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A  cheap  and robust  method  for  the  detection  and  quantification  of  textile  dyes  is  the  use  of  biomimetic
sensors  with  optical  transduction,  employing  a molecularly  imprinted  polymer  (MIP) as  the recogni-
tion  element.  This  paper presents  the  optimization  of  a MIP  for  the  dye,  basic  red  9  (BR9)  and  the
immobilization  of  these  polymers  on a disposable  4-cm long  polystyrene  optical  waveguide  for  the  devel-
opment of  an  evanescent  wave  fiber  optic  sensor  aimed  at  the  determination  and  quantification  of this
dye  in different  matrices  and industrial  effluents.  MIPs  were  synthesized  using  2-acrylamido-2-methyl-
olecularly imprinted polymer
vanescent wave fiber optic sensor
extile dye
asic red 9

1-propanesulfonic  acid and  ethylene  glycol  dimethacrylate,  as functional  monomer  and  cross-linker,
respectively.  The  polymer  was  then  immobilized  on  the  waveguide  by  dip-coating  the fiber  in the  poly-
mer  suspension.  The  sensing  element  was  interrogated  with  a  fiber-coupled  spectrophotometer.  BR9
could be  detected  in  the  low  �M range,  thus  making  it a promising  device  for determining  this compound
in  textile  effluents.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Molecularly imprinted polymers (MIPs) are biomimetic syn-
hetic receptors possessing specific cavities designed for a target

olecule. Produced by a templating process at the molecular level
y co-polymerization of functional and cross-linking monomers,
IPs are capable of recognizing and binding target molecules with

pecificities and affinities comparable to those of natural recep-
ors [1–3]. These tailor-made synthetic receptors have considerable
dvantages over biological recognition materials such as enzymes
nd antibodies, as they are more easily prepared, cheaper and are
esistant to adverse conditions such as the presence of acids, bases,
rganic solvents, high temperatures and high pressure. Due to
hese advantages, they have become serious alternatives as recog-
ition elements in biosensors [4–8]. In particular, MIPs have been

idely used in optical chemical sensors, also known as optodes.

he optodes are very often based on optical fibers where the MIP
s immobilized on the surface [6,9]. The applications of optical
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∗∗ Corresponding author. Tel.: +33 344234402; fax: +33 344203910.
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ttp://dx.doi.org/10.1016/j.snb.2015.05.007
925-4005/© 2015 Elsevier B.V. All rights reserved.
fibers as sensors permeated several fields of great importance in
analytical chemistry, such as environmental, food, chemical and
clinical analyses [10,11]. Optodes present some advantages, includ-
ing simple manufacturing, low cost, good selectivity and sensitivity,
real-time and remote analysis possibility and allow the develop-
ment of “disposable” sensors, as well as easy replacement. From the
environmental point of view, optodes can be used for the detection
of toxic compounds released in effluents; among these pollutants
include dyes. In the textile industry, ∼50% of the dyes are lost in the
dyeing process and ∼10–15% are discarded in wastewater, caus-
ing considerable degradation of the environment by modifying the
natural color and forming foams on the surface [12].

Dyes are classified according to their chemical structures and
their applications. These compounds consist of chromophores,
responsible for the dye coloration [13,14]. The dyes are classified as
azo, anthraquinone, triphenylmethane and heterocyclic dyes [12].
Among these dyes, triphenylmethanes are widely used in the tex-
tile industry for the coloration of nylon, wool, silk and cotton and
represent a major environmental concern due to its potential tox-
icity to animals and humans [15]. In effluents, these products cause

environmental problems, because they absorb light and interfere
with aquatic biological processes [16]. Moreover these toxic com-
pounds are not eliminated by conventional wastewater treatment
plants.

