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Abstract 

Lab-on-a-chip technology is an emerging field evolving from the recent advances of micro- and 

nanotechnologies. The technology allows the integration of various components into a single 

microdevice. Microfluidics, the science and engineering of fluid flow in microscale, is the 

enabling underlying concept for lab-on-a-chip technology. The present paper reviews the design, 

fabrication and characterization of drug delivery systems based on this amazing technology.  The 

systems are categorized and discussed according to the scales at which the drug is administered. 

Starting with the fundamentals on scaling laws of mass transfer and basic fabrication techniques, 

the paper reviews and discusses drug delivery devices for cellular, tissue and organism levels. At 

the cellular level, a concentration gradient generator integrated with a cell culture platform is the 

main drug delivery scheme of interest. At the tissue level, the synthesis of smart particles as drug 

carriers using lab-on-a-chip technology is the main focus of recent developments. At the 

organism level, microneedles and implantable devices with fluid-handling components are the 

main drug delivery systems. For drug delivery to a small organism that can fit into a microchip, 

devices similar to those of cellular level can be used. 

Contents 

1. Introduction 
2. Fundamentals and basic fabrication technologies 

2.1. Scaling law 
2.2. Micromachining technologies 

3. Design considerations for drug delivery systems 
3.1. Drug delivery on cellular level  

3.1.1. Microfluidic platforms 



3.1.2. Gradient generators for cell-based drug investigations 
3.2. Drug delivery on tissue level 

3.2.1. Smart particles as drug carries 
3.2.2. Production of smart particles using microfluidic technology 

3.3. Drug delivery on the organism level 
3.3.1. Micro needles 
3.3.2. Living systems on a chip 
3.3.3. Implanted microfluidic drug delivery devices 

4. Conclusions 
References 

 

 

  



1. Introduction 

In this paper, drug delivery is understood in a broad sense as the method of administering a 

therapeutic compound to a biological system ranging from cells to living organisms. Drug 

delivery systems control the various processes of release, absorption, distribution and 

elimination of drug. Conventional delivery methods administer drug through the mouth, the skin, 

transmucosal areas, inhalation or injection. Since many new drugs such as peptides, proteins and 

DNA-based therapeutics are susceptible to enzymatic degradation, the long pathway of 

conventional drug delivery may make the drug ineffective [1]. Recent advances in micro- and 

nanotechnologies may shorten the delivery pathway and makes it more targeted. Miniaturisation 

allows the integration of components of a drug delivery system into a single chip, the lab on a 

chip. The lab-on-a-chip (LOC) platform is based on a broader technology called microfluidics, 

the science and engineering of fluid flow in microscale. LOC technology impacts on drug 

delivery technology in many ways, from the synthesis of drug carriers, to screening, and to the 

delivery system itself.  

One of the current challenges of drug delivery is effective and targeted administration. 

To warrant a sustainable release, drug formulations are protected and transported by carriers in 

the form of liposomes, biodegradable particles. LOC platform and microfluidic technology 

would allow a reliable synthesis of these drug carriers. Another challenge of drug delivery is the 

burst release of conventional delivery methods that reduces the efficacy of the therapy and 

increases the risk of side effects. A drug delivery system based on LOC technology is 

sophisticated enough to administer drug continuously at a controllable rate. As a future trend, 

drug synthesis and delivery system are closely linked. In this case, LOC may allow the 

integration of both synthesis and delivery on a single device. 



Besides the above mentioned improvement in efficacy, the small size and the compact 

integration of LOC-based drug delivery bring further advantages such as reduced pain, ease of 

use, portability, improved safety and no need of trained personnel. Some traditional delivery 

methods also benefit from microtechnology. For instance, injection using microneedles or 

needle-free injection would reduce the pain and hazard caused by conventional injections. 

As mentioned at the start, this paper looks at drug delivery from a different perspective 

than just the narrow view of delivery as administration of a drug to a target. The objective of this 

paper is the review and discussion of the impact of micro- nanotechnology and LOC technology 

on the delivery of drugs to different levels of a biological system: cell, tissue and organism. The 

design, fabrication and characterization of examples from published literature are reviewed and 

discussed accordingly. Following, scaling law and basic fabrication technologies first form the 

foundation for the subsequent discussions on design considerations of drug delivery systems. 

Next, devices for drug delivery at cellular level with applications in drug testing and drug 

screening are discussed. At the tissue level, instead of discussing the delivery devices, the paper 

focuses on the synthesis of drug carriers that benefit from LOC technology. And finally at 

organism level, the paper focuses on the development of microneedles, organ-on-a-chip platform 

and implantable drug delivery devices. 

