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Abstract 
 

 Airborne transmission of infectious organisms is a 

major public health concern, particularly within 

healthcare and communal public environments.  Methods 

of environmental decontamination utilising pulsed 

ultraviolet (UV) light are currently available, however it is 

important that germicidal efficacy against airborne 

contamination is established. 

 In this study bacterial aerosols were generated and 

exposed to short duration pulses (~20 µs) of UV-rich light 

emitted from a xenon-filled flashlamp.  The lamp was 

operated using a 1 kV solid–state pulsed power source, 

with a pulse frequency of 1 Hz, and output energy of 

20 J/pulse.  Post-treatment, air samples were extracted 

from the chamber and the surviving fraction was 

enumerated using standard microbiological culture 

methods. Results demonstrate successful aerosol 

inactivation, with a 92.1% reduction achieved with only 5 

pulses of UV-rich light (P=<0.0002).  Inactivation using 

continuous UV light was also investigated in order to 

quantify the comparative efficacy of these antimicrobial 

light sources.  Overall, results provide evidence of the 

comparative efficacy of pulsed and continuous UV light 

for inactivation of airborne bacterial contamination.  For 

practical application, given the safety restrictions limiting 

its application for decontamination of unoccupied 

environments, or within sealed enclosures such as air 

handling units, the reduced treatment times with PUV 

provides significant operational advantages over 

continuous light treatment.  
  
 

I.  INTRODUCTION 
 

 Biological aerosols are a serious threat to human health 

due to their role in the transmission of infection and 

disease. This is particularly important in the hospital 

environment, as well as areas of public congregation such 

as schools and methods of public transport. Additionally, 

the threat of intentional or accidental release of 

bioaerosols as agents of bioterrorism exists. Extensive 

research has been conducted on sterilisation of potentially 

dangerous pathogens on surfaces and in liquids. In 

contrast however, there is a lack of evidence reflecting the 

efficacy of air sterilisation.  

 In hospitals, the spread of infection and disease via the 

airborne route is not fully understood and therefore, is 

often overlooked. However, airborne transmission is the 

major route of infection for a number of highly infectious 

diseases such as Mycobacterium tuberculosis, and has 

been implicated in the spread of many clinically-

important pathogens such as methicillin-resistant 

Staphylococcus aureus (MRSA). It is estimated that 

hospital-acquired infections cost the UK National Health 

Service (NHS) more than £1 billion a year, and the 

contribution of airborne transmission has been estimated 

to account for 10-33% [1-3]. Traditional approaches to 

disinfection involve manual cleaning with chemicals 

however, a study by Carling et al showed that as much as 

50% of high touch surfaces within patient settings were 

missed [4].    

 In response, novel technologies are being developed to 

compliment manual cleaning, such as ‘no touch’ 

environmental disinfection systems. One such example is 

the use of ultraviolet (UV) irradiation, which has been 

investigated for surfaces as well as air disinfection, where 

manual cleaning is not practical. The antimicrobial 

properties of UV light are well established, specifically, 

UV-C light between 190 -290 nm with a peak germicidal 

output at approximately 260 nm. The mechanism by 

which UV-C radiation inactivates microorganisms 

involves damage to their deoxyribonucleic acid (DNA). 

Inactivation occurs when pyrimidine dimers form 

between adjacent thymine bases in response to absorption 

of a photon, which prevents the microbe from replicating, 

rendering it harmless [5]. 

 Clinical applications of UV-C sterilisation have utilised 

continuous and pulsed UV light for whole room 

decontamination. Continuous UV (CUV) light makes use 
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of a low pressure mercury lamp at 254 nm or a medium 

pressure mercury lamp. Several commercially available 

CUV systems are undergoing clinical trial for use in the 

hospital environment. A study by Nerandzic et al 

demonstrated a 2 - 4 log10 reduction of MRSA, C. difficile 

and VRE using a commercially available UV-C 

decontamination device [6]. However, CUV systems 

require application over long periods of time with low 

power output to generate significant inactivation. In 

contrast, pulsed UV (PUV) is a more desirable method of 

sterilisation, which uses pulsed polychromatic xenon flash 

lamps to allow energy to be applied over a short period of 

time with high peak power. Short pulses of high intensity 

light cause rapid inactivation of microorganisms and 

inactivation has been shown to be effective in liquid, on 

surfaces and in air. The main aim of this study was to 

establish the susceptibility of airborne bacterial 

contamination to PUV by establishing dose-response 

kinetics, and comparison of the germicidal efficacy to 

CUV light treatment.  