dx.doi.org/10.1016/j.snb.2015.05.007
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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Fig. 1. Chemical structures of the target dye, BR9 and other textile dyes us
Recently, we have developed a disposable evanescent wave fiber
ptic sensor coated with a MIP  on a 4-cm long injection-molded
apered polystyrene waveguide, as a selective fluorescence probe
17]. An evanescent wave sensor has the property of surface specific
this study. BR9 and MG are chlorides and the other dyes are sodium salts.
detection, as the molecules not bound to the MIP, will contribute
very little to the measured signal, thus its advantage especially
when working with complex samples. Normally, an evanescent
field is generated when total internal reflection of light occurs in an
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Fig. 2. (A) Drawing of the disposable 4-cm long polystyrene fiber optic waveguide
24 M.V. Foguel et al. / Sensors an

ptical fiber coated with a lower refractive index material. This field
ropagates perpendicularly to the fiber surface into the medium,
ecaying exponentially with distance [18–20]. In that work, the
vanescent light was used to excite a fluorescent signaling moiety
ontained in the MIP. Fluorescence enhancement occurred upon
nalyte binding to the MIP  with the fluorescence intensity being
roportional to the analyte concentration.

In the present work, instead of detecting the return evanescent
ave fluorescence, we measure the evanescent wave absorbance

9,21,22] during binding of the textile dye, basic red 9 (BR9) to a MIP.
R9 is a strong absorbing dye at 545 nm.  If a chromophoric analyte
inds to the MIP-coated layer, the evanescent wave is absorbed
y the analyte and the unabsorbed light is coupled back into the
ber and can be measured. In other words, the more dye there is
ound to the MIP, the more light will be absorbed, and the less

ight will go back through the fiber to get measured [21,22]. Basic
ed 9 monohydrochloride, also known as pararosaniline chloride
r basic fuchsin (CI 42500) (Fig. 1), belongs to the class of triph-
nylmethane dyes and it is a dark green crystalline powder. It is
nown to be stable under normal temperature and pressure, but
an decompose when heated. In the dyeing process, the dye is used
o obtain magenta color [23]. There are indications that this com-
ound presents carcinogenic activity in humans, based on studies
hat show carcinogenicity in animals [24,25]. Due to the high toxic-
ty and serious environmental effects posed by this dye, detection
nd quantification of basic red 9 in effluents are of paramount
mportance. In the light of that, this work presents the results
btained for the synthesis and characterization of MIPs for BR9.
n the aim to develop an evanescent wave absorbance fiber optic
ensor for the detection and quantification of this dye in different
atrices and industrial effluents, the MIPs were immobilized on

he waveguide by dip-coating the fiber in the polymer suspension.
he sensing element was then interrogated with a fiber-coupled
pectrometer (Fig. 2B).

. Materials and methods

.1. Reagents and materials

All chemicals, dyes and solvents were of analytical grade
nd purchased from Sigma–Aldrich (St-Quentin Fallavier, France),
nless otherwise stated. 2,2′-Azobis(2,4-dimethylvaleronitrile)
ABDV) was obtained from DuPont Chemicals (Wilmington, USA).
he monomers were employed as received. Water was puri-
ed using a Milli-Q system (Millipore, Molsheim, France). The
olystyrene optical waveguides were from Research International,

nc. (Monroe, Washington, USA). Absorbance measurements of BR9
ye were done on Uvikon XS Secomam spectrophotometer. The
ize and morphology of the polymers was characterized using field
mission scanning electron microscopy using a JEOL JSM 6330F.

.2. MIP  synthesis

The synthesis was inspired from Andersson and Ramström
26]. The polymers were prepared by bulk polymerization in a
lass vial fitted with an air-tight septum. Typically, 0.02 mmol
f BR9, 0.06 mmol  of 2-acrylamido-2-methyl-1-propanesulfonic
cid (AMPSA), 4 mmol  of ethylene glycol dimethacrylate (EGDMA)
nd 0.06 mmol  of ABDV were dissolved together in 1.5 mL  of
ethanol/water (4/1). The mixture was purged with nitrogen for

 min  and polymerization was done overnight at 40 ◦C in a water-

ath. The bulk polymers were ground manually with a mortar and
estle, transferred to 2 mL  microcentrifuge tubes and milled with
.8 mm ceramic beads in the presence of methanol in a Precellys
4 homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
coated with MIP. (B) Detection (� = 545 nm) of BR9 with the bifurcated optical fiber
probe of a Horiba Fluorolog-3 spectrofluorimeter.

