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Abstract:

 In this paper, we detail how microantennae dedicated to Magnetic Resonance Imaging (MRI) can benefit from the advantages offered by polymer substrates, especially flexibility and dielectric properties. We present a monolithic and wireless design based on the transmission lines between conductor windings on both sides of a dielectric substrate and its fabrication process. This last one requires specific plasma treatments to improve polymer/metal adhesion. We have led a comparative study on the effects of the ageing time on the wettability and the metal adhesion to Kapton and Teflon surfaces. Correlation between wettability (water contact angle) and adhesion (tensile strength) has been established. Then, the use of PolyDiMethylSiloxane (PDMS) as biocompatible packaging material and the optimization of its thickness allows us to conserve suitable f0 and Q values in a conducting environment such as the biological tissues. These studies allow us to perform 7 Tesla in vivo MRI of the rat brain with a high spatial resolution of 100 x 100 x 200 µm3 and a Signal to Noise Ratio of 80.
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1. Introduction

The use of polymers in the microsystem field has spread these last years. Indeed, they are low-cost while allowing batch fabrication by microtechnologies. Contrary to the substrates traditionally used in the field, such as silicon or silicone oxide, they offer high flexibility and a wide range of dielectric properties for numerous applications, e.g., stretchable electronics and implantable medical devices. In the case of implantable microdevices, flexibility is especially desirable to reduce the damage inflicted during surgery and for the comfort of the patient during the implantation [1]. Moreover, polymers also have interesting interactions with the biological tissues: the biocompatible ones as packaging materials and the biodegradable ones for drug delivery.

We develop microantennae on polymer substrates for Magnetic Resonance Imaging (MRI) on the microscopic scale so we have considered how this kind of devices can benefit from the advantages described above. Our approach consists in reducing the size of the antenna to increase its sensitivity and therefore to obtain higher Signal to Noise Ratio (SNR). This approach has been already validated for the classic configuration of macroscopic antennas [2,3]. Miniaturization of macroscopic MRI antennas is limited to the centimeter scale by the use of discrete components such as tuning and matching capacitors [3,4]. To overcome this limitation, a solution is to use a monolithic design based on transmission lines. We have developed a monolithic design based on the transmission lines between conductor windings on both sides of a dielectric substrate, called Multi-turn Transmission Lines Resonator (MTLR) [5]. Coils with similar designs (also based on transmission lines) have been fabricated on various rigid substrates such as silicon dioxide [6] and glass [7], then on flexible polymeric substrates such as polyimide [7,8,9] and Teflon [10,11]. This last substrate has a low loss tangent (less than 0.0003 at 1 MHz) which allows to reduce the parasitic capacitance and maximize the quality factor Q of the antennas [11].

In the case of surface imaging, flexible antennas conform very close to curved surfaces and provide improved images, compared with planar antennas [12]. A concern about flexibility could be the performances of the antennas when they are bent. For surface imaging, the bending is relatively low and no significant variation of the resonant frequency f0 and the quality factor Q is observed. However, other applications need a stronger bending such as catheter tracking by MRI. Ahmad et al. reported that wrapping flexible antennas fabricated on polyimide and SU-8 substrates round the catheter alters their inductances thus shifts f0 and subsequent tuning and matching are necessary [13]. Ellersiek et al. studied the influence of the bending radius on the inductance of the antenna and determined that it decreases to 20% when this radius is very low [14]. Microfabricated catheter-mounted coils are now reasonably developed, and can be bent without significantly degrading their performance [15]. Moreover, this specific application remains the most extreme case of bending conditions for MRI antennas.

