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to the treatments currently applied to limit biofilm forma-
tion in the environment of paper mill machines.
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Introduction

The environment in paper mills provides highly conducive 
conditions for the formation of biofilms [12]. The process 
waters in paper mills contain high levels of biodegrad-
able matter from wood; temperatures range from 30 to 
50 °C; air humidity levels are high and various environ-
ments from aerobic to fully anaerobic may be encoun-
tered. In addition, the recycling of water for environmental 
purposes increases the microbial load, and when recycled 
paper is used for production, this raw material is highly 
contaminated and the water cycles are particularly rich in 
nutrients. It is therefore not surprising to find very thick 
and complex biofilms on paper-making machines. In these 
environments, biofilms can cause the clogging of filters 
and shower nozzles, an impairment of dewatering proper-
ties, and malodor problems [12]. In addition, when they 
grow on surfaces above paper sheet production, biofilms 
can be transformed into long, slimy “stalactites” that can 
suddenly fall on the sheets and cause serious damage, such 
as sheet breaks or holes in the paper. These problems gen-
erate costs related to cleaning and/or machine downtime. 
Furthermore, these biofilms can constitute health risks 
for operatives by: (1) producing aerosols if they contain 
pathogens, or (2) releasing highly toxic compounds into 
the atmosphere, such as hydrogen sulphide (H2S), which 
is produced by some micro-organisms under anaerobic 
conditions.
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here some promising results on the use of essential oil com-
pounds to control these biofilms. Biofilms were grown on 
stainless-steel coupons with a microbial white water con-
sortium sampled from an industrial paper mill. Five essen-
tial oil compounds were screened initially in the laboratory 
in terms of their antimicrobial activity against planktonic 
cells and biofilms. The three most active compounds were 
selected and then tested in different combinations. The 
combination finally selected was tested at the pilot scale 
to confirm its efficiency under realistic conditions. All the 
compounds tested were as active against biofilms as they 
were against planktonic cells. The most active compounds 
were thymol, carvacrol, and eugenol, and the most efficient 
combination was thymol–carvacrol. At a pilot scale, with 
six injections a day, 10 mM carvacrol alone prevented bio-
contamination for at least 10 days, and a 1 mM thymol–
carvacrol combination enabled a 67 % reduction in biofilm 
dry matter after 11 days. The use of green antimicrobials 
could constitute a very promising alternative or supplement 
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Biofilms are structured communities of microbial cells 
embedded in a complex polymeric matrix [11], which are 
known to display specific properties including an increased 
resistance to biocide treatments. The antimicrobial concen-
trations required to achieve the same reduction in biofilm 
and planktonic populations may range from 1 to 1,000 
times higher [6]. Chemical biocides such as chlorine, 
bromine, glutaraldehyde, or quaternary ammonium com-
pounds, are continually applied at different points in the 
process to prevent the deleterious effects of microbiologi-
cal growth in paper mills. However, although these antimi-
crobials can limit biofilm proliferation, they are not able to 
eradicate surface contamination because of biofilm resist-
ance and microbial habituation. Besides, some disinfectants 
in use at present will probably be banned during the next 
few years because of regulatory changes (Biocide directive 
[3]; REACH regulation [4]).

In this context, there is an increasing need to develop 
novel and environmentally safe strategies to improve the 
control of biofilms, particularly in the setting of paper mill 
environments. Optimizing matrix breakdown through the 
use of specific enzymes could enable improvements in the 
efficiency of disinfection. However, this strategy necessi-
tates the precise characterization of matrix composition so 
that the most appropriate enzymes can be employed. The 
matrix produced by paper mill biofilms has been shown 
to comprise species-specific polymers, with enormous 
variability depending on the consortium composition. 
Polysaccharides can be degraded by specific enzymes, like 
1,4-β-fucoside hydrolase for colanic acid [33, 42]. When 
the matrix was constituted of proteins, it was demonstrated 
that several proteases, and notably Savinase®, were effi-
cient in removing biofilms [23]. A second line of enquiry 
is to develop new strategies using antimicrobials that would 
exert high lethal activity against the microbial consortium 
found in paper mills, would be capable of penetrating the 
biofilm structure, and would be easily eliminated in waste-
water treatments. The use of some natural compounds may 
thus provide a solution. For example, plants are a huge 
source of active volatile molecules with antimicrobial prop-
erties [21] and recent studies have shown that some of these 
compounds may display some efficiency against mono-spe-
cies biofilms [7, 30]. Nevertheless, attention should be paid 
to that all natural compounds are not necessarily environ-
mentally safe and non-toxic.

