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Absteact The requirement  for novel  decontaminatiom
technolozies For use in hospitals 1s ever present. One such
syatem uses 03 nm visible light w inocivae microorga-
isms  vin ROS-generaed  oxidative  damuge. Although
effective for bacterial and fungal tngctevadon, linle is known
abwriil the virucidal effects of 405 nm light. Narovirus (Noy)
gustroenteritis outbreaks often weeur i the chinical sstting,
and Mis study was designed (o mvestigate potential inacti-
vallon effects of 403 am Tight on the MoV surrogate, leline
calicivings (FOV) FOV was exposed w 405 wn light whilst
suspended in minimal and organically rich media ro estab-
lish the virucidal efficacy and the effect biologically-relevant
magerial may play in viral sosceptibility. Antiviral activity
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was successiully demonsirated with a4 Log (99.99%)
reduction in infectivity when snspended (n minimal media
cvident after a dose of 2.8 kJ cm ~ FCV exposed in arti-
ficial faeces, uartibicial saliva, blood plasma and  ather
argunically rich media exhibiled ap cquivalent level of
inactivation vsing between S0-83% less duse of the light,
indicuring erhunced inactivation when the vitus is present in
organically-nch  biologically-relevant  modia. Further
research in this area could aid in the development of 405 nrm
light technolugy for effeclive NoV decontamination within
the hospitul environment.

Keywords 4085 nm Light - Viead inactivation - Feline
calicivious » Saliva - Faccoes - Plasma

Tntroduction

Nomovirus (NoV), one of the most common causes ol epi-
demic acule pastroemieritis (Hall eval. 2013), can be trans-
mitted via (ool and warer, person-lo-person contact or
contact with environmenial surfaces (Robilotti et al, 20157
Crvirgruncital stability and resistance o disinfection turther
aid the transmission of MoV, with viral particles derected on
surfaces up to 42 dows after contamination (Escudero et al.
HI121 T environtnental decantamination is deiicient, (s
can lead to ward closures which has substantizl operatienal
and finamcial implications for health boards (Wa et al. 203;
Danizl ¢l al, 200 1), MoV outtweaks in the healthcare setung
and other densely populated areas such as nursing homes,
schools and restaurants (Robilotn et al. 2005 have driven
the need for new decontamination systems.

Advanced decontamination techmologics wsed o over-
come nosocormial outhresks inclode ozone. hydrogen per-
oxide vapour and UV light systems (Maclean el al. 20151
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These teelmologies are vime consuming with hospital wards
required to be vacated to prevent harmful effects to patients
and staff (Otter ot alb 2013, and are therefore suited o
ferminal cleaning. A technology using 405 nm violet-blue
visible hght has been developed tw provide continuous
devontmination of occupicd hospital anvitonments (M-
clean et al. M)14). Application of 405 nm ligh for decon-
tamination in hospirals has been demonstrated, with levels of
bactenal contaimnation on environmental swrfaces around
occupied 1solaion teoms reduced by up 1o 86% over and
above reductions achieved by traditional cleaning alone
{(Muclcan et al. 20140, 2013a; Bache et al, 2012).

It has been demonstrated that 405 nm violel-blue light has
pennicidal acoviey against o ovange of bucteria and fungi
{Guffey and Wilbom 2006, Enwemeka et al. 2008: Maclean
el al, 2009, 20013b; Murdoch cr al. 2003}, effected through
excitation of endogenous photosensitive porphymn inclecules
withir microblal cells, causing the prodocrion of singlst oxy-
gen and other reactive oxygen species (ROS), resulting in
onidative damage and microbial ccll death (Hamblin and
ITagan 100M; Maclean et al. 2008; Murdoch et al. 2013). A
study mvestigating the eflicacy of 405 nm light on the bacte-
riophage T3 | indicated tha the phage was susceptible to high
doses of 405 nm light, with susceptibility significantly
enhanced when cxposed in nutrient-rich media {Tomb ¢t al,
2014). However, as virons do not contain endogenous pog-
phyrins (Gelderblom F996), current knowledge on the antiviral
efticacy of 405 nm light on medically important human and
amimal viruses is lacking and requires investigation.

This study was designed o provide the ficst proof-of-
cancept of the interaction of narcowband 405 nm light wilh
teline calicivirus (FCV) as a model (o study the anliviral
effects ot this light on X0V, Feline calicivitus was selected
as a NoV swragae, as there is eurrently no standardised
cell culture system for NoV (Duizer ¢f al. 20044, Richards
2002 Cromeans et ul. 20041, Our data demonstrate the
mAuence of the suspending media. including hiologically-
relevant fluids, on viral susceptibility. As such, this swdy
provides evidence of the antiviral efficacy and discusses
the poteatial mechanism of 405 nm light viral inacuvation.

Methodology
Cell and Yirus Culture

Feline embryanic cells, strain FEA {Jatvett et al. (973
were cultwred e Dulbecco’s modified eagle’s medium
{DMEM} supplemented with 10% foetal bovine sernm
(FES), 2 mM L-glutaming, | mM sodiom pyruvate and 240
U mL~' penicillin streptomycin (Gibeo. Life Technolo-
gies, UK), to form 10% FRS-DMEM. Cells were main-
tained at 37 "C in 5% CO0a.
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Tor prepure a winis pool of the FCV vaccine strain F9,
virus inoculom (School of Veterinary Medicine, University
of Glasgow) was added 10 FEA monolayers in 850 cm” cell
culture roller Masks (Corming, USA)Y Alter 90 min inco-
bation of the inoculated cells on a rowating roller stand ar
37 °C in 5% 0y, fresh colture medium was added and
Aasks incubated for 24 h. This resulted in virus-induced
destuction of nearly H)% of the cell monolayer,

The tissue culiwe snopernatang, and medium from a
single wash siep, was collected from cach roller bottle and
subjected w lwo frecze—thaw eycles before clarification by
centnfugation at 3300 =g for 18 min. The virws-containing
supernatanl was then stored at —#0 °C until required The
infectious ritre of FCV was approximately 2 s 107 plaque-
forming units per milllive (PFU mL™"), determined hy
standard plague assuy technigues (Ormerod and  Janer
19733,

