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UV light irradiation is being increasingly applied as a primary process for water disinfection, eﬀectively used for
inactivation of suspended (planktonic) cells. In this study, the use of UV irradiation was evaluated as a pretreatment
strategy to control biofouling. The objective of this research was to elucidate the relative eﬀectiveness of various
targeted UV wavelengths and a polychromatic spectrum on bacterial inactivation and bioﬁlm control. In a model
system using Pseudomonas aeruginosa, the inactivation spectra corresponded to the DNA absorption spectra for all
wavelengths between 220 and 280 nm, while wavelengths between 254 nm and 270 nm were the most eﬀective for
bacterial inactivation. Similar wavelengths of 254-260-270 nm were also more eﬀective for bioﬁlm control in most
cases than targeted 239 and 280 nm. In addition, the prevention of bioﬁlm formation by P. aeruginosa with a full
polychromatic lamp was UV dose-dependent. It appears that bioﬁlm control is improved when larger UV doses are
given, while higher levels of inactivation are obtained when using a full polychromatic MP lamp. However, no
signiﬁcant diﬀerences were found between bioﬁlms produced by bacteria that survived UV irradiation and bioﬁlms
produced by control bacteria at the same microbial counts. Moreover, the experiments showed that bioﬁlm
prevention depends on the post-treatment incubation time and nutrient availability, in addition to targeted
wavelengths, UV spectrum and UV dose.
Keywords: biofouling; bioﬁlm; ultraviolet; wavelength; water disinfection

Introduction
Biofouling is the generally accepted term for the
unwanted deposition of microorganisms on various
surfaces, which in turn interferes with technical,
economical, and hygienic requirements (Flemming
2002). Biofouling is a serious problem in all sectors
of a water system, including piping, water distribution
systems, ﬁltration processes, cooling facilities, and
power plants. Bioﬁlms are likely to exist in all water
distribution systems (US EPA 2002), as drinking water
distribution networks oﬀer very large surface areas for
bacteria to attach. In water ﬁltration, biofouling can
cause a variety of negative eﬀects on membrane
performance, including loss of ﬂux, reduced solute
rejection, increased head loss through membrane
modules, contamination of permeate, the need for
frequent chemical cleanings, degradation of membrane
materials, reduced water quality and a reduced
membrane life span (Ridgeway and Flemming 1996;
Chen et al. 2003; Liao et al. 2004; AWWA 2005).
Moreover, the deterioration of water quality due to
biofouling and the resultant potential health hazards
still remain among the main challenges for water
suppliers (Momba et al. 2000).
Chlorination is most frequently applied to drinking
water disinfection. However, the risk of elevated levels
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of harmful disinfection by-products has given rise to
consideration of alternatives for biofouling control in
water distribution systems. Oxidative disinfectants
may also enhance the formation of easily biodegradable organic substances (BDOC) which can, in turn, be
utilized by microorganisms and so promote bioﬁlm
formation in water distribution systems (Glaze 1987;
Gilbert 1988; Van der Kooij 1999). Moreover, oxidizing biocides used in a pre-treatment step can result in
damage to polyamide desalination membranes, thus
neutralization of oxidizing agents is required or
utilization of an alternative method.
Ultra-violet (UV) irradiation is a non-chemical
alternative to control biofouling. UV light irradiation
is being increasingly applied as a primary disinfection
process for water since it was found to be very eﬀective
for inactivating Cryptosporidium (Clancy et al. 2000;
Craik et al. 2001) and Giardia lamblia (Linden et al.
2002) without forming residual disinfection byproducts. The mechanism of disinfection by UV light
diﬀers from chemical disinfectants such as ozone or
chlorine. UV disinfection is eﬀectively used for
inactivation of suspended cells, as reviewed by Hijnen
et al. (2006). However, microorganisms in bioﬁlms
diﬀer from their suspended counterparts regarding
their physiology, metabolism, and resistance to
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disinfectants and antibiotics (Engel et al. 1980; Armon
et al. 1997; Mackay et al. 1998; Momba et al. 2000;
Schwartz et al. 2003; Langmark et al. 2005; Arciola
et al. 2008; Moreau-Marquis et al. 2008). Thus, the
eﬀectiveness of UV for inactivation of suspended
microorganisms may not be relevant when evaluating
UV as a strategy to control biofouling.
Current technology for water and wastewater
disinfection by UV includes two basic types of mercury
lamps: low pressure (LP) UV mercury vapor lamps
that emit a single monochromatic wavelength that
peaks at 253.7 nm and medium pressure (MP) UV
mercury lamps with a broad polychromatic spectrum
with output at multiple wavelengths throughout the
220 to 300 nm germicidal UV range and beyond. LP
lamps are used for water disinfection due to the high
eﬃciency at the microbiocidal wavelength, while MP
lamps have exceptionally high energy output and also
prevent the recovery of microorganisms such as
Escherichia coli, Cryptosporidium parvum oocysts, and
adenovirus (Chiu et al. 1999; Marshall 1999; Linden
et al. 2001; Oguma et al. 2001, 2002; Haider et al. 2002;
Kalisvaart 2004; Linden et al. 2007). In addition to
DNA and RNA, photochemical reactions may occur
also in proteins and enzymes (Harm 1980). The
absorbance spectra of proteins show a maximum
peak at 280 nm, whereas the peptide bond in proteins
displays a signiﬁcant absorbance below 240 nm due to
the large number of these bonds. Therefore, there may
be a speciﬁc eﬀective UV wavelength for biofouling
control, which may suggest an optimization for bioﬁlm
control by targeting speciﬁc UV wavelengths.
Very few published studies have considered the
application of UV irradiation as a potential pretreatment technology for biofouling control. Most of
these studies investigated the impact of monochromatic LP UV light only on biofouling control (except
for Munshi et al. 2001 and Dykstra et al. 2007 who
studied MP lamps). Several eﬀects of UV disinfection
pre-treatment on biofouling control in water distribution systems were demonstrated by Lund and Hongve
(1994), Lund and Ormerod (1995), Momba et al.
(1998), Schwartz et al. (2003), Pozos et al. (2004),
Langmark et al. (2005), Dykstra et al. (2007), Rand
et al. (2007), Murphy et al. (2008), and Wenjun and
Wenjun (2009). In most cases, UV irradiation by itself
did not have a signiﬁcant impact on controlling bioﬁlm
formation in the various models and systems tested.
Improved synergetic eﬀects of UV and other disinfectants appear to play an important role in mitigating
bioﬁlms and preventing regrowth (Dykstra et al. 2007;
Rand et al. 2007; Murphy et al. 2008; Wenjun and
Wenjun 2009).
UV radiation also has been evaluated in biofouling
prevention for membrane processes such as

