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Abstract

A bi-layer structure comprising a thin gold layer and a polypyrrole (PPy) film is developed as a valve. To create such structures, the thin metal layer is used as a working electrode, and the polypyrrole film is electrochemically deposited on the metal electrode. A layer of Cr deposited under a stationary part of the bi-layer flap adheres strongly to the gold layer and anchors the hinge of the flap, while the layer of polyimide deposited under a movable part of the flap adheres weakly to the gold layer of the flap. This bi-layer flap structure functions as an actuator valve for the opening and closing of an aperture. An actuation mechanism of the valve is based on a volume change in the PPy layer as cations move in and out of the polymer film during reduction and oxidation reactions. A bias of 1.2 V is used to actuate the flap. A method is proposed to increase the drug release system’s functionality by placing the drug release flap within a protective enclosure that also serves as a drug reservoir. This integrated protection ensures reliable operation of the drug release flap unencumbered by surrounding tissues when used in-vivo. A prototype system using a PDMS drug reservoir has been successfully tested in PBS buffer solution. The proposed integrated protection system holds promise for implantable biomedical devices.
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1. Introduction

Drug delivery technology (1-5) is becoming an increasingly important component of the overall drug development cycle. Medications are continuously improved to combat a wider range of disease with higher efficiency. Many new treatments require drug delivery systems to be more sophisticated so that the potentially harmful side effects of the drugs can be minimized. Traditional drug delivery techniques include oral drug administration and injections. In these systematic drug delivery technologies, a patient is administered with a high medication dose which is quickly diluted and loses its efficiency. When drug concentration drops below the therapeutic level, administration of a new dose is required to sustain the drug effect. Extensive work has been performed to improve controlled release techniques for various drug delivery methods, such as biodegradable microspheres (5-7), microneedles (8, 9), and implantable microchips (2, 10). While these systems establish controlled temporal drug profile, they can not react to the changing physiological environment. Another advanced alternative for drug delivery is an implantable responsive drug delivery system (11, 12). The responsive drug delivery systems contain biosensors, drug reservoirs, control circuitry, and an independent power supply. When biosensor’s reading indicates that a physiological parameter of interest is outside the normal range, the control circuit will activate drug release valves and drug administration can take place automatically. With the responsive drug delivery system, drug levels in patients can stay within the window of optimal efficiency for an extended period of time, resulting in improved compliancy, minimized drug side effects, and elimination of the risk of infection with non-sterile needles (13, 14).

A reliable valve to control drug release is a significant component for a successful responsive drug delivery device. The actuated valve must be biocompatible, have low power consumption, exhibit low leakage, and have consistent performance. Electroactive polymer (EAP) actuators made from polypyrrole (PPy) for application in biomedical research have been demonstrated in the literature (15-17). PPy can be synthesized by electrochemical deposition onto a metal electrode (18). Subsequent application of a small bias can cause the deflection (bending) of the PPy/metal bi-layer structure due to a volume change in the PPy film as ions move in and out of the polymer to preserve charge neutrality during reduction and oxidation reactions: 

PPy+(DBS) + Na+ + e ( PPy0(DBSNa+).
Therefore, EAP/metal layered structures can serve as actuator valves to open and close reservoirs (19, 20). The bi-layer flaps require relatively low power consumption during operation (21) as compared to the metal membrane corrosion release method (10). Previous work (21) demonstrated a device in which 13 mm2  PPy/Au bi-layer flap was used as the release valve of the drug reservoir etched in a Si wafer.
In the present study, we demonstrate an advanced release system that features a miniaturized design, integration of the counter electrodes with the working electrodes, and inclusion of the protective reservoirs. The actuator valve is miniaturized to 200 microns in width. The smaller actuator dimensions are helpful for reducing power consumption and increasing the number of valves per system and/or the number of systems per wafer leading to increased efficiency and lower manufacturing cost. The drug delivery system with large array of micro-actuated valves would allow for simultaneous use of several types of drugs. If a higher medication dose is needed, multiple valves can be opened. Microfabrication technology is used to integrate counter and working electrodes on the same substrate to improve manufacturability and control of the system. 
Our present work features a sealed polydimethylsiloxane (PDMS) reservoir functioning as both a protective system and a drug reservoir (figure 1). An array of reservoirs with scalable capacity is designed to store various drugs. The same array of microfabricated valves can be outfitted with higher capacity PDMS reservoirs holding larger medication volume.
2. Experimental Section
2.1 Device fabrication