 
 

 

II.  EXPERIMENTAL ARRANGEMENT 
 

A. Microbiological aerosol preparation 

 The bacterial strain used throughout this study was 

Staphylococcus epidermidis LMG 10273 (Laboratorium 

voor Microbologie, Universiteit Gent, Belgium). For 

experimental use, S. epidermidis was cultured in 100 mL 

Tryptone Soya Broth (Oxoid Ltd, UK) at 37C under 

rotary conditions (120 rpm) for 18-24-h. Post incubation 

the bacterial suspension was centrifuged at 3939 × g for 

10 minutes and the pellet re-suspended in 100 mL 

phosphate buffered saline (PBS) (Oxoid Ltd, UK), and 

serially diluted to obtain the required cell density (colony 

forming units per millilitre, CFU mL-1) for experimental 

use. 60 mL of bacterial suspension at a starting population 

of approximately 108 CFU mL-1 was added to a 6-Jet 

Collison nebuliser connected to the test chamber. 

Bacterial aerosols were generated by operating the 

nebuliser for 1 minute at 20 psi, giving a suspended 

population of approximately 6 × 108 CFU mL-1 in the 

chamber at the start of the exposure period. 

 

B. Experimental system 

 The aerosol suspension chamber, shown in Figure 1, 

was a 15 L cylindrical acrylic tube with a diameter of 24 

cm and height of 35 cm. The chamber lid contained a 

quartz glass window with a 13 cm diameter, to permit 

light transmission. The UV light source was mounted 

above the quartz window and housed within an outer 

casing to prevent stray light exposure. An inlet for the 

nebuliser and outlet for the BioSampler were also present 

and could be sealed with HEPA vents during exposure. A 

small fan was attached to the base of the inside of the 

chamber to aid aerosol circulation.  Bacterial aerosols 

were exposed to increasing durations of UV-light 

treatment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic diagram of experimental set-up. A= 

vacuum pump, B= BioSampler liquid impinger, C= light 

source, D= aerosol chamber and E= nebuliser.  

 

C. PUV and CUV light treatment 

 A polychromatic low pressure 100 W xenon filled flash 

lamp was connected to a 1 kV solid-state pulsed power 

generator (Samtech, UK) with a pulse frequency of 1 pps 

and output energy of 20 J/pulse. The capacitive discharge 

circuit is shown in Figure 2. Stored electrical energy was 

transferred from the solid-state power generator to the 

xenon filled flash lamp at 1 pulse/second, discharging 

short pulses of broadband light that ranged from UV to 

IR, with a high UV output required for microorganism 

inactivation. The short duration pulses of PUV-light have 

an exponentially decaying waveform, shown in Figure 3 

with half time of approximately 20 µs.  The emission 

spectra from the PUV lamp is shown in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Components of the PUV generator and xenon 

flashlamp. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Waveforms of the xenon flashlamp. 

 

  

VOLTAGE  
CONTROL 

  

MAINS 
  

DUAL 15 kHz  
SWITCH MODE  

POWER SUPPLY 
  

1 . 1 
  
k V 

  

0. 4 
  
k V 

  

MAIN  POWER  
SUPPLY 

  0. 4 
  
–  1 

  
k V DC 

  

PRIMARY  
TRIGGER SUPPLY  
& PRR CONTROL  

0. 5 
  
k V PULSE 

  

XENON  
FLASH  
LAMP  
100 W 

  

PULSE GENERATOR 
  

SECONDARY  
TRIGGER  
SUPPLY 

  2 5 kV, PULSE 
  

  

