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Micro(nano)electromechanical systems (M(N)EMS) such as single clamped cantilevers have become over the years standards for bio and chemical sensing. Indeed, operated in dynamic mode, these devices can be used as label-free, sensitive mass sensors with a resolution down to single molecule and particle recognition reached under very controlled conditions (e.g. high vacuum, cryogenic temperature). [START_REF] Sage | Single-particle mass spectrometry with arrays of frequency-addressed nanomechanical resonators[END_REF] The majority of M(N)EMS sensors are based on silicon and associated complex micro/nano-machining techniques. M(N)EMS based on polymers offer an interesting alternative, since their chemical properties can be easily tuned towards the desired application. [START_REF] Ayela | All-organic microelectromechanical systems integrating specific molecular recognition -A new generation of chemical sensors[END_REF] Polymer M(N)EMS can be processed by a large variety of fabrication techniques, ranging from modern techniques for rapid prototyping such as 3D-printing or twophoton stereolithography, [START_REF] Gomez | Rapid Prototyping of Chemical Microsensors Based on Molecularly Imprinted Polymers Synthesized by Two-Photon Stereolithography[END_REF][START_REF] Lind | Instrumented cardiac microphysiological devices via multimaterial three-dimensional printing[END_REF] to mass-manufacturing methods such as injection molding. [START_REF] Zhao | Intelligent technologies for polymer injection molding[END_REF] Compared to silicon M(N)EMS, polymer micro and nanosystems can be processed by means of bottom-up approaches, greatly simplifying their fabrication, as well as enabling the introduction of breakthrough concepts, in particular, when photopatterned. In this context, fiber optics, that are nowadays state of the art technology for modern telecommunication, are also an interesting tool for metrology, including physical and chemical sensors. [START_REF] Krohn | Fiber Optic Sensors: Fundamentals and Applications[END_REF][START_REF] Kostovski | The optical fiber tip: An inherently lightcoupled microscopic platform for micro-and nanotechnologies[END_REF] Especially physical sensors such as fiber Bragg gratings (FBG) and fiber optic gyroscopes (FOG) are nowadays well established in academia and for industrial applications. [START_REF] Campanella | Fibre Bragg Grating Based Strain Sensors : Review of Technology and Applications[END_REF][START_REF] Wang | Recent advancements in resonant fiber optic gyro -a review[END_REF] For chemical sensing a suitable receptor element needs to be attached to the optical fiber. [START_REF] Kostovski | The optical fiber tip: An inherently lightcoupled microscopic platform for micro-and nanotechnologies[END_REF][START_REF] Chen | A review of specialty fiber biosensors based on interferometer configuration[END_REF] Often polymers are chosen as recognition element for proof of concept studies of new read-out schemes since this class of material is more accessible for microfabrication techniques than complex (bio-) macromolecules. [START_REF] Pesavento | SPR-Optical Fiber-Molecularly Imprinted Polymer sensor for the detection of furfural in wine[END_REF][START_REF] Kim | Static and dynamic operation of metalcoated hydrogel cantilever humidity sensors based on hygroscopic mismatch[END_REF][START_REF] Cichosz | Polymer-based sensors: a review[END_REF] On the other hand, macromolecules such as antibodies, nucleotide chains, or aptamers give access to selective target recognition. [START_REF] Payandehpeyman | Detection of SARS-COV-2 using antibody-antigen interactions with graphene-based nanomechanical resonator sensors[END_REF][START_REF] Mishra | Effect of non-specific species competition from total RNA on the static mode hybridization response of nanomechanical assays of oligonucleotides[END_REF][START_REF] Bai | Label-free detection of kanamycin using aptamerbased cantilever array sensor[END_REF] An interesting and simple method for the fabrication of a fiber-based opto-chemical sensor using fluorescence was introduced by Ton et al. [START_REF] Ton | A versatile fiber-optic fluorescence sensor based on molecularly imprinted microstructures polymerized in situ[END_REF] A molecularly imprinted polymer (MIP) tip was synthesized in one step at the end of an optical fiber by a through-fiber fabrication process. [START_REF] Ecoffet | Integration of polymer elements at the end of optical fibers by free-radical photopolymerization[END_REF] However, despite their exceptional sensitivity, fluorescence sensors are somehow limited towards intrinsically fluorescent analytes, labeling techniques, or complex MIP systems where certain analytes can trigger fluorescence.