The fabrication sequence is illustrated in Figure 2. A single crystal silicon wafer covered with a 200 nm thick thermal silicon dioxide is used as a substrate material (figure 2(a)). Before metal deposition, the substrate is cleaned using the RCA (5 parts of deionized water, 1 part of NH4OH, and 1 part of H2O2) cleaning procedure. Gold is used as a material for the flap leads. In order to promote the adhesion of gold, a thin Cr layer (7 nm) is deposited before forming a 20nm thick film of gold by vapor deposition. All the depositions are achieved by using e-beam evaporation. In the next step, the Au layer is patterned by using a photolithographic process. A thin layer of positive photoresist (Shipley 1827) is deposited using spin coating at 3000 rpm for 30 seconds, followed by a soft bake at 90 °C on a hot plate for 2 minutes. The photoresist is then exposed under UV illumination through a patterned iron oxide mask in a Karl Suss MA 6 mask aligner and subsequently developed in MF 319 developer. Gold etchant and chromium etchant are subsequently used to remove the undesired metal coverage. Finally, the remaining photoresist is stripped from the substrate by using acetone (figure 2(b)).

The drug release opening is covered by the Au/PPy bi-layer flap. To enable flap operation, a thin layer (150 nm) of polyimide is used to prevent the metal layer of the flap from sticking to the substrate. Diluted polyimide is spin-coated using two steps (500rpm for 15 sec, 3000 rpm for 100 seconds). The spun-coated polyimide is then processed with two baking steps (soft baking at 90 °C for 90 seconds, hard baking at 200 °C for 90 seconds). Positive photoresist (Shipley 1827) is applied on top of the polyimide thin film and patterned using the MA6 aligner. The polyimide layer is patterned simultaneously with the positive photoresist in the MF 319 developer. The remaining photoresist is stripped by acetone (figure 2(c)). A second layer of Au (500 nm) is deposited using e-beam evaporation and then patterned to form the Au-layer of the flap (figure 2(d)).

In the next step, the Si wafer is etched through to form the drug release aperture (figure 2(e)). A 20 micron-thick layer of positive photoresist (AZ 4620) is spin-coated onto the back side of the substrate. Using double side alignment, the openings on the back side of the substrate are aligned exactly underneath the flap. The wafer is flipped over (face down) and attached onto the holding chuck. The etching is performed in a deep reactive ion etching (DRIE) machine (Surface Technologies Systems (STS) MESC ICP Etcher) for 3 hours to etch through the 500 micron thick Si wafer. The polyimide layer is also etched out during the DRIE etching. 
The drug storage reservoir/protective enclosure is made from Dow Corning (Midland, MI) PDMS using a molding process. The base (Sylguard 184 silicone elastomer) and the curing agent (silicone resin solution) are thoroughly mixed in a weight proportion of 10:1. Low temperature curing (65 ºC) is performed in a convection oven. Leveler is using in order to achieve a uniform thickness of PDMS structure. The wafer is cured for 20 min at 90 ºC to polymerize the PDMS film. The resulting PDMS structure is carefully peeled off from the mold, and a parylene layer is deposited on the PDMS surface by 175 ºC thermal evaporation deposition (22). Waterproof epoxy glue is used to seal the PDMS reservoir onto the silicon substrate.
2.2 Electrochemical synthesis of the Polypyrrole film

An e-beam evaporator is used to deposit a thin gold layer onto an oxidized silicon wafer to make working and counter electrodes. A Fischer Scientific silver/silver chloride electrode is used as a reference electrode. A potentiostat (Gamry Instrument PC4/750) controlled by Gamry Framework software is used to electrochemically polymerize pyrrole and also to actuate the drug release valves.
To polymerize pyrrole on a gold layer, sodium dodecylbenzesulfonic salt (NaDBS, Aldrich) and pyrrole (98% Aldrich) are mixed in deionized water with concentrations of 0.1M each. The electrochemical polymerization is carried out by applying a fixed potential of 0.6V (versus silver/silver chloride electrode) on the working electrode. All experiments are executed in a Coplin staining jar (VWR, CA).
2.3 Electrochemical and optical detection

