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AAABBBSSSTTTRRRAAACCCTTT   

An optical biosensor based on vegetal cells entrapped in an inorganic translucent matrix and 
fluorescence detection has been developed. The biosensor uses Chlorella vulgaris immobilized 
in a translucent support produced from sol-gel technology. The translucence of the structure 
enables the algal active layer to be placed directly in contact with the optical fibers for 
fluorescence detection. This configuration has many advantages over the use of an opaque 
support because no space between the optical fibers and the active layer is required to collect 
fluorescence. This reagentless biosensor allows determination of diuron as an anti-PSII 
herbicide and its long term activity is assessed. 

KKKEEEYYYWWWOOORRRDDDSSS   

Fluorescent biosensor; Cell immobilization; Sol-gel; Translucent matrix; Chlorella vulgaris; 
Herbicides detection  

111---IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN   

Optical biosensors based on fluorescence detection often use the combination of a fluorescent 
bioreceptor associated with an optical transducer [1]. Fluorescent biosensors may also be 
obtained by immobilizing whole cells on the surface of a sensor layer. This bioactive layer is 
usually placed in front of the tip of an optical fibers bundle to generate a fluorescence signal. The 
optical fibers are required to send the excitation radiation to the fluorescent bioelement and 
convey the fluorescence radiation up to a fluorimeter [2]. When algal cells are deposited on the 
surface of an opaque support, they are placed at some distance to the optical fibers bundle to 
allow the fluorescence radiation emitted by the illuminated area to be collected properly [1,3]. 
Our previous investigation indicated that this distance must be carefully optimized because it 
has a major influence upon the signal amplitude and the biosensor reproducibility. This space 
control will be the main major drawback of those biosensors manufacturing. 

In order to improve the simplicity and reliability of fluorescence based biosensors, optically 
translucent supports are used because their optical properties enable detection of fluorescence 
emitted by the algal cells even if they are entrapped in the bulk of the translucent support. 

Silica matrixes have interesting properties including optical translucence, biocompatibility and 
chemical inertness. The design flexibility of sol-gel technique and ease of fabrication can fulfill to 
create the support with structural and chemical features that could be compatible with 
biomaterials [4-7]. While immobilization of enzymes and whole cells in sol-gel is a well known 
technique in biosensor application, it is not yet used for the construction of vegetal-cell optical 
biosensors. On the other hand, when an enzyme is immobilized, a substrate is required and a 
fluorescent indicator may be added to enable optical detection of the analyte [8-9]. In the case of 
detection based on chlorophyll fluorescence, those reagents are not necessary, and a reagentless 
biosensor can be constructed for toxic chemicals determination. 

In this paper, translucent matrixes obtained from a sol-gel process have been investigated for 
entrapment of fluorescent biomaterials in order to improve the fluorescent biosensor fabrication. 
Vegetal cells as bioreceptors have been tested for herbicides determination. 

222---EEEXXXPPPEEERRRIIIMMMEEENNNTTTAAALLL   
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22..11--AALLGGAALL  CCUULLTTIIVVAATTIIOONN  AANNDD  IIMMMMOOBBIILLIIZZAATTIIOONN    

Chlorella vulgaris strain (CCAP 211/12) was used as a bioreceptor to construct an algal 
fluorescent biosensor. It was purchased from The Culture Collection of Algae and Protozoa at 
Cumbria, United Kingdom. The axenic algal strain was grown in the culture medium and under 
conditions described by the International Organization for Standardization (ISO 8692). The 
concentration of algal cells in suspension was determined by optical density at 760 nm. 

Algal cells were immobilized according to the sol-gel process. Silica sources were sodium silicate 
solutions (purchased from Riedel-de-Haen) and colloidal silica LUDOX HS-40 (from Aldrich). 
Glycerol was purchased from Aldrich. All solutions were prepared with purified water (Rios 
Millipore system). Sodium silicate (0.4M, 4ml) and LUDOX (8.5M, 4ml) were thoroughly mixed 
to obtain an homogeneous silica solution. A HCl, 4M solution was then added drop by drop until 
an appropriate pH is reached to induce the gelation process. Immediately, an algal solution 
containing 6x107 cells/ml and 10% (w/w) glycerol was introduced under stirring and the 
resulting solution is cast in moulds to produce algal cells containing matrixes. Glycerol is added 
to minimize cracks in the gel microstructure and to improve the mechanical properties of the 
polymer. Gelation was performed at ambient temperature. 