microﬁltration (MF) (Otaki et al. 1998), nanoﬁltration
(NF) (Munshi et al. 2001), and reverse-osmosis (RO)
(Munshi et al. 2001; López-Ramı́rez et al. 2003). Otaki
et al. (1998) found that UV radiation controlled MF
membrane fouling by inactivating the microorganisms
in the feed and that membrane running time was
extended six times longer than the control. The authors
concluded that UV did not have a residual eﬀect after
irradiation. Munshi et al. (2001) concluded that
applying UV ahead of NF membranes inﬂuenced
biofouling in a seawater (SW) RO desalination plant.
These authors suggested the application of UV ahead
of NF, and not the RO unit, because low nutrient
water can induce starvation and UV resistance.
In the study reported here, the inﬂuence of diﬀerent
UVC wavelengths, polychromatic UV light and environmental parameters on the inactivation of bioﬁlm
forming bacteria and on bioﬁlm prevention were
examined. Thus, the main objectives of the research
were to (a) determine the spectral sensitivity of the
model organism Pseudomonas aeruginosa to wavelengths of 220, 239, 254, 260, 270, 280 nm and the full
spectrum using polychromatic MP light; (b) elucidate
the relative eﬀectiveness of the various UV wavelengths
and full MP UV light on bioﬁlm formation, and (c)
determine the impact of nutrients and post-treatment
incubation time on bioﬁlm formation.
Materials and methods
Experimental design
Water samples spiked with the bioﬁlm forming model
bacterium P. aeruginosa PAO1 were exposed to UV
using a bench scale UV apparatus. These water
samples were further used to examine the bioﬁlm
formation potential using high throughput methods
which could screen many conditions in parallel.
In short, the experimental procedure included: (1)
preparing cultures of P. aeruginosa; (2) preparing bacterial suspension (106 CFU ml71) in phosphate buﬀer
(PBS); (3) exposing microorganisms to UV pretreatment
at the desired ﬂuence (dose) and wavelength; (4) determining the viability by colony counts before and after
UV; (5) determining the dose–response of P. aeruginosa
in terms of survival of suspended cells; (6) bioﬁlm
formation and quantiﬁcation by microtitre plate and
gentian violet assays; and (7) plotting bioﬁlm formation
(%) as a function of survival and UV ﬂuence.
Preparation and enumeration of the bacterium
P. aeruginosa PAO1 (Stover et al. 2000) was used as
the model Gram-negative bacterium because it is
ubiquitous in water systems and frequently found in
bioﬁlms. It has become the most accepted model
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organism for studying bioﬁlm formation (Costerton
et al. 1987; O’Toole et al. 2000; Stoodley et al. 2002;
Klausen et al. 2003). Inocula of pure cultures were
grown in minimal M9 medium and incubated overnight at 308C with shaking. The medium was
supplemented with 0.4% glucose as a carbon source.
The inocula were diluted and incubated until a cell
density of *108 colony-forming units per ml (CFU
ml71) was obtained. Working suspensions for UV
exposures were prepared by 100-fold dilution of P.
aeruginosa (at *108 CFU ml71) in phosphate buﬀer
(PBS) to achieve a cell count of *106 CFU ml71.
Enumeration was performed on Luria-Bertani (LB)
agar plates incubated at 258C for 2 days.
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Genomic DNA puriﬁcation
DNA puriﬁcation from P. aeruginosa PAO1 and E.
coli K12 was carried out using standard techniques
(Sambrook et al. 1989). In short, a pellet from
overnight cultures was resuspended in lysis buﬀer,
incubated, and treated with biophenol:chlorophorm:
isoamyl alcohol to start DNA extraction as described
by Sambrook et al. (1989).
Experimental setup for UV exposures
UV exposures were carried out using a medium pressure
(MP) bench scale UV collimated beam apparatus. The
UV radiation was directed through a circular opening
(collimated tube) to provide incident radiation normal
to the surface of the water test suspension. The
experiments were carried out using a 0.45 kW polychromatic lamp (Ace-Hanovia Lamp Cat. No. 7830-61)
with output at multiple wavelengths throughout the
220–300 nm UV range and beyond. Emission spectrum
of the UV lamp is shown in Figure 1a.
Aliquots of P. aeruginosa in PBS at initial concentrations of *106 CFU ml71 were exposed to a
range of UV ﬂuence, and dose–response curves were
developed. Water samples were placed in glass dishes
and irradiated while stirring the samples slowly to
avoid vortex on a magnetic stir plate. Each sample was
serially diluted, and enumerated to determine the
bacterial number by viable cell counts. After irradiation, bioﬁlm formation potential and quantiﬁcation
assays were conducted. Mean concentration (CFU
ml71) of microorganisms spiked in suspension without
UV exposure was taken as the initial concentration,
N0, while the arithmetic mean concentration per
ﬂuence is ND. The log10 transformation for N0/ND
was plotted as a function of the average UV ﬂuence.
Regression analysis was performed on all the data
ﬁelds used to ﬁt the linear sections of the log
inactivation curve.