In this paper, we present results regarding a promising 
alternative for the control of multimicrobial biofilms in 
industrial paper mills. Five antimicrobials extracted from 
plants were selected regarding their recognized broad spec-
trum of action against Gram-negative and Gram-positive 
bacteria, their high volatility and their generally recognized 
as safe (GRAS) status. They were first tested for their effi-
ciency against white water microbial consortium biofilms. 

An appropriate combination of two compounds was then 
optimized at the laboratory scale and its efficiency was 
finally tested at a pilot scale under realistic conditions close 
to the industrial reality.

Materials and methods

The paper mill microbial consortium, growth conditions, 
and preparation of suspensions

A sample of white water (WW) was collected from the out-
let of a white water storage tank in a French paper mill that 
produces newsprint using combination of new and recov-
ered fibers. Sent from the paper mill to the laboratory and 
aliquoted, this sample was used as an inoculum for bio-
film production both at the laboratory and pilot scales. It 
contained 107–108 cultivable cells/ml (counted by plating 
on Plate Count Agar in aerobic conditions). At reception, 
the WW consortium was mixed immediately with glycerol 
40 % (1:1) and stored at −80 °C.

The WW consortium was grown in VTT medium [43] 
containing: glucose 20 g/l, yeast extract 0.5 g/l, K2HPO4, 
3H2O 5.2 g/l, KH2PO4, 3H2O 3.18 g/l, (NH4)2SO4 0.6 g/l, 
MgSO4, 7H2O 0.3 g/l, FeSO4, 7H2O 0.6 mg/l, ZnSO4, 
7H2O 0.2 mg/l, MnSO4, H2O 0.2 mg/l, CuSO4, 5H2O 
0.2 mg/l, and CaCl2 50 mg/l. Frozen consortium was used 
as an inoculum (1:20) in VTT medium and growth was 
performed at 37 °C under shaking for 18 h before the sus-
pension was used. Aerobic conditions were chosen in order 
to mimic growth conditions on air exposed surfaces. The 
consortium was not sub-cultured in order to minimize any 
modifications to the equilibrium among cultivable micro-
bial species. The microbial consortium was then har-
vested by centrifugation (20 °C, 7,000 × g during 10 min) 
and washed twice in 150 mM NaCl. The optical density 
(600 nm, 1 cm) of the microbial consortium was adjusted 
to 0.1 in 150 mM NaCl in order to obtain approximately 
108 CFU/ml (verified by plating). This calibrated suspen-
sion was used either for the formation of biofilms or for the 
testing of disinfectant activity on planktonic cells.

Antimicrobial agents

Thymol (Th), carvacrol (Ca), eugenol (Eu), trans-cinna-
maldehyde (t-Ci) and α-terpineol (α-Ter) were obtained 
from Sigma-Aldrich Chemicals (St. Louis, MO, USA). 
These compounds have a recognized high efficiency 
against Gram-negative and Gram-positive bacteria [8, 15]. 
Stock solutions (1 M) were prepared by dissolving them in 
absolute ethanol and stored at 4 °C. The final concentra-
tions were prepared by diluting the stock solution in deion-
ized water on the day of use.
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Biofilm formation

At the laboratory scale, biofilms were grown on 1-cm2 
stainless-steel AISI 316 2R coupons (Goodfellow, Cam-
bridge Science Park, UK). Before use, the coupons were 
placed for 10 min under stirring at 50 °C in a 2 % v/v solu-
tion of surfactant RBS 35 (Société des traitements chim-
iques de surface, Lambersart, France), after which they 
were rinsed with sterile deionized water five times at 50 °C 
and five times at ambient temperature [25]. They were then 
stored in sterile deionized water for a maximum of 24 h 
before use. For biofilm formation, the coupons were set-
tled in the wells of a polystyrene 24-well microtiter plate 
(Techno Plastic Products, Switzerland) and 1 ml of the 
microbial consortium as previously prepared was poured 
into the wells. Adhesion was ensured by sedimentation for 
2 h at 37 °C. After the planktonic microbial consortium had 
been removed, the coupons were rinsed once again with 
VTT medium (1 ml) and incubated with a new batch of 
VTT medium (1 ml) at 37 °C for 24 h without shaking.