405 nm Light Source

The Light source wsed was a 403 nm light emitting diode
(T.LED) array (ENFIS PhoionStar Inonovale UNO 24 Pho-
ton&rar Technologies, UK) powered by a 40V Thillips
Xitanium TED Dever (Phillips, Netherlands), The array
had a peak wavelength around 405 nm and a bandwidth of
approximately 19 nm (Fig. 1) but will, for convenience, be
referred throughour this wx a5 405 nm light. The array was
attuchied to a heatsink and cooling fan, to minimise heat
trans{er to o5t samples, so that no significant heating of the
sample occumed. The light scurce wax held on a PVC stand
dl a distance of 4 cm from the microbial samples, giving an
irradiance of 1558 mW cm™ at the sample surface
|measured using a radiant powet meter and phorodiode
detector (LOT Qriel, USAY],
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Fig. 1 Optcal emisawon spectoom of the 45 mo LED array,
measured using an HRAMD spectrometer (Dcean Opucs, Gemany)
and Spectra Suite softeare version 20,131
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405 nm Light Exposure of Yiral Suspensions

Feline cahicivirus stock virus was defrosied at oom tem-
perimre and diloed w 2 x 10° PEU mL™" in Dulbecco's
phosphate-buftered saline, supplemented with caleium and
magnesinm (DPBS; Hyclone, Thermo Fischer Scientifc,
UKY. This was used o8 a ‘minimal medivm’ (MM, Vi)
suspension of 1.5 ml. were ransferred into the central four
wells of a M-well plare [Teehno  Plastic Products,
Switzerland) and the plate positioned on a raised stand,
with the sample wells at 4 em directly below the light
source and the place lid kepr on 1 preven evaparation,
Test samples were exposed o increasing doses of 405 nm
light at room temperatire, with the dose caleulated as the
product of irmdiance (MW cm™?) = exposure time (s}
Control samples were sel up under identical environmentul
comditions bul without 405 nm light iltumination. Post-
exposure, FCV samples were setially dilmed in MM for
enumeration by plaque assay,

Exposurcs were repested  with FCV o suspended 1n
wrgamically-rich media’ (ORM): DMEM. 10% FBS-
DMEM, artificial saliva, artificia] ieces and blowd plasma.
The artificial saliva wus a modificd version of that used by
Margomenou ¢t al. (2000 [5 2 g NaHCO;, (.88 g NaCl,
.36 g K-HPO,, 048 g KCL, 2000 units x-amylase and 2 g
pig gastric mucin {Sigma-Aldrich, UK) in 1 L sterile water],
and was adjusted w pH of 7-7.5 1w emulate the variahility of
pH in human saliva, and also W ensure that no FCV inact-
viation occurmed {Duizer etal. 2004b; Edgar et al. 2004), The
artificial facces was a modified version of that by Coldn e al,
(2015) |30 g inactivated veast (Marigold, UK}, 7 g physil-
lum (Buy Whole Foods Online, UK)L 11 g miso paste (Yu-
taka, U'K), 8 g cellalose, 1.6 g NaCl, 0.8 g CaCll, 1.6 p KO
(Sigma-Aldrich) in 920 ml sterile warer], and was also
adjusted to pl1 7, The modifications t© the formulations of
artificial sabva and taeces were o ensure compatibility with
the FEA cells, Fresh [oogen hwiman Blood plasma was
ohtained from the Scoulish National Blood Transfusion
Scrvice (SNBTS, UK), and defrosted before use, FCV was
also exposed when suspended in MM sopplemented with
ribofavin, with and without (yrosing, tryplophan, pyrdox-
ine and folic acid (used ar the same concertrations as found
in DMEM: 0.4, 104, 16, 4 and 4 mg L™ respectively),

Plaque Assay

Prior 1o experiments, f-well cell cultmre plates {Thermo
Fischer Scientific) were sesded with 7.5 x 10 FEA cells
per well. 3 mL of the cell suspension in growth medium
was pipetied into each well, und incubaed ar 37 °C in 56
COy for 20 h, resulting in confluent monolayers.
DPost-exposure of FCV, the growth medium was aspi-
rated from the FEA cells and replaced with | mL FCV

sample, Plaes were co-meubated at 37 °C in a humidified
5% CO incubutor for 90 mun, with the plates gently
rocked every 13 min W ensure even distribution ol the
tnuedlum over cach monalayer.

After the viral incubation period, the inocwhim wus aspi-
raled and the well washed with medium (10%: FBS-DMEM ox
BPBS) before adding 4 mL overlay mixmre consisting of
2x supplemented DWMEM 121 with 2% agarnisse. 2x supple-
mented DMEM was prepared osing 20 ml. from a Rlrer-
srerilised stock of §0x DMEM. adding the same supplements
as delailed earhier, plus 9.86 mL sudivm bcarbonale solution
(Gibeo), und was made up o 100 mL with slerile water.
2w agarose was prepared by dissolving 2 g agarose {Sigma-
Aldrichy in 100 mb deionised distilled water and then ster-
thsed by avtoclaving. The overlay was [l to set before the
plates were incubmed (or 4448 b at 37 *Cin 5% CO,.

Post-incobation, the monolayers were fixed and stained
overnight with 0.5% crystal violet in 10% neotral baffered
formalin. The agarose plugs and staun were then remaved,
the plaes left 1o dry, plagues couoned, and the virus
infeciivity titre expressed as PFU ml. !

Spectrophotometry

The lansmission of 405 nm light through the suspending
media wasy measured vsing o Biomale 5-UV-_Visible spec-
trophotometer (Themmo Fischer Scienuficy. The presence of
porphyrins, or other components with the ability to absorb
405 nm light and cmil Muorcscenee, within the suspendimg
media wis determined by Muorescence speclropholometry.
Media were freshly prepared. and fluorescence measurements
were carmicd oue using a RF-5301 PC speciraiiuorophomometer
{Shimadzu, USA). Excitation was canicd oot at 405 nm andg
emission spechea recorded botween 425 and 700 nm.

