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Abstract— The popularisation of the microsystems has paved a way for the evolution of a new class of 

controlled drug delivery devices which allow tailored delivery of drugs. Additionally, these drug delivery 
systems enhance efficiency and patient consent. Developing better drug delivery methods is the prime 
target of the pharmaceutical companies worldwide. The process of drug delivery is as essential as the 
drug’s activity in deciding its effectiveness. These drug delivery systems do not simply release the drug 
but disseminate the drug in a peculiar manner in accordance to which it has been engineered. Although in 
their initial stages, the microelectromechanical systems (MEMS) demonstrate the immense potential for 
conquering the various challenges that are faced by the present drug delivery techniques. Microneedles, 
micropumps, microvalves, and implantable drug delivery systems have been developed using micro-
fabrication techniques. Several microdevices have been engineered such that they deliver multiple drugs 
with different dosages in series or parallel which provide several advantages such as extension in the 
variety of the desirable compounds and precise dosing. Transdermal drug delivery through microneedles 
enables enhanced permeation through skin layers into the body. Multilayer patch systems lead to an 
excellent approach in the oral drug delivery. This review examines various MEMS drug delivery 
techniques along with their diverse benefits. 

Keyword- Drug Delivery, Microneedles, Microvalves, Micropumps, Multilayer Patch 

I. INTRODUCTION 

Enhancement of microfabrication techniques has given rise to the creation of new kind of devices which have 
microscopic size and can be used to carry out different electrical and mechanical functions, such systems are 
known as micro electro-mechanical systems (MEMS). These can be highly applied for controlled therapeutic 
delivery leading to the versatile advancements in the process of drug delivery. These micro electro-mechanical 
systems can be employed in diverse ways in order to carry out the process of drug delivery and enhance 
efficiency, convenience and patient compliance. The process of drug delivery is a very important activity as it 
readily effects the process of treatment of patients and directly relates to their healing ability. So, worldwide, a 
lot of investments and researches are done to enhance the drug delivery techniques. The use of micro electro-
mechanical systems for carrying out the process of drug delivery truly enhances this mechanism and leads to 
higher therapeutic benefits. MEMS techniques have permitted the evolution of miniaturised diagnostic tools 
which provide higher efficiency in the process of drug delivery [1]. These drug delivery systems developed by 
MEMS techniques enable controlled drug release kinetics, thus, preventing the wastage of drugs and reducing 
their side-effects. Such systems can be highly utilised in the treatment of diabetes wherein the requirement of 
pulsatile release of insulin is required [2].  

MEMS technology has led to the creation of various microfabricated devices which can be utilised in 
numerous ways to achieve the proper delivery of sedatives. Such devices include multilayer micropatches, 
micropumps, microneedles and microvalves. These devices can deliver multiple drugs with precise dosages 
simultaneously which increases the effectiveness of drug delivery. Micropatches can be used in oral drug 
delivery for the sake of achieving excellence in the distribution of drugs in the gastrointestinal track leading to 
better healing effects. The transdermal drug delivery can be enhanced by the usage of microneedles which 
enable targeted drug delivery and prevent the sense of discomfort in patients by reducing the pain which may 
occur with conventional transdermal delivery of drugs. The Micropumps and Microvalves are adopted for the 
development of various implantable drug delivery systems which can duly transform the process of drug 
delivery to higher grounds and provide immense patient compliance. Such systems are highly beneficial due to 
their potential for assimilation with microelectronics [3]. 
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II. TRANSDERMAL DRUG DELIVERY 

Conventional transdermal drug administration is severely limited by molecular weight of drugs due to the 
skin’s low permeability. The top epidermal layer of the skin, the stratum corneum is the skin’s primary 
permeation barrier and limits the diffusion of drug molecules into the skin. It's about 10-20 µm thick dead tissue. 
Skin nerves are situated 100-200 microns below them [4], [5]. Microneedles increase the permeability of the 
skin by creating micro-paths across the stratum corneum for delivering drugs [1], [6]. 

Microneedles are needles of micron-scale fabricated using MEMS technology and are used for transdermal 
drug delivery [7]. MEMS technology is needed to precisely manufacture arrays of these microneedles which are 
approximately of 100 µm length. They should be of robust nature so that they penetrate this layer of skin, as 
well as their length should also be short enough to avoid pain by stimulation of nerves in deeper tissues [4], [8]. 
Microneedles allow localised and painless delivery of drugs to targeted tissues thus reducing the side effects and 
minimising the dose of drug delivered [9]. 