22..22--CCOONNSSTTRRUUCCTTIIOONN  OOFF  TTHHEE  BBIIOOSSEENNSSOORR  

The biosensor was constructed with a removable algal membrane placed in a 1-mL home-made 
flow cell (Figure 1). The active membrane was obtained by sol-gel entrapment of the algal cells in 
a porous silica matrix. The gel was cast in a mould to obtain a membrane of 8mm in diameter 
and 1mm in thickness to be fitted in front of the tip of a bifurcated bundle of randomised optical 
fibres. The excitation light hit the upper part of the membrane and the resulting fluorescence 
radiation was collected up to a spectrofluorometer. 

 

Figure 1: Fluorescence biosensor using algal cells entrapped in a silica matrix 

22..33--FFLLUUOORREESSCCEENNCCEE  MMEEAASSUURREEMMEENNTTSS  

Fluorescence measurements were carried out with a Spex Fluorolog 2 fluorometer from Jobin-
Yvon equipped with a microcomputer for data recording. The algal cells containing matrixes 
were illuminated with a 469-nm excitation light and the fluorescence was collected at 682 nm 
through an optical fiber bundle. Measurements were done in triplicate. Most experiments were 
performed at 20°C and pH 7. Algal membranes were adapted to darkness for 15 min before a 1-
min illumination period with the excitation light. The fluorescence measurement was carried out 
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immediately after the membrane was illuminated. Inhibition of photosynthetic activity of algal 
cells was carried out with diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea]. This herbicide was 
of analytical grade (Pestanal) from Riedel-de-Haen. It was prepared in Milli−Q water (Millipore) 
to obtain stock solutions and stored in darkness at 4°C for 7 days. All test solutions were diluted 
in Milli-Q water immediately before use. 

333---RRREEESSSUUULLLTTTSSS   AAANNNDDD   DDDIIISSSCCCUUUSSSSSSIIIOOONNN   

33..11--SSOOLL--GGEELL  PPRROOCCEESSSS  TTOO  OOBBTTAAIINN  AACCTTIIVVEE  MMEEMMBBRRAANNEE  

The sol-gel process is based on hydrolysis and condensation reactions in solution leading to the 
final gel in water-alcohol. It has usually been performed with alkoxide precursors TEOS 
(tetraethoxysilane) or TEMOS (tetraethoxysilane) using acid hydrolysis followed by 
immobilisation of the biocomponent at neutral pH. However, the product alcohol has a 
denaturing effect on the activity of some biospecies and limits the use of this encapsulation 
procedure [10]. To avoid the release of those products toxic to algal cells, alkoxide precursors are 
replaced by aqueous precursors. 

33..22--FFLLUUOORREESSCCEENNCCEE  BBIIOOSSEENNSSOORR  CCOONNFFIIGGUURRAATTIIOONNSS  

333...222...111...    BBBiiiooorrreeeccceeeppptttooorrr   iiimmmmmmooobbbiiilll iiizzzeeeddd   ooonnn   aaannn   ooopppaaaqqquuueee   mmmaaatttrrriiixxx      

A fluorescence based biosensor often makes use of a bifurcated bundle of optical fibers. Half of 
them send the excitation radiation to the fluorescent material and the other half collect the 
fluorescence emission (Figure 2A). Each fiber has an acceptance cone angle where the light can 
be transmitted and overlapping between excitation and fluorescence cone angles is required for 
the fluorescence to be measured. Therefore, if the bioreceptor is entrapped in an opaque support, 
a space is necessary to recover the fluorescence emitted from the illuminated area (Figure 2B), 
because the light cannot penetrate the support and only the superficial layer is fluorescent.  