Figure 1. (a) Emission spectrum of full UV MP lamp. (b)
Transmission curves of the 220, 239, 254, 260, 270, and
280 nm BP ﬁlters (left y axis) together with the transmission
curve of the 1.0 ND ﬁlter (FDU 1.0) (right y axis).

The integrated average irradiance between 200 and
300 nm was calculated according to Bolton and
Linden (2003), using the spectral incident irradiance
obtained from a calibrated spectroradiometer
(USB4000, Ocean Optics) placed in the same x, y
position as the center of the crystallization dish and at
the surface of the liquid suspension, the water spectral
absorbance obtained via a UV–Vis spectrophotometer
(Cary Bio100, Varian, Inc., Palo Alto, CA, USA), the
reﬂection at the sample surface and the measured Petrifactor for the dish. The UV ﬂuence was calculated by
multiplying the average irradiance with exposure time.
In several experiments, a Neutral Density (ND)
ﬁlter (type OFR-1.0, POB 82, Caldwell, NJ, USA) was
placed in the polychromatic light path to reduce the
measured incident irradiance (without changing
the relative polychromatic spectrum) at about 85%
(corresponding to 15% transmittance) to enable
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appropriate exposure times for an acceptable counting
range of microbial inactivation that will produce a
ﬂuence response curve with suﬃcient data points. In
addition, band-pass (BP) ﬁlters placed in the polychromatic light path were used to transmit a welldeﬁned band of light from the polychromatic MP light
source at a centre wavelength of 220, 239, 254, 270 and
280 nm with an average full width at half maximum
(FWHM) of 20–27.5 nm and minimum peak transmittance ranges between 12 and 15% (corresponds to the
ND ﬁlter’s transmittance range) (Andover Corporation, NH, USA). The transmission curves for the ND
and BP ﬁlters, as illustrated in Figure 1b, were
performed with the same spectrophotometer for
absorbance measurement, equipped with a 150 mm
diameter IS attachment (Diﬀuse Reﬂectance accessory
(DRA)-CA-3330, Labsphere, NH, USA). The ﬁlter
was placed in a holder at the sample transmission port
of the integrating sphere. The actual average irradiance, to which the microorganisms were exposed when
the ﬁlters were used, was obtained by multiplying
(weighting) the spectral incident irradiance (measured
without ﬁlters) by the bandwidth at each wavelength
(spectral transmittance in percentage according to
Figure 1b), taking into consideration the water spectral
absorbance, petri factor and the water reﬂection as
previously described.
Determination of bioﬁlm formation potential
Bioﬁlm formation assays were performed by a
standard method, as previously described (O’Toole
and Kotler 1998; Houdt et al. 2004; Ramsey and
Whiteley 2004; Peeters et al. 2008). The ability of
bacteria to form bioﬁlms is assessed by the ability of
cells to attach to round-bottomed 96-well microtitre
plates made of polystyrene (TC Microwell 96U,
NUNC). Samples before and after UV irradiation
were centrifuged and then diluted in the same volume
with M9 or LB nutrient medium. A volume of 200 ml
of each sample was applied per well in 3–6 replicates,
and the plates were further incubated in 308C (M9) or
378C (LB) without shaking for 10–37 h.
Bioﬁlm quantiﬁcation – Gentian Violet assay
(GV assay)
All samples (with or without UV) were applied to
the same microtitre plates, incubated and treated in
the same way. After a pre-deﬁned incubation time, the
supernatant was gently removed and the wells were
rinsed with PBS and allowed to dry on a blotting
paper, leaving only adherent bacteria in the wells. The
bioﬁlms were ﬁxed by addition of 99% ethanol and
air-drying. The plates were then stained with 0.4%