At the pilot scale, biofilms were grown in the system 
represented in Fig. 1. This pilot comprised three bioreac-
tors connected to separate lines in order to test different 
treatment conditions (one line being used as a control and 
two for the tests). The bioreactor enabled control of the 
main physicochemical parameters that influence biofilm 
formation: dissolved oxygen, pH, agitation, and tempera-
ture. The pulverization circuit consisted of a pump feeding 
the nozzle spray with the fluid contained in the bioreactor. 
Spraying was achieved by mixing the air and fluid in circu-
lar, pneumatic atomizing spray nozzles. Fluid pressures and 
flow settings enabled the definition of spray characteristics 
in terms of the average fluid flow and average diameter 
of spray droplets. This system generated an aerosol with 
characteristics comparable to those of the paper mill aero-
sol. In the pilot plant, the flow rate was between 0.09 and 

1.2 ml min−1 cm−2 (0.4 ml min−1 cm−2 for paper mill aero-
sols) and the drop size was between 20 and 500 μm (200–
600 μm for paper mill aerosols). The biofilm was formed 
on AISI 316 stainless-steel coupons placed in the pulveri-
zation area. Three, six, and nine coupons were arranged 
at distances of 25, 40, and 50 cm from the spray nozzle, 
respectively (Fig. 1). Another pneumatic pump ensured 
recirculation of the fluid being sprayed, between the pul-
verization area and bioreactor. The pilot system was fed 
with VTT medium and inoculated with the WW consor-
tium. During biofilm formation, the pH of the medium was 
maintained at 7.6, under gentle shaking, with a temperature 
of 48 °C and dissolved oxygen at a value higher than 30 % 
of saturation. The temperature of the spray aerosol reaching 
the coupons was around 34 °C. The pilot feed and pulveri-
zation were started up on the third day (the system having 
previously been operating under batch conditions). By gen-
erating an aerosol for several days, this pilot system ena-
bled the formation of an air biofilm on coupons placed in 
the pulverization area. The hydraulic retention time (HTR) 
of the pilot was adjusted to 6 h during the experiment so 
that a biofilm would form in the control line with a growth 
kinetic comparable to that of industrial biofilms.

Antimicrobial efficiency of natural antimicrobial agents

At the laboratory scale, disinfection assays were per-
formed on both biofilms and planktonic cells in order to 
evaluate biofilm resistance by comparison with intrinsic 
WW consortium resistance. Planktonic cells were chal-
lenged with antimicrobials using the EN 1040 standard 
protocol [2]. Briefly, planktonic cells (~107 CFU/ml in 
150 mM NaCl) were exposed to the antimicrobial solu-
tion for a selected duration. The action of the antimicrobial 
was halted by transfer (1:9) to a quenching solution (3 g/l 
l-α-phosphatidyl choline, 30 g/l Tween, 80.5 g/l sodium 

Fig. 1  Diagram of the pilot 
chain: coupons were sprayed 
continuously with the VTT 
medium inoculated with the 
white water consortium in order 
to form a biofilm. The bioreac-
tor enabled control of the 
environmental parameters influ-
encing biofilm formation. The 
hydraulic retention time within 
the circuit was maintained at 
6 h. The Ca + Th treatment was 
injected by shocks directly into 
the spray nozzle
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thiosulphate, 1 g/l l-histidine, 30 g/l saponine). After 
10 min at 20 °C, serial dilutions were made in 150 mM 
NaCl, and the survivors were enumerated using the 6 × 6 
drop count method [10] on Plate Count Agar (BD DifcoTM, 
Sparks, USA). The control was performed in the same way 
with sterile deionized water instead of the disinfectant. The 
logarithm reduction achieved was the difference between 
the log10 survivors after the test with deionized water and 
the log10 survivors after the test with the antimicrobial 
agent.

