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Abstract:

 Despite the advancements made in drug delivery systems over the years, many challenges remain in drug delivery systems for treating chronic diseases at the personalized medicine level. The current urgent need is to develop novel strategies for targeted therapy of chronic diseases. Due to their unique properties, microelectromechanical systems (MEMS) technology has been recently engineered as implantable drug delivery systems for disease therapy. This review examines the challenges faced in implementing implantable MEMS drug delivery systems in vivo and the solutions available to overcome these challenges.
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1. Introduction

Microelectromechanical systems (MEMS) is the study of the fabrication of devices in the micro scale utilizing microfabrication techniques as used in integrated circuit fabrication. MEMS devices consist of electrical parts and also moving parts that allow a physical function to be executed in addition to their electrical functions [1]. In the past few years, improvements in MEMS technology has made device miniaturization possible [2] and this technology has started the field of microfluidic systems, which engineer devices in the micrometer scale that can sense, pump, mix and monitor fluids at volumes as low as microliters [3]. Many MEMS devices have been made for biological applications and these devices are known as BioMEMS. BioMEMS devices are sensitive and responsive, allowing accurate control to sense and deliver biomolecules in vitro and in vivo. BioMEMS encompasses a large variety of electronic devices such as biosensors, stents, immunoisolation devices, drug delivery systems and injectable devices [1].

Drug delivery systems play an important role in for many healthcare applications. However, conventional drug treatments such as oral administration or injection, have many limitations, such as being unsuitable for long-term treatment, having a narrow drug therapeutic window, utilizing a complex dosing schedule with combination therapy or labile active ingredients,  etc. [4]. In recent years, there has been great attention focusing on the usage of microdevices and nanodevices in disease treatment. These devices, such as wirelessly controlled micro-robots which are small enough to be magnetically steered, can penetrate deep within the body and thus potentially function as drug vectors [5,6,7]. Although these devices present great potential, they do not yet address all the limitations faced by conventional drug treatments. In retrospect, implantable BioMEMS devices which have larger size have shown many advantages in comparison to classic drug delivery methods and will be the focus of this review. For example, the size of the BioMEMS devices is in the micrometer scale, allowing one to implant them into the region of interest for localized drug therapy [8]. These strengths and advantages allow implantable BioMEMS to build onto the foundation laid by conventional drug delivery methods. In particular, drugs delivered with conventional methods such as injection can be used in these implantable BioMEMS devices. These drug formulations can take the form of nanoparticle formulations for cancer therapy [9] to intravenous formulations [10,11] and even other potent substances such as hormones or painkillers [12]. Moreover, sensors can be incorporated into these BioMEMS devices where they can monitor the drug release profile and provide useful information for bioengineers and clinicians to optimize the drug therapy for the patients [8].

In this article, we review and discuss the current state of the art implantable BioMEMS for drug delivery applications. More specifically, we focus our discussion on the several major factors that impact the performance of implantable BioMEMS devices, namely, (i) drug reservoir size and loading volume [13,14], (ii) effective delivery method, (iii) operating time [15,16], (iv) controllability of the device [1] and (v) biocompatibility of the device [17]. Depending on the specific biological applications, the device must be carefully tailored for the personalized medicine used. For example, an appropriate drug volume must be incorporated into the device for sustainable long term release of drug molecules to the disease area.