When imaging tissues deeply inside the body is required, as microantennae have a limited field of view, they must be implanted [3]. In this case, MRI becomes invasive but offers the possibility of an easy long-term monitoring. Besides flexibility, additional specifications for the design and the packaging have to be defined to reduce as much as possible the invasive aspect of implantation. The antenna should be very small (i.e., about a few millimeters) and without wire connection. Our MTLR design is totally in agreement with these specifications. Furthermore, packaging the antenna with an adequate biocompatible polymer minimizes its impact on the surrounding environment. Reciprocally, the antenna must be protected from the undesirable effects of the biological tissues on its characteristics. Indeed, they have a high permittivity (about 80) and a high conductivity (about 0.7 S/m) thus induce by dielectric coupling a shift-down of f0 and degradation of Q. This phenomenon has been observed by Yung et al. and Bilgen [3,4]. Dielectric and biocompatibility properties of polymers make them also appropriate as packaging materials for implanted MRI microantennae. Bilgen chose to apply a thick biocompatible elastomer coating to increase the distance between the antenna and the tissues and so to reduce the coupling effect [4]. We chose to work with PolyDiMethylSiloxane (PDMS), the most common silicone elastomer, which is widely considered as biocompatible for short-term (days) implantation [16] and has a low permittivity (2.65 at 100 kHz) and a low loss tangent (1 × 10−3 at 100 kHz). Its preparation and deposition need no specific expensive equipment and an accurate control of thickness can be achieved through spin coating parameters (rotation speed, time) and curing conditions (temperature, time). Moreover, thickness of several hundred micrometers may be deposited, which is not possible with other biocompatible coating materials such as parylene.

Despite the numerous advantages of polymers explained above, their main drawback is the poor adhesion of metal to their surface. Surface modifications by plasma treatments are the most common solution to overcome this drawback. Each polymer requires a specific plasma treatment depending on its chemistry. The efficiency of oxygen plasma exposure for polyimide is well-known [17]. In a previous work [12], we used this method to fabricate flexible microantennae (with MTLR design) on Kapton and showed how they improve the in vivo surface imaging at 2.35 Tesla of a subcutaneous tumor in mouse by form-fitting to the skin.

However, fluorinated polymers are very hydrophobic [18] and a reliable adhesion of metal to their surfaces is difficult to obtain. Zhang et al. fabricated large-sized antennas (about 10 × 10 cm² squares) with copper tape on Teflon films [10], whereas Eroglu et al. directly used commercial metalized films [11]. Studies were necessary to find an efficient plasma treatment to improve the metal adhesion to the Teflon surface. These studies led to a low pressure N2/H2 plasma [19] and have allowed us to fabricate flexible microantennae (still with MTLR design) on Teflon substrates. The project aims to use MRI as a diagnosis and monitoring tool for tumors and neurodegenerative diseases, i.e., Alzheimer’s one, in clinical research on small rodents, and has evolved to 7 Tesla in vivo imaging of the rat brain using implanted microantennae. In this paper, after description of the MTLR design and its fabrication process, we present a comparative study on the improvement of polymer/metal adhesion by specific plasma treatments on Kapton and Teflon films, the optimization of the PDMS packaging to conserve the desired electrical characteristics in a conducting environment and finally in vivo imaging of the rat brain.



2. Experimental Section


2.1. Fabrication Process

The substrates are polyimide 125 µm-thick Kapton HN films from DuPont Nemours® and FEP Teflon films from MICEL®. The antennas are fabricated on these flexible polymer substrates using the copper micromoulding process detailed in [7,20]. Figure 1 summarizes the different steps of the process.

Figure 1. Steps of copper micromoulding process: (a) Ti/Cu:10/100 nm sputtering, (b) patterning 20 µm AZ4562 photoresist mould by photolithography, (c) 10 µm copper electrodeposition, (d) photoresist removal and wet etching of seed layer; (e) view of the alignment between the copper windings on the top and the bottom sides by transparency through the Teflon substrate.
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First, a metallic seed layer Ti/Cu:10/100 nm is deposited by sputtering on the polymer film (a). The metalized film is glued with photoresist on a rigid glass support to ensure a flat surface and the rigidity of the sample for the subsequent steps. The 20 µm-thick AZ4562 mould is patterned by photolithography (b). The patterned mould is filled with 10 µm copper by electrodeposition (c). This thickness allows avoidance of the increase of the series resistance due to the skin effect—skin depth is 3.77 µm at 300 MHz for copper. Finally, the photoresist is removed by acetone and the seed layer is removed by wet etching (d). These steps are repeated for the second side of the substrate, with an accurate alignment of the windings by transparency through glass using a EVG®620 double-side lithography equipment (e).



2.2. Plasma Treatments

The Kapton films are treated with an O2 plasma in a plasma etcher Pico UHP from Diener electronic. The O2 pressure is adjusted to 0.6 mbar and the plasma is produced using a 40 kHz RF generator with a power of 120 W, during a treatment time of 90 s.