France). The polymers were transferred to 50 mL  centrifuge tubes
and washed at room temperature on a tube rotator (SB2, Stuart Sci-
entific) with 3 rounds of methanol/acetic acid (7/3) and 3 rounds
of methanol. They were then dried overnight under vacuum. Non-
imprinted polymers (NIPs) were synthesized in the same way but
without the addition of the imprinting template.

2.3. Equilibrium binding studies of BR9 with the bulk polymers

A stock solution of 100 �M of BR9 was prepared in water
and stored at 4 ◦C. The polymer particles, at a concentration of
20 mg/mL, were suspended by sonication in water. From this stock,
various polymer concentrations (1–8 mg/mL) were pipetted in
1.5 mL  polypropylene microcentrifuge tubes and 10 �M of BR9 dye
was added. The final volume was adjusted to 1 mL.  Different bind-
ing media were tested: water, 0.05% NH3 (v/v), 1.0% NH3 (v/v)
and 0.1 M Britton–Robinson buffer solutions at pH 2.0, 5.0, 7.0
and 10.0. The tubes were incubated for 4 h at ambient temper-
ature on a tube rotator, followed by centrifugation for 30 min  at
30,000 g. Then absorbance measurements were performed on the
supernatants using a fixed wavelength of 545 nm or 242 nm (for
incubation media containing ammonia, as the dye turns colorless).
Calibration curves of BR9 at these two wavelengths (Figs. S1 and S2,
SI) show the linear dependency of absorbance at the concentrations
of dye used.

2.4. Selectivity studies
To evaluate the selectivity of the BR9 imprinted polymers,
the equilibrium binding behaviors with six other dyes, Methyl
Green (MG), Acid Green 16 (AG16), Acid Red 1 (AR1), Direct



M.V. Foguel et al. / Sensors and Actuators B 218 (2015) 222–228 225

Fig. 3. Scanning electron microscopy images showing the size and morphology of bulk NIP (A) and MIP (B); of MIP, NIP-coated optical waveguide surface with magnification
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00  (C, F); 3000 (D, G) and 10,000 (E, H), respectively.

iolet 51 (DV51), Acid red 114 (AR114) and Direct Yellow 50 (DY50),
ommonly employed in the textile industry, were studied. The
tructures of the dyes together with their maximum absorption
avelengths are shown in Fig. 1. The calibration curves of all dyes

re shown in Fig. S3, SI.
Stock solutions of 100 �M of each dye were prepared in water

nd polymer particles, at a concentration of 20 mg/mL, were sus-
ended by sonication in water. From these stocks, polymer at a
oncentration of 8 mg/mL  was pipetted in 1.5 mL  polypropylene
icrocentrifuge tubes and 50 �M of each dye was added to differ-

nt tubes. The final volume was adjusted to 1 mL with water. The
ubes were incubated for 4 h at ambient temperature on a tube rota-
or, followed by centrifugation for 30 min  at 30,000 g. Absorbance

easurements at the wavelength (indicated in Fig. 1) of the dye
nalyzed were performed on the supernatants. The amount of dye
ound to the polymers was calculated by subtracting the amount
f unbound dye from the initial amount of dye added to the mix-
ure.

.5. Dip-coating of polystyrene optical waveguides with MIP

articles, and binding studies

The waveguide was immersed into a glass vial containing
0 mg  of polymer and 240 mg  of polyvinyl alcohol (PVA) (Mw:
89,000–98,000) suspended in 4 mL  of water. The mixture was
heated at 90 ◦C in a water-bath under gentle magnetic agitation.
After 30 min, the vial was allowed to cool to room temperature
under gentle agitation. The fiber was then removed from the vial
and dried in air, resulting in an immobilization of MIP particles
on the fiber surface (Figs. 2A and 3C–H), held in place by the PVA
acting as glue (insoluble in cold solvent). For binding studies, the
MIP-coated optical fibers were placed in 4 mL  glass vials containing
solutions of BR9 (0, 5, 10, 15, 20, 25, 30 and 35 �M)  in water (10 min
incubation).