Gentian Violet (GV) solution. The unbounded GV was
removed by rinsing the plates under running tap water.
The GV-stained bioﬁlm was solublized with 1% SDS
and incubated for 15 min, to enable elution of all the
bioﬁlm-associated dye. Finally, 100 ml from each well
were transferred to a new polystyrene plate, and the
absorbance was determined with a plate reader at
590 nm. The eﬀect of UV irradiation was calculated
relative to the mean average of the untreated sample
that contained *106 CFU ml71 and constituted the
100% value.
Results and discussion
Activity spectrum of P. aeruginosa
The main goal of this research was to explore whether
the activity spectrum of a suspended model microorganism can eﬀectively predict biofouling prevention
as determined by the bioﬁlm formation measurements.
To address this issue, the action spectrum of P.
aeruginosa was investigated. The inactivation of
disperse bacterial cells in completely mixed batch
reactor is obtained using Equation (1), where the
dose–response curve is computed as log reduction
(log10 N0/ND) as a function of UV ﬂuence (dose) and
shows ﬁrst order kinetics:
 
N0
log
ð1Þ
¼ kIavg t ¼ kD
ND
where ND ¼ total number of surviving bacteria at UV
dose D; N0 ¼ total number of bacterial cells before
UV application (at time t ¼ 0); k ¼ inactivation rate
(or sensitivity) coeﬃcient, cm2 mJ71; Iavg ¼ average
irradiance of UV light in bulk solution, mW cm72;
t ¼ exposure time in seconds (s) and D ¼ UV dose or
ﬂuence, mJ cm72.
The log survival of suspended P. aeruginosa in
buﬀered water as a function of UV ﬂuence for BP
wavelengths of 220, 239, 254, 260, 270, 280 nm, and
for the 1.0 ND-ﬁltered full MP lamp is illustrated in
Figure 2. Without the ND ﬁlter, total inactivation of
P. aeruginosa occurred after UV exposure for 51 min;
thus, the ND ﬁlter was used to produce a ﬂuence–
response curve with suﬃcient data points.
The ﬂuence–response data were ﬁtted using a linear
regression approach resulting in inactivation rate
constants k(l). These constants, also termed UV
sensitivity coeﬃcients, are a measure of the sensitivity
of a microorganism at a particular wavelength and,
when plotted as a function of wavelength, represent
the action spectrum of a microorganism (Rauth 1965;
Munakata et al. 1986; Cabaj et al. 2001, 2002;
Mamane-Gravetz et al. 2005). The kinetics values
were calculated using a minimum of four data points
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Figure 2. Dose response of P. aeruginosa PAO1. Log
inactivation as a function of UV ﬁltered wavelengths: },
220 nm BP; ¤, 239 nm BP; &, 254 nm BP; þ, 260 nm BP;
~, 270 nm BP; 7, 280 nm BP; ., Full MP (ﬁltered with 1.0
ND ﬁlter).

(per wavelength), each averaged from triplicates (at
least). Linear inactivation curves are characteristic of a
one hit-one target survival curve that assumes that a
single harmful event (hit) is suﬃcient to inactivate a
biological unit (Harm 1980). However, the kinetics of
UV inactivation of microorganisms in water is often
more complex than a simple log-linear inactivation
(Mamane 2008). Although curves in this study were
not entirely linear throughout the UV doses tested (a
slightly concave curve was obtained), data were ﬁtted
to a linear model. Data were extrapolated through the
zero point and the linear correlation coeﬃcient (R2)
ranged from 0.96 to 1.00, indicating a strong ﬁt of the
regression line to the data. The ﬂuence-based UV
sensitivity coeﬃcients, k(l) revealed values from 0.17
to 0.44 cm2 mJ71. Figure 3 illustrates the spectral UV
sensitivity coeﬃcient krel (l) for P. aeruginosa plotted
as a function of UV wavelength and compared with its
DNArel absorbance and with the DNArel absorbance
of E. coli, all normalized relative to 254 nm. The action
spectrum is typically reported relative to 254 nm, the
principal output of the low pressure Hg vapor lamp.
Thus the k(l) from linear regression is transformed to
krel(l), the relative coeﬃcient, by dividing k(l) by
k(254) (obtained using the 254 nm BP ﬁlter) which is
0.44 cm2 mJ71. In addition, DNArel is the DNA
absorbance relative to DNA absorbance at 254 nm,
which is 0.77 for E. coli and 0.78 for P. aeruginosa. The
actual values determined for krel(l) can be obtained
from data in Figure 3.
Overall, the P. aeruginosa action spectra followed
the shape of the DNA spectra for all of the
wavelengths between 220 and 280 nm. Some wavelengths were more eﬀective than others, in the order
254  260 4 270 4 Full MP (1.0 ND) 4 280 4 220
4239 nm. The wavelengths between 254 nm and
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Figure 3. Action spectrum of P. aeruginosa PAO1 in
comparison to its DNA absorbance and to the DNA
absorbance of E. coli (all values are normalized to 254 nm).