A wide variety of microneedles are designed for this purpose. These allow different approaches of drug 
delivery. They are categorised as: 

A. Solid Durable Microneedles 
This is the simplest microneedle array system that produces micropunctures in the stratum corneum and 

hence renders the skin more permeable. Drugs can be delivered by this type of array in two ways. 
• Application of drugs by a patch on the micro-paths that remain after microneedle removal [6], [10], [11] 

(See Fig. 1(a)). 
• Drugs are first coated onto the solid microneedles and then microneedle patch is applied on the skin. This 

drug coating dissolves after insertion into the skin. This microneedle patch can be thrown away or reused 
after reapplication of the drug on the microneedles [12], [13] (See Fig. 1(b)). 

B. Solid Degradable Microneedles 
In this type, entire needles are manufactured from drug infused biodegradable and water-soluble polymers. 

This maximises the drug volume capacity of microneedles however their fabrication is more difficult [14] (See 
Fig. 1(c)). 

C. Hollow Microneedles 
This type of microneedle array system has bores on tips of microneedles that are connected to drug reservoirs. 

They work in a similar fashion as conventional hypodermic injections. These puncture the skin and then infuse 
the drugs that are in a liquid formulation through the needle bores into the tissue. These do not have the drug 
capacity limitation as in the case of solid needles and arbitrary quantities of drugs in liquid formulation can be 
used [15], [16], [17]. However, they pose the danger of breaking off in the skin as they are hollow and less 
structurally stable than solid microneedles [18] (See Fig. 1(d)). 

III. ORAL DRUG DELIVERY 

The oral route is the most common route chosen for drug delivery. Right from emerging of the medical 
sciences, a lot of work has been conducted to develop different pills and capsules, fed through the oral route to 
the patients, so as to cure them of various diseases and disorders. But, still we are unable to attain precise and 
proper dosage of drugs through this route and hence a lot of drugs are unable to completely cure the patient 
because of the various barriers such as stomach ph, mucus, and enzymes associated with the gastrointestinal 
track (See Fig. 2). 

The use of MEMS (Micro Electro Mechanical System) techniques provides a significant way to overcome 
such barriers and deliver drugs to the patients in a defined manner to improve their therapeutic benefits and 
reduce their side effects. 

Besides drug delivery, MEMS techniques can be used to develop in vitro gastrointestinal track models that 
can help to improve drug delivery [1]. The gastrointestinal track also known as mucosal track provides immense 
opportunities for proper drug delivery, especially, for peptides and proteins. By preventing the degradation in 
the gastrointestinal track we can improve the bioavailability of the drugs. The main reason behind improper 
therapeutic benefits from oral drug delivery is the presence of enzymes in the gastrointestinal track and limited 
permeability of the epithelial barrier. These obstacles can be abolished by using appropriate knowledge of 
surface chemistry with the microfabrication technology [19], [20]. 

The solutions offered by MEMS technology provides control over the drug release rate and hence, can make 
the delivery kinetics more adaptive to therapeutic benefits. Besides, such technology can be used for effective 
multiple drug administration. The geometry of such systems can be exploited for delivery of drugs in a 
particular direction, thus, directing the release of drugs towards the walls of the gastrointestinal track rather than 
the lumen so that the drug transport can be made much more effective [21], [22]. 
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Fig. 1. Different methods of drug delivery using microneedles (Adapted from [50]). 
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Due to the usage of these devices in oral drug delivery, this field attains numerous improvements. 
Microsystems for oral drug delivery are designed in such a manner so as to maximise their residence time in the 
gastrointestinal track and provide unidirectional release of drugs towards the intestinal epithelium and also 
regulate the release of drugs in a sustained manner. These properties make such devices important for not only 
improving the drug permeation but also improving its solubility and causing the degradation of drugs in such a 
way which makes them highly effective [23], [24]. Hence, the use of microdevices for oral drug delivery 
improves this mechanism by leaps and bounds and abolishes most of the barriers associated with oral drug 
delivery. 