In this work, we present the development of a new fabrication strategy for polymer microcantilever sensors based on fiber optics. Free-standing polymer beams are directly synthesized at the end of a cleaved optical telecommunication fiber by photo-induced freeradical polymerization and applied as mechanical resonators. After having demonstrated the suitable dynamic operation of the resulting polymer tips, two sensing applications are presented in this work. In a first application, the beam is functionalized with a hydrophilic polymer with a low cross-linking density for the online monitoring of humidity in air. In a second application a MIP targeting the antibiotic enrofloxacin is grafted on the cantilever by a unique post-polymerization process, which enables the selective and sensitive detection of this low molecular weight analyte.

The polymer cantilevers at the end of a cleaved optical fiber are generated in a single step and in a cleanroom-free environment, as an extension of the fiber core by a through-fiber fabrication technique 7 as shown in Figure 1 A-C. Therefore, UV-light is guided through an SMF-28 optical telecommunication fiber with an 8 µm core and polymerizes a monomer solution that is placed between the surface of the cleaved optical fiber and a substrate by radical photopolymerization. The resulting bottom-up fabricated cantilever, with a cylindrical shape of 10 µm in diameter, is generated within seconds by a self-guiding effect of the polymerized material. This effect was experimentally and analytically described by Hocine and co-workers and is based on a refractive index change of the polymerized material. [START_REF] Hocine | End-offiber polymer tip: manufacturing and modeling[END_REF] The polymerization at the end of the optical fiber core creates a small section with a higher refractive index than the surrounding monomer environment and can be seen as an extension of the core in which the light is guided. The small size of the polymerized area is confined by the exposure intensity and the core diameter, whereas the length (from 30 µm to 200 µm) of the beams is controlled by a micrometer positioner and defined by the distance of the substrate surface and the cleaved optical fiber. To first demonstrate the dynamic mechanical operation of the though-fiber fabricated polymer micro-cantilever, the latter is fixed on a piezo driven lead zirconate titanate (PZT) actuator and its resonant frequency is recorded with a laser-Doppler vibrometer (Figure 2 A). As shown in Figure 2 A, the resonance spectra of the through-fiber photopolymerized polymer beams can be easily obtained. Also the length dependence of the resonant frequency confirms the expected dynamic mechanical behavior of the polymer tips (Figure 2 B). The 1/L 2 linear dependence validates the proposed scheme for the well-controlled fabrication of polymer micro-cantilevers. The associated quality factors are around 22 (Figure 2 C), which is in agreement with values found in literature for polymer-based microcantilevers. [START_REF] Dubourg | Optimization of the performances of SU-8 organic microcantilever resonators by tuning the viscoelastic properties of the polymer[END_REF][START_REF] Schmid | Damping mechanisms of single-clamped and prestressed double clamped resonant polymer microbeams[END_REF] The end of an optical fiber was dipped into a droplet of the polymerizable solution. After adjusting the distance between the surface of the optical fiber and the substrate with a micropositioner (~200 µm), the sample was polymerized by UV light guided though the optical fiber core.