270 nm were the most eﬀective in the inactivation of
suspended P. aeruginosa in comparison to ranges
above and below it. Similar results were obtained by
Linden et al. (2001) regarding inactivation of C.
parvum in similar UV spectra bands and UV ﬂuences.
Gates (1928) discovered that the relative biological
eﬀect of various UV wavelengths on E. coli matched
the absorbance of the cell’s DNA. Similarity to the
absorbance spectra of DNA (E. coli or P. aeruginosa)
suggests that UV inactivation mechanism of suspended
P. aeruginosa PAO1 is similar to that of other
microorganisms, and is presumably DNA absorbance-dependent, thus wavelength-dependent.
Eﬀect of UV wavelengths on bioﬁlm production
The aim of this study was to explore whether there is a
speciﬁc eﬀective set of UV wavelengths that can be
targeted for bioﬁlm control. The relative eﬀectiveness
of each wavelength in preventing bioﬁlm formation
was examined using the microtitre plate assay and
quantiﬁed using the GV technique (detailed in
Materials and methods). However, it is important to
note that this assay is a two-step procedure (i.e.
irradiation and then separate bioﬁlm formation from
the microbial survivors) and does not mimic natural or
engineering processes when surface colonization events
and irradiation would be concurrent.
Figure 4 illustrates bioﬁlm formation (%) as a
function of log inactivation at diﬀerent wavelength
bands (of 239, 254–270, 280 nm using band-pass
ﬁlters), and full MP UV light (in this case not ﬁltered
with ND ﬁlter). Exposure of P. aeruginosa to increasing UV doses in each wavelength resulted in increasing
log inactivation values in the suspended phase. Afterwards, the irradiated samples were incubated for 10 h
in LB medium at 378C, and the bioﬁlm formed was
quantiﬁed. Variation in bioﬁlm formation (%) at each
wavelength corresponds to the bioﬁlm formed after
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Figure 4. Bioﬁlm formation (%) as a function of log
inactivation at diﬀerent wavelength bands (239, 254–270,
280 nm using BP ﬁlters), and full MP UV light (not ﬁltered).
Experimental conditions: 10 h incubation, LB medium,
378C.

diﬀerent log inactivation values. The results for
wavelengths of 254, 260, and 270 nm are presented
together, as they are similar. The bioﬁlm formation
percentage was calculated compared to a 106 CFU
ml71 control sample of a non-UV-irradiated sample
which represents the column with 100% value (see
methods). The percentage bioﬁlm reduction can be
calculated as 100% minus the percentage bioﬁlm
formation (Z axis of Figure 4), which is a measure of
process eﬃcacy. The term ‘microbial counts’ correspond to log inactivation values and describes the
concentration of bacterial cells after UV pretreatment
and before incubation for bioﬁlm quantiﬁcation assay.
For example, a control sample consisting of 106 CFU
ml71 bacteria that was irradiated and resulted in 2 log
inactivation corresponds to a microbial count of 104
CFU ml71.
Two hypothetical outcomes are plausible: (a) the
percentage bioﬁlm reduction depends solely on the

