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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• 275 nm UV-LED can inactivate biofilm-
bound E.coli to 3.2 log at 346.5 mJ/
cm2, 660 μW/cm2.

• Irradiance & irradiation time are con-
jugated in Bunsen-Roscoe law for
disinfection.

• Oxidative degradation of EPS matrix
explains biofilm disintegration caused
by UV.

• 36.1% PS & 32.1% PN are degraded
but not fully mineralized at 275 nm,
346.5 mJ/cm2.

• Shear force peeling after UV irradiation
is effective to remove biofilms in water.
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A B S T R A C T

Managing undesirable biofilms is a persistent challenge in water treatment and distribution systems. Although
ultraviolet-light emitting diode (UV-LED) irradiation, an emerging disinfection method with the chemical-free
and emission-adjustable merits, has been widely reported effective to inactivate planktonic bacteria, few
studies have examined its effects on biofilms. This study aims to fill this gap by exploring the performance and
mechanism of UV-LEDs on the prefabricated Escherichia coli (E. coli) biofilms under varying irradiation condi-
tions. The results showed that the wavelength of 275 nm exhibited the best inactivation effect on the biofilm-
bound E.coli compared to 268, 312 and 370 nm, achieving 3.2 log inactivation at a fluence of 346.5 mJ/cm2

and an irradiance of 660 μW/cm2. Furthermore, irradiance and irradiation time are proposed for the first time to
be a pair of conjugate variables correlated to log inactivation, as a modification of the Bunsen-Roscoe reciprocity
law. Additionally, the effect of UV irradiation on extracellular polymeric substances (EPS) in terms of the
structure and chemical properties was investigated. The findings support that the oxidative degradation of the
polysaccharides and proteins in EPS matrix should be the primary reason for destroying the biofilm framework.
Finally, additional hydraulic shear was applied on the irradiated biofilms, suggesting an effective approach for
enhancing biofilm removal.
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1. Introduction

Bacteria thrive and proliferate in all kinds of aqueous environments,
with more than 90% existing in the form of biofilms. In artificial water
and wastewater treatment systems, the interior walls of vessels and
pipes provide ample placement for the formation and further develop-
ment of biofilms. These unintended biofilms have many adverse con-
sequences such as undermining the infrastructure hardware
(biocorrosion), disturbing the operation process (biofouling), deterio-
rating the water quality (secondary contamination), and even causing
sever public health risk (biofilm-associated infection). As well known, it
is the extracellular polymeric substances (EPS) that bind bacteria and
promote the adhesion of microbial cells to surfaces to form biofilms [1].
This protection from the EPS matrix, consisting of 75–90% poly-
saccharides (PS) and proteins (PN) [2], could be lethal to humans if
pathogens happen to be harbored within biofilms. So far in drinking
water distribution systems, conventional disinfection using chlorine or
chloramine continues to be the most frequently explored strategy for
biofilm prevention and control. While, previous studies have shown that
coliforms can persist in drinking water distribution system biofilms even
in the presence of chlorine-based disinfectants [3]. If changing chlorine
or chloramine to other new chemical agents, it confronts stringent re-
quirements for approval under national policies and regulations [4]. In
this context, physical ultraviolet (UV) irradiation has emerged as a
promising alternative to conventional disinfectants for controlling bio-
films in recent decades [5].