0

300

600

900

1200

1500

0 100 200 300 400 500

time us

P
u

ls
e

 p
o

w
e

r,
 v

o
lt

a
g

e
 a

n
d

 c
u

rr
e

n
t 

( K
W

, 
K

V
, 
K

A
)

voltage drop 

     pulse power 

pulse current 

A B 

C 

D 

E 



200 400 600 800 1000 1200

0

4000

8000

12000

16000
In

te
n

si
ty

 (
A

rb
it

ra
ry

 U
n

it
s)

Wavelength (nm)  
(a) 

 

200 250 300

0

200

400

600

800

1000

1200

In
te

n
si

ty
 (

A
rb

it
ra

ry
 U

n
it

s)

Wavelength (nm)
 

(b) 
Figure 4. Optical emission spectra of the xenon 

flashlamp, measured using a HR4000 spectrometer 

(Ocean Optics, Germany). (a) total emission spectrum; (b) 

emission spectrum in UV-region. 

 

 

The CUV source was a germicidal PLS 9w 2 pin G23 

bulb (Easy LightBulbs, UK) which emits short wave 

radiation with a peak output at 253.4 nm, as shown in 

Figure 5. Dose was calculated as irradiance (mW cm-1) × 

exposure time (s) at an approximate irradiance of 900 µW 

and 203 µW for PUV and CUV respectively, measured at 

the maximum distance from the light source. 
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(b) 

Figure 5. Optical emission spectra of the CUV-light 

source, measured using a HR4000 spectrometer (Ocean 

Optics, Germany). (a) total emission spectrum (b) 

emission spectrum in UV-region. 

 

 

D. Air sampling and enumeration 

 Post-exposure, air samples were extracted from the test 

chamber using a BioSampler liquid impinger (SKC, UK). 

A vacuum pump connected to a glass collection vessel 

was operated at 12.5 L min-1 for 5 minutes to remove 

particle-laden air from the chamber and impact it into 20 

mL of PBS held inside the collection vessel. Samples 

were serially diluted and plated in triplicate onto Tryptone 

Soya Agar (Oxoid Ltd, UK) using the Pour Plate Method 

and incubated at 37°C for 24-hrs. Samples were 

enumerated and results reported as CFU mL-1 as a 

function of exposure time (min). Results are an average of 

a minimum of triplicate independent experiments, 

measured in triplicate (n=9), with error bars representing 

the standard deviation (SD). Data were analysed using 

paired sample T-tests using Minitab Statistical software 

version 17, with significant differences identified at the 

95% confidence interval, P ≤ 0.05. 

 

 
 

III.  EXPERIMENTAL RESULTS AND 

DISCUSSION 
 

 Results shown in Figure 6 demonstrate the effect of 

PUV-light exposure on airborne S. epidermidis. 

Significant reduction was achieved after 5 pulses of PUV-

light at 1 pps. At this pulse number, a 92.1 % reduction 

was observed when compared to the non-exposed control 

sample (P=0.0003).  After 500 pulses of PUV-light at 1 

pps, a 2.9 log10 (99.8 %) reduction was achieved, with 

<1% of the starting population surviving at this dose 

(~450 µJcm-2). These results support many studies 

published on rapid PUV-light inactivation of 

microorganisms. A commercially available PUV-light 

disinfection system resulted in a 5-log10 reduction  
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(99.999%) of 4 different medically relevant pathogens in 

a UK hospital in just 10 minutes [7]. The same system 

was found to be 7 × more effective than traditional 

cleaning and resulted in an 87% reduction in Intensive 

Care infection rates [8]. Of note, these studies do not 

directly analyse airborne disinfection, however it is highly 

likely both surface and airborne contamination were 

reduced. 

 However, a number of trials which have been carried 

out to compare the efficacy of PUV and CUV-light 

exposure found that bacterial reduction was not 

significantly higher with the PUV system, and one study 

found it to be lower than with CUV. Results shown in 

Figure 7 demonstrate the effect of CUV-light exposure on 

airborne S. epidermidis. Significant reduction was 

achieved after an initial 5 minute exposure of CUV-light. 

