al. logistic model to account for the
observed decay phase. As this phase is caused by the slight UVA in the
6
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that the transfer from viral RNA to viral proteins in MS2 contributes to
site-specific protein damage under 254 nm UVC irradiation [51], where
the UV absorption is low for proteins and high for RNA. In other words,
the level of absorbed energy is initially higher on the RNA side under a
254 nm exposure, and that part of this energy is being transferred to lowenergy protein side and causes damage. Under far-UVC exposure, where
the UV absorption is low for RNA and high for protein, the level of
absorbed UV energy would reverse, that is, become higher on the pro
tein side. Therefore, site-specific damage in RNA can be generated by
energy transfer from the high-energy side (protein) to the low-energy
side (RNA). With this approach, higher RNA damage can be correlated
to the higher protein absorption under far-UVC for MS2. The energy
transfer takes place in available bonds between MS2 RNA and its pro
teins. The most abundant proteins in the MS2 structure are the capsid
and the maturation proteins. It is known that: (i) capsid protein bonds a
stem-loop structure in the RNA [52], and (ii) maturation protein is
bound to the RNA at two specific sites, at the 5’ end and the 3’ end [53].
At these RNA–protein linkages, UV energy could induce a covalent crosslink between the protein and the RNA [50,54] which leads to trans
ferring the UV energy directly to the RNA and causing RNA
photoproducts.
Regardless of pathways, this work illustrated that microplasma UV
sources exhibited outstanding GE for the inactivation of MS2 (compared
to LPMVL) by feeding the energy to its viral proteins.
The theoretical GE corroborated the action GE of both microplasma
UV lamps for both E. coli and MS2 inactivation when they were
employed in well-collimated setups by using standard protocols for the
fluence calculation. A similar agreement between the theoretical and
action GE has been reported for previous UV sources, that is, UV lamps
and various UVC-LEDs. Therefore, the theoretical GE was used in this
study as a standard substitute to compare the action GE of microplasma
UV lamps with that of other UV sources, instead of comparing diverse
experimental data in the literature (Fig. 2d). It was shown that micro
plasma UV lamps presented higher GE for MS2 inactivation compared
with that of all the studied UV sources.