2. Drug Reservoir Size and Loading Volume

One of the unique features of implantable BioMEMS is the tunability of the drug payload that the device can carry. A typical device on average contains a volume of drug ranging from microliters to a few milliliters [18,19]. As Implantable BioMEMS have to conform to the physiological constraints imposed by the implantation region, it is impractical to continuously increase the size of the device to accommodate a larger drug reservoir. Staples et al. [20] have reported that the overall size of the device is a major consideration. The device should be as small as possible so as not to cause any negative effects after implantation due to tissues rubbing onto the implant [21]. Furthermore, a small device would allow an ease of implantation, requiring only minor surgery and local anesthesia. The converse is also true, where the shape and material of the device would affect its ease of removal. As an example, in ocular implants, the preferred implant device should be relatively thin as mentioned by Lo et al. [13], the thickness of the device must not exceed 2 mm and it is preferable that the cannula does not exceed 1 mm in diameter. In other more restrictive areas, such as the neural prostheses in the spine, the device should be 100 times smaller than a pacemaker [22]. This restriction in size places a limitation on the overall loading volume of the device. Therefore, it is important to minimize the overall size of the device and yet achieve a relatively large loading volume for specific therapy applications. There are several approaches which have been used to overcome the low drug payload volume: (i) employ an external reservoir, (ii) use transdermal delivery, (iii) use a refillable reservoir, and (iv) reduce the size of other device parts, such as the power sources and actuating mechanisms, thereby allowing more space for increasing the loading volume of the device.

By separating the reservoir from the drug delivery device, it is possible to reduce the size of the device at the implant site as well as increase the overall loading volume. As a result the device is split into two parts: (i) the implant at the target site and (ii) an external reservoir which is located apart from the target site implant. Both parts are connected via a cannula/catheter (Figure 1). The implant at the target site mainly functions to deliver the drug dose from the external reservoir to the target site and may contain other functions such as sensing and flow control. The external reservoir contains a pump or a type of actuation mechanism which enables it to deliver the drug to the implant at the target site via a cannula/catheter connected between the 2 parts. This approach has been used to treat diabetes mellitus over the past few years as described by Hanaire et al. [23], Lenhard et al. [24] and Staples et al. [4], where the reservoir of an insulin pump is located in the subcutaneous region of the patient rather than implanting it at the target site, allowing it to have more drug available for treatment. However, the disadvantage of this method is that there is a risk of infection at the catheter site as well as the possibility of contact dermatitis of the skin around the drug reservoir [24].

Figure 1. Illustration of a drug delivery device with a separated reservoir embedded under dermal tissue. The drug was pumped through the catheter to the target site where a microvalve was used to regulate the flow rate of the drug.
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Transdermal drug delivery approach also demonstrates potential to overcome the limitations of a small drug reservoir supply due to the small implant size. This method involves delivering drugs through the skin, is minimally invasive and requires no surgery. Transdermal delivery utilizes MEMS microfabrication technology to create microneedles that help to increase the efficiency of transdermal delivery of drugs [25]. As suggested by Praunitz et al. [26], mirconeedles will increase the skin permeability to a wide range of molecules and nanoparticle formulations. There are a broad range of microneedles which include silicon microprobes, glass microcapillaries, and silicon/polysilicon microhypodermic needles that can be used for cellular, local and systemic delivery [27]. These microneedles are integrated into either reservoir type or matrix type patches, which can then be applied onto the skin for transdermal drug delivery. Additionally, they can be used in combination with several active transport methods such as iontophoresis, electro-osmosis, or electroporation for improving the efficiency of drug delivery. Delivery of drugs through the transdermal pathway reduces the dependency for a large reservoir size, as a surface mounted device can be easily replaced or refilled. The limitation however, is that a large bulk of drugs are still not transportable with this method and penetration with microneedles remains relatively shallow within the skin [28].

Another approach which has been successfully demonstrated by Evans et al. [29] and Li et al. [30] is the use of a refillable drug reservoir, thus reducing the need to have an extremely large drug reservoir. The disadvantage is that the refill procedure imposes some risks to the patients, especially if the BioMEMS device is implanted to a fragile and sensitive part of the body such as in the eyes. For example, Li et al. [30] have reported that the refill process requires a needle to be directly inserted into the device which is located at the eye surface, where there is a running risk of accidentally puncturing the surrounding eye tissues. Another issue is that there is no indicator within the BioMEMS reservoirs to inform one that the reservoir is fully filled with drug formulation and the overfilling of the reservoir may result in damaging the device.