 

Figure 2: Schematic of optical biosensors using an opaque support containing a fluorescent 
bioreceptor, without (A) and with a space (B) between the optical fibers and the support 
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333...222...111...    BBBiiiooorrreeeccceeeppptttooorrr   iiimmmmmmooobbbiiilll iiizzzeeeddd   ooonnn   aaannn   tttrrraaannnsssllluuuccceeennnttt    mmmaaatttrrriiixxx      

When the optical biosensor uses a translucent support, the fluorescence zone is not restricted to 
the surface because the excitation light can penetrate the membrane (Figure 3). Fluorescence can 
then be collected without any need to maintain the optical fiber away from the membrane [1]. 
The fact that the active layer can be put directly in contact with the support makes the biosensor 
simpler to be designed and manufactured. It also improves the handling and reliability of the 
sensor.  

 

Figure 3: Schematic of a optical biosensor using an translucent support containing a 
fluorescent bioreceptor. No space between the optical fibers and the support is required to 
collect fluorescence  

33..33--AACCTTIIVVIITTYY  OOFF  EENNCCAAPPSSUULLAATTEEDD  AALLGGAAEE  

The algal cells activity is determined by measuring the vegetal chlorophyll fluorescence at 
682nm, which reflects their photosynthetic activity. The fluorescence signal provides 
information on the fluorescence induction, particularly on the activity of the Photosystem II 
(PSII), which is the target of many herbicides. Since algal cells are entrapped in an insoluble 
support, they are no longer in their natural environment. It is also necessary to assess their 
activity in the presence of various compounds added during the immobilization process. Figure 4 
shows that the maximal fluorescence emission wavelenght (λmax= 682nm) of algal cells is not 
affected by the presence of glycerol and the silica matrix. The presence of an anti-PSII herbicide 
inhibits the electrons transfert in the PSII system which results in an increase in the chlorophyll 
fluorescence emission. In addition, the inhibition of PSII activity by herbicides is reversible [1], 
which is very interesting for continuous monitoring of herbicides. 

33..44--DDEETTEERRMMIINNAATTIIOONN  OOFF  HHEERRBBIICCIIDDEESS  

Herbicides determination has been a growing concern of agriculture and health care 
professionals and regulatory agencies. Biosensors for pollutants determination have proved to be 
sensitive, low cost and easily adapted for on-line monitoring [11]. In addition, biosensors using 
algal cells are of ecotoxicity interest because these bioreceptors are the targets of numerous 
herbicides. It has been commonly accepted that photosynthesis inhibition is a reliable indicator 
that rapidly reflects the toxic effects of pollutants [12]. About thirty percent of herbicides are 
targeting the vegetal PSII [13-14]. They include derivatives of phenylurea (such as diuron, 
isopropuron...), triazines, and phenolic herbicides. Triazines and phenylurea are well-known 
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herbicides that specifically fix to the binding site of PSII with high affinity. These substances 
inhibit photosynthetic electron flow by blocking the PSII quinone binding site and thus cause an 
increase in chlorophyll-a fluorescence intensity. PSII-based biosensors are reported to be able to 
detect those herbicides in the environment [15]. Diuron was used as an example of an anti-PSII 
herbicides to evaluate the performance of the fluorescence biosensor. 

 

Figure 4: Algal fluorescence emission spectrum under 469-nm excitation light for Chlorella 
vulgaris (6 x 107 cells) in solution (A) and immobilized with 10% glycerol in a silica matrix (B), 
compared to a reference silica support without any cells (C)  

Response of the algal biosensor was obtained from the chlorophyll fluorescence emission at 682 
nm under 469-nm excitation light (Figure 4). Excitation maximum corresponds to the Soret 
band maximum absorption of chlorophyll-b [16] present in large amounts in green algae. 
Emission maximum corresponds to the main emission peak for Chlorella vulgaris [17-18]. The 
biosensor response to herbicide is measured in terms of initial fluorescence evolution (initial 
variation of fluorescence as a function of time: ΔF/Δt) as soon as various concentrations of 
herbicide is added to the sample solution. For herbicides which inhibits PSII like diuron, an 
increase in fluorescence was observed and the ΔF/Δt can be determined after 5min. for any 
herbicide concentration. Figure 5 shows that a calibration curve can be obtained by plotting 
ΔF/Δt as a function of diuron concentrations and a plateau is obtained with herbicide 
concentrations higher than 4 mg/L. The detection limit of this biosensor is 1μg/L of diuron for a 
signal to noise = 3. It is lower than 0.5μM (115 μg/L) reported with bioassays [19]. The 
instrument detection limit of high-performance liquid chromatography (HPLC) with diode array 
detector (DAD) for herbicides in water is approximately 10 μg/L [20].  
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Figure 5: Response of an algal biosensor to diuron at pH 7 in terms of fluorescence evolution. 
Algal concentration is 6 x 107 cells/mL  