The choice of the photopolymerizable material is one important parameter for throughfiber fabrication. The initiator bis(2,4,6-trimethylbenzoyl)-phenylphoshineoxide was already proven in previous studies in our lab to be a versatile initiator for photopolymerization of acrylic and methacrylic monomers. [START_REF] Chen | A review of specialty fiber biosensors based on interferometer configuration[END_REF] For characterization studies in the first part of this chapter the monomer PETIA was used due to its excellent polymerization properties. The acrylic monomer has three functionalities which can form a highly crosslinked polymer network and therefore provides the mechanical stiffness for the fabrication of polymer tips (cantilever structures) with a high aspect ratio. For ideal elastic materials such as silicon it is valid to focus on this real part only and neglect the imaginary part modulus. However, polymer samples are viscoelastic materials and the viscose part of operated in dynamic mode. This quality factor is an important parameter for cantilever sensing since it defines the resolution of the measurement. Its total value can be expressed as the sum of all internal and external losses the cantilever beam experiences. Considering that for polymer samples viscoelastic loss in the material are the main losses, the quality factor in vacuum can be written as (3) The quality factor can be obtained from recorded resonant frequencies by equation 4 and is plotted against corresponding resonant frequency in The obtained quality factors helped to characterise the sensitivity of fabricated cantilevers and were in good agreement with quality factors of polymeric cantilever beams found in literature. [START_REF] Bai | Label-free detection of kanamycin using aptamerbased cantilever array sensor[END_REF] Q factors (between 19 and 27) are considerably lower compared to classical cantilever beams made of silicon which are reported to have a Q factor between 300 and 400 for comparable length and width. [START_REF] Ton | A versatile fiber-optic fluorescence sensor based on molecularly imprinted microstructures polymerized in situ[END_REF] functional polymer have to be developed to meet the requirements of the fabrication method. [START_REF] Gomez | Rapid Prototyping of Chemical Microsensors Based on Molecularly Imprinted Polymers Synthesized by Two-Photon Stereolithography[END_REF][START_REF] Fuchs | Holographic molecularly imprinted polymers for label-free chemical sensing[END_REF][START_REF] Fuchs | Molecularly imprinted silver-halide reflection holograms for label-free opto-chemical sensing[END_REF][START_REF] Vandevelde | Direct patterning of molecularly imprinted microdot arrays for sensors and biochips[END_REF] In most cases a trifunctional cross-linker such as PETIA or TRIM is employed for the structural integrity of the polymer. Such MIPs have been described in several works and were used by Fuchs et al. for the microfabrication of a diffraction grating. [START_REF] Fuchs | Holographic molecularly imprinted polymers for label-free chemical sensing[END_REF][START_REF] Fuchs | Molecularly imprinted silver-halide reflection holograms for label-free opto-chemical sensing[END_REF] This approach would have allowed in our case the through-fiber synthesis of a cantilever in one step from MIP precursors only. However, we have developed a more versatile core-shell approach to MIP-MEMS chemical sensors, for the selective recognition of the antibiotic enrofloxacin. Fabrication of a core-shell structure presents unique advantages over the bulk fabrication method. Indeed, Ton et al. demonstrated that binding kinetics are faster for coreshell structures, since diffusion distances to the binding sites of the MIP are shorter. [START_REF] Ton | A versatile fiber-optic fluorescence sensor based on molecularly imprinted microstructures polymerized in situ[END_REF] Furthermore, this approach allows to fabricate MIPs using also bifunctional cross-linkers such as EGDMA or DVB. This is a big step towards a versatile sensor concept that can be applied to the huge library of already existing MIPs and where the cantilever transducer core can be generic based on a standard protocol.