Considering the UV irradiation mechanism, wavelength and energy
are commonly regarded two pivotal factors in the microbial disinfection
systems. Absorption of UV photons by molecules leads to the absorbed
energy released, triggering photochemical reactions that harm mole-
cules. Although DNA and proteins have maximum absorbance around
260 and 280 nm, the optimal disinfection wavelength for UV spanning
the range of 200–400 nm still needs exploration due to the complex
composition of bio-macromolecules in biofilms. In this sense,
ultraviolet-light emitting diode (UV-LED) has overwhelming superiority
to mercury lamps for biofilms management. Because UV-LED can tailor
wavelengths and irradiation modes through adjustable semiconductor
configuration, generating wavelength in either UVC (200–280 nm), UVB
(280–315 nm), or UVA (315–400 nm). Along with other merits,
mercury-free UV-LEDs have emerged as the new generation of UV
sources [6,7]. In 2010, Bak et al. [8] used a UV-LED (at 265 nm) to
reduce the Pseudomonas aeruginosa biofilms inside urinary patient
catheters, documenting the first application of UV-LED on pre-existing
biofilms. Later, Gora et al. [9] expanded that research to the drinking
water field by testing UV-LED (at 265 nm) against the P. aeruginosa
biofilms grown on polycarbonate coupons. Additionally, Ma et al. [10]
for the first time measured the UV absorption characteristics of the
P. aeruginosa biofilms and further investigated the inactivation effect of
UV-LEDs at 260 nm, 270 nm, and 282 nm on the biofilm-bound cells.
However, the papers targeting the pre-existing biofilms are much less
than those on planktonic bacteria [11-13], limiting the practical appli-
cation of UV-LEDs to deal with the biofilm problem in water industry.
We think that the difficulty lies in understanding the interaction be-
tween UV and EPS, a topic rarely addressed in literature. EPS can typi-
cally reduce the light penetration, which in turn increases the UV
irradiation fluence and power energy to inactivate the biofilm-bound
bacteria given the common dose-response relationship in chemical
disinfection [14,15]. On the other side, destroying EPS beyond killing
germs offers another way to manage biofilms by UV. It means that
disintegration and peeling besides inactivation of interior bacteria may
contribute the efficacy of UV irradiation on biofilms management.
While, when EPS is considered as the third pivotal factor alongside
wavelength and energy in the UV-LED and biofilm system, both the
performance and mechanisms of this disinfection process become a
more complex puzzle.

Therefore, to elucidate the disinfection effect and mechanism of UV-

LED on biofilms, Escherichia coli (E. coli), an indicator bacterium for
microbial water quality examination, was used to prepare model bio-
films in this work. Then the static irradiation experiments were con-
ducted with UV-LEDs emitting UV lights covering UVC, UVB and UVA.
The specific questions include: (i) How do wavelength, fluence, irradi-
ance and irradiation time affect inactivation efficiency? A new conju-
gation theory on energy was proposed to improve the conventional dose-
inactivation equation. (ii) How does the UV irradiation change the
structure and chemical composition of EPS in biofilms? The potential
role of reactive oxygen species (ROS) induced by UV was also discussed.
(iii) How does the UV irradiation alter biofilm adhesion strength? A
potential strategy for biofilm removal using hydraulic shear force
combined with UV irradiation was suggested.

2. Materials and methods

2.1. Bacterial culture and biofilm preparation

The wild type E. coli DH5α was incubated in 20mL of Luria-Bertani
(LB) medium at 37 ◦C, 200 rpm for 12 h to obtain the bacterial sus-
pension. The method to prepare biofilms was referred to the static filter
biofilm assay from Bjarnsholt et al. [16]. As shown in Fig. S1, two types
of polyethersulfone (PES) filter membranes, with the same pore size of
0.22 μm but different diameters of 25 or 40mm, were used as substra-
tum for biofilm-bound bacteria disinfection and EPS irradiation exper-
iments, respectively. Briefly, PES membranes were immersed in
deionized water and sterilized, and then tiled on the top of the AB trace
glucose (0.5%) (ABTG) agar plate in an ultra-clean hood, preventing the
generation of bubbles between the membrane and the plate. After drying
for 10min, 20 or 60 μL of the bacterial suspension was dripped on the
PES membrane. Waiting for 5–10min, the plate was sealed and incu-
bated in a biochemical incubator at 37 ◦C for 24 h. The final biofilm
samples appeared as circular plaques with diameter of ~9 or ~25mm.

2.2. UV-LED irradiation experiment and inactivation quantification

Four UV-LEDs with specifications of 265, 275, 310 and 365 nm were
purchased from Great Bright Company, China. Their normalized emis-
sion spectra were measured by Spectro 320 optical scanning spectrom-
eter, exhibiting the peak wavelength of 268, 275, 312 and 370 nm, and
the full width at half maximum (FWHM) of 15.6, 12.7,13.0 and 20.2 nm,
respectively (Fig. S1). Two LED modules, equipped with 1 LED and 9
LEDs (3× 3), were used for irradiation experiments on two kinds of
biofilm samples with bacterial plaque diameter of 9 and 25mm,
respectively (Figs. S1b and c). The fluence is given by Eq. 1 [17].

F = I⋅t (1)

in which, F is the fluence representing the incident energy, mJ/cm2, I is
the irradiance representing the irradiation intensity, mW/cm2, and t is
the irradiation time, s.

For each irradiation experiment, the distance between the LED
module and the biofilm sample was adjusted around 15–22 mm ac-
cording to the pre-set irradiance, which was confirmed through the
measurement at the same position on the sample surface using an IL-
1700 radiometer with a SED 270 detector (USA International Light).
Besides, the UV-LED was pre-lit for 5 min before irradiation to ensure
stable light emission. All irradiation experiments were carried out in a
dark room to reduce the photo repair of bacterial DNA damage.