of aromatic amino acids highly increases (~5 times) from 254 to 205 nm
[48]. Therefore, the exposed far-UVC photons to cells may be scavenged
within the cell by being absorbed by proteins surrounding the DNA
leading to lower DNA damage and higher protein damage in micro
plasma UV treatment cases compared with those using LPMVL. Higher
inactivation by LPMVL may imply that UV absorption by proteins during
inactivation has few consequences on the culturability of E. coli cells,
and the inactivation is regulated mostly by the generation of DNAscrambling pyrimidine dimers [2,9]. Moreover, although P-Micro
plasma emits photons with broad SPD comprising both DNA and protein
UV-absorption peaks, it could not enhance the total efficiency as its
relative intensity near the DNA peak was lower than that of LPMVL.
However, in the shoulder region of the dose–response trend, micro
plasma lamps showed similar behavior to LPMVL in spite of higher DNA
absorbance by LPMVL photons. In addition, the increase in the rate of
reaction (slope) from the shoulder to the next linear region was lower for
microplasma sources than for LPMVL. The existence of the initial
shoulder was due to the intrinsic DNA protection or self-repair mecha
nisms of the microorganism by corresponding proteins, which reduced
the amount of DNA damage [2,49]. Therefore, these observations sug
gested the suppression of DNA protection and repairability because of
the higher susceptibility of proteins to far-UVC during the microplasma
UV irradiation.
Furthermore, the theoretical GE values could assess the relatively
lower action GE of microplasma UV lamps to LPMVL (Fig. 2c), although
the currently-known action spectra of E. coli were not extended to below
230 nm wavelengths, where the protein absorption takes place. This can
be more evidence of the domination of DNA absorption in the E. coli
inactivation process. According to Fig. 2d, 265 nm UV-LED had the
highest efficiency for E. coli among all studied sources as it illuminated
near DNA peak absorption.
For the MS2 virus, the story was completely different. The loss of
MS2 viability exhibited pseudo-first-order kinetics over the UV fluence
without the initial shoulder region, which suggested the absence of the
self-repair mechanism even in low UV fluence. In such cases, according
to the second law of photochemistry, the interaction of radiated photons
with the microorganism depends solely on photochemical reactions with
intercellular species without any simultaneous repair mechanism. Both
studied sources indicated outstanding log-reduction values (compared
to LPMVL) with K-Microplasma as the superior microplasma UV source
for MS2 inactivation (Fig. 2b) with a more than two-fold action GE with
respect to the LPMVL. This was not surprising when the spectral sensi
tivity of MS2 was considered, with a greatly enhanced sensitivity below
240 nm, and it was also confirmed by the theoretical GE values, which
are shown in Fig. 2c. DNA and RNA had similar absorbance spectra with
a slightly left-shifted one for RNA [9]. Therefore, the enhancement
appeared to be correlated with the absorption spectra of aromatic amino
acids (proteins), where it increased dramatically in the far-UVC region
(Fig. 1c), and not the absorption spectra of MS2 RNA. The lower GE of PMicroplasma compared with that of K-Microplasma, in spite of its broad
SPD, highlighted that the RNA direct damage was only partially
responsible for the total loss of viral infectivity. Targeted proteins could
be either those responsible for infection (mutation MS2 proteins) or
protein capsid surrounding the ssRNA genome of MS2. However, based
on the results of a quantitative PCR assay, Beck et al. claimed that the