2. Fundamentals and basic fabrication technologies 

2.1. Scaling law 

Drug delivery means controlling mass transport at microscale. Figure 1 shows the length scales 

of typical biological objects ranging from a protein molecule to a complex living organism such 

as human. The basic scaling law is the square-cube law indicating that surface-based phenomena 

become more significant than volume-based phenomena as the size decreases. The main 

consequence of this scaling law on drug delivery is that flow in microscale is laminar because 



viscous friction dominates of inertia. As convective transport and mixing become more difficult 

in microscale, mass transport relies mainly on molecular diffusion. Since the size of cells and 

drug compounds are on the order of micrometers and ten of nanometers respectively, diffusion is 

the main mode of mass transport for drug to reach cells. Thus, drug delivery is best controlled 

with nanofluidic and microfluidic tools that are offered by LOC technology. Since most drug 

delivery systems are handled by human hand, the design of such system should accommodate to 

both microscale mass transport and mesoscale handling. 

 

Fig. 1. Lab-on-a-chip technologies as tools at molecular and cellular scale. 

 

2.2. Micromachining technologies 

Micromachining technologies evolved from the technologies of microelectronics such as 

deposition, etching and pattern transfer of material layers on a substrate. The basic materials 

used in micromachining are silicon, glass, metals and polymers. Silicon is the basic material of 

microelectronics. Silicon shows good mechanical properties suitable for making components of 
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drug delivery systems such as microneedles. Glass is another common material which can be 

micromachined by lithography and etching. Silicon can be bonded to glass using anodic bonding 

to form complex system with microchannels. Metals can also be used to make components of a 

drug delivery system. Common techniques for deposition of metals are evaporation, sputtering 

and electroplating. For large-scale production of microdevices, polymer is an ideal and 

economical candidate. Polymeric devices are fabricated by injection molding, hot embossing or 

stereolithography. 

The first key micromachining technique is deposition. A thin film of material can be 

deposited on a substrate by physical deposition or chemical deposition. In physical deposition, 

materials are removed from a target by evaporation or ion bombardment. Evaporation can be 

achieved by heat or electron beam. The corresponding techniques are called thermal evaporation 

and e-beam evaporation, respectively. Deposition using ion bombardment is called sputtering. 

Chemical deposition techniques include chemical vapour deposition (CVD) and oxidation. In 

CVD, reaction between gaseous reactants leaves a thin film of solid product on the substrate. 

Reaction with oxygen or water vapour can be used for growing an oxide layer on a substrate. 

The second key micromachining technique is etching. Etching techniques are categorized 

as wet etching and dry etching. In wet etching, the material is dissolved in a chemical solution. 

In dry etching, the material is attacked by reactive ions or a gaseous etchant. To make high-

aspect-ratio structures, deep reactive ion etching (DRIE) is often used. This technique alternates 

reactive ion etching and deposition of a protective polymer layer to gain a deep ad straight etch 

profile. 

Photolithography is commonly used for transferring a pattern from the mask into a 

photoresist by selective exposure to light. After developing, the photoresist layer is used to 

transfer the pattern to a material layer through either deposition or etching. Since 



photolithography is limited by the wave length of the light used for exposure, finer structures in 

the nanometer scale require writing techniques such as electron beam lithography and ion beam 

lithography. 

A recent pattern transfer technique called soft lithography refers to a family of techniques 

using elastomeric stamps and molds. Soft lithography was first used by Whiteside's group at 

Harvard for making microfluidic devices. Polydimethylsiloxane (PDMS) is a widely used 

material in soft lithography. A typical process for making PDMS microfluidic devices starts with 

the fabrication of a master using conventional micromachining such as DRIE of silicon or 

lithography of a thick-film resist such as SU-8. Next, the master is silanized to prevent sticking 

of PDMS. The mixture or PDMS precursor and curing agent are the poured over the mold. The 

device is subsequently cured under vacuum and elevated temperature before being removed 

from the master. Components for drug delivery systems based on LOC technology discussed in 

the subsequent sections are typically fabricated by the micromachining technologies mentioned 

above. 

 
 
3. Design considerations for drug delivery systems 

3.1 Drug delivery at cellular level  

3.1.1 Microfluidic platforms 

Fig. 3 shows the different stages of drug delivery. The method of drug delivery is of great 

importance because all administered drugs into the body should eventually reach the site of 

interest and taken up by the target cells to make their bioactivity effective [1]. 

 

 

 

Fig. 2. Dissolvable drug molecules in different stages. Reproduced with permission from [1]. 
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Cellular-level drug delivery methods are generally used for the study of cell-based drug 

screening and testing. Microtechnologies including microfabrication and microfluidics can 

provide devices with high spatiotemporal precision and to mimic in vivo microenvironments for 

drug screening [2-6] and drug discovery [7-9]. Using this technology, cell responses to 

mechanical and biochemical stimuli can be studied in a more physiologically appropriate 

environment [4, 10]. Microfluidic-based cell culture platforms have been widely used for testing 

of preclinical toxicity [11-13] as well as concentration-dependent cellular response to drug 

conditions [14, 15]. These devices are able to generate many controllable profiles of drug 

conditions for administration to a number of cells in a single microfluidic channel [16]. 