Miniaturization of the power source and actuating systems in the device will allow room for a larger drug reservoir without increasing the overall volume of the device. Recent advancements in power supplies for BioMEMS systems demonstrate that it is possible to minimize the power supply components. Conventional methods of supplying electrical power utilize internal Li-ion microbatteries [31]. However, these microbatteries usually occupy a large space in the device, leaving limited space for integrating the other parts into the device. In the past decade, thin film Li-ion batteries with a long cycle life and high charge/discharge capability for their size have been developed [32,33]. These thin film batteries are an excellent candidate to replace microbatteries for powering BioMEMS devices as they take up less space in the device, allowing for a larger drug reservoir to be incorporated. Another approach is to obtain electrical power from external sources. For example, transmitting the power wirelessly to the device via radio frequency, since the wireless radio/magnetic telemetry circuits are smaller in size in comparison to the microbatteries, space is available to be designated to the drug reservoir.



3. Effective Delivery Methods

A delivery method is the core technology of the BioMEMS drug delivery device, as it provides the driving force to dispense the stored drug from the reservoir toward the targeted site. In most devices, the delivery method is in the form of an actuator that pressurizes the drug reservoir and releasing the drug formulation through a delivery port. This actuation mechanism can be mechanical in nature, for example, of electrostatic, piezoelectric, thermopneumatic or bimetallic actuation. Alternatively, it can also be non-mechanical, for instance, electroosmotive, electrowetting or evaporation methods [29]. However, non-mechanical methods are highly dependent on the properties of the fluid to be transported and therefore it is a challenge for implementing in the body. As a result, mechanical methods are preferred as they provide a general form of fluid manipulation [34]. The actuation method controls the flow rate of the drug formulation when they are pumped out from the device. In order to maximize the drug reservoir volume of the device, the actuation mechanism has to be minimalistic yet effective. Examples of such minimalistic methods include electrochemical method [30], electrothermal method [35] (Figure 2), and passive method [13]. In general, delivery methods for BioMEMS devices fall into three main categories: (i) actuation-less methods, (ii) single chamber actuation methods and (iii) multi-chamber actuation methods.

Figure 2. Illustration of a thermoelectric drug delivery device based on thermal sensitive hydrogel, redrawn from reference [35]. (a) Schematic view of the device. The thermal sensitive hydrogel valve lies on top of the heating coil and obstructs the drug release port, sealing the drug reservoir. (b) When the heating coil is switched on, the generated heat causes the hydrogel valve to contract, opening the release port, thus dispensing the drug.
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Actuation-less methods utilize passive mechanisms such as diffusion to perform drug delivery. Typically, these methods rely on a controlled microvalve, causing it to open and close the drug reservoir. The microvalve is usually controlled by an external stimulus, such as by radio frequency or magnetic wave telemetry. A popular microvalve used for this BioMEMS design is a thermosensitive material known as hydrogel. Rahimi et al. [35] have demonstrated that by using radio frequency telemetry, heat can be generated within a coil in contact with the hydrogel microvalves, causing the hydrogel to contract, thus opening the valves for delivering drugs via passive diffusion (Figure 2). The overall size dimension of the device is approximately 5 mm × 5 mm × 4 mm and has a drug reservoir size of about 78 uL. A novel concept of an actuation-less method is proposed by Lo et al. [13] that involves a manually actuated BioMEMS device where one will apply pressure onto the device, thus pressurizing the drug reservoir and releasing the drug solution.



In a single chamber actuation method, the actuation system is housed within the same chamber as the drug reservoir. Since the actuator is built within the drug reservoir, the whole device is more compact. Electrochemical actuators are prime examples of single chamber actuation methods. Li et al. [30] have designed an electrochemical micropump where gas is generated from the electrolysis of water within the drug reservoir (Figure 3). The generated gas then gradually builds up the pressure within the reservoir, pushing the drug solution out through the cannula into the target site. The high pressure created by the gas produces a high flow rate. However, the disadvantage accompanied with this approach is that the electrolysis reaction may induce degradation of the drug within the reservoir [36]. Another single chamber actuation method, utilizes the electrochemical/electrothermal effect in combination with drug microwells. One example is the device proposed by Chung et al. [37], which consists of drug formulation containing microwells sealed with thin film gold electrodes. The electrolysis reaction of water within each microwell will not only cause gas bubbles to form which builds up the pressure in the microwell but also has an added effect of dissolving the gold electrode seal. After some time, the dissolved gold electrode will be too thin to resist the pressure buildup, causing it to rupture and releasing the microwell contents rapidly.