An adaptation of this method was developed to test 
biofilm resistance to antimicrobials under similar condi-
tions. After biofilm formation, the coupons were rinsed 
with 150 mM NaCl in order to eliminate planktonic and 
weakly adherent cells. The coupons were then challenged 
with antimicrobial solutions. After the appropriate period, 
the coupons were removed from the antimicrobial solution 
and placed for the same period in the quenching solution. 
They were then placed in 45-mm Petri dishes with 5 ml of 
deionized water, and the adherent cells were detached by 
scratching. The survivors were enumerated and log reduc-
tions were determined as previously described. The results 
are the mean of at least four experiments performed on 
independently grown cultures.

At the pilot scale, an antimicrobial solution was injected 
into the system at the input of the pump feeding the spray 
nozzle with culture medium. This antimicrobial solution 
was a 200 mM carvacrol solution with or without thymol, 
prepared in deionized water from the 1 M stock solution. 
When carvacrol was used with thymol, they were mixed 
at equimolar concentrations. The flow rate was adjusted to 
obtain a carvacrol concentration in the medium sprayed on 
the coupons of 10 mM during the first test, and a carvac-
rol/thymol mixture concentration of 1 mM during the sec-
ond test. The antimicrobial treatment begins 2 h after the 
pulverization of the coupons has started. It was injected 
in shocks lasting t = 30′. One of the test lines was treated 
once a day while the other line was treated six times a day. 
During this experiment, the amount of dry matter (corre-
sponding to the biofilm that had formed on the coupons) 
was measured. For this purpose, coupons from the pilot line 
(with and without treatment) were removed, kept at 80 °C 
for 48 h, and then weighed. The dry matter thus obtained 
was expressed in mg/surface unit.

Confocal laser scanning microscopy (CLSM) and scanning 
electron microscopy (SEM)

Directly after biofilm formation, or after subsequent treat-
ment with 10 mM Ca for 15 min, the stainless-steel cou-
pons were rinsed twice with 150 mM NaCl in order to 
remove planktonic cells and/or traces of quenching solu-
tion. For CLSM observations, the biofilms were stained 

fluorescently with the LIVE/DEAD BacLight Bacte-
rial Viability Kit (Invitrogen/Molecular Probes, Eugene, 
USA) for 15 min at room temperature in the dark. This 
kit contains the nucleic acid stains SYTO 9, which ena-
bles the labeling of total cells and propidium iodide (PI) 
that stains cells with damaged membranes. The biofilms 
were scanned using a 40×/water immersion objective lens 
on an inverted confocal microscope (Leica SP2 AOBS, 
Leica Microsystems, France) at the INRA MIMA2 plat-
form (http://www.jouy.inra.fr/mima2). The excitation of 
fluorescent markers was performed at 488 nm using an 
argon laser. The green and red fluorescences emitted were 
recorded respectively within 500–600 nm (SYTO 9) and 
650–750 nm (PI). Three-dimensional acquisitions were 
made at 400 Hz with a z-step of 1 μm between each xy 
image for the z-stack. Three-dimensional projections of 
biofilm structure were then reconstructed using the Easy 
3D function of Imaris 7.1 software (Bitplane, Switzerland).

For SEM observations, the biofilms were fixed in a solu-
tion containing 2.5 % glutaraldehyde and 0.1 M sodium 
cacodylate (pH 7.4). The samples were then washed three 
times for 10 min with a solution containing 0.1 M sodium 
cacodylate before being transferred into 50 % ethanol. They 
were progressively dehydrated by passage through a series 
of ethanol solutions graded from 50 to 100 %. Finally, 
they were critical point dehydrated (Quorum Technologies 
K850, Elexience, France) using carbon dioxide as the tran-
sition fluid, and coated with platinum (272 Å thickness) in 
an automatic sputter (Polaron SC7640, Elexience, France). 
High-magnification imaging of the biofilms was performed 
at an operating voltage of 2 kV under a S-4500 Hitachi 
SEM (Hitachi, Japan) at the INRA MIMA2 platform.

Statistical analysis

Statistical analyses of the data (one-way analysis of vari-
ance) were performed using Statgraphics v6.0 software 
(Manugistics, Rockville, MD, USA). The p values tested 
the statistical significance of each factor by means of F 
tests. At p < 0.05, these factors had a statistically significant 
effect at the 95 % confidence level.