The treatment of the FEP Teflon films is performed in a low pressure home-made plasma reactor with an asymmetric electrode configuration described in [21]. The rotary cylindrical grounded electrode and the high-voltage knife electrode are spaced of 8 mm. The cylinder—length 22 cm, diameter 7 cm—is also a carrier for the samples and is protected by a polyethylene film. A base pressure of 3 × 10−2 mbar is reached using a turbo molecular pumping system and a chemical pump. Then, the gaseous mixture N2/H2:25/75% (v/v) is introduced and the pressure is adjusted to 0.600 mbar. The plasma is produced between the two electrodes. A Corona discharge is provided by a 70 kHz RF generator with a power of 2 W for an effective treatment time of 5 s.



2.3. Tensile Strength Measurements by Pull-Off System

The tensile strength is measured for both untreated and plasma treated Kapton and Teflon samples about 1 cm². A Ti/Cu seed layer has been deposited by sputtering on all these samples (few hours or days after the plasma exposure for treated samples). Measurements of tensile strength are performed using a home‑made pull-off set-up similar to described in [22,23]. The samples are prepared using the following method: the bottom side of the metalized polymer film is glued with epoxy on a brass carrier. A metal stud, 4 mm in diameter, is glued on the center of the metallic surface. After one hour in oven at 60 °C to ensure a reproducible curing of the epoxy glue, and a slow cooling to room temperature, the sample is mechanically held in the pull-off system. The pulling force is progressively applied by pumping. The voltage detected by the force sensor is amplified and measured with a numerical multimeter. The calibration of the system, for each amplification range, allows us to deduce the tensile strength from the maximal variation of the voltage (Vmax) measured at the breaking point. Figure 2 shows the typical acquisition curve using this system.

Figure 2. Typical acquisition curve of the voltage with time, from the pull-off system.
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2.4. Electromagnetic Characterization of the Antennas

To limit the cross effect between neighboring antennas, the batch substrate is cut to obtain single antenna which will be individually characterized. The resonant frequency f0 and the quality factor Q are measured using the single-loop probe method [24] and a E5061A network analyzer from Agilent Technologies. The magnetic coupling between the antenna and the single loop must be sufficiently weak so that the performances of the antenna are not affected by the presence of the probe and are neither dependent on the input nor on the distance between the probe and the antenna. This condition is achieved when the reflection coefficient at the single loop terminal is less than −40 dB [25].

Saline agar phantoms are prepared with 5% agarose gel in NaCl 0,45% Cooper® solution. Permittivity is about 80 and electrical conductivity about 0.7 S/m, close to the electrical properties of biological tissues in the rat brain. Measurements are performed in air and in agar phantom to evaluate the influence of a conducting environment on the performances of the antenna.



2.5. PDMS Packaging

PDMS is prepared using the commercial kit Sylgard184® provided by Dow Corning. The silicone polymer and the curing are mixed in a 10:1 weight ratio and then placed under vacuum for one hour to remove all bubbles. To improve the adhesion of PDMS on the antenna, its surface is treated with a He/O2:50/50% (v/v) plasma [26,27] in the low pressure reactor described in Section 2.2. The power and pressure conditions are similar to the ones used for the N2/H2 treatment. In this case, the surface modifications are more stable because helium species participate to crosslink the upper-most surface layer, minimizing side chain reorganization [28]. Then, the PDMS mixture is deposited by spin‑coating to ensure accurate control of the thickness through the parameters (speed rotation, time). The PDMS is cured at 95 °C for 30 min in an oven. Under these conditions, the resulting thickness is about 30 µm. This process is repeated for each side of the antenna. To observe the deposition profile of PDMS on the copper windings, an antenna is fractured after cryopreparation. Figure 3 shows a SEM view of the cross section. The gap between the windings is completely filled with PDMS and the surface of the deposit is flat. Note that the difference in the thermal expansion coefficient of the materials may provoke small localized gaps at the copper/PDMS interface.