Prata Analysis

Trxua ponls represent mean results £ standard deviation
(5D}, wken from Iriplicale independent experiments
{n = =3). The mntiviral activity of 405 nm light was
determinetd by calculating the reductiom in the level of
infectivity from the diffarence botween Tog, values for
cxposcd and control samples, Signiticant diffcrences were
calculated at a 5% signiticance level, using paired r-tests
or one-way ANOYA (Minitah 16 Statistical Softwace),
wirth rezolts found o be significant when P < 0,05,

Results
Feline calicivitus was suspended (0 MM and ORM and

exposed Lo increasing doses of 405 nm light at an irradi-
ance of 1558 mW om 2. Results {Fig. 2} show that when
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. ' I T stgnificantly lower dose was cegquired Tor vieal mactvalon
- i(Fig. 3), with o 4.8 Log,,, reducuon achieved atter a dose off
Es | 421 J em™ As the presence of FBS in DMEM is | hought
E 7 e reduee the level of oxidinion opom exposure 1o normal
gf-t- | . laboratory lighting (Greclak cloal, 2000 ), the cxposurc was
E S g repeated with FCV suspended in DMEM without FBE o
z 3] 2 . nhaeryve any differcnces in inactivation kinetics. Althowzh
5 1 shuhtly - greater inactivation  was obsorved  with - cach
:E*" . applicd dose, cesvlts (Figo 3) demansbrate noo significant
g dilferences i the machvabon knebies of FOV when the
E o) """ virts is axposed i DMEM in the presence o e absenoe
! af 10% FBY (F = L0353 Comrol sumples shawed no sis-

oL : i . ; / : ] . | nilgant decrease (P = 0905).
(1 561 1683 2004 Furtherrmome, components of DMEM have been shown

Doze [ em®)

Fig. 2 [nacweatwn of leline calwivims whan suspenden s minomel
mediwm {Puolbeces's phosphire buffered saling, wEen gsposuie
405 nm light a0 iradianee of 1358 mW em™ Data prints show
the menn coutts [0 = 6b £ 50, Asfeends ndicate Light expassd
sariplos thar werr significamily ditterent 1o the noo-csposed mial
comleod samples (7 2 ILAS1, using omge-way ANCIY A Mo wamilicant
decreuse wus ubsorved in the el conwral populations ¢ = 11453

swspended in MM, significamt FCY  lnuctivation  was
achieved afler exposure 10 561 1 cm Tt P = 043 und
relatively linear inactvation Kinacs were observad, with @
dose of 2.8 kJ em ™ requirad for a 39 Log,, inactivation.
The nom-exposcd control sumples showed no significant
change over the course of the experiment (F* = (102,
Antviral elticacy was found to differ sigmiicantly when
suspended in ORM. When exposed in F¥ FBS-DMEM, a

to be photosensitive Lo hight [Grzelak or all 2000, and
therefore, caposures were repeated with viboflavin added w
MM with and without tyrosine, ryptophan, pyridoxine and
folic avid in the same concentrations as found in DMEM
(Table 1. REesults demensteated that exposure of FOW
suspented in MW with nhoflavin only resalied inoa 1.3
" however, when all
componenls were present, enhamced inaerivation occumed
and a 3.1 Log.q inactivation was acheved.

Artificial saliva, arlhcial Tacces and bloud plasiog were
selected as ORM which are binlogically relevunc rr werms
of media in which viral panieles may be found in the
environment, with MoV being regelarly ennified in fac-
ces, Exposure of FCY when suspended in artificial saliva
vizlded results simikar to those o DR EM, wath a 3.1 Log,,
reduction ol infevtivity  acheved afler o dose ol

Tog reduction after 421 T om

Fig. 3 Compurison of the L] v T

inoewvations af fehine

calicivions when sispemded in -
wrpanically-rich ioeliy
[supplemented Dolbeees's
miditted gaple’s medium,

Wi (haln ol Withoun 105 feral
hovine serum (FR%1] opon
exomtne B Py oo habie aean
rachance of 1534 W an ©
Dt points showe the meun
counts 42 = 3] £ K[
Slatistival analysis. asing g
pramed £ otests showed no
simlicant illooenee butwesn
inzetivations an the Lwo madia
{7 = 0451 Mo signoicant
deerease was vhwrved i the
final comnal purpol s

(i = A145)
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Tuble 1 Comparison of the inactivations of feline calicivirus when suspended (0 meuimal media supplemienicd with riboflavin alone or
alungside tyrosing, tryptophan, pyridoxine and falc acid, gron exposiee e 405 nm g at an icadance of 1558 mW em *

Pholosensitive
COTPONLILS

Starting population, Log,,
PEU ml.”' (E 519

Exposed wiral population,
Lagy PEIT ml = (+ 5my

Mnn-2xpeded contenl popoalarion,
Tog g PIU ml = b S

L.og,, redinctioh,
PITi ol ~f (P calue)

Ribollavin 5001+ 002 397 £ 0l
RibuHavin S5 1 003 (a0 Lo
Tyrosine

Tivptuphitn

Pyridoxine

Fulic acil

SA415 5 (LG
512 L 047

128~ — Q.0m
502 (=000

Dew poings represent the meun court (n = 3) = 30

* Light exposed samples that wete significantdy different m the non-eXposed final control samples OF 2 O005)

421 I cm™7 (Fig. 4a). tIn this case, inactivation was mea-
sured 10 & sensilivity of len PFU mL ', us the artificial
saliva in the undiluted samples adversely reacted with the
FEA cclls causing them 1o dislodge from the plate). The
dose required for inactivation when suspended in blood
plasma was slightly greater than that required when in
artificial saliva, with 560 ) em * being required for 4.3
log,; inactivation of FCV {Fig. 4a). FCV inactuvation in
artificial faeces required grealer doses, with 4.5 log,
inactivation achieved after 1.4 kI em™” {Fig. 4b). Control
sarnples o artificeal salive, plasma and artificial (aeces
showed no sigmificant changes (F = (L6158, 0,101, 0.747,
iespecrively).