microbial count after pretreatment and prior to bioﬁlm
tests, thus bioﬁlm formation should be similar for the
same log inactivation regardless of the type of UV
pretreatment (various wavelengths and exposure times
used to reach a certain log inactivation), and (b) the
percentage bioﬁlm formation does not only depend on
the microbial count but also on the UV wavelength
used to achieve that certain count due to diﬀerent UV
damage at diﬀerent wavelengths that may impact
bioﬁlm formation.
As illustrated in Figure 4, diﬀerences in bioﬁlm
prevention between 239, 254–270, and 280 nm ranges
were observed mostly at log inactivation smaller than 3
log, but also at higher values. At smaller log inactivation values – bioﬁlm formation (%) after 254-260270 nm treatments were not 430%, while after
239 nm and 280 nm treatments were *60% and
*70%, respectively. At higher log inactivation values
bioﬁlm formation (%) after 254-260-270 nm treatments were not 43%, while after 239 nm and
280 nm treatments were up to 14% and 16%,
respectively. Overall, the results indicate that pretreatment with UV wavelengths of 254-260-270 nm were
more eﬃcient in bioﬁlm prevention of P. aeruginosa
compared to wavelengths of 239 and 280 nm. Thus, at
similar log inactivation (below 3-log), some wavelengths are more eﬃcient than others and the second
hypothesis was conﬁrmed. The trend of these results is
also similar to the UV inactivation of suspended E. coli
(see Figure 3). Consequently, when targeting speciﬁc
wavelengths, bioﬁlm reduction does not only depend
on microbial count, but also on the targeted wavelengths. This may be attributed to UV-induced damage
at certain wavelengths of 254, 260 and 270 nm that
reduced the ability of the cells to form bioﬁlms under
these speciﬁc test conditions.
This outcome may also indirectly imply that
biofouling prevention using UV irradiation is most
eﬀective when DNA is damaged, rather than proteins
or peptide bonds that show a maximum peak at
280 nm and 240 nm, respectively (Harm 1980).
Figure 5 illustrates bioﬁlm formation (%) as a
function of UV wavelengths at similar UV ﬁltered
doses. Results were obtained from incubation for 10 h
following UV treatments using LB medium at 378C.
From this ﬁgure it is apparent that, for the same UV
dose (although diﬀerent log inactivation), wavelengths
of 254-260-270 nm were more eﬀective than 239 and
280 nm and also required less exposure times for
bacterial inactivation and bioﬁlm control. As previously discussed (and illustrated in Figure 4), for the
same log inactivation values (although diﬀerent
UV doses), wavelengths of 254-260-270 were also
more eﬃcient compared to 239 and 280 nm in most
cases.
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Figure 5. Bioﬁlm formation (%) as function of UV
wavelength bands at similar UV doses. Experimental
conditions: 10 h incubation, LB medium, 378C.

Eﬀect of full spectrum MP-UV light on bioﬁlm
formation

Figure 6. Bioﬁlm formation (%) as a function of
inactivation of suspended cells using Full MP light ﬁltered
with 1.0 ND ﬁlter (*15% transmittance). Experimental
conditions: 12 h in LB medium at 378C.

Although targeting speciﬁc wavelengths may be
beneﬁcial, it is clearly not practical to target speciﬁc
UV wavelengths for water disinfection using MP
polychromatic lamps and band-pass ﬁlters. Possibly,
in the future, UV Light Emitting Diodes (LEDs) can
be used to disinfect water at the DNA absorbance peak
wavelength range. In water treatment plants, LP lamps
are generally used due to the high eﬃciency at the
microbicidal wavelength without producing unwanted
photochemical changes in other water constituents
(Chiu et al. 1999; Haider et al. 2002). Medium pressure
(MP) UV mercury lamps, however, emit a broad
polychromatic spectrum with output at multiple
wavelengths throughout the 220 to 300 nm germicidal
UV range (Figure 1a) and at the visible range, which
might be advantageous. Studies have shown that, in
order to ensure permanent inactivation and prevent the
recovery of microorganisms following UV exposures,
MP UV light is required and preferred (Linden et al.
2001, 2007; Oguma et al. 2001, 2002; Kalisvaart, 2004).
These wavelength spectra inﬂict irreversible damage on
cellular DNA as well as on other molecules, such as:
proteins, enzymes, coenzymes, hormones and electron
carriers (Harm 1980). In addition, MP lamps can be
advantageous over LP lamps because they have
exceptionally high energy output and therefore require
less space and fewer lamps in water treatment plants
(Marshall 1999).
As illustrated in Figure 4, using full MP UV light
(not ﬁltered with a ND ﬁlter) gave high log inactivation values even at short exposure times; thus bioﬁlm
potential in these set of experiments for full lamp was
tested for only above 4 logs of inactivation. To
overcome this issue, a ND ﬁlter was placed in front
of the light source. Figure 6 illustrates bioﬁlm
formation after UV irradiation using a full spectrum
of MP UV light (ﬁltered with a 1.0 ND ﬁlter) at
diﬀerent UV doses, thus diﬀerent log inactivation

