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Molecularly imprinted polymers (MIPs) are tailor-made
biomimetic materials that are capable of specific recognition
towards an analyte. They are synthesized by co-polymerizing
functional and cross-linking monomers in the presence of
a molecular template. Subsequent removal of the template
leaves complementary binding sites with affinities and
specificities comparable to those of natural receptors.[1, 2]

Their molecular recognition properties, combined with their
high stability, robustness, and easy synthesis, make them
extremely attractive as sensing materials.[3, 4] Therefore they
are considered as interesting alternatives to biological recog-
nition elements in biosensors. In this context, MIPs have been
widely applied to optical sensing, for example, with fluores-
cence detection.[5–9]

Herein we describe a new type of fluorimetric sensor
based on an optical fiber that carries a micrometer-sized MIP
tip photopolymerized in situ at one end. To develop a versatile
device, we have used three approaches: 1) a core–shell format
of the tip for a faster response; 2) gold nanoparticles for signal
enhancement; and 3) fluorescent reporter groups incorpo-
rated into the MIP for the detection of nonfluorescent
analytes. Optical fibers are of interest as they offer many
advantages such as ease of miniaturization and integration,
low cost, and limited loss of light. Polymer-based optical fiber

sensors have been reported,[10, 11] and a few examples of
intrinsic MIP-based fiber optic sensors have been developed
for detecting nerve agents,[12] cyanotoxins[13] and cocaine.[14] In
these examples, the coating of the polymer on the fiber was
rather complex, requiring time-consuming multistep proce-
dures, such as pretreatment of the fiber (polishing, surface
activation, silanization) before the polymer can be covalently
attached. In our system, we use a laser beam emerging from
the fiber core to synthesize a polymer microtip at the
extremity of the fiber that appears as an extension of the
fiber core (Figure 1A,B).[15] Standard telecommunication
optical fibers with an 8 mm core were employed without any
prior treatment. The photoinitiator bis(2,4,6-trimethylben-
zoyl)phenyl phosphine oxide, which is very reactive towards
methacrylates, was used, making the MIP formulations
extremely photosensitive.[16,17] This allows very fast polymer-
ization, which was complete in only 10 seconds. Two optical
setups were used to demonstrate our sensing concept. In the
first setup, excitation is through the fiber and the fluorescence
response of the MIP is detected at the tip level by external
collection using a fiber optic mini-spectrofluorimeter (Fig-
ure 1B). This setup can be used for example for integration
into microfluidic sensor chips. In the second setup, a Y-shaped
bifurcated fiber is used; the fluorescent light emitted from the
MIP tip upon excitation through one arm of the optical fiber
is collected by the fiber and guided through the other arm for
detection by a spectrofluorimeter (Figure 1 C). This setup is
particularly useful for sensing at long distances and in setups
where the light collection cannot be carried out externally.

While fluorescent target analytes can be measured
directly, we use two different ways to monitor binding of
nonfluorescent targets to the MIP, either in a competitive
setup with a fluorescent analogue of the target analyte or by
including a fluorescent monomer into the MIP, the fluores-
cence of which changes upon analyte binding. To demonstrate
the first format, a MIP was imprinted with a model template,
carbobenzyloxy-l-phenylalanine (Z-l-Phe), and binding was
monitored with a fluorescent probe, its analogue dansyl-l-
phenylalanine (dansyl-l-Phe) (Scheme 1). In the second
format, the MIP was imprinted with the herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) as a model target, using
the fluorescent monomer N-2-(6-(4-methylpiperazin-1-yl)-
1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl-ethyl)acryla-
mide (FIM) for signaling. Binding was monitored by a change
in the fluorescence intensity in both cases. The most crucial
step was to develop a MIP formulation combining good
recognition properties with polymer photostructuring into
a micrometer-sized tip.[18] The formulation was inspired from
previous work.[17, 19,20] Optimization of the MIP formulation
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(in particular with respect to viscosity and polymerization
kinetics) and the photonic parameters (laser power and
irradiation time) allowed a stiff and stable MIP microtip to be
generated in 10 seconds. The formulation used for the
competitive format, termed P1, is described in the Supporting
Information, Table S1. It consists of ethylene glycol dimetha-
crylate (EGDMA) and pentaerythritol triacrylate PETIA
(2:1) as cross-linkers and tetraglyme as solvent, the high
viscosities of which favored photostructuring of a tip with the
desired shape. The length and diameter of the tip produced
were 35–40 mm and 15 mm, respectively.