Figure 3. Electrochemical implantable BioMEMS pump proposed by Li et al. Electrodes placed at the bottom of the drug reservoir perform the water hydrolysis reaction when there is a potential difference between the positive and negative electrodes. Gas produced from the hydrolysis reaction causes a pressure build up and dispenses the drug. Reprinted with permission from reference [30]. Copyright © 2008, Elsevier.
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The multi-chamber actuation system is the most complex compared to the other systems. In general, it consists of two or more chambers, where the drug reservoir is separated from the actuator, isolating the two components and preventing cross contamination. The disadvantage of this system is that the drug reservoir volume is significantly reduced due to the number of chambers. Li et al. [36] have successfully implemented a two-chamber system where the electrochemical actuator is housed within an expandable parylene bellows within the drug reservoir. An electrolysis reaction takes place within the bellows converting the water contained into gas, expanding the bellows and thus displacing the drug out of the reservoir. We present a similar approach (Figure 4), a multi-chamber, refillable device made of polydimethylsiloxane (PDMS), adapted for in vivo applications. The device contains an electrochemically actuated bellows, has a slim profile (3.5 mm thick) for ease of implantation and relatively high flow rate (0.4 µL/min at 3 V) due to its modified cannula position at the corner of the reservoir, reducing the head loss of the fluid as it flows. The device is currently being tested with suitable drugs for its effectiveness in treating cancer cells in vitro.

Figure 4. A multi-chamber electrochemical device, adapted for in vivo Applications. (a) Schematic view of the parts of the device. (b) Electrochemical actuation of the bellows. (c) Side view of the device showing its thickness. (d) Photo of prototype model showing the electrode housed within the pump chamber and the drug reservoir lying on top, connected to the cannula. (e) SEM Picture of electrode showing the electrode fingers of thickness 50 µm and 50 µm spacing.
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4. Long Operation Time

Equally as important as the loading volume, implantable BioMEMS drug delivery systems must also be power efficient for their intended long term operation and drug dosing [38]. One of the greatest advantages of BioMEMS in the treatment of chronic diseases is that, in addition to localized/targeted delivery, they are able to provide personalized drug delivery in the form of a continuous pulsatile drug release profile [2,39,40]. This personalized drug release profile is specifically designed to maximize the therapeutic effects of the drug while limiting the side effects associated with overdose in conventional drug therapies [40]. In order to perform this mode of treatment with patients, implantable BioMEMS must be able to remain operable for a long period of time such that long term personalized medication can be used to treat these chronic diseases. Inherently, due to the small size of these implantable BioMEMS, powering the device for a long time is an issue [41]. However, several methods have been investigated to overcome this issue: (i) the adoption of low power actuation mechanisms [33] and/or (ii) increasing the battery life of the device by enabling the internal batteries to be recharged [42,43,44] or using wireless power [35,45].

In order to manage chronic diseases, implantable BioMEMS have to adopt a power efficient design such as the drug delivery pump proposed by Chung et al. [37] where only 8–12 V is required, compared to other high power devices that require 80–120 V as reported by Geipei et al. [46]. The recent trend is in the development of low-power active components such as valves and actuators [47]. As discussed by Dissanayake et al. [48], there are some low power actuators available that can be used as battery-less actuators, relying on telemetry to function.