Microfabricated multilayer patches for oral drug delivery enables better absorption and stability of drugs in 
the intestinal epithelium. These patch systems are designed with thin, flexible rate controlling membrane, a drug 
reservoir, an impervious backing and an adhesive. These patches stick to the intestinal villi. They cause the 
controlled flow of drugs from the drug reservoirs present on these patches. In this way, the movement of drugs 
is properly regulated into the blood stream, thus, preventing any harsh effects of the drugs on the patient and 
hence such systems lead to the improvement in the patient compliance. 

Fig. 2. Physiological barriers to oral drug delivery (Adapted from [23]). 

 
Microfabricated patches for oral drug delivery are usually associated with important roles which are given as: 
(i) Bioadhesion with the intestinal epithelium for retention of dosage form,  
(ii) Precisely controlled release of drugs to improve its effectiveness and prevent any side effects of these 

drugs,  
(iii) Release of drugs in the direction of the intestinal epithelium to improve the efficacy of dosage 

preventing the wastage of drugs and improving their therapeutic benefits [25]. 

A. Micropatch 
Orally delivered particles are meant to transmit through the gastrointestinal track. If the size of these particles 

is large, they may get cornered in the mucus layer covering the epithelium providing their concise residence 
inside the gastrointestinal track. So, various micro and nanoparticles have been developed which can penetrate 
the epithelium but their uptake is restricted to Peyer’s patches (See Fig. 3). Also, such particles are associated 
with a rise in poisonous accumulation and poor biodistribution [25], [26], [27]. 

Therefore, in order to overcome such hindrances, microfabricated patch systems are developed using the 
MEMS technology which acts as an alternative to the particulate drug delivery. These micro patches are easily 
able to transit between the intestinal villi and are not consumed by the cells because of their wider size. Micro 
patches are thin and flat so that maximum area of these patches can come in contact with the intestinal villi. 
Besides, due to their flat design, very less amount of area of these patches achieves contact with the liquids 
flowing through the intestine hence, preventing such devices from releasing drugs into the intestinal fluids rather 
than towards the intestinal villi [1]. 
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Micro patches are associated with multiple drug reservoirs loaded with various drugs. These reservoirs allow 
the unidirectional release of drugs, thus, enhancing their efficiency. In order to target a particular location in the 
gastrointestinal track, micro patches can be designed in such a manner that they get stuck to the particular 
location while they travel through the gastrointestinal track and in this way specific cell targeting can be 
achieved using micro patches. In micro patches by doing some surface modifications on the reservoir side, drugs 
are able to take the shortest diffusional path in order to reach the intestinal epithelium [26], [27]. 

Fig. 3. Advantages offered by microdevices for oral drug delivery (Adapted from [23]). 

 
In micro patches, due to the direct contact between the micro patches and the intestinal epithelium, there is no 

need for usage of excipients which would help in the dissolution of drugs. By using different polymeric 
materials for making various reservoirs on the micro patches for storing different drugs, the time and rate of 
release of drugs can be precisely regulated as different polymeric materials have different dissolution rates and 
hence, we can achieve a controlled release of several drugs leading to better therapeutic effects and also 
preventing the wastage of drugs and reducing their side effects [28], [29]. 

Silicon and silicon dioxide are not biocompatible materials, so they are not used in the fabrication of oral 
drug delivery systems. Hence, in search for finding out the best material for developing of such systems, 
polymers opt to be one of the best options. 

Polymers are considered to be one of the most economical substrates for fabrication of micro patches. 
Injection moulding and embossing are utilised in the fabrication of microdevices. Polymers are mainly modified 
through various photolithographic techniques. Patterning of photolithographic polymers - SU-8 and PMMA is 
done using micro-molding. The availability of various polymeric materials for microfabrication provides 
flexibility to the designer, as the designer can design the microdevices with proper drug release kinetics, 
biodegradability, cell absorption and various other phenomena related to micropatches by using these materials 
appropriately [28], [29]. 

The usage of such materials makes microdevices biocompatible and hence, improving the safety concerns 
associated with the usage of such devices. Photolithography can be also used for filling of Micropatch reservoirs. 
The materials such as poly(ethyl glycol) dimethycrylate (PEGDMA) is used for such process. Such 
photolithography also includes exposing the substrate to the UV light which results in filling of microdevices 
with drugs for sequential delivery of therapeutics [30]. Besides, these micro-reservoirs can also be filled with 
drugs using microinjection techniques. 