After incubation, the bifurcated fiber optic probe of a spectro-
fluorimeter (Horiba Jobin-Yvon Fluorolog-3, Longjumeau, France)
was used to inject visible light (� = 545 nm)  through the MIP-coated
fiber optic waveguide. The unabsorbed light was recorded through
the same fiber optic probe (Fig. 2B). Measurements were performed
with the MIP  fiber remaining immersed into the analyte solution.
The light intensity was monitored at � = 545 nm.  The measured light
intensity was converted into absorbance using

A = − log
(

I1/I0
)

where A stands for absorbance, I1 being the light intensity recorded
in the presence of polymer and dye and I0 being the light intensity
recorded with the polymer alone.
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. Results and discussions

.1. Synthesis and evaluation of the binding behavior of the
olymers

The synthesis of MIPs for BR9 was inspired from the protocol
escribed by Andersson and Ramström [26]. Their target molecule,
,4′-diaminodiphenyl methane, a partial structural analogue of BR9
as imprinted using the functional monomer AMPSA which can
ake electrostatic interactions with the amino groups of the tem-

late. For our work, we brought a few modifications, especially
hloroform was replaced by a mixture of methanol/water (4/1) to
ncrease the chance of obtaining water-compatible MIPs [27]. An
ptimized ratio BR9:AMPSA:EGDMA of 1:3:200 was  obtained, by
arying the amount of cross-linkers [28,29]. The resultant polymers
ere characterized by scanning electron microscopy (SEM). As seen

n Fig. 3A and B, the NIP and MIP  particles have similar morpholo-
ies and sizes of ∼1 �m which appear agglomerated. The same
tructures were seen in the three batches of synthesized polymers.

The binding behavior of the BR9 dye to the MIP was first eval-
ated in water (pH ∼6). As seen in Fig. 4A, the polymers showed
 high percentage of binding, but without specificity. Equilibrium
inding assays were then performed at different pHs (2.0, 5.0, 7.0
nd 10.0) by using Britton–Robinson buffer solution. At pH values
f 2.0 and 10.0, the binding of BR9 to the polymers was  found to
Fig. 5. Binding of 10 �M BR9 to MIP  and NIP in 0.05% NH3(aq.). Data are means from
three independent experiments with three different batches of polymers. The error
bars represent standard deviations.

present random and unexploitable results whereas at pH 5.0 and
7.0, the polymers presented a high binding but without specificity
(results not shown). In an attempt to reduce non-specific interac-
tions caused by the interaction of analyte with free reactive groups
on the polymer surface, 1% (v/v) NH3 solution was added. The
ammonia molecule will compete with the dye for the free active
groups on the polymeric structure hence favoring the binding of
BR9 to specific cavities in the MIP. In the presence of 1% NH3 solu-
tion, the binding specificity in water was improved (Fig. 4B). When a
lower concentration of ammonia (0.05%) was added, the specificity
got still better (Fig. 5). An imprinting factor (IF), which corresponds
to the ratio BR9 bound to the MIP  versus BR9 bound to the NIP, of
∼1.6 was  obtained. Though low, this value was reproducible as sim-
ilar binding profiles were observed with three independent batches
of polymers. Concentrations of NH3 (0.025 and 0.01%) produced no
improvement of specificity (results not shown). Other attempts to
improve the IF, like testing a series of dye concentrations while
keeping a fixed concentration of polymer (Fig. S4, SI) or working at
a fixed optimum concentration of dye and varying the amount of
polymers (Fig. S5, SI) were studied, but without success.