The living bacterial in biofilms was enumerated by way of plate
counting. After irradiation, the biofilm sample was transferred to normal
saline, blown with a pipette gun and wiped with sterile cotton to
resuspended the components in biofilms. The solution was then ho-
mogenized with a vortex meter for 3 min for further analysis. Briefly, the
detachment from the irradiated and unirradiated (as control) biofilms
was diluted in series (referring to a reasonable number of 50–300 col-
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onies on each plate). Then, 100 μL of the diluent was smeared on the LB
agar plate, cultured at 37 ◦C for 20 h, and the colony forming units
(CFU) were counted. Log inactivation, the general decimal reduction
factor to quantify the inactivation efficiency, is given by Eq. 2.

Log inactivation = log
N0

Nt
(2)

in which, N0 and Nt are the microbial concentrations (CFU/mL) before
UV irradiation and at UV irradiation time t.

2.3. Biofilm characterization

2.3.1. Morphology and optical characteristics of pristine biofilm
Microscopic visualization on the pristine biofilm sample before

irradiation was carried out using scanning electron microscopy (SEM,
Hitachi S-4800, Japan) and atomic force microscopy (AFM, Asylum
Research Cypher S, UK). The SEM sample was prepared following a
gradient dehydration with ethanol and sprayed with platinum for 20 s,
and then observed at a high pressure of 15 kT. The AFM image was
processed using ultra-high frequency oscilloscope Analysis (version
3.00) software. The method for characterizing the UV absorbance of
biofilm-bound bacteria and the transmittance of biofilms was modified
from Ma et al. [10]. In short, the biofilm sample, as prepared in Section
2.1 and resuspended in Section 2.2, was scanned by a UV-vis spectro-
photometer (UV-2550, Shimadzu, Japan) for UV absorption spectrum at
200–375 nm. Likewise, the opaque PES membrane was replaced by a
quartz coupon as substratum to deposit biofilm samples. The UV of
certain wavelength penetrating across the quartz coupon with and
without biofilm was measured by UV visible spectrophotometer (Cary
50, Agilent, USA). Their discrepancy in percentage was remarked as the
transmittance of biofilm. Each experiment was conducted in triplicate to
minimize the error.

2.3.2. Determination of ROS
In this experiment, the total quantity of intracellular and extracel-

lular ROS induced by UV was measured by a commercial detection kit
(Solarbio, China) using a fluorescent probe called 2,7-dichlorofluores-
cein diacetate (DCFH-DA). According to the protocol, 1 mL of 3 μM
DCFH-DA (diluted with normal saline) was added to the biofilm samples
in a confocal culture dish. After UV-LED irradiation, the biofilm samples
were incubated in dark at 37 ◦C for 30 min, and then transferred to a 96-
well plate. The fluorescence signal was determined by microplate reader
(SpectraMas M3, Molecular Devices, UK) with the excitation and emis-
sion wavelengths of 488 and 525 nm, respectively. Each experiment was
repeated more than 6 times.

2.4. EPS extraction and characterization

Similar to the inactivation experiment described in Section 2.2, the
biofilm after UV irradiation was recovered and the swab was resus-
pended in ultrapure water for EPS extraction, according to the method in
literature [18]. Namely, the sample solution was shaken at 45℃ (water
bath) and 100 rpm for 1 h to promote the dissolution of EPS compo-
nents, centrifuged at 10,000 g for 20 min, filtered with a 0.45 μm filter
membrane and stored in a − 20℃ refrigerator. After extraction, the
amount of EPS was expressed as total organic carbon (TOC), measured
by ROC analyzer (TOC-1 CPN, Shimadzu, Japan). The PS content was
determined by phenol sulfuric acid method [19], with glucose as the
standard. The PN content was determined by an improved BCA method
[20], and bovine serum albumin (BSA) was used as the standard protein,
detailed in Fig. S2.

The excitation-emission matrix (EEM) spectroscopy on EPS was
conducted with a fluorescence spectrometer (F-7000, Hitachi, Japan),
by changing the excitation wavelength from 200 to 550 nm in a 5 nm
increment and scanning the emission spectrum from 200 to 550 nm in a

5 nm increment. The spectrum of ultrapure water was recorded as blank.
The Fourier transform infrared spectroscopy (FTIR, Nicolet iS20,
Thermo Fisher, USA) was also detected for the extracted EPS.