Another method to increase the operation time of the device is to increase its battery life. Recently, several novel approaches have been used to power BioMEMS devices for biological applications. These approaches involve the use of thin film batteries as discussed by Nathan et al. [31], wireless power transmission as proposed by Smith et al. [49] and battery recharging through the drug refill port as reported by Evans et al. [29]. Wireless power transmission has been demonstrated successfully and has a strong potential for powering implantable BioMEMS to increase operation time. Simons et al. [15] have proposed a miniature inductor and a pick up antenna in order to wirelessly power a biosensor over short distances. Following this similar approach, Rao et al. [32] have developed a method for powering a micropump for their BioMEMS device. With the use of radio frequency telemetry to drive an in-plane silicon pump, the micropump was able to achieve an average flow rate of 85 µL/min, which is comparable to the pumps using microbatteries. Another example of an actuator being driven wirelessly is the electrochemical actuator designed by Li et al. [36], where a radio frequency signal is used to set up a current and voltage across electrodes for the water hydrolysis reaction to occur and produce gas. The gas performs the actuation action and pumps the drug out from the reservoir with a flow rate of 10 µL/min. Other than radio frequency telemetry, other forms of wireless energy transfer methods have been adopted, such as using magnetic fields to transmit wireless power via magnetic telemetry as demonstrated by Najafi et al. [50]. These wirelessly powered devices have significantly increased the operating time of the device. However, since the communication range is limited, devices which are implanted deep within the body may not be able to receive the telemetric signal due to the attenuation of the signal imposed by the tissue. Studies by Vaillancourt et al. [51] have demonstrated that telemetric signals such as radio frequency waves experience electric field strength attenuation by up to 15dB as they are passing through the biological tissue. This suggests that wirelessly powered devices have to account for this attenuation loss if a device is implanted deep into the body. Besides wireless power transmission, it is also possible to recharge internal microbatteries through their refill port as demonstrated by Evans et al. [50]. However, one of the major complications with using this method is that the recharge needle must be kept inserted throughout the duration of recharging, where the movement of the patient might disrupt the charging.



5. Controllability

The kinetics of drug release within the BioMEMS device can be controlled by electrical signals. In general, there are three ways to control the BioMEMS device, namely, active, passive, and by environmental biological stimulus. Also influencing the controllability of a device would be its ability to evaluate the effectiveness of the delivered drug, that is, the responsiveness of the device. Responsiveness allows greater controllability as it enables the regulation of the active and passive control of the drug delivery device according to the current state of the disease [8].

Active control is where an external stimulus, such as an electrical signal, radio frequency wave or magnetic wave alters the behavior of the drug delivery device and causes it to dispense the drug. The ability to provide active control is one of the unique features of BioMEMS devices for drug delivery applications and much effort has been focused on integrating different programmable elements into the devices [4]. Wireless active control has been engineered mainly by using radio frequency wave telemetry. Prescott et al. [52] have demonstrated that telemetry can be precisely controlled to regulate the release of a drug formulation from a multiwell device. Magnetic field telemetry has also been used to perform wireless control of the implanted devices. Pirmoradi et al. [12] have reported the development of a device whose drug reservoir is sealed with a magnetic membrane that possesses an aperture. Upon applying the magnetic field to the device, this will cause deformation to the membrane and consequently leading to the release of the drug molecules. The device is actuated by the magnetic field and is capable of releasing a controlled amount for up to 35 days. Another type of active wireless control at the material/molecular level has been previously discussed by Timko et al. [53]. Special materials such as gold nanostructures, poly NIPAm composities, liposomes and polymers can be bonded with drug molecules. These materials will release the bonded drug molecules under the influence of a specific signal such as visible light, near-infrared light, ultrasound or magnetic fields.

The second type of control is known as passive control, where the device is pre-programmed to release a certain drug dosage profile. This pre-programming can be achieved either by using active transport mechanisms or by other passive mechanisms such as diffusion. However, although these systems are generally less complex in terms of fabrication and design, they have less precision for controlling the drug delivery [4]. Grayson et al. [54] have demonstrated that a degradable polymer chip containing many membrane covered reservoirs is able to be used for such passive controlled drug delivery applications. The device releases the drug at specific time points based on the property of the reservoir membrane (e.g., degradation rate of the membrane). The device is thus considered to be pre-programed, where the drug release profile can be controlled by tailoring the degradation rate of the membrane.