Optical analysis of the suspending media demonstrated
the tranamission of 405 nm light to be 90% in DPBS,
40.6% in DMEM, 30.6% in 10% FB3-DMEM, 359% o
attificial sulhiva, 0.05% in artificial taeces, and 2.1% in
blood plasma (# = 4). The fuvrescence emission spectra
(Fig. 5) of MM {DPBS) and ORM (DMEM, 0% FRS-
DMEM, artificial saliva, artificial facces and blood plasma)
when excited at 405 am, show emission peaks for DMEM,
10% FBS-DMEM, uriificial faeces and blood plasmy
observed berween 510 and 520 nm and fur artificial saliva
af 460 nm.

Discussion

Although there has been a rceent move towards nsing
Murine Norovirus and Tulane Virus, alongside FCV, as
NoV surrogates ({romeans el al. 2014 Kniel 2004; Chui
et al. 2015; Fsseili e al. 2015; Zonta et al. 2016), FCY was
chosen as it has physiochernical and genomic similarities o
WoV, and 15 a well-established surragate with a standard-
ised cell cultwre protocol (Douliree et al. 1999, Bidawid
et al. 3003 Ihrizer et al. 20040, 2004bh: Chander et al.
2012}, Simularly, studics nvestigating the vinlcidal effects
of U¥-light, crone. hydrogen peroxide vapowr and cold
almospheric gas plusma technologies have alsa used FCV

as 4 MoV surrogale (Nuswalen et al, 2002; Hudson et al.
2007, Bentley et al. 2012; Aboubakitar et al. 20315 Holm-
dahl et al. 2016).

The wirucidal efficacy of 45 nm light was determincd
using FCV suspended in both MM and ORM. Exposure in
MM would provide o better indication of the interaction of
405 min light and the virus alone, when under suspension in
ORM, which is likely to contain photoscnsitive compo-
nents, and would assess how  viral  susceptibility can
potentially be influcnced by the surmounding media.

Successful FCV inactivalion was achieved when sus-
pended in MM, altheugh the dose required was substan-
tially great, with 2.8 kI em™™ achieving a 3.9 Log,
reduction {(Fig_ 2). In the case of bacteria and fungi in MM,
doses in the range of [8-576 ] cm™ are typically required
tor 5 Log,, inactivations (Maclean et al. 2009; Murdoch
et al. 2012, 211 3). The increased susceptibility of hacteria
and fungi compared with wiroses is secredited w the
presence of endogenons photosensitive porphyrinsg within
these eells (Hamblin and Hasan 2004; Maclean et al. 2004,
Murdoch et al. 20013 Tow sensitevily of FCV o MM was
anticipdled due w the ubsence of porphyrins in the viral
structure, coupled with the fact thar MM does not contain
any photosensitive substances which absorb light ar
405 mm (Fig. 37, suggesting that viral inactivation, m this
cage, is due 1o g differing mechanism.

An uleemative mechanism of inactivation when FCVY s
suspended in MM may be associated with the LED emis-
sion spectrum extending slightly into the LVA region
(Fig. 13, meaning the virus s exposed o very low-level
UVA photons [~ 3% nrn). Over an exiended penod, this
could cause oxidative damage to proteins (Girard et al.
2011). tor example, to the viral capsid, and therefore
coniribure to the chserved mactivation, Another possibility
15 that the small amount of 420-43{ am light emitted from
the source may coneeibute 1 viral inactivation. Antiviral
effects of 420430 nm have been demonstrated against
murine leuksemia viras, with long exposores ihought to
cause pholo-damage to the virion-associated  reverse

@ Spri nger
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transcription complex  (Richardson and Pocter 2005}
Although the virus differs in strucere to FCV, these find-
ings suggest that the prolonged exposure to wavelengths at
the tail ends of the 405 nm LED ernission spectrumn such as
390 and 429 nm, as well ax 405 nm, may affect the viruses'
ability to infect and replicate in haost cells, and have a role
in the mactivation of FCV by the LEDs used in this study.

@ Springcr

To investigate whether exposure in QORM had any effect
an viral susceptibility, FCV was first suspended in DMEM
with and without 0% FBS, thought to aid protection
against ROS (Grzelak et al. 200H). Resnlts (Fig, 3)
demonstrated near complete reduction in iotectivity of a
10° PFU mL™ ! population after & dose of 421 J em ™2, Ay
can be seen in Fig. 3, slightly greater inactivation oceurred
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Fig. 5 Fluorescene specins of ¥ T T T T T i
riimimal mediom [Dulbeceo’s e e op—r
phiusphate buffersd saline i _ =AM RO |
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when FCY was suspended in DMEM without the FBS seruin
addliive, however, no signihcant difference was seen
between the inactivation kinetics. As the inactivation dose of
421 J em™2is 859 less than that required for a similar Invel
of inactivation in MM, it is likely that components of the
ORM arc influcncing FCW inactivation, A sty invesli-
gating the susceptibility of bacteriophage ¢CI 1 {Tumb ol al,
2014y demonstrated similar resulis o those of the currem
study: linle inactivation was observed when exposed inoa
simple salt solution; however, ansceptibility was signifi-
carttly erhanced when suspended in 2 nutrtent-nch medium,
wilh a 5.4 Logga reduction of $C3 1 achieved alter exposure
to 510 Jcm™% This was hypothesised 10 be due o the
corplex praccin and amino acid-rich compaosition of the
nutrieat-rnch mediom, suggesting that somc components
could be photosensitive and when exposed o 405 nm ligln
in the presence of oaygen, would produce ROS, dumnuging
the bacteriophage (Tomh er al. 2014} This same phe-
nomenon s likely o aceaunt Tor the enhanced inactivation
of FCV when suspended in DMEM and 10%: FRS-DMEM,
as these contain 2 complex mixture of amino ucids. viturning
and sugar, which have the potential (o absorb 405 nm light
{Fig. 3 and acr as phatosensitisers.