Both electrochemical and optical detection methods are employed to detect drug release from the reservoirs upon flap opening. For optical detection, a pyranine fluorescent dye (8-Hydroxy-1, 3, 6-pyrenetrisulfonic acid, trisodium salt, Aldrich) is stored in the PDMS reservoir and sealed against the vial. The opening and closing of the valve is recorded by a camera under a UV light. The electrochemical detection is performed using a test platform that includes a PMMA substrate with a channel (6.5 cm long, 2 mm wide and 3 mm deep) connecting 2 reservoirs (2 mm deep and 5 mm in diameter) at the ends of the channel as shown in figure 3. The channel is filled with D.I. water and two electrodes are positioned in the reservoirs as illustrated. A constant 1V potential is applied to the electrodes and current changes versus time are recorded. The PDMS reservoir is filled with 3M NaCl solution. The drug release device is put on top of the PMMA substrate and its release aperture is aligned with the channel. 
3. Results and Discussion

3.1 Fabrication

The fabrication results for the drug release valves are shown in figures 4(a)-(f). Gold electrodes were patterned on the SiO2/Si substrate. The working electrodes (metal layer of the actuated flap valves) and counter electrodes are integrated on the same chip as shown in figure 4(a). Polypyrrole is electrochemically deposited on the working electrodes by applying 0.6V vs. Ag/AgCl to construct the bi-layer flaps (figure 4(b)). Figure 4(c) is a Scanning Electron Microscope (SEM) image showing the top view of the open flap, and figure 4(d) demonstrates the drug release aperture as seen from the backside of the device. The aperture diameter is 160 µm. By applying a low potential (0.6V vs. Ag/AgCl), we can obtain a relatively uniform PPy film (figure 4(e)) as compared to the PPy film deposited at a higher applied bias (1.0V vs. Ag/AgCl) – figure 4(f).

3.2. Test of the actuator valve

3.2.1 Optical detection

The device performance is tested by actuating the valve and monitoring the release of the fluorescent dye. The device is immersed into 0.1M phosphate buffered saline (PBS pH=7.4) solution and its working and counter electrodes are connected to the potentiostat. The silver/silver chloride reference electrode is also placed into the glass jar. The valve actions are controlled by the potentiostat by providing positive and negative potentials. Figure 5(a) shows part of the device with four valves and a counter electrode in the buffer solution and figure 5(b) shows the setup under UV light. A positive voltage (1.2V vs. Ag/AgCl) is applied to one of the valves. Figure 5(c) presents picture of the opened valve in UV light. As the valve opens, release of fluorescent dye is observed (circled green spot on the picture). To close the valve, a negative voltage is applied to the flap. Figure 5(d) shows the image after the valve is closed. The spot of intense fluorescence fades after the flap is actuated to close the aperture again. It is verified that the reservoir still contains fluorescent dye when the valve is actuated to re-seal the reservoir after the release cycle. The results demonstrate that the proposed microfabricated valve can be used as a part of the responsive drug delivery system.
3.2.2 Electrochemical detection

An electrochemical detection method is employed to quantify the PPy valve performance. A constant potential (1V) is applied to two electrodes positioned at the two ends of the channel. The ionic concentration of solution increases after the valve is opened to release NaCl solution (3M) into the channel
. The conductivity change of the solution can be quantified by the current measurements. As shown in figure 6, the bi-layer flap is in the neutral (closed) state between 0 and 98th second. A constant potential (1.2V) is applied to the flap at 98th second. A current increase is observed from 99th to 134th second demonstrating that NaCl solution is issuing from the reservoir. At 135th second, a negative potential (-1.0V) is applied to reverse flap deformation and to close the valve. The current reaches a plateau after the valve is closed and remains constant for the duration of the experiment. This result confirms the dye release experimental results and demonstrates a method that can quantify the amount of solution released from the reservoir by observation of the changes in current measurements as more ionic liquid exits the reservoir. 
3.3 Permeability of the PDMS cap

The protective cap that doubles as a drug reservoir is made of PDMS. PDMS has a relatively high permeability to water. As a control experiment, 0.108 g of PBS buffer solution is stored in the PDMS cap of 0.4 in2 surface area sealed on the Si wafer. By measuring the weight of the system, the amount of the buffer solution evaporated through the PDMS cap can be calculated. A relatively large solution loss rate of 0.008 g per day (translating roughly into 7% weight loss per day) is observed.

To decrease PDMS permeability, parylene coating is used. A PDMS cap with the same dimensions as in the control experiment above is coated with parylene (film thickness is ~1.2μm). The reservoir which is sealed onto a Si wafer stores 0.092 g of PBS buffer solution. A markedly lower weight loss (0.001 g/day) (~1%/day) is found. A significant reduction of moisture vapor transmission rate is achieved by coating parylene on the PDMS surface. The vapor transmission rate may be further reduced through a thicker parylene coating (22, 23).