high sensitivity of MS2 to far-UVCs is mainly genome-mediated. They
showed that the damage to MS2 RNA is the primary cause for MS2
inactivation over the entire UVC spectrum and protein damage does not
appear to contribute significantly in this regard [50]. It can be concluded
that the spectral sensitivity of MS2 RNA damage diverges from that of
MS2 RNA UV absorbance and fits with that of MS2 proteins’ UV
absorbance. One possible explanation for the abovementioned correla
tion would be the potential for proteins to significantly absorb UV en
ergy at the far-UVC range and to transfer the subsequent energy to the
RNA to extend the forming lesion. Wigginton et al. suggested that the
energy transfer between RNA and proteins is possible [51]. They showed

3.2. Microbial reactivation
For MS2, the previously noted absence of shoulder region in dos
e–response underlined the inability to achieve RNA repair. This is due to
the lack of functional repair enzymes (proteins) for the bacteriophageMS2 as ssRNA virus [4]. However, double stranded viruses have
shown to possess the capability for being repaired by host cells [55]. In
general, single-stranded viruses are lacking the redundancy of genetic
information in a second strand that allows double-stranded viruses to
repair the damage when they attach the host cell [9]. Complementary
dark and photoreactivation experiments were also conducted for MS2,
and no repair was observed (data not shown).
The 4 h stirring of unirradiated E. coli samples were designed as
control experiments in the dark and under fluorescent lamp irradiation,
and no change in the E. coli concentrations was observed. The ability to
achieve nucleic acid repair depends not only on the biological organi
zation of the microorganism but also on the amount of UV damage
inflicted on the cell. Therefore, the UV-doses required for 3- and 4.5-log
E. coli inactivation were calculated from the dose–response curves
(Fig. 2a) for both microplasma UV lamps and applied to evaluate the
effect of various UV-doses on the reactivation of E. coli, including
photoreactivation and dark repair. Thus, four cases of E. coli reactivation
were studied for each microplasma UV lamp.
As a quantitative summary, in all cases, results indicate lower E. coli
reactivation values for the P-Microplasma irradiation compared with KMicroplasma irradiation (Fig. 3a,b). However, noteworthy trends were
observed over time for these sources, which were different from what
had been common for the previous UV sources. As a complementary
discussion, a write-up concerning the time-based nature of the photo
reactivation process is described in Text S4 of Supplementary
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Fig. 3. The trend over time of E. coli (a) photoreactivation and (b) dark log repair (Eq. (5)) after 3.0- and 4.5-log reduction under irradiation of two studied
microplasma UV lamps. (c) The total E. coli log removal when the photoreactivation was in consideration for different UV sources after 3.0- and 4.5-log reduction.
Corresponding values for the LPMVL and UV-LEDs are extracted from the literature [4,8,27,57]. The kinetic modelling of survival values through the photoreac
tivation process after (d) 3-log and (e) 4.5-log reduction: SModel and DModel in the legends represent the previous saturation model in the literature (Eq. (10)) and
the proposed model in this work based on the decay phase (Eq. (13)), respectively. Error bars display standard deviation from triplicate experiments. To avoid
interweaving lines, error bars are omitted in parts (d) and (e). Results with statistically significant differences (p < 0.05) are depicted in figures.