The phetoscnsitisation of components of DMEM  has
also been demonsirated upon exposare o light, with dbo-
flavin being shown o produce ROS which is further
enhanced by reyprophan, tyrosine, pyridoxine and falic acid
(Grzelak et al. 2001). Furthermore, blue-light wavelengths
are thought o be the most efficient for the photo-decom-
pasitivn of ribaflavin and gencration of ROS [Cheng ot al,

IEQ
Ernizsion jmmj

205) To investigale this, rbofllavin was added 10 MM
with and withou tyrosing, trypiophan, pyridoxine and folic
acid in the same concemrations found in DMEM (Table 1)
RBesults support this, with only 1.3 Log,, reduction when
only rboflavin was prescat; however, when all vitamins
and amino acids (riboflavin, tyrosine, tryptophan, pyri-
doxine and folic acid) were present, enhanced inactivarion
of BCV was achieved with complate inactivation ot a 107
PEFU mL~' population.

It is ympartant to consider how light-induced inactivalion
would be influenced when virsl particles were suspended in
mare hiologically-relevant, naturally occurring marrices
such as body Auids or secretions. As arificial saliva and
artificial facces can he prepared, these were used alongside
human blood plasma, as model human secretions in which
muny viruses can be wansmited (Anken and Jetfries 20013,

Resulws (Fig. 4) demonstrated thar, similar 1o inactivation
in ORM (DMEM and 10% FBS-DMEMY, viral snscepti-
bility was significantly increased when suspended in these
brological ly-relevant Qurds, OF the three model Muids used,
sensilivity was the highest when suspended in artificial
saliva, with a 5.1 Lop,, reduction of TCW infectivity heing
achicved after a dosz of 421 Jem ‘—the same as that
observed when suspended in ORM. Susceptibility was
slightly reduced when suspended in hlond plasma
{48 Log,; inactivation with 561 ] cm_z], apd  fuetler
reduced when suspended in artiticial faeces, with more than
three times the dose requited (o achieve 2 4.5 Log |, reduc-
tion. The reduved levels of 405 nm light wansmission
through the blood plasma and artificial faeces will contribure
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tr these slower ipacrivation ratcs, with average values of
2,12 and 0.05% wansmission levels of 405 nm recorded for
blowd plasmi and artilicial laeces, respectively, compared Lo
30-40% transmission levels in all other ORM used. Overall,
the suseeplibility vulues of FCY to 403 nm light when sus-
rended i artilicial Facces, antifcial saliva, blood plasma and
other organically rich media were sigmficantly increascd
compared o the suscepiibility o minimal media, with
30-BH% less dose being reguircd fur similar levels of viral
inactivation. Tnacrivarion when suspended in these ORM b=
likely due to the proteins contained within the media, for
example, the mucin in the artilicial saliva, proteins within
the plasma. and inactivaled veast within lhe artificial Tacces,
which may all he predispnsed o pholoscrsitisation
{demonstrated by the Aoorescence peaks around 460 and
S10=520 nm in Fig. 5). These results indicate the potential
for NoV susceptibility 1o H)5 om light 1o be enhanced when
suspended in ORM., or host secretions in which rhey arc
released, such as faeces, blood and vomit, Although the
consistency and transparencyfopacity may differ o those
used in this study, these fluids are likely w be rich in
molecules which could potentially be sensitive w 405 nm
light. thereby aiding in the NoV inactivation.

The resulis of this sudy provide first proof-of-concept
demanstrating that the antimicrobiab eificacy of 405 nm
light can be extended (0 medically important viruses, with
the susceptiality being significantly enhznced when the
viral particles are contained within biolngically-relevar
media. Further work should be carried out to establish the
cffects of 405 om light on other NoV surrogates, such as
Murine Norovirus and Tulane ¥irns, which may be more
resistant o0 decontamination. This will ensure that the
antiviral efficacy ol 403 nm light is men overfunder-gsti-
maled and allows for a more yceurare quantification of the
dose required for NoV inactivation. In addition, as this
work nsed a small-scale LED source with a high broadiance
cutput o establish the naclivation kinetics, and further
investigniions are therefore reguired o investigate the
effcctivencss of 405 om light against airbome and surface-
deposited vimses, wing low uradiance light apphied con-
tinuously over long periods, similar W that employed in
clinical decontammation evaluations (Maclean et al
2010, 20134; Bache et al. 201 2). Further studies could lead
to the beneficial application of 405 nm light for the
decontamination of amw, suifaces and eyuipment in health-
care settings, as well as in other indoor locations, where
wansmission of viral pathogens is a significant aceurrence.
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Abstract

The development of antibiotics cannot keep up with the speed of resistance acquired by
microorganisms. Recently, the development of antimicrobial photodynamic therapy (aPDT) has
been a necessary antimicrobial stralegy against antibiotic resistance. Among the wide variety of
bacteria found in the oral flora, Porphyromonas gingivalis (P. gingivalis) is one of the etiological
agents of pariodontal disease. aPDT has been studied for periodontal disease, but has risks of
cytotoxicity to normal stained tissue. In this study. we performed aPDT using protoparphyrin 1X
(PplX), an intracellular pigment of P. gingivalis, without an external photosensitizer. We confirmed
singlet oxygen generation by PplX in a blue-light irradiation intensity-dependent manner. We
discovered that blue-light irradiation on P. gingivalis is potentially bactericidal. The sterilization
mechanism seems to be oxidative DNA damage in bacterial cells, Although it is said that no
resistant bacteria will emerge using aPDT, the conventional method relies on an added
photosensitizer dye. PplX in P. gingivalis is used in energy production, so aPDT applied to PplX of
P. gingivalis should limit the appearance of resistant bacteria. This approach not only has potential
as an effective treatment for new periodontal diseases, but alsc offers potential antibacterial
treatment for multiple drug resistant bacteria,
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Abstract

Bacterial inactivation by 405 nm light is accredited to the photoexcitation of intracellular porphyrin
rmolecules resulting in energy transfer and the generation of reactive oxygen species that impart
cellular oxidative damage. The specific mechanism of cellular damage, however, is not fully
understood. Previous work has suggested that destruction of nucleic acids may be responsible for
inactivation; however, micrescopic imaging has suggested membrane damage as a major
constituent of cellular inactivation. This study investigates the membrane integrity of Escherichia
coli and Staphylococcus aureus exposed to 405 nm light. Results indicated membrane damage to
both species, with loss of salt and hile tolerance by S. aureus and E. coli, respectively, consistent
with reduced membrane integrity. Increased nucleic acid release was also demonstrated in 405 nm
light-exposed cells, with up to 50 % increase in DNA concentration into the extracellular media in
the case of both organisms. SYTQOX green flucrometric analysis, however, demonstrated
contradictory results between the two test species. With E. coli, increasing permeation of SYTOX
green was observed following increased exposure, with =500 % increase in fluorescence, whereas
no increase was observed with S. aureus. Overall, this study has provided good evidence that 405
nm light exposure causes loss of bacterial membrane integrity in E. coli, but the results with S.
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Abstract