The third approach is the use of environmental biological stimulus to control the device. Desai et al. [55] have shown that it is possible to use MEMS microfabrication technology to create silicon diffusion membranes with well-controlled uniform pore sizes for use in constructing biocapsules. Cells encapsulated within the biocapsules dictate the production of the desired substance based on the biological stimulants passing through the silicon membranes to the cells. The produced substance subsequently diffuses through the same membrane and is released into the body.

Once the drug is released into the body, the responsiveness of non-preprogrammed BioMEMS drug delivery systems will take over the subsequent doses. A responsive drug delivery system would allow the drug dosage to be specifically tuned according to the type and state of the disease within the individual, providing personalized drug delivery, maximizing the therapeutic effects of the drugs and reducing the overdose induced side-effects [40]. These systems have biosensors which allow the BioMEMS drug delivery devices to evaluate the efficiency of the administered drug by monitoring specific marker molecules of the disease being treated [56]. Therefore, any inhibition or regression of the treated disease can be measured and the drug delivery device can adjust its subsequent dose by controlling the drug release through passive or active control as discussed above. One area of great interest are flow control systems utilizing responsive hydrogels, as they are biocompatible and can be specifically engineered to respond a variety of factors and marker molecules within the blood such as temperature, pH, saccharide and antigen concentration [57,58]. These factors fluctuate as the disease being treated, and thereby allowing the drug delivery system to evaluate the effectiveness of the drug administered [58,59,60,61].



6. Biocompatibility

The biocompatibility of the implanted BioMEMS devices is an important factor to be considered carefully since they will be implanted in the body for a long period of time and they will interact with tissues in the body [21]. There are a few factors to be considered when designing an implantable BioMEMS device: (i) the impact of the implantable device on the immune response, (ii) minimizing biofouling on the implanted device, (iii) the physical effect of the implant to the surrounding tissues and (iv) the degree of cell adhesion achieved by the implanted device.

To avoid adverse physiological effects, such as blood and tissue incompatibility due to these implants as discussed by Park et al. [62], the implanted devices must be packaged with biocompatible materials. However, the complication is that biocompatible materials might not always be compatible with the device requirements. Thus, special considerations have to be made when selecting the material for packaging, structural support or hermetically sealing the device. Lo et al. [13] has recently demonstrated that BioMEMS designs can be incorporated with highly biocompatible silicones and polymers such as polyetheretherketone (PEEK) and polyimide (PL) to serve as a baseplate for providing structural support. In addition, the baseplate prevents the puncturing of the device during the refill process as a needle is used. For device packaging, some common biomaterials are PDMS and poly(tetramethylene oxide) (PTMO). These materials are shown to have high biocompatibility [63,64] and they are widely used in implantable devices [48]. A PDMS packaged BioMEMS drug delivery device has been demonstrated and tested by Li et al. [30]. However, in other situations where a robust housing is required, PDMS would not be an appropriate material as it is too soft, deforms readily under mechanical stress, is prone to rupture and leaking. Harder materials would be needed in these cases, as in the case of pacemakers, which are enclosed in hermetically welded titanium canisters to prevent any moisture from damaging the electronic components [65]. For the injectable/implantable muscle microstimulators, both hermatic sealing and insulation are important for them to work efficiently. These systems are usually packaged in glass, such as the BION Microstimulators as proposed by Kane et al. [66]. Another important factor of these materials is their stability during and after sterilization. As mentioned by Kotzar et al. [21], the manufacture process of these devices will also include a sterilization step, which may alter the properties of these materials. Therefore, careful selection of sterilization methods must also be selected so as not to affect the device performance. Gamma and steam sterilization for example, do not significantly affect these biomaterials, as studied and reported by Ferrara et al. [67].

Biofouling is another serious problem affecting device performance. In general, these devices will be exposed continuously to the various elements within the body. Over time the biomolecules within the body will react with the materials of the device, possibly leading to the passivation and reduced functionality of the device [68,69]. For example, the accumulation of proteins in the pores of the material around the drug output port eventually obstructs it [70]. To prevent biofouling, various types of coatings in addition to the device packaging are used. Unfortunately, with more coatings on the device, the size of the device will increase [71]. A detailed study reported by Voskerician et al. [68] showed that implantable BioMEMS packaged with gold, silicon nitride, silicon dioxide and SU-8 were able to reduce biofouling. Similarly, studies by Schmehl et al. [72] also suggest that a coating of silicon carbide can be used to significantly reduce thrombus formation on the surface of the devices, especially if the device is exposed to blood.