Information and a fluence-based version of Fig. 3a is depicted in Fig. S3.
The 3-log-inactivated E. coli cells by K-Microplasma recovered up to
19% during 4 h of fluorescence lighting (see Fig. S4 for the spectrum),
while the repair was almost half for P-Microplasma. In addition, the
photoreactivation reached its peak value during the first 150 min
exposure to the visible light and decreased slightly thereafter. The re
covery was much lower for 4.5-log cases, which was confirmed by the
well-established effect of the increasing UV-dose on diminishing reac
tivation [25]. In 4.5-log cases, the growing trend for repair values
resisted for less than 120 min, and afterwards, the decline in E. coli
concentration was significant. Surprisingly, for the P-Microplasma

inactivated E. coli samples, after 210 min of visible light exposure, the
concentration reduced to even lower than its value at the beginning of
the photoreactivation process, exhibiting further inactivation under
light exposure.
The decay phase in the photoreactivation experiments could have
happened because of the slight radiation in the UVA range by the uti
lized fluorescent lamp (see emission spectrum in Fig. S4), which might
not have been tolerated by the cells. This occurred despite UVA being
~105 times less efficient in inducing DNA damage than that of UVC
because of the poor UVA-absorption by DNA to overcome the cell repair
and protection mechanism. This observation can be interpreted as
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indicating that the high far-UVC dose for 4.5-log inactivation intensely
damaged the DNA repair system in E. coli cells to the extent that they
could not resist scant UVA irradiation. In addition, most tRNAs of E. coli
contain thiouridines, which are chromophores with high UVA absorp
tion sensitivity [56]. UVA absorption of thiouridine leads to tRNA crosslinking and blocking the charging of the tRNA with amino acids, which
consequently reduces protein synthesis. Subsequently, a decline in
protein synthesis causes a decrease in the DNA repair capability of
E. coli.
Documented photo repair results for LPMVL and UVC-LEDs in the
literature have shown a significant log repair of 60%–80% for E. coli in
the same experimental conditions [4,8,27], whereas dramatically lower
values resulted for microplasma UV lamps in this work. This indicated
the significant ability of radiation below 240 nm in microplasma UV
lamps’ spectra to damage the photoreactivation capability of E. coli cells.
Photoreactivation repair is initiated by a single enzyme called photo
lyase, which reverses UV-induced lesions in the DNA. Photolyases are
structurally monomeric proteins of ~400–600 amino acids in length
with two noncovalently bound cofactors, which constitute the large
flavoprotein family. Photolyase, owing to aromatic amino acids in its
structure, has a far-UVC preferred radiation absorption behavior, as
discussed in the Germicidal Efficiency section. Although the destruction
of proteins was shown to have a minor biological role in inactivating
E. coli, inflicting damage to proteins responsible for DNA repair by
photons near their UV absorption peak would be vital for the microor
ganism due to the presence of very few repair molecules in the cell [7]. It
has also been documented that the structural dissociation of amino acids
results in denaturation of the enzyme molecule and loss of its biological
activity. For example, denaturation of the polymerase causes a loss in
the multiplication ability of a microorganism, while, regarding the
photolyase, the microorganism loses its capability to repair UV-induced
damage. Thus, below-240 nm UVs can reduce the subsequent photo
repair, possibly by causing a disorder in endogenous photolyase or other
related enzymes. Previous research has also indicated that the broad farUVC radiation in the MPMVL spectrum could potentially affect the
regulation of the photolyase gene to have lower expression and conse
quently reduce the amount of photolyase in E. coli [8,57].
Fig. 3c displays the final UV inactivation (log reduction) when the
post-reactivation is also considered. By comparing the total log removal
of microplasma sources with those of the LPMVL and UV-LEDs, it was
revealed that they were more efficient for the ERM indicator microor
ganism when the combined inactivation + photoreactivation process
was considered.
The dark repair showed comparable trends after P- and K-Micro
plasma irradiations (Fig. 3b). As for 3-log removal cases, dark repair
reached a maximum value (9% and 6.5%) in the first 90 min of lighting
with no further recovery afterwards. For 4.5-log removal cases, the data
fluctuated over the lighting time with relatively lower values compared
with the 3-log cases (Fig. 3b). In this case, the enhancement compared
with that of LPMVL and UVC-LEDs was less significant (15% to 9%), and
it appears that microplasma UV lamps below 240 nm photons could not
totally eliminate the E. coli dark repair. This could be due to the
mechanism of dark repair that involves complex pathways caused by the
action of various mechanisms [58], some of which may not be blocked
by the far-UVC irradiation.
As a part of the systematic approach for studying photoreactivation,
the kinetic of new observed trends should be mathematically modelled.
To date, most of the studies on microbial reactivation have only
described the observed overtime process, and few studies have been
conducted on kinetic modelling. Previously proposed kinetic models
were obviously unable to predict photoreactivation trends after far-UVC
inactivation as they did not include the damaged proteins consequences.
In all previous cases reported in the literature, a final saturation phase
was predicted for photoreactivation. However, the saturation model did
not adequately predict the decay phase, which is shown in the curvefittings of Fig. 3d, e. Here, we propose a new model that takes into