BACKGROUND: Antimicrobial violet-blue light in the region of 405 nm is emerging as an
alternative technology for hospital decontamination and clinical treatment. The mechanism of action
is the excitation of endogencous porphyring within exposed microorganisms, resulting in ROS
generation, oxidative damage and cell death. Although resistance to 405 nm light is not thought
likely, little evidence has been published to support this. This study was designed to establish if
there is potential for tolerance development, using the nosacomial pathogen Staphyviacoceus
aureus as the model crganism.

METHODS: The first stage of this study investigated the potential for S. aureus to develop
tolerance te high-intensity 405 nm light if pre-cultured in low-level stress viclet-blue light

(<1 mchmz} conditions. Secondly, the potential for tolerance development in bacteria subjected to
repeated sub-lethal exposure was compared by carrying out 15 cycles of exposure to high-intensity
405 nm light, using a sub-lethal dose of 108 Jicm?, Inactivation kinetics and antibiotic susceplibility
were also compared.

RESULTS: When culiured in low-level violet-klue light conditions, S. aureus required a greater
dose of high-intensity 405 nm light for complete inactivation, however this did not increase with
multiple (3) low-stress cultivations. Repeated sub-lethal exposures indicated no evidence of
bacterial telerance to 405 nm light. After 15 sub-lethal exposures 1.2 and 1.4 log g reductions were
achieved for MSSA and MRSA respectively, which were not significantly different to the initial 1.3
log1q reductions achieved (P = 0.242 & 0.118, respectively). Antibiotic susceptibility was unaffected,
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with the maximum change in zone of inhibition being £ 2 mm.

CONCLUSIONS: Repeated sub-lethal exposure of non-proliferating S. aureus populations did not
affect the susceptibility of the organism to 405 nm light, nor to antibiotics. Culture in low-level
violet-blue light prior to 405 nm light exposure may increase oxidative stress responses in S.
atireus, however, inactivation still cccurs and results demanstrate that this is unlikely to be a
selective process. These results demonstrate that tolerance from repeated exposure is unlikely to
occur, and further supports the potential development of 405 nm light for clinical decontamination
and treatment applications.

KEYWORDS: 405 nim light, Bacterial resistance; Bacterial tolerance; EMR3A-15; Staphylococcus aureus
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Recent Patents on Light-Based Anti-Infective Approaches.

Ahmed 1" Fang ¥'. LuM!, Yan Q' El-Hussein AMK! Hamblin MR?, Dai T2
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Abstract

BACKGROUND: Antibiotic resistance is one of the most serious health threats to modern
medicine. The lack of potent antibiotics puts us at a disadvantage in the fight against infectious
diseases, especially those caused by antibiotic-resistant microbial strains. To this end, an urgent
need to search for alternative antimicrobial approaches has arisen. In the last decade, light-based
therapy has made significant strides in this fight to combat antibiotic resistance among various
microbial strains. This method includes utilizing antimicrobial blue light, antimicrobial
photodynamic therapy, and germicidal ultraviolet irradiation, among others. Light-based therapy is
advantageous over traditional antibictic-based therapy in that it selectively eradicates micrabial
cells without harming human cells and tissues.

METHQDS: This review highlights the patents on light-based therapy that were filed approximately
within the last decade and are dedicated to eradicating pathogenic microbes.

RESULTS: The treatments and devices discussed in this review are interestingly enough to be
used in various different functions and settings, such as dental applications, certain diseases in the
eye, skin and hard surface cleansing, decontamination of internal organs (e .g., the stomach),
decontamination of apparel and equipment, eradication of pathogenic microbes from buildings and
rooms, etc. Most of the devices and inventions introduce methods of destroying pathogenic bacteria
and fungi without harming human cells.

CONCLUSIONS: Light-based antimicrobial approaches hold great promise for the future in
regards to treating antibiotic-resistant infections and diseases,

Copyright©@ Bentham Science Publishers: For any gueries, please email at epub@benthamscience. org.
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Low-dose blue light irradiation enhances the antimicrobial
activities of curcumin against Propionibacterium acnes.

Yang MY', Chang KC2, Ghen Ly? Hu A4,
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Abstract

Propionibacterium acnes (P. acnes) is an opportunistic infection in human skin that causes acne
vulgaris. Antibiotic agents provide the effective eradication of microbes until the development of
drug-resistant microbes. Photodynamic inactivation (PDIl) is a non-antibiotic therapy for microbial
eradication. In this study, the visible blue light (BL, A,5,=462nm) was used {o enhance the
antimicrobial activities of curcumin, a natural phenalic compound. Individual exposure to curcumin
or BL irradiation does not generate cytotoxicity on P. acnes. The viability of P. acnes was decreased
significantly in 0.09J/cm? BL with 1.52uM of curcumin. Furthermore, the low-dose blue light
irradiation triggers a series of cytotoxic actions of curcumin on P. acnes. The lethal factors of
phatolytic curcumin were investigated based on the morphology of P. acnes by SEM and
fluorescent images. The membrane disruption of microbes was observed on the PDI against P.
acnes. Chromatography and mass spectrometry technigues were also used to identify the
photolytic metabolites. Curcumin could be photolysed into vanillin through BL irradiation, which
presents a strong linear relationship in quantitation. Because the safety of blue light in mammalian
cell has been proven, the photolytic curcumin treatment could support non-antibiotic therapy to
gradicate P. acnes on clinical dermatology.

Copyright € 2018 Elsevier BV. All rights reserved.
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Characterizing the Antimicrobial Properties of 405 nm Light and the
Corning® Light-Diffusing Fiber Delivery System.