Figure 3. SEM view of the cross section of the PolyDiMethylSiloxane (PDMS) layer deposited on a Teflon antenna.
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To investigate the impact of the PDMS thickness on the characteristics of the antenna, the thickness is progressively increased, with a path of 20 µm, and measurements of f0 and Q factor are systematically made after each increment. The study is led on 3 groups of 2 or 3 exactly identical antennas. Good reproducibility is observed in each group. The size of the antenna (less than 1 cm²) is too small to keep uniform deposition with successive PDMS layers deposited by spin-coating. Therefore, 20 µm-thick PDMS films are separately prepared on a FEP Teflon substrate which has not received any plasma treatment and thus has a low surface energy. Adhesion of these films to the FEP surface is very poor and so they may be easily transferred to the surface of the antenna. A surface activation by O2 plasma (pressure 0.4 mbar, power 240 W, time 90 s in the etcher Pico UHP) between two increments is required.



2.6. Magnetic Resonance Imaging

MRI experiments are performed in Neurospin platform in CEA Saclay on a 7 Tesla horizontal bore magnet (Pharmascan, Brüker Biospin, Ettlingen, Germany) driven by a Paravision 5.1 console (Brüker, Ettlingen Germany) and equipped with a 720 mT/m actively shielded gradient device (100 μs rise time). The NMR signal is transferred from the implanted coil to the receiver channel of the MRI unit by inductive coupling via an external pick-up loop (Figure 4).

Figure 4. Experimental set-up of the figure-of-eight pick-up loop and the gel phantom for MRI.
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The pick-up loop is based on the figure-of-eight design. It consists of two loops connected in series with opposite current flow direction, thus producing a magnetic field perpendicular to the pick-up loop plane. The external pick up loop is tuned using a non magnetic trimmer capacitor (0.8–8 pF) connected in at the pick-up loop terminal. Impedance matching to the 50 Ω input of the receiver channel is achieved by adjusting a non magnetic trimmer capacitor (0.8–8 pF) connected in series in between the tuning capacitor and the copper core of the coaxial cable.

The equivalent electrical circuit of the implanted coil inductively coupled to the external pick-up loop is shown in Figure 5. In practice, the mutual inductance between the implanted coil and the external pick-up loop is fixed. Tuning and matching are performed by iterative adjustments of the capacitors values and typical matching level of −30 dB are achieved. For phantom imaging, the pick-up loop is fixed on a plastic cylinder which contains the agar gel.

Figure 5. Equivalent electrical circuit of the implanted coil inductively coupled to the external pick-up coil. CTune and CMatch are the tuning capacitor and the matching capacitor, respectively, and consisted of (0.8-8 pF) non magnetic trimmer capacitor.
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All in vivo experiments are conducted according to EEC guidelines and directives (86/09/EEC). An adult male Sprague-Dawley rat (300 g) is deeply anaesthetized with ketamine/xylazine (50/7.5 mg kg−1, i.p.). The anaesthetized rat is immobilized in a stereotaxic apparatus. After sterilization, the microantenna is surgically implanted at the level of the interhemispheric cleft close to the cingulate cortices. The scalp is sutured before placing the anaesthetized animal inside a cradle apparatus. Animal respiration and temperature are monitored. Upon completion of the in vivo MRI experiments, the animal is euthanized and the antenna is retrieved.




3. Results and Discussion


3.1. Multi-Turn Transmission Line Resonator Design

Multi-turn Transmission Line Resonator (MTLR) design ‎ [5] consists in conductor (copper) lines—concentric split-rings connected in series—deposited on both sides of a dielectric substrate (polymer film) as shown in Figure 6. The MTLR structures are self-resonant and achieve both the RF field emission for nuclear magnetic excitation with amplification, and then the amplification and detection of the resulting NMR signal without the need of any wire connection.

Figure 6. Multi-turn transmission line resonator.
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MRI requires that the f0 of the antenna match the Larmor frequency ν0, given in Equation (1):

 [image: Polymers 04 00656 i001]

where B0 is the static magnetic field and γ is the gyromagnetic ratio of the nucleus. The nucleus is generally the proton 1H for its abundance in the tissues (mainly composed of water) and its high sensitivity (γ of 42.576 MHz/Tesla). The Larmor frequency for 1H with B0 = 7 Tesla is 299 MHz. An analytical model has been developed for the MTLR design to define the geometrics parameters of the antennas, depending on the dielectric properties of the substrate and its thickness, to target a given f0. The full description of the multi-turn transmission line design, including the behavioral analysis of the resonance condition and the formulae used for equivalent transmission line parameters determination can be found in [29]. We expect a decrease of f0 value with the packaging, according to the permittivity value of PDMS, thus we target a wide f0 range from 300 to 400 MHz. The geometric parameters are given in Table 1 for this frequency range and Fluorinated Ethylene Propylene (FEP), a variety of Teflon, as substrate. These micrometric dimensions imply to use microfabrication technologies in a clean room.