values. Again, bioﬁlm formation was calculated
compared to a control sample of a 106 CFU ml71
non-irradiated sample which comprised the 100%
value, and bioﬁlm prevention was considered as
100% minus bioﬁlm formation. All the results in
Figure 6 were obtained after 12 h incubation following
UV treatments in LB medium at 378C (10 or 12 h were
chosen due to practical experimental reasons). The
results indicate, except for deviation in one data point
at 4.51 log, that prevention of P. aeruginosa bioﬁlm
with a full polychromatic lamp is presumably dependent on the inactivation of suspended cells, which is
UV dose-dependent. It appears that bioﬁlm control
improves when greater UV doses are given, and greater
levels of inactivation of suspended cells are obtained.
The last observation has lead to a further
examination of the possible diﬀerences in bioﬁlm
formation by irradiated bacteria (ie cells that survived
after UV pretreatment ﬁltered with a 1.0 ND ﬁlter) and
control bacteria (not irradiated) at the same bacterial
concentrations (microbial counts). The goal was to
examine whether the cells which survived irradiation
experienced additional damage that would prevent
them from producing bioﬁlm. Figure 7 illustrates
bioﬁlm formation (%) as a function of bacterial
concentration: *103, *102, and *101 CFU ml71
(irradiated and control). The UV-irradiated samples
(*103, *102, *101 CFU ml71 correspond to log
inactivation values of *3, *4, and *5 log, respectively) were compared to control non-irradiated
diluted samples (*103, *102, *101 CFU ml71) of
the same microbial counts. The control samples were
obtained by dilution of the original non-irradiated
*106 CFU ml71 sample that comprised the 100%
condition. All samples were incubated in M9 minimal
medium at 308C for 20 h. These conditions were
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Figure 7. Bioﬁlm formation (%) as a function of bacterial
concentration of suspended P. aeruginosa. Microbial counts
were obtained after UV irradiation (ﬁltered with 1.0 ND
ﬁlter) or after dilution of the original 106 CFU ml71 control
sample. Experimental conditions: 20 h incubation in M9
minimal medium at 308C.

chosen from practical considerations of having suﬃcient time between the UV irradiation experiment and
the bioﬁlm quantiﬁcation assay.
No signiﬁcant diﬀerences were found between
bioﬁlm formation by irradiated bacteria and bioﬁlm
formation by control bacteria at the same microbial
counts. Irradiated bacteria at concentrations of *103,
*102, *101 CFU ml71 showed 44.4%, 16.8%, 10.1%
bioﬁlm formation, respectively. Non-irradiated bacteria at the same concentrations showed 40.2%, 13.4%,
10.1% bioﬁlm formation, respectively. These results
strengthen the plausible conclusion that prevention of
bioﬁlm formation by P. aeruginosa using polychromatic UV pretreatment is mostly bacterial concentration dependent, as it depends on inactivation of
suspended cells resulting from the UV dose given.
MP UV light might have advantages over targeting
with monochromatic or LP (254 nm) UV lamps, due to
its irreversible damage and additional or synergistic
eﬀects on microbial inactivation (Marshall 1999;
Linden et al. 2001, 2007; Oguma et al. 2001, 2002).
Because there is evidence for this damage in suspended
cells, it was hypothesized that this is a possibility also
for bioﬁlms. However, it has not been proven whether
a combined polychromatic MP lamp that provides a
full spectrum is more advantageous compared to the
wavelengths of 254-260-270 nm. Future studies are
required to compare the impact of LP to MP lamps,
using various test conditions and long incubation times
post treatment, to truly investigate the impact of regrowth.
Eﬀect of other parameters on bioﬁlm control
Time dose reciprocity
With inactivation of suspended microorganisms by
UV, it has been previously shown that the same
product of intensity-time (time dose reciprocity) may
not lead to the same reduction of microorganisms, at
diﬀerent intensities (Sommer et al. 1996). This eﬀect
was due to cellular repair enzymes that were more
inﬂuenced by high UV intensities (Sommer et al. 1998).

Regarding bioﬁlms, Patil et al. (2007) found that the
combination of intensity and exposure time is important in biofouling control, and stronger eﬀects on
biofouling were observed at higher UV intensities.
These authors demonstrated UVC radiation as a
potential tool for biofouling control in marine optical
instruments and concluded that biofouling prevention
is a function of UV intensity, exposure time, water
turbidity and the distance between the lamp and
coupons (attachment surface). They also concluded
that the UV dose was not the sole determinant of the
UV eﬀectiveness, and introduced interesting concepts
that impact bioﬁlm formation, such as the threshold
levels for UV intensity and the duration and mode of
UV exposure (continuous or in cycles). It was suggested that there might be an intensity and duration
threshold that should be deﬁned regarding UV
treatment concerning bioﬁlm control.
Bioﬁlm formation using a non-ﬁltered MP light
reached approximately 5–15% at log inactivation
above 4.86 (Figure 4). The results for the ND-ﬁltered
MP light were 10–15% at log inactivation above 3.94
(Figure 6). Non-ﬁltered MP light showed incident
irradiance of 1.26 mW cm72 (between 200 and 300
nm), while ﬁltered MP light (using a 1.0 ND ﬁlter that
transmits *15% of the irradiance) showed incident
irradiance of 0.15 mW cm72. Shorter UV exposure
times are needed using full MP light compared to
ﬁltered MP light in order to obtain the same log
inactivation. At the same range of log inactivation
values, non-ﬁltered MP light was more eﬀective in
biofouling control compared to ND-ﬁltered light due
to its high intensity and the short irradiation times, but
the diﬀerences were small and may be negligible.
Although the impact of the time-dose reciprocity data
is not available for bioﬁlms, it is presented here as a
possibility because there is evidence for time-dose
reciprocity in certain suspended cells with UV benchscale studies. Further work is required using diﬀerent
ND ﬁlters (resulting in diﬀerent UV irradiance values)
to examine the impact of time-dose reciprocity on
suspended cells and, further, on bioﬁlm formation. It is
important to note, however, that the UV intensities in
actual applications of UV ﬂow-through reactors is
much higher than in bench scale studies, with shorter
exposure times (in seconds), which raises the question
of the relevance of this theory/observation for UV
reactors.
Incubation time
Figure 8 illustrates the percentage bioﬁlm formation as
a function of log inactivation and of incubation times
in M9 minimal medium, following pretreatment using
full MP UV light (not ﬁltered). It can be seen that up to
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Figure 8. Bioﬁlm formation (%) as a function of
inactivation of suspended cells and of diﬀerent incubation
times following full MP UV light pretreatment (not ﬁltered).
All samples were incubated in minimal M9 medium at 308C.