Shehatou C1, Logunoy SLQ, Dunman PM1, Haidaris CG1, Klubben Ws2.
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Abstract
BACKGROUND AND OBJECTIVES: Hospital-acquired infections (HAIs) and multidrng resistant

bacteria pose a significant threat to the U.S. healthcare system. With a dearth of new antibiotic
approvals, novel antimicrobial strategies are required to help solve this prablem. Violet-blue
visible light (400-470 nm} has been shown to elicit strong antimicrobial effects toward many
pathogens, including representatives of the ESKAPE bactenal pathogens, which have a high
propensity to cause HAls. However, phototherapeutic solutions to prevention or treating infections
are currently limited by efficient and noncbtrusive light-delivery mechanisms.

STUDY DESIGN/MATERIALS AND METHODS: Here, we investigate the in vitro antimicrobial
properties of flexible Cerning® light-diffusing fiber (LDF) toward members of the ESKAPE
pathogens in a variety of growth states and in the context of biological materials. Bacleria were
grown on agar surfaces, in iquid culture and on abiotic surfaces, \We also explored the effacts of
405 nm light within the presence of lung surfactant, human serum, and on eukaryotic ceils.
Pathogens tested include Enterococcus spp, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp., Staphylococcus
epidermidis, Streptococcus pyogenes, Candida albicans, and Escherichia coli.

RESULTS: Overall, the LDF delivery of 405 nm viclet-blue light exerted a significant degree of
microbicidal activity against a wide range of pathcgens under diverse experimental conditions.

CONCLUSIONS: The results exemplify the fiber's pramise as a non-traditional approach for the
prevention and/or therapeutic intervention of HAIs. Lasers Surg. Med. @ 2018 The Authors. Lasers
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Pulsed 450nm blue light suppresses MRSA and Propionibacterium
acnes in planktonic cultures and bacterial biofilms.

Bumah V‘-ﬂ, Masson-Meyers DSE, Enwemeka CS‘?'.
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Abstract

In our recent study, we showed that pulsed blue light (PBL) suppresses the growth of
Propionibacterium acnes more than continuous wave (CW) blue light in vitro, but it is not known
that other bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), respond similarly
to PBL. The high potency of PBL relative to CVV blue light makes it a suitable antimicrobial for
suppressing bacterial growth in bicfilms as well. Therefore, we determined if MRSA-a deadly
bacterium of global concern-is susceptible to 450nm PBL irradiation in vitro, and ascertained
whether the bactericidal effect of PBL on planktonic P. acnes culture can be replicated in biofilms of
P. acnes and MRSA, In three series of experiments, we irradiated P. acnes and MRSA respectively,
either in planktonic cultures, forming biofilms or formed biofilms. Compared to controls, the results
showed 100% bacterial suppression in planktonic cultures of MRSA irradiated with 3mWicm?
irradiance and 7.6J/cm? radiant exposure three times at 30-minute intervals, and also in P. acnes
cultures irradiated with 2mW/em? irradiance 5J/cm? radiant exposure thrice daily during each of
3days. Irradiation of biofilms with the same irradiances and radiant exposures that gave 100%
bacterial suppression in planktanic cultures resulted in disruption and disassembly of the
architecture of MRSA and P. acnes biofilms, more so in forming biofilms than formed biofilms,. The
antimicrobial effect on each bacterium was minimal in forming biofilms, and even less in formed
biofilms. Increasing radiant exposure slightly fram 7.6Jicm? to 10.8J/cm? without changing any
ather parameter, yielded mare disruption of the biofilm and fewer live MRSA and P. aches,
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suggesting that 100% bactenal suppression is possible with further refinement of the protocol. In
both planktonic cultures and biofilms, PBL suppressed MRSA more than P. acnes.

Copyright © 20192 Elsevier B.V. All rights reserved.

KEYWORDS: Antimicrobial therapy,; Biofilm; Methicillin-resistant Staphylococcus aureus; PBM; Printed LEDs;
Propionibacterium acnes

PMID: 31760372 DO 10,1016/} jphotobiol.2019.111702
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Photoactivation of endogenous latent transforming growth factor-g1 directs
dental stem cell differentiation for regeneration.

Arany PR, Chg A% Hunt TD?, Sidhu G2, Shin K*, Hahm E2, Huang GX°, Weaver J5 Chen ACS Padwa BL7,
Hamblin MR8, Barcellas-Hoff MH®. Kulkami AB?, J Mogney D'®

Author informatian

Abstract

Rapid advancements in the field of stem cell biology have led to many current efforts to exploit siem
cells as therapeutic agents in regenerative medicine. However, current ex viva cell manipulations
common to most regenerative approaches create a variety of technical and regulatory hurdles to their
clinical translation, and even simpler approaches that Use exogenous factors to differentiate tissue-
resident stem cells carry significant off-target side effects. VWe show that non-ionizing, low-power
laser (LPL) treatment can instead be used as a minimally invasive tool to activate an endogennus
latent growth factor complex, transforming growth factor-B1 (TGF-#1), that subsequently differentiates
host stem cells to promote tissue regeneration. LPL treatment induced reactive oxygen species
{ROS) in a dose-dependent manner, which, in turn, activated latent TGF-B1 (LTGF-31) via a specific
methionine residue (at position 253 on LAP). Laser-activated TGF-B1 was capable of differentiating
human dental stem cells in vitrc. Further, an in vive pulp capping model in rat teeth demanstrated
significant increase in dentin regeneration after LPL treatment. These in vivo effects were abrogated
in TGF-B receptor Il (TGF-BRII) eonditional knockout {DSPP(Cre)TGF-BRII{fIA)) mice or when wild-
type mice were given a TGF-BRI inhibitor. These findings indicate a pivotal role for TGF-B in
mediating LPL-induced dental tissue regeneration. More broadly, this work outlines a mechanistic
basis for harnessing resident stem cells with a light-activated endogenous cue for clinical
regenerative applications.

Copyright @ 2014, American Association for the Advancement of Science.
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Mesenchymal Stem Cells Synergize with 635, 532, and 405 nm
Laser Wavelengths in Renal Fibrosis: A Pilot Study.