Table 1. Geometric parameters of the antennas defined for 7 Tesla MRI.


	Diameter (mm)
	Number of turns
	Width of the winding (µm)
	Gap between two windings (µm)





	5.4 to 6.0
	6
	88
	40












3.2. Improvement of Polymer/Metal Adhesion by Plasma Treatment

The microantennae are fabricated using the copper micromoulding process described in the Experimental Section. The first step of this process is the deposition of a metallic seed layer by sputtering on the polymer film. As previously detailed, because of the low adhesion of metal to polymer surfaces, specific plasma treatments before metallization are needed. The efficiency of the plasma treatments have been assessed by measuring the Water Contact Angle (WCA) and adhesion properties with tensile strength measurements, for both untreated and treated samples. The study is led on FEP Teflon, our substrate of interest, and on Kapton which is widely used and well-known in our team. Kapton films are treated using O2 plasma exposure in a reactor placed in the same clean room than the sputtering equipment, allowing the immediate subsequent metallization. The N2/H2 specific plasma treatment for Teflon is carried out in another laboratory that implies an incompressible ageing time of 3 h for the surface modifications before metallization. During the transportation, the samples are kept under vacuum to limit the evolution of surface modifications, i.e., adsorption of atmospheric contaminants and short range reorganization of side chains. For this reason, we have studied the influence of the ageing time on the wettability of the surface and on the polymer/metal adhesion for Kapton and Teflon films.

Hydrophilic surfaces are considered to be more suitable to obtain a good adhesion. Figure 7 and Figure 8 show the WCA before and immediately after the plasma exposure for Kapton and Teflon films. In both cases, the WCA is decreased by the plasma treatment. For Kapton, it decreases from 72° to 10°, resulting in a highly hydrophilic surface which should provide a stronger adhesion of metal. For Teflon, the surface is very hydrophobic before the treatment (WCA of 107°). After treatment, the WCA is decreased to 63° which makes the film more likely to ensure a reliable adhesion of metal. The variation induced by the plasma exposure is due to the creation of polar groups on the surface which increases its wettability. In the case of Kapton in oxygen atmosphere, the amount of oxygenated moieties increases, while for Teflon in N2/H2 atmosphere fluorine atoms are removed by H radicals and replaced by amino moieties. Detailed characterization of the surface modifications by X-Ray Photoelectron Spectroscopy (for chemical aspects) and Atomic Force Microscopy (for topography aspects) are currently in progress.

Figure 7. Water Contact Angle (WCA) before (a) and after (b) plasma treatment for a Kapton film.
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Figure 8. WCA before (a) and after (b) plasma treatment for a FEP Teflon film.
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The evolution of these surface modifications is evaluated by WCA measurements for several days after the treatment (Figure 9). Measurements are also performed on untreated samples as a reference. Both Kapton and Teflon untreated samples show only a negligible variation around the initial value. However, the WCA of treated samples increases with time, especially in the first hours after the plasma exposure. After the first hours, the increase is slower, probably corresponding to the stabilization of the surface modifications. It reaches a value of 27° for Kapton after 7 days while the value for Teflon after 5 days is 76°. The WCA variation may be explained by rearrangement within the modified layer, that is through short-range reorientation of side chains [28] (Figure 10). In all cases, even several days after the treatment, the WCA for treated sample is still lower than that obtained for the untreated sample. The WCA is also still lower for Kapton than Teflon samples, both treated and untreated.