2.5. Biofilm peeling experiment

The PES membrane with the biofilm was sticked on the inner wall of
a 15 mL centrifuge tube and completely immersed in the normal saline
solution. Then the tube was hold in a shaker at 100 rpm for 8 min,
generating water shear force and simulating the flow in pipe. The
sloughed biomass in solution was analyzed by the UV-vis spectropho-
tometer for two parameters, i.e., optical density at 600 nm (OD600 nm)
and absorbance at 254 nm (Absorbance254 nm), representing the quan-
tity of bacterial cells and EPS released from the biofilm in the experi-
ment, respectively. The peeling efficiency is thereafter defined as Eq. 3.

Peeling efficiency (%) =
Q
Q́

× 100 (3)

in which, Q is the OD600 nm or Absorbance254 nm detected for the
sloughed biomass in solution as described above. Q’ is the referential
value from the control biofilm that was totally transferred in solution as
elaborated in Section 2.2.

3. Results and discussion

3.1. Blocking effect on UV by biofilm

The amount of E. coli biofilm bacteria cultured for 24 h was about
1.6 × 108 CFU/mL. Fig. 1a shows the original morphology of the biofilm
before irradiation. It exhibits a color of light yellowish brown, owing to
the production of various pigment substances such as humus. The SEM
and AFM images indicate that the bacteria were densely packed together
forming a rough chunky layer of 430.8 nm (Fig. 1b and 1c). EPS, as the
protective film of bacterial cells, was amorphously entangled around the
microorganisms, making it a cell cluster. The structure of the biofilm is
like a sieve. Such a cross-linked network structure allows only part of the
light to pass through [10,21,22]. Other micro-substance structures,
mainly EPS components, shield light for embedded cells. The blocking
effect of biofilm from UV irradiation was further validated through the
UV absorption and transmittance measurement (Fig. 1d and 1e). The
absorption spectrum of the pristine E. coli biofilms detached from the
PES membrane was compared the latter with that of the P. aeruginosa
biofilm fixed on the quartz coupon in reference [10]. As shown in
Fig. 1d, the patten of two curves exhibits a high accordance, and the
peak within 250–280 nm consists to the UV absorption ability of DNA
and protein, reflecting a universal absorption feature of biofilms. The
transmittance results of 60–80 % at 268, 275, 312 and 370 nm corre-
sponding to four UV-LEDs are plotted in Fig. 1e, indicating that the
experimental E. coli biofilm is translucent to UV light. Further analysis
on Fig. 1d and 1e, it is seen that contrary to the absorbance, the trans-
mittance increases along with the UV wavelength increment, which
agrees with the previous finding that the penetration ability of UV
photons in water system decreases with the decrease of wavelength
[23]. That is to say, for biofilms, UVA has stronger penetration ability,
whilst UVC has stronger bactericidal effect.

3.2. Disinfection performance of UV-LEDs with different wavelengths

Fig. 2a plots the fluence-inactivation response of E. coli biofilms
exposed to different UV-LED wavelengths, using the same irradiance of
384 μW/cm2 as that utilized for inactivating planktonic E. coli in our
previous work [11]. All inactivation results in Fig. 2a present typical
shoulder-tailing or sigmoidal curves. Among them, the wavelength of
275 nm showed higher log inactivation than the other three wave-
lengths of 268, 312 and 370 nm. This finding from biofilms accords well
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with the observation from planktonic bacteria, indicating that UVC
shows better bactericidal effect than UVB and UVA [7]. Generally, the
three bands of UV execute different disinfection mechanisms for inac-
tivating bacteria. UVA mainly causes the production of ROS in cells,
destroys cell membrane and cell structure, and causes oxidative damage
to cells. UVB irradiation mainly affects the endogenous substances of
microorganisms to absorb photons and cause direct photoinactivation
when the chemical structure changes. The main inactivation pathway
for UVC disinfection is through pyrimidine dimerization [24]. Addi-
tionally reflected in Figs. 2a, 1.9-log inactivation for E. coli biofilms was
achieved at the 275 nm and fluence of 115 mJ/cm2. While, the results in
the counterpart of planktonic E. coli [11] showed that 267 nm had better
effect than 275 and 310 nm, and 1.9-log inactivation for planktonic
E. coli was achieved at the 275 nm and fluence of ~8 mJ/cm2, taking