The MIP targeting the antibiotic enrofloxacin [START_REF] Wang | Selective detection of enrofloxacin in biological and environmental samples using a molecularly imprinted electrochemiluminescence sensor based on functionalized copper nanoclusters[END_REF][START_REF] Wang | Rapid detection of enrofloxacin using a localized surface plasmon resonance sensor based on polydopamine molecular imprinted recognition polymer[END_REF][START_REF] Ton | Direct fluorimetric sensing of UVexcited analytes in biological and environmental samples using molecularly imprinted polymer nanoparticles and fluorescence polarization[END_REF] is used here since the intrinsic fluorescent properties of this analyte can be used for reference binding assays (see supporting information, Figure S2). Furthermore, the successful fabrication of the MIP-based core-shell polymer beam is easy to visualize, as shown in Figure 4 A. The MIP based core-shell cantilevers are fabricated in a two-step approach with a structural polyPETIA mechanical core and a through-fiber photo-polymerized MIP shell around it. For the gravimetric binding studies, they were carried out by the dip and dry method. After extraction of the template molecule with acetic acid / ethanol (1:10) the MIP core-shell cantilevers were thoroughly rinsed with acetonitrile and dried. A significant increase of the resonant frequency was observed (Figure 4B), as well as a decrease by approximately 80 % of the fluorescence intensity of the initial value (Figure S2). Figure 4B shows resonance spectra of a MIP cantilever after fabrication, after template extraction and after incubation in 10 μM of enrofloxacin, respectively. The decrease of the resonance frequency after incubation proofs the uptake of the analyte into the binding sites. After incubation for 2 hours in 10 μM, 50 μM and 100 μM of enrofloxacin in acetonitrile solutions (with a preliminary immersion into acetonitrile to ensure that no solvent effect e.g. swelling of the polymer, is observed), resonance spectra were acquired and analyzed. The decrease of the resonance frequency showed a mass dependence on the analyte concentration (Figure 4C), confirmed by fluorescence analysis (Figure S2). Also, cantilevers were used for several cycles and showed a repeatable concentration dependent response towards the analyte enrofloxacin. Binding specificity of the fabricated MIP cantilevers was evaluated using a chemically identical nonimprinted control polymer (NIP), and by incubating the sensors in 50 μM flumequine, a structural analogue (Figure 4D). The frequency shift was much smaller for flumequine than for enrofloxacin, indicating that the MIP specifically targets enrofloxacin. Also, a low frequency variation was measured on the NIP control after incubation in 50µM enrofloxacin, showing again the specific detection of analyte by the MIP cantilevers. These results are in good agreement with earlier reports on MIPs targeting enrofloxacin. [START_REF] Gomez | Rapid Prototyping of Chemical Microsensors Based on Molecularly Imprinted Polymers Synthesized by Two-Photon Stereolithography[END_REF][START_REF] Wang | Rapid detection of enrofloxacin using a localized surface plasmon resonance sensor based on polydopamine molecular imprinted recognition polymer[END_REF] MIPs have already been introduced in the 1990s as a receptor layer for mass sensors, using a quartz crystal microbalance (QCM). [START_REF] Dickert | Molecular imprinting in chemical sensing --Detection of aromatic and halogenated hydrocarbons as well as polar solvent vapors[END_REF][START_REF] Haupt | Imprinted polymer-based enantioselective acoustic sensor using a quartz crystal microbalance[END_REF] More recently a microcantilever sensor fully based on MIPs was fabricated by a shadow masking technique, proving the potential of label-free polymer microcantilever chemical sensors. [START_REF] Ayela | All-organic microelectromechanical systems integrating specific molecular recognition -A new generation of chemical sensors[END_REF] In the latter work, a multi-step fabrication process was proposed, without the possibility of integrating transduction schemes. Concerning enrofloxacin, photoluminescence remains the main detection scheme, with exceptional sensitivities. [START_REF] Wang | Selective detection of enrofloxacin in biological and environmental samples using a molecularly imprinted electrochemiluminescence sensor based on functionalized copper nanoclusters[END_REF][START_REF] Ton | Direct fluorimetric sensing of UVexcited analytes in biological and environmental samples using molecularly imprinted polymer nanoparticles and fluorescence polarization[END_REF][START_REF] Paruli | Photopolymerization and photostructuring of Molecularly Imprinted Polymers[END_REF] In this context, the through-fiber fabricated MIP core-shell cantilevers presented here are simple to fabricate, in a single step, and show label-free, specific and sensitive low molecular weight analyte detection, a challenge for mass sensors operating in standard environmental conditions.