Q'Connor M1, Patil R1, Yu J1, Hickey_R1, Premanand K1, Kajdacsy-Balta Az: Benedetti E1-3, Bartholgmew AT,
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Abstract

OBJECTIVE: To address whether a single treatment of one of three visible light wavelengths, 635,
532, and 405 nm {(constant wave, energy density 2.9 mez}, could affect the hallmarks of established
renal fibrosis and whether these wavelengths could facilitate mesenchymal stem cell (MSC)
beneficence.

BACKGROUND DATA: Chronic kidney disease is a global health prablem with only 20% receiving
care worldwide. Kidneys with compromised function have cngoing inflammatian, including
increased oxidative stress and apoptosis, peritubular capillary loss, tubular atrophy, and
tubulointerstitial fibrosis. Promising studies have highlighted the significant potential of MSC-based
strategies to mitigate fibrosis; however, reversal of established fibrosis has been problematic,
suggesting that methods to potentiate MSC effects require further development. Laser treatments
at visible wavelengths have been reportad to enhance mitochondrial potential and available cellular
ATP, facilitate proliferation, and inhibit apoptosis. We hypothesized that laser-delivered energy
might provide wavelength-specific effects in the fibrotic kidney and enhance MSC responses.

MATERIALS AND METHODS: Renal fibrosis, established in C57BLE mice following 21 days of
unilateral ureter obstruction (UUQ), was treated with one of three wavelengths alone or with
autologous MSC. Mitochondrial activity, cell proliferation, apoptosis, and cytokines were measured
24 h later.

RESULTS: Wavelengths 405, 532, and 635nm all significantly synergized with MSC to enhance
mitochondrial activity and reduce apoptosis Proliferative activity was observed in the renal cortices
following camkined treatment with the 532 nm laser and MSC; endothelial proliferation increased in
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405 nm light technology for the inactivation of pathogens and its
potential role for environmental disinfection and infection control.
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Abstract

BACKGROWUND: Although the germicidal properties of ultraviclet (UV) light have long been known,
It is only comparatively recently that the antimicrobial properties of visible violet-blue 405 nm light
have been discovered and used for environmental disinfection and infection control applications.

AIM: To review the antimicrabial properties of 405 nm light and to describe its application as an
environmental decontamination technology with particular reference to disinfection of the hospital
environment.

METHODS: Extensive literature searches for relevant scientific papers and reporis.

FINDINGS: A large body of scientific evidence is now available that provides underpinning
knowledge of the 405 nm light-induced photodynamic inactivation process involved in the
destruction of a wide range of prokaryotic and eukaryotic microbial species, including resistant
forms such as bacterial and fungal spores. For practical application, a high-intensity narrow-
spectrum light environmental disinfection system (HINS-light EDS) has been developed and tested
in hospital isclation rooms. The trial results have demonstrated that this 405 nm light system can
provide continuous disinfection of air and exposed surfaces in occupied areas of the hospital,
thereby substantially enhancing standard cleaning and infection control procedures.

CONCLUSION: Violet-blue light, particularly 405 nm light, has significant antimicrobial properties
agarnst a wide range of kacterial and fungal pathogens and, although germicidal efficacy is lower
than UV light, this limitation is offset by its facility for safe, continuous use in occupied
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Cytotoxic responses to 405nm light exposure in mammalian and
bacterial cells: Involvement of reactive oxygen species.
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Ahbstract

Light at wavelength 405 nm is an effective bactericide. Previous studies showed that exposing
mammalian cells to 405 nm light at 36 Jicm(2) {a bactericidal dose} had no significant effect on
normal cell function, althaugh at higher doses (54 J/em(2)), mammalian cell death became evident.
This research demonstrates that mammalian and bacterial cell toxicity induced by 405 nm light
exposure is accompanied by reactive oxygen species production, as detected by generation of
fluorescence from 6-carboxy-2", 7'-dichlorodihydroflucrescein diacetate. As indicators of the
resulting oxidative stress in mammalian cells, a decrease in intracellular reduced glutathione
content and a corresponding increase in the efflux of oxidised glutathione were observed from 405
nm light treated cells. The mammalian cells were significantly protected from dying at 54 J/cmi2) in
the presence of catalase, which detoxifies H202. Bacterial cells were significantly protacted by
sodium pyruvate {H202 scavenger) and by a combination of free radical scavengers (sodium
pyruvate, dimethyl thiourea {OH scavenger) and catalase) at 162 and 324 J/fcm(2). Results
therefore suggested that the cytotoxic mecharsm of 405 nm light in mammalian cells and bacteria
could be oxidative stress involving predominantly H202 generation, with other ROS contributing to
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Antimicrobial blue light inactivation of pathogenic microbes: State
of the art.
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Abstract

As an innovative non-antibiotic approach, antimicrobial blue light in the spectrum of 400-470nm
has demonstrated its intrinsic antimicrobial properties resulting from tha presence of endogenous
photosensitizing chromophores in pathogenic microbes and, subsequently, its promise as a
counteracter of antibiotic resistance. Since we published our last review of antimicrobial blue light
in 2012, there have been a substantial number of new studies reported in this area. Here we
provide an updated overview of the findings from the new studies over the past 5 years, inciuding
the efficacy of antimicrobial blue light inactivation of different microbes, its mechanism of action,
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“Polarized Light”

Chapter 22
Jan Palinkas and Alfonz Smcla

"The actual development of polarized Iight application started after implementation
of laser therapy in the 1960s of the 20" century,”

“Energy of photons as the smallest parts of light waves depends indirectly on the
wavelength.

Photons with lower wavelengths have more energy than those with longer
wavelengths.

So, photons of UV radiation are richer in energy than photons of visible light.
Photons of blue light have more energy than those of red light.”

Lasers work through a "biostimulation effect.”

The energy of red color “has the greatest ability of biostimulation.”

“Red stimulates when there Is lack of energy.”

“"With monochromatic polarized light of red color we can irradiate inflammations
from the very beginning.”

"Blue color: 400-490 nm. The light of this color has calming effects—blue is
considered to be a cold color. It slows down pulse frequencies, helps the overloaded
vassels get into normal state, acts as an antiseptic, kills pain and cools.”

“For children, it is one of the best healing calors.”

“Blue is very effective in combination with red.”