Figure 9. Evolution of WCA with time for untreated and treated Kapton and FEP Teflon films.
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Figure 10. Scheme explaining ageing phenomenon due to short range reorientation of side chains.
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To establish a correlation between the WCA and the polymer/metal adhesion, a thin metallic layer is deposited on the treated films after different ageing times: the shortest, i.e., 3 h for Teflon and quasi immediately for Kapton, then 1 day and 5 days. Figure 11 shows the measured tensile strength compared with the ones measured for untreated samples. The tensile strength measured for untreated Teflon is lower than the one for untreated Kapton, in accordance with their WCA values. For immediate metallization of Kapton, the adhesion of the seed layer is increased by factor 3 by the plasma treatment, as it could be expected from the observed WCA decrease. When the ageing time is about few days, the tensile strength is slightly lower but still high compared to the untreated sample. The oxygen plasma exposure of Kapton provides quite stable surface modifications (if conserved under vacuum) which allows ageing times of several days without a critical loss of adhesion. For metallization of Teflon after an ageing time of 3hours, the adhesion of the seed layer is increased by factor 2 compared with the untreated film. Note that the tensile strength in this case is comparable with the one measured for the untreated Kapton sample. These observations are coherent with the WCA measurements. When the metallization is done 1 day after the treatment, the tensile strength shows only a small decrease. However, after 5 days, it becomes comparable to the value without any treatment. The plasma exposure of Teflon allows a significant improvement of the polymer/metal adhesion only for short ageing times about several hours (eventually a day). As the tensile strength and thus the adhesion is lower for Teflon (even with the plasma treatment) than Kapton substrates, it becomes crucial for a reliable fabrication process to limit the evolution of the surface modifications by keeping as short as possible the ageing time between the treatment and the metallization.

Figure 11. Evolution of tensile strength of the metallic seed layer deposited on untreated and treated Kapton (a) and FEP Teflon (b) films, with time.
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A good correlation can be obtained between the measured tensile strength and the WCA values for Kapton and Teflon surfaces as shown in Figure 12.

Figure 12. Correlation between the measured tensile strength and WCA values for Kapton and Teflon substrates.
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3.3. Fabrication and Characterization of Microantennae on Polymer Substrates

The flexible microantennae fabricated on plasma treated FEP Teflon substrates using copper micromoulding process are shown in Figure 13. The characteristics f0 and Q of the antennas are measured after fabrication without any packaging. The measured f0 values are in good agreement with the predicted ones using the analytical model described in [29] (Figure 14), with a standard deviation of 3%, from the model. The measured Q values range from 100 to 120, which are excellent, as expected from the low loss tangent of the Teflon substrate.

Figure 13. Flexible microantennae fabricated on plasma treated FEP Teflon substrates.
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Figure 14. Experimental resonant frequencies versus predicted ones.
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3.4. Optimization of the PDMS Packaging

To ensure biocompatibility of the antennas and to keep the same characteristics independently from the environment, they are coated with PDMS. To investigate the impact of the thickness of this coating both in air and in a conducting environment (saline agar gel phantom simulating the tissues), the PDMS thickness is progressively increased with a path of 20 µm, with thickness ranging from 30 to 400 µm. For each increment, measurements of f0 and Q are systematically performed in air and in the gel phantom. Preliminary results have shown that the f0 value in air decreases with the thickness coating, as expected from the PDMS permittivity value (Figure 15). This decrease of f0 is not linear and more important after deposition of 30 µm of PDMS, probably because a thin coating is sufficient to confine the most part of the electric field lines. When the electric field lines are totally confined (i.e., thickness about 270 µm), the variation of f0 in air becomes negligible. In the phantom, with the minimal PDMS thickness (30 µm), f0 is only half of its value in air. Indeed, a dielectric coupling with the conducting material above the antenna occurs and shifts down the f0 value. The dielectric coupling decreases with the distance between the top windings and the surface of the antenna, i.e., the packaging thickness. This observation is in agreement with the observation of Bilgen et al. [4]. As for measurements in air, the first PDMS layers have a higher impact on the f0 variation. Finally, the two curves converge to the same value, i.e., 300 MHz, for the same thickness (about 270 µm). For higher PDMS thickness values, f0 becomes independent from the packaging thickness and from the environment conductivity. Similar behavior was observed by Volland et al. with thicknesses of several millimeters on macroscopic antennas [30]. Through the knowledge of the maximal f0 shift with coating, it is possible to predict the required value just after fabrication to reach the same f0 value in air and in a conducting environment. Our results clearly indicate that a PDMS thickness higher than 270 µm is suitable to ensure the achievement of the frequency specification for 7 Tesla MRI.