only ~7 % of that for biofilms. In other words, ~14-fold higher fluence
is needed for biofilm to achieve equivalent log inactivation of planktonic
bacteria. This discrepancy reflects the impact of EPS in the process of
inactivating biofilm-bound bacteria, i.e., improving more weight of
photochemical reactions on proteins than DNA and thereby consuming
more UV energy. As well known, the peak absorption profile of microbe
DNA depends on the exact composition of the adenine, guanine,
thymine, and cytosine nucleotides. Similarly, biofilms have been found
to have wavelength dependent responses to UV treatment known as the
action spectrum [6]. Further, we changed the irradiance to 660 μW/cm2

and repeated the experiments with the best two wavelengths of 268 and
275 nm to verify the effect of wavelength. The results in Fig. 2b confirm
that in this study, the UV-LED with peak emission at 275 nm provides
the best disinfection performance as 3.2-log inactivation for

Fig. 1. The morphology of the pristine biofilm indicated by (a) optical camera; (b) SEM; (c) and AFM images. (d) Absorbance of the resuspension of the E. coli biofilm
detached from the PES membrane, with referential spectrum of Ma et al. [10]. (e) UV transmittance of different wavelength across the E. coli biofilm on the
quartz coupon.

Fig. 2. Inactivation profile for E. coli biofilms exposed to: (a) 268, 275, 312, 370 nm UV-LEDs at 384 μW/cm2; (b) 268, 275 nm UV-LEDs at 660 μW/cm2.
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biofilm-bound E. coli at 346.5 mJ/cm2 and 660 μW/cm2. This value of
3.2 is higher than the best performance of 2.1-log inactivation obtained
from the 270 nm UV-LED on the biofilm-bound P. aeruginosa at 10
mJ/cm2 [10], and has applicable meaning for water disinfect practice.

3.3. Irradiance and time: a pair of conjugate variables for UV disinfection
effectiveness

As noticed in Fig. 2a and 2b (under 384 and 660 μW/cm2, respec-
tively), even keeping the same the wavelength and fluence, the UV
disinfection results of E. coli biofilms were different. Thus, the variation
of log inactivation along with irradiance under a certain fluence of 268
and 275 nm UV-LEDs was depicted in Fig. 3a and 3b, respectively.
Interestingly in these figures, the height of columns in each cluster is not
uniform, and there is a peak near the middle. This observation chal-
lenges the validity of the Bunsen-Roscoe law, implying that irradiance
may separately affect log inactivation rather than simply acting as one of
the two multipliers in fluence (seeing Eq. 1).

The classic Bunsen-Roscoe law, developed on photochemistry, is
usually expressed as Eq. 4 for describing the photochemical effect on
molecules or organisms [25,26].

E = f(F) (4)

in which, E is the efficiency of the photochemical reaction, specifically
refers to log inactivation for disinfection defined in Eq. 2; F is the fluence
in Eq. 1; f represents the symbol of function. Combining Eq. 1 and Eq. 2,
Eq. 4 can be rewritten as Eq. 5.

Log inactivation = f(I⋅t) (5)

According to Eq. 4 or Eq. 5, it can assert that for the same log inac-
tivation it does not matter whether the fluence is reached with high
irradiance and short irradiation time or with low irradiance and long
irradiation time, that is why the Bunsen-Roscoe law also called the
reciprocity law. Numerous studies have proven the validity of the
Bunsen-Roscoe law to describe the UV inactivation behavior. However,
apart from our finding in Fig. 3, there are many other reports not
obeying the Bunsen-Roscoe law. Particularly for UV irradiation on
E. coli, Rentschler et al. [27] for the first time questioned the
Bunsen-Roscoe law using the low-pressure (LP) mercury lamp of
253.7 nm and E. coli seeded on Petri plates. And they found that “lower
irradiance + longer time” resulted in higher log inactivation, for the
same UV fluence. This statement was evidenced by the subsequent
studies of Pousty et al. [28] and Matsumoto et al. [29] using UV-LEDs in
range of 265–308 nm and E. coli in water. On the contrary, the argument
of “higher irradiance + shorter time” was proposed by Sommer et al.

[30]. They found that irradiance of 200 μW/cm2 increased 1-log inac-
tivation higher than that of 2 μW/cm2, using LP mercury lamp and at
equivalent UV fluences. Regarding the system of UV and biofilms, there
is only one paper discussing the Bunsen-Roscoe law [9], in which the
result is approximately in line with the latter hypothesis. For all these
previous studies, no matter “lower irradiance + longer time” or “higher
irradiance + shorter time”, log inactivation was thought to follow a
linear relationship with fluence, which could be explained through the
deduction from the Chick-Watson disinfection law [31,32], a special
form of the Bunsen-Roscoe law. Particularly, the Chick-Watson first--
order linear model in case of UV irradiation is expressed as Eq. 6 [33].