Since the implant is in close proximity with other tissues, the most significant physical effect from the device is that it will exert friction on the neighboring tissues. Therefore, for devices that are implanted into tight tissue regions, techniques such as lubrication can be used to overcome the negative physical effects. Coatings on the packaging might be necessary to improve the wear resistance and decrease friction. This is because at the micro scale, frictional forces between moving bodies will be very significant and this affects the operation of some BioMEMS drug delivery devices [73]. Surface friction can be reduced through the creation of micro-scale patterns on the surface of the device during fabrication as demonstrated by Singh et al. [73]. Micro-scale patterns can decrease the friction coefficient of surfaces, reducing the negative effects of friction. From an accelerated wear test, Subash et al. [74] have identified two regimes of wear, adhesion-dominated wear which then leads to third-body wear. Adhesion-dominated wear involves asperity blunting, plastic deformation of asperity peaks and the smearing of finely worn debris into a thin-surface film at the points of contact. This progresses into third-body wear, which involves debris agglomeration and causes material to be removed due to friction. The material removal regions resulted in voids which ultimately contributed to device package failure. Yu et al. [75] have shown that the frictional forces on localized areas can be measured using a microtribometer. These regions can then be locally lubricated with the use of liquid lubrication. Surface micro/non-hierarchical structure designs and thin film lubrication are the two main methods used in BioMEMS to reduce adhesive and frictional problems. As demonstrated by Wang et al. [76], silicon surfaces with micro grooves which were further modified by multiply-alklated cyclopentane thin films improved the tribological properties of the surface significantly.

The flexibility of an implant is another crucial factor which can attribute to inflammation within the body. In some areas of the body which are particularly sensitive, such as in the cerebral region, movement of the tissues against rigid implants can cause sustained cellular response, resulting in inflammation [77] and glial scar formation [78] at the implant site. Instead of rigid silicon wafers, flexible implants fabricated onto biocompatible flexible substrates such as polyimide [79] have shown a significant reduction in the negative physiological impacts caused by rigid implants.

Cellular Adhesion is one more consideration that has to be taken account when integrating the BioMEMS device with the adjacent tissues. The packaging can be coated with special materials to encourage cellular adhesion for higher implant compatibility. Cell adhesion dictates how cells organize themselves to form tissues. There is also a strong correlation between cell adhesion and cell to cell signaling within tissues [80]. Various coatings have been used to increase cell adhesion of BioMEMS devices such as using modified SU-8 photoresist as reported by Yuli Wang et al. [81]. S. Bouaidat et al. [82] have also mentioned the use of phosphorous glass (SiPOC) for cell adhesion in BioMEMS.



7. Conclusion

MEMS based implantable drug delivery devices offer many significant advantages as opposed to conventional drug delivery methods. These advantages make implantable BioMEMS devices excellent candidates in the treatment of chronic diseases such as cancer. However, despite their numerous advantages, there are many challenges facing the implementation of these devices for the treatment of any specific disease. For each case, these devices must be specially optimized with regard to their drug reservoir size, relative size, operation lifetime, controllability and biocompatibility. An ideal implantable device must have a large enough drug reservoir to minimize refilling and must also have a small size relative to the region of implantation to reduce its interference with surrounding tissues. Long device lifetime is also required so as to reduce the complications associated with servicing or replacing these implants. Having a high degree of controllability enables the doctors to tailor the drug dosage as treatment progresses. Lastly, biocompatibility of the device will ensure that there are no ill effects due to the long term implantation of the BioMEMS device within the body. Development is required in these areas especially in terms of small, controlled actuation mechanisms in order to boost the effectiveness of these devices.
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