Results

3D architecture of WW consortium biofilms

The global architecture of the WW consortium biofilms 
grown in VTT medium for 24 h was analyzed using CSLM 
and SEM. Figure 2a–c groups one representative three-
dimensional view of a biofilm (including a virtual shadow 
projection on the right-hand side, which represents the 
biofilm section) obtained from a CLSM image series, and 

http://www.jouy.inra.fr/mima2


91J Ind Microbiol Biotechnol (2014) 41:87–96 

1 3

two electron micrographs obtained using SEM (at two dif-
ferent magnifications). The three-dimensional reconstruc-
tion of the biofilm obtained using CSLM (Fig. 2a) revealed 
the globally loose and heterogeneous architecture of the 
biofilm with some structures that could reach 50 μm, par-
ticularly in the highest portion of the biofilm. Interestingly, 
SEM observations at a similar magnification (Fig. 2b) also 
displayed this type of pattern, thus indicating that these 
structures were partially resistant to the fixation and dehy-
dration steps required for SEM preparation. At a higher 
magnification (Fig. 2c), note was made of microbial diver-
sity in the WW consortium, which contained long filamen-
tous micro-organisms and bacilli with different shapes and 
sizes.

Moreover, according to the plate counts, the biofilms 
obtained on stainless steel in VTT medium from a WW 
inoculum gave reproducible results in terms of their total 
populations (7.7 log10 ± 0.2).

Antimicrobial activities of five plant-derived compounds 
on WW consortium planktonic cells and biofilms

WW consortium planktonic cells or biofilms were chal-
lenged with five compounds, used separately (Th, Ca, Eu, 
t-Ci, α-Ter) at a dose of 10 mM for 1 h. The decimal loga-
rithmic reductions in cultivable cells are presented in Fig. 3. 
Surprisingly, no significant differences were noted between 

the planktonic cells and biofilms, whatever the antimicro-
bial agent. Ca, Th, and Eu achieved the greatest reduc-
tions in both planktonic cells (log reductions of 5.3 ± 1.4, 
5.3 ± 1.4, and 4.7 ± 1.4, respectively) and biofilms (log 
reductions of 4.0 ± 1.5, 4.8 ± 1.3, and 4.7 ± 1.0, respec-
tively) when compared with t-Ci and α-Ter. No significant 
differences could be seen between the efficiencies of Ca, 
Th, and Eu. Thus, all three compounds were selected for 
the subsequent testing of combinations. Before the combi-
nations were tested, optimizations in terms of the duration 

Fig. 2  CSLM (a, d) and SEM (b, c, e, f) observations of WW con-
sortium biofilms before (a–c) and after (d–f) treatment with carvacrol 
(10 mM, 15 min). The biofilms were stained using a live/dead Bac-

Light viability kit before CSLM observations. Two different magnifi-
cations for both cases are shown: 350 (b, e) and 5,000 (c, f)

Fig. 3  Log reductions (CFU/cm−2) of the WW consortium in plank-
tonic state (black bars) and biofilms (white bars) after 1 h treatment 
with a 10 mM antimicrobial solution (Ca, Th, Eu, t-Ci, α-terpineol). 
Error bars represent standard deviations from the mean. Different 
lowercase letters between antimicrobials in the same state indicate a 
significant difference (p < 0.05)
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of challenge and the concentration used were achieved with 
Ca as a model. First of all, the biofilms were challenged 
with a 10 mM Ca solution for 5, 10, 15, 30, and 60 min, 
and the resulting log reductions were determined. The log 
reduction did not rise significantly after periods longer 
than 15 min (data not shown). Secondly, the biofilms were 
challenged with various Ca concentrations (2, 4, 6, 8, and 
10 mM) for 15 min. The logarithmic reductions increased 
regularly in line with the concentrations, and the greatest 
reduction was achieved with 10 mM (data not shown). For 
subsequent experiments, we therefore chose to challenge 
the biofilms for 15 min with 10 mM as the total concentra-
tion of antimicrobial agents.