In conclusion, we have developed a versatile and simple strategy for the fabrication of polymer microcantilever chemical sensors based on a through optical fiber fabrication concept. The devices can be generated within seconds at the end of an optical telecommunication fiber and allow easily the addition of functional polymer layers, such as hydrogels and MIPs. After having demonstrated the dynamic mode operation of the cantilevers, a first proof-of-concept application for sensing in the gas phase has been demonstrated. Cantilevers were decorated with a hydrogel, enabling the sensitive and realtime monitoring of the relative humidity in air. In a second proof-of-concept application, the cantilevers tested in liquid for the specific and sensitive binding of the antibiotic enrofloxacin by decorating them with a MIP shell. More generally, the use of an optical fiber not only offers an interesting fabrication platform for cantilever sensors but might be an interesting tool for the read-out, as it was proven in a study by Frazao et al, where a throughfiber fabricated polymer tip was used as a Fabry-Perot cavity for refractive index measurements. [START_REF] Frazão | Fabry-Perot refractometer based on an end-of-fiber polymer tip[END_REF] 

Experimental Section

Polymer samples: For the humidity sensing application, the core polymer was made from trimethylpropane trimethacrylate (TRIM), mixed with 50% wt toluene and 1% mol (of polymerizable groups) of the initiator bis(2,4,6-trimethylbenzoyl)-phenyl phosphine oxide.

The shell was made from a mixture of ethylene glycol dimethacrylate (EGDMA) (0.03 mmol) and 2-hydroxyethyl methacrylate (HEMA) (1 mmol) with 1 % mol (of polymerizable groups) bis(2,4,6-trimethylbenzoyl)-phenylphoshineoxide, mixed with 50 % wt of water.

For the enrofloxacin MIP experiments the core was fabricated from PETIA mixed with 50% wt toluene and 1% mol (of polymerizable groups) initiator bis(2,4,6-trimethyl-benzoyl)phenylphoshineoxide. For the MIP shell the template enrofloxacin (0.05 mmol) was mixed in a small vial with the functional monomers MAA (0.2 mmol) and HEMA (0.2 mmol) in 130% wt (mass of monomer mixture) anhydrous acetonitrile. After the template was completely dissolved, the cross-linker ethylene glycol dimethacrylate (1 mmol) was added together with 1% mol (of polymerizable groups) initiator bis(2,4,6-trimethylbenzoyl)-phenylphoshineoxide. The sample was degassed with argon for 5 minutes and sealed before use. All chemical were purchased from Merck.

Through-fiber cantilever fabrication: A 375 nm UV laser source (Oxxius lbx-375-70-CSB-PP, controlled by a mechanical shutter) was coupled into an optical fiber with an 8 μm core (SMF-28-J9 by Thorlabs). The cleaved end of the fiber was carefully dipped into a droplet of the pre-polymer mixture and the length of the cantilever (defined by the distance between the cleaved fiber surface and the surface of the support on which the droplet was placed) was adjusted between 100 µm and 200 µm with a micropositioner.

After polymerization, the cantilever tip was dipped into ethanol and unreacted monomers were washed away. For the humidity sensing experiments the core-shell was fabricated by dipping the polyTRIM core into the pre-polymer solution. A shell was polymerized around with an exposure intensity of 50 μW. The process was monitored by a camera and stopped after a visible shell was polymerized on the cantilever.

For the cantilever sensor based on the MIP targeting enrofloxacin the core-shell was fabricated from the MIP precursors in the same way as described before. In a final step the fabricated structures were fixed with SU-8 on a glass support.

Dynamic characterization: For vibrational analysis of cantilever structures, the glass slides with the through-fiber fabricated cantilevers on top were fixed on a piezo driven lead zirconate titanate (PZT) actuator (purchased from PI) with double-sided adhesive tape.

Frequency spectra were recorded with a laser Doppler vibrometer (Polytec MSA 500) and the first out-of-plane flexural mode was analyzed for the sensing applications.

Humidity sensing: For humidity sensing the cantilever samples were placed in an environmental chamber (purchased from Surface Measurement Systems). The temperature was fixed at 21°C and the humidity level controlled over a range of 20% and 80%. Each cycle started after the signal stabilized at a relative humidity level of 20% and each cycle was recorded for 1 hour.