Log inactivation = k⋅F (6)

in which, k is the inactivation constant.
Inserting Eq. 1 into Eq. 6 yields Eq. 7.

Log inactivation = k⋅I⋅t (7)

Replacing the definition of log inactivation in Eq. 2, Eq. 7 transforms
to Eq. 8 that is the fundament differential equation for the first-order
kinetics.

dNt

dt
= K⋅t, K = − k⋅I (8)

in which, irradiance is part of the rate constant K; and irradiance should
be independent with time.

Eq. 7 can explain the linearly variation of log inactivation with
irradiance in literature, but not the non-linear change observed in Fig. 3,
neither the disobedience to the Bunsen-Roscoe law. We think that the
reason should lie in the relationship of irradiance and time. In our
opinion, irradiance and time should be a pair of conjugate variables
bearing a specific complementary relationship (analogy to a + bi and a -
bi). Therefore, the correlation between disinfection performance and
irradiance is expected to follow a reverse V-shape pattern, as exempli-
fied by Fig. 3. The maximum log inactivation should be achieved when
both irradiance and time are chosen at their respective medians. And the
linear correlation reported in literature may be just located in the
portion away from the peak. By such, we propose a new expression of
the Bunsen-Roscoe law for UV disinfection as Eq. 9.

Log inactivation = f(I)⋅f(t) (9)

3.4. Change of EPS in biofilms under different UV fluence

To investigate the effect of UV irradiation on the EPS matrix and its
consequence for biofilm management, a series of characterization were

Fig. 3. Log inactivation of E. coli biofilms exposed to a certain UV fluence with variable irradiances, using (a) 268 nm and (b) 275 nm UV-LEDs.
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implemented on the EPS extracted from E. coli biofilms under different
UV fluence with the optimal wavelength of 275 nm and irradiance of
660 μW/cm2, as exhibited in Figs. 4–8. The fluence value at zero indi-
cated the control from the pristine biofilm without UV irradiation.

The SEM images in Fig. 4 showed that the integrity of EPS changed
significantly, from a dense hydrogel structure to loosen macro-porous
structure along with the increase of UV fluence, which is intuitive evi-
dence for the disintegrating effect on biofilms caused by UV irradiation.
Further, Fig. 5 presents the changes on the EPS quantity along with the
UV fluence increasing from 0 mJ/cm2 to 346.5 mJ/cm2, in which TOC
(reflecting the total amount of EPS) is almost kept unchanged but up to
36.1 % and 32.1 % of PS and PN reduced. It complies with the previous
results from the planktonic bacteria that UV irradiation can decompose
the high molecular weight components (e.g., PS and PN) of EPS [34,35].
And the discrepancy between left and right columns (representing TOC
and PS+PN, respectively) suggests that during UV irradiation, PS and PN
should be oxidized to soluble low molecular weight substances, rather
than being completely mineralized to CO2. Besides, the discrepancy on
the UV induced decrement between PS and PN appears contrary to the
general belief “more decomposition of PN than PS by UV” [1]. These
findings inspire us to further consider the reactivity of EPS and the
probable photo-generated ROS.

Figs. 6 and 7 are spectra of EEM and FTIR, respectively, for the same
EPS samples under different fluence. In Fig. 6, regions I and II represent
aromatic proteins; regions III and V are humus substances; and region IV
is mainly some soluble microbial by-products [36]. Compared to the
control, the fluorescence intensity of all regions decreased after UV
irradiation, in a negative correlation to fluence. The most noticeable
decrease of microbial by-products as shown in the region IV could be
attributed to the weakened microbial activity of bacteria subjected to
UV stress. The signal fading off in regions I and II confirms the PN
decomposition observed in Fig. 5, and accords with the observation in
EEM spectra from irradiating Synechocystis sp. at 312 nm [35]. And the
decrease of fluorescence intensity in the region V also indicates that UV
irradiation can degrade some humic substances [37]. In the FTIR spectra
of Fig. 7, four peaks characterizing PS and PN gradually become sharp
when fluence rising from 0 to 346.5 mJ/cm2, i.e., the -OH of carboxylic
acids, sugars and other substances at 3416 cm− 1, the C––O stretching
vibration in the secondary structure of protein at 1647 cm− 1, the

multiple C-OH symmetric stretching vibrations in the carboxyl group
and polysaccharide during the deprotonation of aspartic acid at
1400 cm− 1 and 1099 cm− 1, respectively. This result demonstrates that
PS and PN in EPS were effectively oxidized to carboxyl groups, which is
similar to the conclusion derived from the planktonic P. putida MX-2
after irradiation by 254 nm LP mercury lamp [34].