The global architecture of the WW consortium biofilm 
challenged for 15 min with 10 mM carvacrol was analyzed 
using CSLM and SEM. Figure 2d–f shows the CLSM and 
SEM images of the biofilm after disinfection and neutrali-
zation. The three-dimensional reconstruction of the biofilm 
obtained using CSLM (Fig. 2d) showed a drastic reduction 
of biofilm thickness compared to control (Fig. 2a). Some 
parts of the stainless-steel surface were no longer covered 
by the biofilm. Nevertheless, small clusters remained on the 
stainless-steel surface forming a thin heterogeneous bio-
film. SEM observation at a similar magnification (Fig. 2e) 
revealed the same biofilm pattern on the stainless-steel sur-
face. At a higher magnification (Fig. 2f), it was seen again 
that the WW consortium was made up of several microbial 
types but the amount of the principal bacterial type was 
markedly reduced.

Antimicrobial combinations of two compounds 
among thymol, carvacrol, and eugenol

WW consortium biofilms were challenged for 15 min with 
combinations of two compounds at various ratios, the total 
concentration remaining constant at 10 mM (Fig. 4). The 
ratios applied were 1:1 (5, 5 mM), 1:3 (2.5, 7.5 mM), and 
3:1 (7.5, 2.5 mM). The same compounds were tested alone 

in parallel to act as controls. Thymol–eugenol and car-
vacrol–eugenol combinations did not produce results that 
differed significantly from those achieved using the com-
pounds separately. By contrast, thymol–carvacrol combina-
tions are significantly more efficient than each compound 
used alone. As all the antimicrobial solutions (combina-
tions or compounds alone) have the same total concentra-
tion, synergy between antibacterial activity of thymol and 
carvacrol is demonstrated. The impact of the ratios between 
compounds did not appear to be marked. The Th–Ca com-
bination at a ratio of 1:1 was therefore chosen for tests at 
the pilot scale for the sake of convenience regarding its 
preparation.

Antifouling activity of carvacrol alone or thymol–carvacrol 
combination at a pilot scale

A treatment based on one or six daily applications of 
10 mM Ca solution was used during the formation of air 
biofilms in the pilot plant. In both cases, no visual biocon-
tamination of the coupons was noted during the 10 days 
of the test (dry matter <0.05 mg cm−2), while the control 
line allowed the formation of thick biofilms (0.62 mg cm−2 
dry matter) (data not shown). Moreover, total flora counts 
showed that bacterial concentrations remained between 
104 and 105 CFU/ml in the treated waters while the values 
determined in the waters of the control bioreactor (without 
treatment) ranged from 107 to 108 CFU/ml. It is important 
to note that the residual carvacrol concentration in the bio-
reactor was relatively high between two injections and was 
estimated at being theoretically around 1 mM, 3.5 h after 
the 30′ injection.

The next experiment was designed to test at a pilot scale 
the most efficient combination selected during laboratory 
tests. An equimolar carvacrol/thymol combination was 
prepared and sprayed onto the coupons one or six times 
a day. Given the high efficiency of carvacrol at 10 mM, 
the total concentration was reduced to 1 mM. The results 

Fig. 4  Log reductions (CFU/
cm−2) in the WW consortium 
biofilms after 15 min treatment 
with individual compounds or 
combinations (total concentra-
tion is always set at 10 mM). 
Error bars represent standard 
deviations from the mean. Dif-
ferent lowercase letters between 
antimicrobials in the same state 
indicate a significant difference 
(p < 0.05)
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showed that the two treatment conditions (one and six 
applications/day) similarly delayed biofilm formation dur-
ing the first 5 days (Fig. 5). After that period, the growth 
rate of the biofilm treated once a day became identical to 
that of the control and after 11 days of spraying, the bio-
film that had formed on the coupons was overall reduced 
by a factor of 1.5 (35 %). The treatment based on six 
applications a day significantly and constantly reduced the 
biofilm growth rate. Using this latter treatment, the biofilm 
formation kinetic was 2.2 × 10−2 mg cm−2 day−1, while 
it was 6.4 × 10−2 mg cm−2 day−1 in the pilot line with-
out treatment (Fig. 5). After 11 days of spraying, the bio-
film formed on coupons had been reduced by a factor of 3 
(67 %).

Visual inspection (photos in Fig. 5) showed that biofilms 
from the pilot line treated one or six times a day were light-
brown, odorless, and poorly cohesive when compared with 
those from the control line. Optical microscopic observa-
tions highlighted the presence of bacterial assemblage, 
string bacteria, and filaments in smaller quantities than 
those seen in the control biofilm without treatment.