MIP sensing: Measurements of MIP structures were carried out in a custom-made vacuum chamber. Each resonant frequency measurement was carried out after the signal stabilized (minimum 4 hours). MIP binding tests were carried out by the dip and dry method. The resonant frequencies of the structures were analyzed before template extraction, after template extraction (over-night washing in acetic acid / ethanol (1:10) and 3 times rinsing for 1 hour in acetonitrile), and after analyte binding (10 µM, 50 µM and 100 µM enrofloxacin in anhydrous acetonitrile for 2h). For selectivity studies a binding test with 50 µM flumequine in anhydrous acetonitrile was carried out.

Supporting Information Available:

The following files are available free of charge: SI v1.docx. The supporting information shows the repeatability of the sensors towards several cycles of humidity, as well as the control fluorescence response of the sensors for Enrofloxacin detection. 

Figure 1 .

 1 Figure 1. (A) Schematic view of the fabrication process of an end-of-the-fiber polymer beam. An optical telecommunication fiber is brought into a polymerizable precursor solution. After adjusting the distance between substrate and the end of the optical fiber, UV-light is guided thought the core and polymerizes a free standing polymer beam of controlled length at the extremity of the optical fiber. (B) SEM image of a through-fiber fabricated polymer cantilever. (C) Polymerization propagation of a cantilever beam tip.

  Organic Cantilever: A Novel Approach for MEMS Resonators 109 3.3 Through-Fiber Fabrication of Organic Micro-Cantilever 3.3.1 Through-Fiber Fabrication Concept of Microcantilevers In this section, a novel fabrication scheme for the rapid fabrication of free-standing cantilever beams is proposed. The concept was based on free-radical photopolymerization at the extremity of an optical telecommunication fiber by guiding UV light through the fiber core. The experimental set-up can be seen in the section 3.2.3. The fabrication process of a cantilever beam is illustrated Figure 3:9.
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 39 Figure 3:9: Schematic view of the fabri cati on process. An opti cal telecommunication fiber is brought into a polymerizable precursor solution. After adjusting the distance between substrate and the end of the opti cal fiber, UV-light is guided thought the core and polymerizes a free standing pol ymer beam at the extremity of the opti cal fiber.

AFigure 2 .

 2 Figure 2. (A) Schematic view of the optical read-out of a through-fiber fabricated cantilever fixed to a piezoelectric actuator with an example of a recorded frequency spectrum of a polyPETIA cantilever of 100 µm in length. (B) Evolution of the resonance frequency of through-fiber fabricated micro-cantilevers with their length. (C) Evolution of the quality factor of through-fiber fabricated micro-cantilevers with associated resonance frequency.
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 316 Figure 3:16: Quality factors as a function of frequency of cantilever beams with different length.
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 2333 Figure 3. (A) Cantilever response towards a humidity change from 20 % to 60 % (error bars represent the standard error of the mean for n = 5); (B) Online measurements of the resonant frequency shift for increasing levels of humidity; (C) endpoint values of the relative humidity change as a function of the resonant frequency shift (error bars represent the standard error of the mean for n = 3)

Figure 4 .

 4 Figure 4. (A) a) Bright-field and fluorescense microscope images of a polymer cantilever before MIP shell grafting, and b) after MIP shell photo-polymerization; (B) Recorded resonant frequencies in vacuum after fabrication (black); after template extraction (red) and after binding in 10 μM enrofloxacin in acetonitrile (blue); (C) dynamic response of the MIP core-shell cantilevers after multiple extraction and rebinding cycles (enrofloxacin concentrations 10 μM, 50 µM and 100 μM in acetonitrile); (D) relative frequency shift of MIP and NIP cantilevers towards 50 µM enrofloxacin in acetonitrile, MIP response towards 50 µM flumequine in acetonitrile (error bars represent standard error of the mean, n=5).
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