Finally, Fig. 8 showed that the ROS generated in biofilms largely
increased with UV fluence, which confirms the contribution of ROS
oxidation in the aforementioned photodegradation of EPS. Besides, the
effect of ROS against E. coli in biofilms has also been verified in literature
[38]. Remarkably, it was observed in Fig. 5 that the degradation of PS
and PN gradually slowed down when UV fluence exceeding 115.5
mJ/cm2. But in Fig. 8, ROS initiated the exponential growth of at 115.5
mJ/cm2. This can be ascribed to the more competitive ROS-ROS “self--
destruction” reaction, rather than the oxidation of EPS and cells,

Fig. 4. The SEM images of the EPS extracted from E. coli biofilms under different UV fluence (wavelength: 275 nm; irradiance: 660 μW/cm2).

Fig. 5. Content of the EPS extracted from E. coli biofilms under different UV
fluence (wavelength: 275 nm; irradiance: 660 μW/cm2).
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happened at high concentration of ROS [28]. Addition, some enzymes
present in the EPS matrix, such as catalase and superoxide dismutase,
may act as ROS scavenger [39-41].

3.5. Effects of UV irradiation on biofilm adhesion strength

After irradiated by 275 nm UV-LED, the adhesion strength of bio-
films under water shear force was evaluated by peeling efficiency
(Fig. 9). Apparently, no matter calculated from OD600 or Absorbance254
(representing the detached EPS), the peeling efficiency of the UV irra-
diated biofilms was greater than that of the control biofilm. Besides,
when the UV fluence rising from 0 to ~346.5 mJ/cm2, the peeling ef-
ficiency of the biofilm gradually increased from ~20 % to ~40 %,
approaching to the equilibrium as the limitation of this pre-treatment
technique. It indicates that UV irradiation can weaken the adhesion
strength and increase the probability of biofilm slough from substratum.
Previous studies have shown that UVC irradiation can greatly reduce the
adhesion of planktonic bacteria to form biofilm [42]. And the

detachment of biofilms has been speculated to bacterial death and EPS
depolymerization [5]. In this study, the results regarding the inactiva-
tion of biofilm-bound bacterial and the change of EPS agree well with
the effect of UV irradiation on destroying the adhesion of bacteria to the
substratum (including other bacterial cells). The post-treatment of UV
irradiation using a simple hydraulic shear is thereby suggested an
effective way for removing the pre-existing biofilms. While, considering
the cost of energy consumption, it seems that a reasonable peeling ef-
ficiency should be achieved in the hind side of the testing fluence of
0–346.5 mJ/cm2 (locating at ~250 mJ/cm2 in Fig. 9). The operational
conditions for this biofilm peeling technique still needs to be optimized
case by case in future.

3.6. Extensive discussion by integrating the subsection results

To manage the undesirable biofilms, four UV-LEDs emitting 268,
275, 312 and 370 nm were trialed on the prefabricated biofilm layer
with thickness of 430.8 nm, composed by live E. coli. The transmittance

Fig. 6. The fluorescence excitation-emission matrix spectra of the EPS extracted from E. coli biofilms under different UV fluence (wavelength: 275 nm; irradiance:
660 μW/cm2).
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results of 60–80 % confirms the shielding effect of biofilms, in a reverse
correlation with wavelength of UV. UVC, though weak at penetration,
remains advantages in absorbance and germicidal ability. Further by
comparing the log inactivation from different irradiation experiments,
the disinfection effect of four wavelengths was ranked as: 275 nm
> 265 nm > 312 nm > 370 nm. Among all tested biofilms in this study,
the highest log inactivation of 3.2 was achieved by 275 nm UV-LED at a
fluence of 346.5 mJ/cm2 and an irradiation of 660 μW/cm2. And ~14-
fold higher fluence is found for biofilm to achieve equivalent log inac-
tivation of planktonic bacteria. It suggests that UV-LED should be
workable for sterilizing biofilm, but the question about increasing log
inactivation by cost of high energy should be reconsidered. Hence, we
investigated the reciprocal phenomena of two multipliers in the fluence
determination formula, i.e., irradiance and irradiation time, by main-
taining fluence and varying irradiance in irradiation experiments. Then
for the first time, we propose a hypothesis that irradiance and time
should be a pair of conjugate variables correlated to log inactivation, as
expressed in Eq. 9 as a new expression of the Bunsen-Roscoe law for UV
disinfection. According to this hypothesis, the log inactivation could be
optimized by searching an ideal combination of irradiance and time,