At this exposure time, a 98.7% reduction was observed 

when compared to the non-exposed control sample 

(P=0.00003). 
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After 60 minutes light treatment, a 3.2 -log10 reduction 

was achieved, with <2% of the starting population 

surviving at this dose (~730 µJcm-2). 

 CUV-light offers operational advantages such as low 

running costs and less maintenance and has therefore been 

installed in many healthcare settings as a method of upper 

room germicidal air disinfection.  As evidenced in the 

results of the present study, the time required to achieve a 

similar germicidal efficacy to that of PUV light is much 

longer, and this is a major disadvantage of CUV-light. 

It is generally considered that bacterial inactivation 

kinetics in liquids do not predict the kinetics of microbial 

inactivation in air. King et al also found that organisms 

appear to me more susceptible to UV irradiation when 

suspended in the air [9]. This is thought to be due to a 

higher surface area exposure to UV irradiation when the 

organism is moving and rotating in the air, in contrast to 

being fixed onto a surface. 
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 Figure 7. Susceptibility of aerosolised S. epidermidis to CUV-light. Optical irradiance was 203µW measured at a 

maximum distance of 35 cm from the light source. (a) Inactivation kinetics; (b) Percentage surviving population 

data (n≥ 9 ± SD). * Significant inactivation (P <0.05) 

Figure 6. Susceptibility of aerosolised S. epidermidis to PUV-light. Optical irradiance was 900µW measured at a 

maximum distance of 35 cm from the light source. (a) Inactivation kinetics; (b) Percentage surviving population data 

(n≥ 9 ± SD). * Significant inactivation (P <0.05) 



Although both PUV and CUV-light irradiation achieved 

99.8% and 98.7% reduction respectively, complete 

bacterial inactivation was not achieved. Both decay 

curves ended in a tail, indicating a resistant population. A 

possible explanation for this phenomenon is bacterial 

clustering. If numerous bacteria clump together, those in 

the centre of the cluster will be shielded from UV-light 

exposure, and thus, appear to be resilient. Kesevan and 

Sagripanti stated that the linear section of an inactivation 

curve would stop at 3-log10 if just 1 in 1000 bacteria was 

shielded. Similarly if one bacterium was shielded by 2 

others, then only 37% of the irradiated light would reach 

that third bacterium [10].  

 Natural decay of the suspended aerosol was also 

observed in both experiments, and this was more 

prominent in the CUV-light curve where the aerosol 

required longer suspension times inside the test chamber. 

This is potentially attributable to a number of factors 

including natural gravitational settling, impaction with the 

chamber walls, shear stress in the nebuliser or non-

desirable environmental conditions of temperature and 

relative humidity. King et al (2011) experienced a 10% 

loss of viable bacteria inside their test chamber after 170-

330 seconds.  

 

 

 

IV.  CONCLUSIONS 
 

 This study has demonstrated evidence of the 

susceptibility of bacterial aerosols to both PUV and CUV-

light. Dose-response kinetics of airborne S. epidermidis to 

PUV-light were established and compared to that of 

CUV-light. PUV light was found to be more efficient for 

decontamination of airborne bacteria due to rapid energy 

delivery with high peak power, in comparison to lower 

energy output of CUV light. The approximate maximum 

dose of PUV light was 450 mW cm-2 and 730.8 mW cm-2 

for CUV-light. However, the CUV light had to be 

operated for > 7 times longer than PUV light in order to 

achieve similar bacterial reduction (500 seconds and 3600 

seconds for PUV and CUV, respectively). 

 Overall, both continuous and pulsed UV-C disinfection 

methods have a rapid decontamination effect with 

widespread antimicrobial efficacy against a range of 

healthcare-associated pathogens. However this light-based 

technology is restricted to terminal room cleaning and 

unoccupied environments due to the carcinogenic and 

mutagenic nature of UV-C light, therefore the reduced 

treatment times of PUV-light can provide significant 

operational advantages over CUV-light treatment.  
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