Discussion

The issue of biofilms in industrial paper mills is a major 
concern because they can cause industrial and health prob-
lems due to microbial slimes. At present, high levels of 
biocides are added to paper pulp in order to control these 
biofilms, but this method is poorly successful. Moreover, in 
recent years, an additional problem has become more and 
more important: the environmental impact of the release of 
large quantities of chemical antimicrobials, which are very 
difficult to eliminate by treating waste water. In this con-
text, we are convinced that alternative processes could be 

developed, particularly by using natural compounds such 
as volatile antimicrobials extracted from aromatic plants.

First of all, biofilms were obtained with WW consortium 
at both the laboratory and pilot scales. The reproducibil-
ity of their 3D architectures and biovolumes was verified, 
despite the broad diversity of micro-organisms: filamentous 
micro-organisms, which probably contribute to biomass 
cohesion, and bacilli of different shapes and sizes where 
observed, contrarily to cocci. Many teams in the past have 
attempted to identify the composition of microbial biofilm 
populations associated with paper mills. It appears that 
regardless of the identification method used (a conventional 
or molecular biological method), a very broad spectrum of 
micro-organisms was shown to colonize paper mill envi-
ronments, although this diversity largely depends on local 
conditions. The diversity results from the origin of micro-
organisms introduced via local water, raw materials, the 
air, and equipment, and from the growth environmental 
factors such as temperature, nutrients, etc. [12]. The most 
common micro-organisms isolated in paper mills are meso-
philic and thermophilic bacilli [37, 38], Desulfovibrionacae 
and Desulfobacteriacae [24], Enterobacteriacae and many 
other bacteria, which include Deinococcus geothermalis 
[31], Bacillus spp. [37], or Burkholderia spp. [22]. When 
low concentrations of peracetic acid have been used for 
several years in the machines, Deinococcus is generally not 
detected, probably because this species is more sensitive to 
this biocide [32]. Nevertheless, a study of microbial diver-
sity was carried out in our test paper mill and the microbial 
community was found to be relatively stable at each sam-
pling point in the paper machine circuit [26].

The purpose of this study was to find a mixture of phy-
tochemicals that would be highly efficient against WW 
consortium biofilms. Plants are well known for their anti-
microbial activities. Terpenes and phenolic compounds in 

Fig. 5  Kinetics of biofilm 
formation on stainless-steel 
coupons in the pilot system. The 
coupons were not treated (black 
squares) or treated with thy-
mol–carvacrol mixture (1 mM) 
once (white squares) or six 
times a day (white triangles). 
Different lowercase letters 
between conditions at the same 
time point indicate a significant 
difference (p < 0.05)
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particular are recognized for their efficiency against bacte-
ria and fungi [5, 8, 28, 39, 40]. They are able to damage 
the cell membrane leading to lysis, the leakage of cell con-
tents and the inhibition of proton motive force [8]. Among 
these, and in line with our results, thymol and carvacrol are 
generally recognized as being the most efficient in terms 
of growth inhibition or inactivation of various planktonic 
bacteria [8, 13, 14, 27]. However, eugenol, which is gen-
erally thought to be less efficient, demonstrated here the 
same efficiency as the two other compounds against the 
WW consortium. In contrast, t-Ci and α-Ter were here less 
efficient, although it had previously been reported that t-Ci 
might possibly be highly efficient against Salmonella Ente-
ritidis for example [16].