33..55--EEFFFFEECCTT  OOFF  PPHH  

Optimal conditions (pH 7 and 20°C) are recommended for Chlorella vulgaris culture. In order to 
study the effect of pH on the algal response, the biosensor was used for 30 min under the 
required conditions before measurements were determined. The response to diuron was tested 
at 20°C in the pH range 6 to 8 (Figure 6). An optimal pH of 7 is found for this diuron 
concentration. 

 

 

 

Figure 6: Response of an algal biosensor as a function of pH. Algal concentration is 6 x 107 

cells/mL, diuron concentration: 200μg/L.  

33..66--LLOONNGG--TTEERRMM  AACCTTIIVVIITTYY  OOFF  TTHHEE  AALLGGAALL--EENNTTRRAAPPPPEEDD  SSIILLIICCAA  OOPPTTIICCAALL  SSEENNSSOORR  

The main objective of algal cells immobilization is to stabilise the bioreceptor for the biosensor to 
be used repeatedly over a long period of time and under on-line monitoring conditions. 
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The algal photosynthetic activity is dependent on cells concentrations: high cells concentrations 
give rise to higher intensity of fluorescence. The algal cells in the silica matrix keep over 95% of 
their initial activity after a period of 5 weeks. 

CCCOOONNNCCCLLLUUUSSSIIIOOONNNSSS   

In this study, the interest of using an inorganic translucent matrix to construct an optical 
biosensor with immobilized vegetal cells is presented. Chlorella vulgaris whole cells were 
immobilized in the inner part of the translucent membrane and their activity can be assessed 
from chlorophyll fluorescence measurements. The translucence of the structure allowed the algal 
layer to be placed directly in contact with the optical fibers to produce a fluorescence emission 
detectable by a fluorimeter. This construction is much more simple and more reliable compared 
to use of an opaque support because no space between the optical fibers and the active layer is 
required to collect fluorescence. This improved configuration will facilitate the design of optical 
whole-cells biosensors and reduce their manufacturing cost. The use of this entrapment 
technique is motivated by the optical transparency and chemical inertness of the support. 
Optical properties of the silica matrix in the absence and in the presence of vegetal cells [21] 
justify the suitability of the method for probing other herbicides. Since this matrix has regularly 
uniform mesopores, the immobilized algal cells are accessible to aqueous pollutants. This 
technique has been applied to determination of diuron as an example of a herbicide that inhibits 
the algal PSII. On previous papers, we have shown that Chlorella vulgaris cells as a bioreceptor 
allowed the determination of the anti-photosystem II (PSII) herbicides group which target the 
algal PSII fluorescence. Therefore, this biosensor using the same bioreceptor will also respond to 
other PSII-inhibiting herbicides such as triazines and phenylurea derivatives. 

This algal biosensor can be used up to 5 weeks without significant loss of activity. In addition, 
this whole-cell reagentless biosensor based on chlorophyll fluorescence detection is economically 
very interesting because it requires neither substrate nor fluorescent indicator to monitor 
herbicides levels in the environment. This fluorescent biosensor also compares favourably with 
enzyme biosensors for the determination of herbicides because Chlorella vulgaris can be easily 
cultivated and no enzyme purification step is needed. While determination of herbicides is 
possible with other chromatographic techniques, only this type of biosensor can continuously 
monitor their concentrations. This optical algal biosensor could also be used as an early-warning 
device to detect those pollutants. Performance and optimization studies with other herbicides 
are under way and the results will be compared to other analytical techniques. 
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