consideration all phases of microbial reactivation and decay, which is
elaborately explained in Section 2.7. Survival ratio values for E. coli
photoreactivation versus time are well fitted with the new proposed
model for all four studied cases (Fig. 3). The experimentally observed
maximum survival is also well predicted by the new model in this work,
compared with the previous saturation models (Table 2). The corre
sponding decay rate constants (Table 2), extracted from modeling,
emphasize the more severe damage to the self-repair mechanism by PMicroplasma. A more detailed discussion concerning the significance of
photoactivation results is provided in Text S5 of Supplementary
Information.
This model can be used, in general, for any cases of photoreactivation
following UV disinfection, including the ones with the LPMVL or UVCLEDs (simply by assuming kd = 0), and cases with UVA pretreatment
where the decay phase is also reported [4] (kd ∕
= 0). This model can be
applied to photoreactivation cases by natural sunlight (instead of fluo
rescent lamp) after inactivation by microplasma UV lamps, which may
also show the decay phase, since the sunlight contains significant UVA
and UVB similar to the spectrum of the fluorescent lamp utilized in this
work for photoreactivation studies (Fig. S4).
3.3. Further mechanism analysis
Far-UVC exposure by microplasma UV lamps showed somewhat
different inactivation and posttreatment photoreactivation behavior
compared with LPMVLs and UVC-LEDs. Therefore, pursuing the mech
anism for this different performance, a hypothesis was that additional
oxidative radicals could be generated inside the water or cells as a result
of far-UVC exposure. Radicals can rarely be generated inside the water
under far-UVC without purging additive oxidants (such as hydrogen
peroxide). Further, indirect measurement of radical concentration in
water by adding the probe chemical compound methylene blue (MB) to
water did not show any MB degradation under microplasma far-UVC
irradiation (data not shown), indicating that no radical was generated
in water by far-UVC irradiation.
As mentioned in the Introduction section, one of the methods
claimed in the literature to increase the inactivation and limit the
photoreactivation is using UVA pretreatment prior to the near-UVC
(higher than 240 nm wavelength) inactivation. The mechanism is
declared in the literature as UVA pretreatment’s effect on ROSs, mainly
the hydroxyl radical, inside the cell leading to the oxidative damage to
cellular components, such as nucleic acid repair enzymes [4,59]. Pur
suing the actual mechanism for inactivation by far-UVC microplasma
•
lamps, the role of three principal ROSs, hydroxyl radical ( OH), super
•
–
oxide radical ( O2), and hydrogen peroxide (H2O2), were studied using
corresponding scavengers deliberately chosen to permeate the cells and
quench intercellular ROS (see Section 2.5 and Text S2 of Supplementary
Information for the proof of cell penetration). Fig. S5 demonstrates the
E. coli inactivation and photoreactivation for both microplasma UV
lamps’ irradiation by adding various ROS scavengers. No significant
difference was observed for either inactivation or photoreactivation in
the presence or absence of scavengers, indicating that the ROS-initiated
reactions are not involved in the mechanisms. This observation is
noteworthy as it shows that, although far-UVC photons are more
powerful than UVA and highly absorbed by cell components, they do not
affect the ROS balance in the cell, unlike UVA [4,16]. This can lead to
lower probable disinfection by-products caused by advanced oxidation
reactions among ROS and various intercellular chemicals. In short, the
aforementioned enhancements that are increasing microbial inactiva
tion and limiting microbial reactivation are only attributed to the farUVC’s impact on intercellular proteins. Far-UVC is also capable of
generating ozone via photolysis of the oxygen molecules in the envi
ronment [5,20]. However, ozone generation was eliminated from the
role-playing parameters by some justifications that are discussed in Text
S6 of Supplementary Information.
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Table 2
Maximum survival values and the decay phase reaction rate of photoreactivation after UV irradiation achieving 3.0- and 4.5-log removal from microplasma sources.
SModel and DModel represent the previous saturation model in the literature (Eq. (10)) and the proposed model in this work based on the decay phase (Eq. (13)),
respectively. The standard deviations were typically less than 10% for experimental data, and the coefficient of determination (R2) values were more than 0.98 for
model fittings (note that the SModel is fitted excluding the decay phase).
Source