4. Conclusion

A miniaturized polypyrrole bi-layer actuator is presented in this work. This actuator is capable of serving as the release component of the proposed responsive drug delivery system. The detailed device fabrication sequence is presented, and the resultant device is demonstrated. Since both the counter and the working electrodes are fabricated on the same substrate, the device can be made on a single chip and its dimensions can be further reduced. By using optical (fluorescent dye release) and electrochemical (NaCl solution release) methods, we demonstrate that the valve can be opened and closed using a small bias. A scalable PDMS cap that serves as a reservoir is fabricated to protect actuator flaps and to prevent the valves from being blocked by surrounding tissues. Parylene coating is used to reduce the permeability of the PDMS cap. The results are encouraging since our prototype works in PBS buffer solution, which has a similar ionic strength, pH value and ion concentration to body fluids. Future work will include biocompatibility studies and in-vivo animal tests.
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Figure captions

Figure 1. Design of the protective drug delivery system
Figure 2. Fabrication sequence of the drug delivery device

(a) A single crystal silicon wafer covered with a 200 nm silicon dioxide layer is used as a substrate

(b) Chromium and gold layers are deposited via e-beam evaporation and subsequently patterned
(c) A polyimide layer is spin-coated and patterned
(d) A second gold layer is deposited via e-beam evaporation and patterned
(e) A via is opened by using Deep Reactive Ion Etching (DRIE)
(f) A polypyrrole layer is electrochemically deposited onto the gold layer

Figure 3. Electrochemical test scheme: A PMMA chip with a channel, two reservoirs and the drug release device on top of the channel. Two electrodes with constant potential (1V) applied are placed in the reservoirs. Figure 3(a) demonstrates a closed valve; in Figure 3(b) the valve is opened.

Figure 4. Fabricated drug release device

(a) the design of the drug release valves with counter electrode and 8 working electrodes on the same chip

(b) the polypyrrole coated working electrodes

(c) the top view of the release valve

(d) the backside view of the drug release aperture

(e) a relatively uniform PPy film is produced with low applied potential (0.6V)

(f) a low quality PPy film is produced with higher applied potential (1.0V)

Figure 5. The fluorescent dye release test 

(a) the drug release device with 4 release valves

(b) the drug release device with the closed valves under UV light

(c) the valve is opened by applying a 1.2 V potential and the fluorescent dye release is observed

(d) the valve was closed by applying a -1.0V potential
Figure 6. The electrochemical detection is performed with the setup demonstrated in Figure 3. The release of NaCl solution increases conductivity of the liquid in the channel. After the valve is closed no further increase in current is observed.
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Figure 1. Design of the protective drug delivery system
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Figure 2. Fabrication sequence of the drug delivery device

(a) A single crystal silicon wafer covered with a 200 nm silicon dioxide layer is used as a substrate; (b) Chromium and gold layers are deposited via e-beam evaporation and subsequently patterned; (c) A polyimide layer is spin-coated and patterned; (d) A second gold layer is deposited via e-beam evaporation and patterned; (e) A via is opened by using deep reactive ion etching (DRIE); (f) A polypyrrole layer is electrochemically deposited onto the gold layer
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Figure 3. Electrochemical test scheme: A PMMA chip with a channel, two reservoirs and the drug release device on top of the channel. Two electrodes with constant potential (1V) applied are placed in the reservoirs. Figure 3(a) demonstrates a closed valve; in Figure 3(b) the valve is opened.
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Figure 4. Fabricated drug release device
(a) the design of the drug release valves with counter electrode and 8 working electrodes on the same chip; (b) the polypyrrole coated working electrodes; (c) the top view of the release valve; (d) the backside view of the drug release aperture; (e) a relatively uniform PPy film is produced with low applied potential (0.6V); (f) low quality PPy film is produced with higher applied potential (1.0V).
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Figure 5. The fluorescent dye release test 
(a) the drug release device with 4 release valves; (b) the drug release device with the closed valves under UV light; (c) the valve is opened by applying a 1.2 V potential and the fluorescent dye release is observed; (d) the valve was closed by applying a -1.0V potential.
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Figure 6. The electrochemical detection is performed with the setup demonstrated in Figure 3. The release of NaCl solution increases conductivity of the liquid in the channel. After the valve is closed no further increase in current is observed.
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� When valve is closed, the measured current is 26� EMBED Equation.3  ���1 nA.
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