The molecular recogni-
tion and sensing properties
of the Z-l-Phe MIP tip were
investigated with the simple
optical fiber set-up (Fig-
ure 1B). Specific binding
was demonstrated by com-
paring the response of MIP
and non-imprinted control
polymer (NIP) microtips
when incubated with the
fluorescently labeled
dansyl-l-Phe; an imprinting
factor (binding to the MIP/
binding to the NIP) of 3.5
was observed (Figure 2,
curves (a) and (d)). We
assessed the selectivity of
our sensor through compet-
itive binding experiments
between the fluorescent
probe dansyl-l-Phe and the
imprinting template Z-l-
Phe or its opposite enantio-
mer Z-d-Phe. When the
sensor was incubated in
a mixture of 10 mm dansyl-
l-Phe and 10 mm Z-l-Phe,
the binding of dansyl-l-Phe
to the MIP was greatly re-
duced (Figure 2, curve (b)),
whereas if 10 mm of Z-d-Phe

was used instead, the competition was weaker (Figure 2,
curve (c)), which reflects the selectivity of the MIP for the l-
enantiomer, the original template.

The concentration dependence of the MIP fluorescence
signal was also tested and the limit of detection (LOD) was
found to be 1 mm (Figure 3A; Supporting Information, Fig-

Figure 1. A) The microtip fabrication process. B) Analysis by spectrofluorimetry of the polymer microtips with
a simple fiber or C) a bifurcated fiber. A 375 nm diode laser is used both for microtip polymerization and for
excitation of the fluorophore.

Scheme 1. Chemical structures of compounds used in this study.

Figure 2. Fluorescence spectra of Z-l-Phe-MIP microtips after incuba-
tion with a) 10 mm dansyl-l-Phe, b) a mixture of 10 mm dansyl-l-Phe
and 10 mm Z-l-Phe, and c) a mixture of 10 mm dansyl-l-Phe and 10 mm

Z-d-Phe, in acetonitrile (MeCN). d) Fluorescence spectrum of the NIP
microtip after incubation with 10 mm dansyl-l-Phe in MeCN. Blank
line: Z-l-Phe MIP microtip before incubation. Inset: confocal fluores-
cence microscopy image of the MIP microtip after incubation with
dansyl-l-Phe.
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ure S1A). To lower the LOD, we attempted to use the
plasmonic enhancement properties of noble-metal nanopar-
ticles to increase the fluorescence signal.[21] Commercial
octanethiol-stabilized gold nanoparticles (diameter: 10 nm,
dynamic light scattering in Supporting Information, Fig-
ure S2) were added to the MIP precursors solution, resulting
in a composite gold nanoparticle–MIP microtip. The effective
incorporation of Au into the MIP was verified by energy
dispersive X-ray spectroscopy and transmission electron
microscopy (Supporting Information, Figures S3, S4). The
presence of gold nanoparticles effectively led to an enhance-
ment of the optical signal, increasing the sensitivity and
lowering the LOD by a factor of 20, to 50 nm (Figure 3A;
Supporting Information, Figure S1). Despite the large
increase in sensitivity, we presently have no clear evidence
for plasmonic enhancement effectively taking place. To the
best of our knowledge, this is the first description of MIP
sensors using metal-enhanced fluorescence intensity meas-

urements. However, we cannot exclude that a more efficient
collection of fluorescent light that is due to scattering by the
gold nanoparticles back into the fiber contributes to the
observed effect.

The response time of this sensor was 45 min, which is due
to analyte diffusion into the tip. The response time could be
shortened by using a core–shell format of the tip that results in
shorter diffusion distances. We synthesized a nonporous
poly(PETIA) core tip covered by a 0.7 mm thin layer of Z-l-
Phe MIP through reinitiation with the MIP precursors
(Figure 3B, inset). Kinetics data of the response of the
core–shell MIP tip incubated with 10 mm dansyl-l-Phe in
MeCN is shown in Figure 3B. As a result, binding to dansyl-l-
Phe could be detected after only 2 min, and around 80 % of
the total signal response occurred within 4 min. The core–
shell MIP tip took around 10 min to reach equilibrium
(> 95%). Therefore, by reducing the MIP thickness, the
response time was successfully lowered from 45 min to
10 min. The reversibility of the sensor response was also
demonstrated by measuring successively different concentra-
tions of dansyl-l-Phe (Figure 3B), which indicates that
fluorescent analytes could be measured close to real-time
and without intermittent regeneration (although this is not
possible in the competitive format).

Sensing experiments were also performed with the
bifurcated fiber setup (Figure 1C), thus allowing long-dis-
tance measurements and real-time detection. In this config-
uration, interference by fluorescent components of the
sample matrix other than the target analyte are minimized.
The specificity, the concentration-dependence of the fluores-
cence response of the MIP, and the fluorescence enhancement
induced by gold nanoparticles were confirmed as well for the
bifurcated fiber (Figure 3C).