 

B. Bioadhesion 
The main requirement of micropatches is bioadhesion with the intestinal epithelium which enhances the 

residence time of the device inside the gastrointestinal track and thus improves the drug absorption process. Due 
to the use of mucoadhesive systems, the drug concentration gradient at the specific site gets enhanced because 
of the intense contact. 

 
1) Bioadhesion Chemical approach 

Mucoadhesion process is implemented through following steps: First, intimate contact with the tissue is made 
by wetting and swelling of the polymer, then, entanglement between the polymer and the mucin chain is 
achieved and hence, weak chemical bonds start to form attaching the mucoadhesive device to the site [31], [32]. 
Another chemical approach involves the use of lectin as a target molecule to enhance adhesion. The 
microdevices modified with tomato lectin are found to remain bound to the target over various consecutive 
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washes, thus, leading to highly efficient targeted drug delivery. Microspheres modified with lectin can also be 
used for drug delivery but they appear to be less stable when associated with consecutive washes. Micropatches 
are more stable in such environment because of their flat shape and larger contact area. Abundant research has 
been done for improving the stability of micropatches in the intestinal track so as to enhance drug delivery [25], 
[26], [27]. 

 
2) Bioadhesion Physical approach 

Various modifications in the design of microdevices can be made so that these devices can adhere easily at 
the specific site. One such modification involves the designing of precisely shaped microneedles and microposts 
on micropatches which improves their bioadhesion [1]. Microneedles which are mainly developed for 
transdermal drug delivery have been improved a lot and made biocompatible by designing such microneedles 
with materials such as poly(lactic acid), poly(glycolic acid) and PLGA [33], [34]. Besides, these needles have 
also been improved to work efficiently in wet environments. Such microneedles or microposts can be highly 
utilised in oral drug delivery to improve bioadhesion of the devices. By using such microneedles with the 
micropatches retention to the intestinal villi can be highly improved. Besides, these microposts can also be used 
to regulate the flow of drugs mechanically [25], [26], [27]. 

In addition to this, nanostructures can be used to improve the bioadhesion of microstructures. Due to these 
nanostructures, van der walls forces can come into existence which leads to stiction of microdevices in the 
intestinal track at specific sites. As the number of nano-adhesive elements increases, the surface area to volume 
ratio of these nanostructures rises leading to a prominent growth in the van der walls forces [35], [36]. Hence, 
by using nanostructures we can improve the bioadhesion by simply bringing some changes in the geometry of 
these structures. These nanostructures such as nanowires are synthesised and developed on micropatches using 
“liquid solid” method [37], [38]. Hence, use of such nanostructures can drastically improve the process of 
bioadhesion inside the intestinal track. 
However, most of the microdevices are made more bioadhesive by using physical methods such as nanowires 
modified chemically which improves their mucoadhesive properties and leads to proper stiction at specified 
sites thus, improving the process of oral drug delivery and hence, leading to better therapeutic effects. 
 

IV. IMPLANTABLE DEVICES FOR DRUG DELIVERY 

Recent advances in MEMS technology have paved way for significant advancements in the development of 
implantable MEMS devices for drug delivery. The advantages offered by MEMS which include the small size 
of devices, low power consumption has inspired the development of implantable devices which can be placed 
inside a human body. They can release drugs of different dosage and at the same time, the drug delivery pattern 
and the duration can be controlled. Moreover, these devices have a simple release mechanism and very accurate 
dosing. With such devices, targeted drug delivery with improved efficacy can be achieved while reducing the 
side-effects. Implantable MEMS devices are ideal for localised and precise drug delivery. The size of these 
devices is in micrometers hence they can be implanted in a specific region of the body for localised drug 
delivery. The sensors used can constantly keep track of the drug release pattern and thereby provide useful 
information for further processing. The implantable MEMS devices provide a strong alternative for treating 
chronic diseases. These devices have sensors and electronic circuitry and can be placed inside a human body for 
a long time while working properly.   