even under a constant fluence.
While, considering the role of EPS, destroying biofilm integrity apart

from inactivating biofilm-bound bacteria was proposed for biofilm
management, which is validated by experiments as well. Comparing the
EPS samples extracted from biofilms subject to UV irradiation at 275 nm
from 0 to 346.5 mJ/cm2, the structure became more porous and looser.
The content of PS and PN decreased 36.1 % and 32.1 %, respectively.
Meanwhile the total amount of EPS indicated by TOC was unchanged.
Further evidenced by the spectra of EEM and FTIR, it demonstrates that
PS and PN should be oxidized to soluble low molecular weight sub-
stances, rather than being completely mineralized to CO2. The UV
induced ROSwas also detected in biofilms in an exponential relationship
with fluence. Whereas, the amount of the ROS was not in line with the
decay of PS and PN, implying a complicate photodegradation mecha-
nism underlying the biofilm disintegration. Finally, inspired by the
decomposition results of EPS, a simple shaking experiment was con-
ducted to validate the weakening adhesion effect of UV irradiation on
biofilms. Specifically, the hydraulic shear coming from 100 rpm caused
an improvement around 2-fold higher removal for the irradiated bio-
films than the counterpart. All these results shed light on the UV-LED
irradiation as an effective technique for treating inevitable biofilms in
the infrastructure of water industry, by way of inactivation, disinte-
gration and peeling.

Environmental implication

Unwanted but ubiquitous biofilms in water and wastewater systems
are highly hazardous events, leading to problems like microbial
contamination, biocorrosion and particularly pathogens habitation. Ul-
traviolet (UV) irradiation is a non-chemical alternative of the conven-
tional disinfection technique chlorination. While so far, most UV
disinfection studies focused on planktonic bacteria but not biofilms.
Besides, the conventional UV light source mercury lamp has evolved to
UV-light emitting diode (UV-LED). This study will bridge the gap of the
new technology (UV-LED irradiation) and the old problem (biofilm
control), and then provide new insights and useful reference for effective
management of biofilms in water infrastructure.

5. Conclusions

The following conclusions can be drawn:
(1) UV-LEDs can inactivate the biofilm-bound bacteria, degrade the

Fig. 7. The FITR spectra of the EPS extracted from E. coli biofilms under
different UV fluence (wavelength: 275 nm; irradiance: 660 μW/cm2).

Fig. 8. The ROS induced by UV irradiation under different UV fluence
(wavelength: 275 nm; irradiance: 660 μW/cm2).

Fig. 9. The peeling efficiency of biofilms after 275 nm UV-LED irradiation with
different UV fluence. The water shear force derived from shaking at 100 rpm.
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EPS matrix, and reduce the biofilm adhesion strength. It suggests that
UV-LEDs have the potential to serve as a destruction strategy for the pre-
existing biofilms in water treatment and distribution systems.

(2) Regarding the inactivation of the biofilm-bound E.coli, 275 nm
UV-LED achieved the best performance of up to 3.2 log inactivation at a
fluence of 346.5 mJ/cm2 and an irradiance of 660 μW/cm2, among four
UV-LEDs with wavelengths of 268, 275, 312 and 370 nm. And for the
first time, it is proposed that irradiance and irradiation time in the
Bunsen-Roscoe reciprocity law should be a pair of conjugate variables
correlated to log inactivation.

(3) Regarding the destruction of the EPSmatrix, although EPS cannot
be fully mineralized by UV irradiation, as much as 36.1 % PS and 32.1 %
PN can be degraded at 275 nm and 346.5 mJ/cm2. Oxidative degrada-
tion is believed to be the primary cause of biofilm disintegration upon
UV exposure.

(4) Regarding the reduction of the biofilm adhesion strength, the
interior structure of the biofilm becomes loosened after UV irradiation.
Therefore, the pre-treatment by UV-LEDs can mitigate the difficulty of
mechanically peeling off unwanted biofilms in water using shear force.
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