To avoid the addition of a fluorescent probe as in the
competitive format and to broaden the applicability of the
sensor, we incorporated fluorescent reporter groups into the
MIP, a concept that has been developed by Takeuchi.[22, 23] The
herbicide 2,4-D, our model analyte, is widely used; it
represents a threat for health owing to its endocrine
disruption properties.[24] To detect 2,4-D, a fluorescent func-
tional monomer based on a piperazinyl naphthalimide
derivative was synthesized (FIM; see the Supporting Infor-
mation). FIM exhibits fluorescence amplification owing to the
protonation of the piperazinyl residue upon interaction with
carboxyl groups,[25] here 2,4-D (pKa = 5.09, methanol/water
4:1), which was verified through fluorescence titration experi-
ments (Supporting Information, Figure S5). Very recently,
a MIP containing a naphtalimide for sensing purposes has
been reported. The naphthalimide monomer was different,
though, and used fluorescence quenching for detection,
resulting in sensitivity in the mm range.[26] FIM was incorpo-
rated into a 2,4-D MIP formulation adapted from Haupt
et al. ,[27] replacing part of the 4-vinylpyridine functional
monomer of the original procedure. We verified using
a MIP synthesized in the form of nanoparticles and batch
binding assays that the performances of the new 2,4-D MIP
were similar to those of the earlier MIP (not shown). The MIP
was synthesized at the end of an optical fiber, using the core–
shell format (P2; Supporting Information, Table S1). The

Figure 3. A) Simple fiber: Fluorescence responses of the Z-l-Phe MIP
tip without gold (“MIP no Au”, lEM =495 nm) and the composite
gold–MIP tip (“MIP Au”, lEM = 489 nm) after incubation with increas-
ing concentrations of dansyl-l-Phe in MeCN. Integration time: 100 ms.
B) Kinetics of the fluorescence response of the core-shell Z-l-Phe MIP
tip incubated with dansyl-l-Phe. Inset: confocal fluorescence images of
the core–shell MIP tip after incubation. C) Bifurcated fiber: Normalized
fluorescence responses of the MIP and NIP tips without gold (“MIP
no Au” and “NIP no Au”, lEM = 495 nm) and of the gold composite
tips (“MIP Au” and “NIP Au”, lEM =489 nm), incubated with increas-
ing concentrations of dansyl-l-Phe in MeCN. Experiments were per-
formed in triplicate; errors bars represent standard deviations. The
blank signal was recorded before each set of experiments.
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specific recognition properties were demonstrated by incu-
bating both MIP and NIP microtips with increasing concen-
trations of 2,4-D. The fluorescence response of the MIP was
concentration-dependent, with a LOD of 2.5 nm (50 times
lower than the tolerated amount in drinking water of
30 mgL�1, that is, 135 nm, recommended by the World
Health Organization[28]), and the MIP yielded a higher
signal than the NIP (Figure 4A). For instance, when incu-

bated with 2.5 nm 2,4-D, the MIP tip increased in fluorescence
by around 20 %, while the NIP intensity increased by only 5%
(Supporting Information, Figure S6). The 2,4-D MIP tip
attained a stable response within 5 min of incubation. The
dynamic response and reversibility of the MIP-based sensor
were also demonstrated by consecutively measuring various
concentrations of 2,4-D (Supporting Information, Figure S7).

The selectivity of MIP was evaluated by measuring the
responses to two structurally related compounds, 2,4-dichlor-
ophenoxyacetic acid methyl ester (2,4-d-OMe), the carboxyl
group of which is blocked, and phenoxyacetic acid (POAc,
pKa = 5.17, methanol/water 4:1), lacking the ring chlorine
atoms. As a result, a smaller fluorescence enhancement for
POAc and no enhancement for 2,4-d-OMe were observed,
thus confirming the selectivity of the MIP for 2,4-D (Fig-
ure 4B). Non-related molecules containing a carboxyl group,
such as glucuronic acid (pKa = 5.22, methanol/water 4:1) and
Z-l-Phe (pKa = 5.06, methanol/water 4:1) generated no
response, although they do interact with FIM, as verified
through fluorescence titration (not shown).

To further increase the sensitivity of our sensor, we again
incorporated gold nanoparticles into the MIP formulation,
which led to a stronger fluorescence enhancement upon
binding, lowering the LOD to 0.25 nm (Figure 4C). This is
lower than the more restrictive limit concentration for
pesticides in drinking water set by the European Union
(0.1 mgL�1, that is, 0.45 nm.[29]) Thus the sensitivity of our
sensor is comparable to that obtained with chromatography/
mass spectrometry for 2,4-D detection.[28,30, 31]

In conclusion, we have developed a versatile fluorimetric
fiber optic sensor using in situ polymerized MIP micro-
structures as recognition element, which were generated in
only a few seconds. The sensitivity of the sensor was
significantly improved by exploiting the effect of signal
enhancement induced by gold nanoparticles embedded in
the polymer. A detection limit as low as 250 pm for the
herbicide 2,4-D, which is comparable to that of LC/MS
techniques, was achieved. The use of a signaling monomer in
the MIP is an advantage as it simplifies the detection method
for nonfluorescent analytes. The fact that fluorescence is
enhanced rather than quenched is an additional advantage, as
non-specific quenching resulting in false-positive responses is
avoided. This method is applicable to other analytes carrying
carboxyl groups, and, we believe, with different signaling
monomers to a wider range of analytes. These studies pave
the way to the miniaturization of compact portable MIP-
based fiber optic sensors for the real-time remote detection of
environmental and other analytes.
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