Figure 15. Variation of f0 with PDMS thickness in air and in the gel phantom.
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The Q value in air decreases with the PDMS thickness, in agreement with the variation of f0 (Figure 16). In the phantom, when the coating is very thin (30 µm), the Q value is reduced by a factor of 10 compared with the one in air. A similar observation was made by Yung et al. [3]. It may be explained by the same reasons as for f0. The Q value in the phantom quickly increases with the PDMS thickness until the same final value (about 80) as in air, for thicknesses higher than 350 µm. In these conditions, the Q value is totally suitable to obtain high quality images.

Figure 16. Variation of Q with PDMS thickness in air and in the gel phantom.
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3.5. In Vivo Magnetic Resonance Imaging

After the optimization of the PDMS packaging and successful tests in the gel phantom, we decided to perform in vivo imaging of the rat brain. A microantenna with a thick PDMS packaging (about of 300 µm on each side) is implanted at the level of the interhemispheric cleft. An in vivo image of the rat brain obtained at 7 Tesla with this implanted microantenna is displayed Figure 17. A 3D FLASH acquisition sequence is used with an in-plane field of view of 2.56 × 1.92 cm² and a matrix of 192 × 92. The corresponding in-plane resolution is 100 x 100 μm². The entire data set is composed of 64 images (slice thickness of 200 µm) corresponding to an explored volume of 2.56 × 1.92 × 1.28 cm3 that covers the entire rat brain. The echo time and repetition time are 11 ms and 50 ms, respectively. The total acquisition time is about 40 min.

Figure 17. In  vivo image of the rat brain acquired at 7 Tesla from an implanted microantenna with an optimized (300 µm-thick) PDMS packaging.
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The brain image reveals a quite large (about 6 mm in diameter) observable volume with sufficiently high SNR. An average SNR of 80 is measured close to the microantenna. The high spatial resolution achieved in all directions allows the visualization of very fine cerebral structures. The realization of this image with a good SNR value constitutes an experimental validation of our miniaturization and PDMS packaging approaches.




4. Conclusions

Polymer thin films have interesting mechanical (flexibility), dielectric (permittivity and loss tangent) and interfacial (biocompatibility) properties which make them suitable both as substrate and as packaging material for implantable MRI microantennae. Dielectric properties of polymer substrates provide a solution to overcome the miniaturization limit, by the use of a monolithic and wireless design based on transmission lines between two conductor windings on both sides of a dielectric material (MTLR design). To benefit from this advantage, specific plasma treatments must be applied to improve the polymer/metal adhesion. We have evidenced the efficiency of O2 and N2/H2 plasma exposure (respectively for Kapton and Teflon films) for this purpose. In the case of Teflon, the ageing time between the surface treatment and the metal deposition is crucial to ensure a reliable adhesion. Good correlation between the wettability (WCA) of the surface and the adhesion (tensile strength) has been established. Additional characterization of the treated surfaces by XPS and AFM techniques should provide a more complete understanding of the induced surface modifications and the observed correlation.

Dielectric properties of polymers offer a solution to the f0 shift down and the Q degradation induced by the coupling effect in a conducting environment. With PDMS as packaging material, thickness has been optimized in air and in gel phantoms modeling the tissues to obtain characteristics independent from the electrical properties of the surrounding environment. The minimal thickness to achieve this condition is about 300 µm. In vivo MR images of the rat brain have been easily obtained at 7 Tesla from an implanted antenna with this packaging thickness. The spatial resolution is 100 × 100 × 200 µm3 and the SNR is about 80, demonstrating the capability of the system for this application.

We aim to continue to reduce as much as possible the invasiveness of the implantation. The geometric parameters of the antenna are very large compared with the extreme resolution of microfabrication technologies and thus can be still reduced without process concerns. Furthermore, the packaging thickness can be also reduced by the use of other biocompatible materials with higher permittivity than the PDMS one. Surface modifications by plasma treatments could be applied to the packaging material in order to graft appropriate molecules on its surface and so to increase biocompatibility for long-term monitoring. Moreover, a rounded shape for the substrate around the coil that is both adequate to implantation and ergonomic for the surgeon is currently in development.
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