Reactivation Case

Experimental Observed Smax (%)

SModel Predicted Smax (%)

DModel Predicted Smax (%)

kd (min− 1)

K-Microplasma

After 3-log
After 4.5-log
After 3-log
After 4.5-log

0.4027
0.0069
0.2570
0.0055

0.4340
0.0076
0.3006
0.0067

0.4061
0.0067
0.2522
0.0054

0.0029
0.0039
0.0081
0.0136

P-Microplasma

3.4. Conclusion and discussion on similar microorganisms
The success of microplasma UV lamps in suppressing the DNA repair
and protection mechanism and attacking intercellular proteins could
open new areas by virtue of their efficiency regarding the inactivation of
highly UV-resistant microorganisms. E. coli is known as a highly pho
toreactive but UV-sensitive ERM with a relatively weak DNA protection
mechanism (during UV exposure) compared with other ERMs [54]. A
short UV-resistant shoulder region (<5 mJ.cm− 2) and easy 4-log-inacti
vation (<10 mJ.cm− 2) were reported for E. coli even under 254 nm
irradiation [44]. Therefore, the DNA damage has been the dominant
phenomenon, and the effect of reducing the shoulder region is not
outstanding. However, for some of the germs, such as radiation-resistant
fungi, molds, and bacteria, with dose requirements in the order of 1000
mJ.cm− 2 for 4-log reduction, the story could be different. The effective
protection mechanisms in these microorganisms have been clearly
shown by their long shoulder presented for the UVC inactivation curve.
Under microplasma UV irradiation with intense far-UVC photons, this
shoulder can be considerably lowered, and hence, the total UV fluence
necessary for a respective inactivation could be reduced. This would be
owing to the fact that, at higher UV fluences, various mechanisms of
protein damage can presumably be significantly responsible for inacti
vation, in addition to the DNA damage. Therefore, if the UV fluence is
high enough, many proteins would be damaged to such an extent that
the damage leads to the cell death, no matter how effective the DNA selfprotection mechanisms are. Thus, higher GEs are predicted for severely
resistant ERMs, such as different Aspergillus species, which merits further
research. The alternative indication for the assumption of protein and
repair mechanism damage is the demonstrated low rate of photolyasemeditated photoreactivation in E. coli, which is known as being strong
among the ERMs, after irradiation with microplasma UV lamps. Based
on the results and discussions in this work, the P-Microplasma is pro
posed as a new highly potent radiation source for inactivation of strong
post-treatment DNA-repair mechanisms.
Gram-negative bacteria such as the Bacillus species may exhibit
different response curves under the microplasma far-UVC lamps.
Analyzing the reported spectral sensitivity of Bacillus subtilis (B. subtilis)
in comparison with E. coli, a significant difference is noticed. Interest
ingly, B. subtilis shows a dramatic increase in sensitivity in the far-UVC
range (Fig. S6a). Theoretical GE comparison can be found in Fig. 4a,
which shows 1.9 and 1.5 times higher germicidal efficiency for KMicroplasma and P-Microplasma, respectively, than that of the LPMVL.
The calculated theoretical germicidal efficiency for 222 nm K-Micro
plasma corroborates the results of an experimental work by Wang et al.
on comparing the efficiency of a 222 nm conventional excilamp and a
254 nm LPMVL for B. subtilis inactivation. They reported the ratio of
inactivation rate constant at 222 nm to that at 254 nm to be around 1.9
[60], which is in very good agreement with the calculated value in our
study (1.94). This higher efficiency for B. subtilis could be due to the
unique photochemistry B. subtilis spores possess. UV photolysis of DNA
in the spores generates no detectable thymine dimers, unlike E. coli,
while a different photoproduct, called spore photoproduct (SP), is
formed between two adjacent thymine on a same strand [61]. The high
yield of SP formation is caused by the presence of dipicolinic acid (DPA)

Fig. 4. Comparison of calculated theoretical GEs (with respect to LPMVL) of
different germicidal UV sources (see Fig. 1a for the SPD of the studied sources)
for (a) E. coli and B. subtilis bacteria and (b) MS2, adenovirus, and T1UV viruses.

in the spore core. Since the absorption coefficient of DPA at 222 nm is
more than 2-fold that which is obtained at 254 nm [62], the higher
germicidal efficiency for B. subtilis at 222 nm than that at 254 nm
probably derives from the higher energy transfer from DPA to thymine
bases, and consequently higher SP formation, under the 222 nm
exposure.
Additionally, the studied virus was shown to be inactivated more
efficiently with microplasma UV lamps due to the indirect far-UVCinduced impact on the genome through absorption by viral proteins.
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The method in this work can be readily applied to other viruses that are
mentioned in various disinfection standards, such as adenovirus [11]
and T1UV [63]. Calculating the theoretical GE of K- and P-Microplasma
for these two viruses, based on their published action spectra in the
literature [30] (see Fig. S6b), showed outstanding inactivation potential
of microplasma sources in this regard, comparing with LPMVL (Fig. 4b).
The results associated with K-Microplasma have been the most prom
ising ones for viruses, as it is capable of enhancing adenovirus, MS2, and
T1UV inactivation as much as 10, 2, and 1.5-fold, respectively,
compared with LPMVL. Moreover, the theoretical GE values for various
UVC sources are predicted for three other commonly used bacteriophage
viruses, Qbeta, T7, and T7m, (Fig. S7), showing higher GE values for
microplasma UV lamps in the majority of cases. The great potential of
microplasma UV lamps could be a relevant topic of research for further
studies on germicidal efficiencies for various microorganisms.
The recent technological development that has been made possible
by advances in the development of microplasma allows the biochemical
researchers and industries to benefit from a new disinfection source. Pand K-Microplasma can be utilized individually and in combination with
each other or other available UV sources (such as UV-LEDs) to design
optimized wavelength tailored disinfection systems.
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