incubation for 21 h in minimal medium post-treatment, bioﬁlm formation was controlled to a level
of 510%. It also can be seen that after 34 h
incubation, bioﬁlm formation was no longer controlled, and achieved almost the 100% value of a nonirradiated sample. These results may lead to the
conclusion that, while applying UV pretreatment for
biofouling control, in addition to optimization of UV
wavelengths and doses, there is also a need to optimize
and determine the mode of UV operation (eg
continuous or in cycles) and to deﬁne a threshold of
maximal incubation time possible post-treatment in
the environmental conditions given. This aspect was
also discussed by Patil et al. (2007).
Environmental conditions (nutrients, temperature)
The eﬀects of UV exposure are also inﬂuenced by the
environmental conditions during- and post-treatment.
Therefore, the inﬂuence of M9 minimal medium at
308C on the bioﬁlm formation by P. aeruginosa was
determined, compared to rich LB medium at 378C,
following full MP UV pretreatment.
When using full MP UV light ﬁltered with a 1.0
ND ﬁlter, it was observed (data are not shown) that
bioﬁlm formation post-treatment in LB medium was
much faster than that in M9 medium. In LB medium,
bioﬁlm formation was controlled only until *12 h
post-treatment, while in M9 medium it was controlled
for *21 h and longer. In addition, bioﬁlm formation
in LB medium seemed to be less reproducible and more
vulnerable to intrusive procedures such as quantiﬁcation by the Gentian Violet assay. When using nonﬁltered MP UV light, it was observed (partially shown
in Figure 8) that bioﬁlm formation in both LB medium

265

and M9 medium was controlled to a level of *40%
and *10%, respectively, until at least 21 h posttreatment. In summary, it seems that bioﬁlm formation
is strongly media-dependent and most probably
temperature-dependent as well. These parameters
should be taken into consideration while designing
UV pretreatment system for biofouling control. In
addition, there is a need to distinguish between
biofouling prevention, which is pretreatment reducing
the concentration of suspended cells in order to
prevent biofouling formation, and biofouling treatment, which is treatment against already existing
bioﬁlms. Moreover, in certain applications, such as
drinking water distribution systems, a combination of
UV with other disinfectants should be considered, in
order to ensure a residual eﬀect post-treatment.
Summary, conclusions, and future suggestions
The P. aeruginosa action spectra followed the shape of
the DNA spectra for all the wavelength range between
220 and 280 nm, while wavelengths between 254 nm
and 270 nm were the most eﬀective in inactivation,
suggesting that UV inactivation mechanism is DNA
absorbance-dependent. Wavelengths of 254-260270 nm were more eﬀective than those at 239 and
280 nm and also required shorter exposure times for
bacterial inactivation and, in most cases, also for
bioﬁlm control. In addition, bioﬁlm prevention by P.
aeruginosa with a full polychromatic lamp was UV
dose-dependent. It appears that bioﬁlm control improves when greater UV doses are given, and greater
levels of inactivation of suspended cells are obtained.
Moreover, no signiﬁcant diﬀerences were found
between bioﬁlm formation by surviving UV-irradiated
bacteria and by control bacteria at the same microbial
counts.
There is a need for a further investigation in order
to determine and optimize all the parameters inﬂuencing biofouling control while using UV as a pretreatment strategy. The parameters suggested are: (1) UV
design parameters, viz. wavelengths, doses, intensities
and duration threshold levels, and mode of UV
exposure (for example-continuous or in cycles); (2)
environmental parameters, viz. incubation time posttreatment, nutrient availability during- and posttreatment, temperature, microbial composition, and
the water matrix. In addition, there is a need to
distinguish between a biofouling prevention strategy
and existing biofouling treatment. In certain applications, such as drinking water distribution systems, a
combination of UV with other disinfectants should be
considered, in order to assure a residual eﬀect posttreatment. Validation and veriﬁcation of this process
might lead to step-change advances in water treatment
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by means of a pilot scale operating system that will
make the newly developed technology prepared for
future commercialization.
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