The main design concerns for implantable devices are applied voltage, power consumption, dosing accuracy, 
concentration, frequency, drug interaction and toxicity.  Implantable devices are designed for applications - in 
vivo and in vitro [39], [40]. The current trends in the technology which focus on developing a wireless system 
for energy and data transmission facilitate the in vivo application of these devices. Further, the implantable 
devices can be designed for both active and/or passive drug delivery. The active devices are reservoir-based 
drug delivery devices; they contain an actuator due which the device is able to perform active operation [41]. 
Active devices can be refillable which eliminates the need for a very large reservoir moreover active devices can 
be tuned according to the particular need of the patient [40]. Passive devices release drugs in a more controlled 
way and they rely on diffusion process for release of the drug.   

Since these devices are implanted inside the human body or kept under the skin, therefore, one of the greatest 
issues with such devices is their biocompatibility. The impact of such devices on the immune response is a very 
important factor to be considered. The implanted device in the human body can attract an attack from the 
immune system which may treat it as an external intruder. Thus, with time, these devices may not be able to 
deliver the expected performance; in fact, they may be reduced to malfunction [42]. For these reasons the 
biocompatibility of MEMS materials, which are used to design such implantable devices, needs to be evaluated 
with greater care and precision. As of now some of the materials which have proven to have good 
biocompatibility include Poly Methyl Methacrylate (PMMA), poly-Dimethylsiloxane (PDMS), SU-8 
photoresist and parylene C [43].    
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Two very significant and successfully tested implantable devices are micropumps and microvalves. 
 

A. Micropumps 
Micropumps are used for active drug delivery of fluids from a reservoir to dispense therapeutic agents into 
human body [39] (See Fig. 4). For micropumps, high volumetric flow rate and high resolution are two factors of 
significant interest [42]. The main limitations associated with micropumps are their low reliability, high power 
consumption and low delivery rates. Micropumps are broadly divided into two categories which are mechanical 
micropumps and non-mechanical micropumps [44]. 

Fig. 4. Operation of a single piezoelectric micropump pumping from left to right (Adapted from [51]). 

 
1) Mechanical Micropumps 

Mechanical micropumps incorporate a physical actuator to accomplish the pumping action [42]. To regulate 
flow direction they may consist of a valve or incorporate valve less approach [45]. With mechanical 
micropumps, large flow rates can be achieved. Mechanical micropumps may use turbines to deliver constant 
volume of fluid in every pump cycle [46]. Most of the implantable micropumps are generally mechanical 
micropumps. Mechanical micropumps are further classified into electrostatic, piezoelectric, thermo-pneumatic, 
bimetallic, shape memory alloy (SMA), iconic conductive polymer film (ICPF). 

 
2) Non-mechanical Micropumps 

Non-mechanical micropumps do not rely on any physical actuation component hence their design and 
fabrication is much simpler than the mechanical micropumps. However, they are not as effective as mechanical 
micropumps when few factors like bulk pressure, flow rate and rise time response are considered moreover with 
these micropumps a much lower flow rate is realisable. Non-mechanical micropumps drive fluid into 
microchannels by converting non-mechanical energy into kinetic momentum. They can be driven by 
electrohydrodynamic (EHD), electrowetting, magnetohydrodynamic (MHD), phase transfer or electrochemical 
[42]. Among these, the electrochemically driven pump has lower power consumption, accurate flow rate and 
low heat generation [47]. 
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B. Microvalves 
Microvalves are the devices which control the fluid motion, its separation, timing and routeing in a 

microchannel [48] (See Fig. 5). They achieve it by varying a particular macroscopic parameter. These devices 
consist of a valve which can be an active valve or passive check valve. The time duration for which the valve 
remains activated is referred to as time constant which depends on the design [49]. For a particular micropump, 
the time constant is evaluated based on the specific application for which it is intended. The valves can be 
actuated by various methods and based on these methods five different categories of microvalves are 
electrokinetic, pneumatic, pinch, phase change and burst microvalve [48]. 
 

Fig. 5. Open and closed states of microvalve (Adapted from [52]). 

 
TABLE I  

Summary of MEMS Drug Delivery Techniques. 

V. CONCLUSION 

This short and brief review summarises the current trends in drug delivery techniques which are facilitated by 
the use of MEMS technology, further, the benefits provided by MEMS techniques in the process of drug 
delivery are explored. In this review paper, a brief discussion of various microfabricated devices has been done 
and their usage for delivery of drugs in various ways has been discussed. 
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