Increasing interest has recently focused on the use of 
essential oils or their components to control bacterial bio-
films in different environments. After an initial report on the 
treatment of bacterial biofilms with carvacrol in 2001 [18], 
numerous studies were able to demonstrate that essential 
oils, and especially thymol, carvacrol, eugenol and trans-
cinnamaldehyde could be highly effective against single-
species biofilms at the laboratory scale [1, 7, 17, 30, 35, 
41]. Our work revealed that these compounds could also be 
efficient against biofilms formed with a natural consortium 
isolated in an industrial paper mill. Moreover, it appears that 
they are equally efficient against biofilms and planktonic 
cells. This result is quite unusual because it is well known 
that cells embedded in a biofilm matrix can express pheno-
types that differ from those of their planktonic counterparts 
and can display specific properties, including increased 
resistance to biocidal treatments [6]. However, this similar 
resistance had previously been reported with thymol or car-
vacrol. For example, their concentration ratio necessary to 
achieve the same log reduction in biofilms and planktonic 
cells was 0.125, 2, or 4 for Staphylococcus, depending on 
the strain [17, 30], and 2 for Salmonella [36]. Essential 
oil compounds such as thymol or carvacrol could be able 
to penetrate easily into biofilm matrices because they ben-
efit from both hydrophobic and hydrophilic properties [29]. 
They thus can cause detachment of the biofilm mass, as well 
as inactivating cells. Other hypotheses can also be advanced 
to explain the similar resistance levels of planktonic cells 
and biofilms obtained in our experiments, such as: (1) the 
diversity of micro-organisms in the WW consortium, and 
(2) the 3D architecture of the biofilm. Indeed, the WW con-
sortium is made up of numerous micro-organisms (not only 
bacteria), each type having its own resistance profile. In that 
context, the global measurement of resistance may be due 
to the better survival of certain species in both biofilm and 
planktonic states. This may be supported by the fact that no 
further inactivation of the population was achieved when 
the duration of Ca applications increased (data not shown). 
Moreover, the complexity of the consortium, made up of 

micro-organisms with varying (notably filamentous) shapes, 
induced the formation of an aerial biofilm with holes in its 
structure, as it could be seen from SEM and CSLM obser-
vations. This aerial edifice enabled the good penetration of 
antimicrobial into the structure, so that it could no longer act 
as an efficient barrier.

In order to enhance the efficacy of antimicrobial agents, 
synergistic properties have often been considered between 
several compatible compounds. This so-called “hurdle 
technology” is gradually attracting attention from industry 
because it could increase global efficiency as well as ena-
bling a reduction in doses that complies with organoleptic 
and regulatory requirements [20, 34]. During the present 
study, we highlighted synergy between antibacterial activ-
ity of thymol and carvacrol against biofilms. It had previ-
ously been shown that some terpenes display synergies in 
inhibiting bacterial growth [13, 27] or in displaying bacteri-
cidal activity against planktonic cells [14]. However, as far 
as we know, such synergistic effects have never been opti-
mized to ensure biofilm control.

In order to confirm the efficiency of our selected com-
bination under realistic conditions, we tested it on a WW 
consortium biofilm grown in a pilot system that mimicked 
conditions existing in industrial paper mills. The 1 mM 
equimolar Th–Ca combination (selected at the laboratory 
scale) was then challenged once or six times a day. Despite 
applying this non-biocidal concentration, a marked limita-
tion of the biofilm biomass was demonstrated after 11 days 
of applications. The efficacy of this treatment was com-
parable to that of a usual oxidizing biocide treatment in 
paper mills. For example, tests carried out using sodium 
hypochlorite enabled a 40 % reduction in biofilm formation 
(data not shown). Several hypotheses have been advanced 
to explain the considerable efficiency of carvacrol at a non-
biocidal concentration on biofilm formation: essential oils 
interact with bacterial cell surfaces and impair bacterial 
adhesion [30]; these oils provoke growth inhibition [19]; 
and they can limit motility and flagella production [9]. 
Some essential oils (e.g., trans-cinnamaldehyde) can also 
act as quorum-sensing inhibitors, interfering with cell–cell 
communication and thus compromising the ability to form 
robust biofilms [35].

Overall, the data presented here show for the first time 
that carvacrol and its combination with thymol display 
considerable efficiency in controlling WW consortium bio-
films grown on stainless-steel surfaces. Use of these green 
antimicrobials could therefore constitute a very promis-
ing alternative or complement to the treatments currently 
used to restrict biofilm formation in industrial paper-mak-
ing environments. It could be particularly interesting to 
spray the antimicrobial solutions at some focused points of 
the paper machine circuits where biofilms are highly del-
eterious. Further investigations are nevertheless required to 



95J Ind Microbiol Biotechnol (2014) 41:87–96 

1 3

assess the potentiality of phytochemical combinations with 
specific enzymes, in order to enhance the global efficacy 
through the combination of several activities: prevention of 
adhesion and growth, hydrolysis of the biofilm matrix, and 
destruction of the cells.
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