Since BR9 is usually present with other dyes in textile efflu-
ents, selectivity studies were performed with six other textile dyes:
Methyl Green (MG), Acid Green 16 (AG16), Acid Red 1 (AR1), Direct
violet 51 (DV51), Acid red 114 (AR114) and Direct Yellow 50 (DY50)
(Fig. 1). MG  was chosen because it is a very close structural analogue
of BR9 and most of the other dyes chosen were azo dyes as they
represent the most important class of dyes in textile effluents [30].
8 mg/mL  of polymers were incubated with 50 �M of each dye and
the binding was  compared. The dye concentration was chosen to be
50 �M so as to have readable absorbance values of low-absorbing
dyes while still working in the linear section of highly absorbing
dyes (see calibration curves in Fig. S3, SI). Fig. 6 shows that BR9
MIP  is quite selective, as the binding of BR9 was  far more superior
than other dyes in water. Noteworthy is the high selectivity, even
towards the very close structural analogue, Methyl Green.

3.2. Coating fiber optic waveguides with polymer particles and
sensing of BR9

The binding behavior of the MIP  being characterized, we  aimed

to apply it for optical sensing by integration of the MIP  into a
fiber optic device. For this application, we used disposable 4-cm
long injection-molded tapered polystyrene optical fibers [17,19,20]
(Fig. 2A). In our study, MIP  particles were coated onto the fiber by
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sing PVA as glue [17,31]. PVA dissolves in hot water for the prepa-

ation of the polymer suspension, but after drying does not dissolve
nder the conditions of the assay. With our synthesis protocol, ∼5 g
f polymer is obtained, enough to make about 60 immobilizations
ators B 218 (2015) 222–228 227

on the optical fiber. SEM images (Fig. 3C–H) prove the presence of
the polymers on the fiber’s surface.

Visible light was injected through the fiber optic bundle of the
Horiba Fluorolog spectrofluorimeter and the resulting signal was
collected via the same fiber optic probe, as illustrated in Fig. 2B.
Binding analysis was performed by dipping the fiber in a series of
dye concentrations in water, with the fiber remaining immersed in
the analyte solution. The response time between the BR9 dye and
the immobilized polymers on the optical fiber was  first studied. As
shown in Fig. 7A, the dye was  already adsorbed to the MIP  following
10 min  of incubation; the maximum retention occurs after 40 min
and the absorbance remains practically constant after this time.
Therefore, 40 min  of incubation for the binding of BR9 to the MIP
was used in the subsequent steps.

The concentration-dependence of the MIP response upon bind-
ing to BR9 was then demonstrated, as well as the specificity of the
MIP  compared to the NIP (Fig. 7B). The maximum imprinting factor
was ∼5, higher than that reported with free polymers assayed in
suspension (Fig. 5 and Figs. S4 and S5, SI). One  explanation for the
improvement of the binding specificity might lie in the accessibility
of more binding cavities at the surface, since a thin layer of polymer
was formed on the fiber. The MIP-coated fiber optic device could
detect as low as 2 �M of dye (Fig. 7B). Actually, there is no legis-
lation for environmental dyes’ limits but recent literature reports
a tolerance of ∼1 mg/L for dyes coming from direct discharges of
textile effluents in watercourses [30]. This amount corresponds to
3 �M of BR9, indicating that the dye could eventually be detected
by our sensor. However, to increase the performance of the sensor,
more uniform-sized MIPs nanoparticles, for instance those synthe-
sized by precipitation polymerization could be tested as they might
generate a more homogeneous polymer coating on the fiber [17].

4. Conclusions

We synthesized a MIP  for the textile dye BR9. Batch equilibrium
binding studies of bulk polymers showed that the MIP was spe-
cific as it binds more BR9 than the NIP, in water. The BR9 MIP was
also selective with binding ∼4 to 13-fold higher for BR9 over other
textile dyes, varying from very close structural analogues to non-
related dyes. The MIP  was immobilized on a disposable evanescent
waveguide and detection of BR9 was  achieved in the low �M range.
Thus, our MIP  for BR9 is really promising for the development
of optical sensors for specific and sensitive determination of this
compound in effluents. This initial proof-of-concept study of the
detection of a model dye in water, will further pave the way to the
development of this type of sensor for other dyes. Further work is in
progress to evaluate their applications in industrial textile effluents.
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