Consequently, microfluidic gradient generation devices can be exploited to study the effect of 

different biomolecule gradients on a particular biological cell response [16].  

 

Compared to traditional methods for generating a concentration gradient such as 

Transwell assay and Dunn chambers, microfluidic-based gradient generation have unique 

characteristics including (i) reduced empirical operating expenses, (ii) high resolution, 

controllable and flexible drug concentration, (iii) ability of real-time observation of cellular 

response to administered concentration gradients; and (iv) high-throughput testing [2, 16, 17]. 

Such gradient generators can use either pure time-evolving diffusion through a microchannel or 

a membrane to dilute a chemical solute, or laminated parallel streams and subsequent diffusive 

mixing between the streams. The next section focuses on reviewing cell-based microfluidic 

gradient generators for investigations related to drug testing.  

 

3.1.2 Gradient generators for cell-based drug testing 

3.1.2.1 Time-evolving gradient generators. Microfluidic gradient generation devices are 

generally classified as time-evolving and steady-state gradient generators [16]. Time-evolving 



gradients generators basically consist of two reservoirs or compartments with high and low 

concentration of one or more reagents of interest. The compartments are connected by a bridge 

such as a channel [18, 19] or a valve [20]. Cells are cultured inside the bridging channel [18] or 

the compartment [20]. Fig. 3 shows a typical one-dimensional (1-D) concentration gradient 

between a source and a sink in a static configuration merely using diffusive transport. Abhyankar 

et al. [18] utilized a sink-source flow-free gradient generator to study neutrophil chemotaxis in 

response to a gradient profile using 10 µl of reagents for 24 hours. The large volume of the sink 

improves stability of the established gradient. There is no convective flow leading to a shear-free 

environment for the cell culture. Since the volume of the chamber is limited, this method is 

suitable for fast-responding cells such as neutrophils or bacteria.  

 

Fig. 3. Side view of a diffusion-based gradient generator. A chemical gradient is created along the x-direction of the 
channel. Cells are added to the system by putting them on the membrane in the cell addition port. Some added cells 
can pass through the membrane and into the sink reservoir, and then migrate into the source.  Reproduced after [18].  

   

3.1.2.2 Steady-state gradient generators. Steady-state gradient generators using continuous 

laminar flows are able to produce stable concentration gradients for long-term cell 

investigations. Fig. 4 shows multiple chemically different laminar streams in a microchannel. A 

concentration gradient is produced by controlled diffusive mixing of streams at the interfaces of 

the parallel streams [21]. This method attracts a huge attention by the research community 

because of the flexibility in creating and maintaining various gradient shapes for a period of time 

[16]. 



 

Fig. 4. (Left) A schematic of a tree-like steady-state gradient generator and (right) fluorescence micrographs of 
solution gradient of FITC (fluorescein isothiocynate) at the outlet channel region shown at flow speeds of 1 mm/s 
(a), 10 mm/s (b), and 100 mm/s (c). Reprinted with permission from [21].  

 

The most common designs of this concept are tree-like gradient generators (TLGGs) [21, 22]. 

Using the TLGG design, various microfluidic cell culture platforms for cell-drug responses have 

been successfully designed and characterized. The devices were used for applications such as 

high content screening of drug-induced apoptosis in human liver carcinoma (HepG2) cells [23] 

(Fig. 5), sensitivity to chemotherapy of breast cancer cells [15], analysis of lung cancer 

chemotherapy resistance [24] and studying the roles of As2O3 and buthionine sulfoximine (BSO) 

in mediating intracellular levels of reduced glutathione (GSH) and reactive oxygen species 

(ROS) in MCF-7 cells [25]. 

 

Gradients can be produced in TLGGs by adding more inlets and arranging the upstream 

mixers for controlling the orthogonal diffusion of chemical reagents between adjacently flowing 

streams. Sugiura et al. [26] reconfigured the inlets and the upstream mixers to make a 

concentration generator with a wide concentration range of up to 6 orders of magnitude for drug 

dose response assay of paclitaxel on HeLa cells. Irimia et al. [27] developed a Universal 

gradient generator using the T-sensor concept to create gradient profiles of exponential, 5th order 



polynomial, cubic root and error functions. Gradient profiles were produced in a channel by 

adjusting the location of built-in weirs as dividers. This gradient generator has less dead volume 

as compared to TLGGs. In case of using this gradient generator for drug-cell studies, a smaller 

amount of possibly expensive compounds is required.  

 

Fig. 5. Details of the single structure unit showing an upstream concentration gradient generator and downstream 
cell culture chambers. The device consists of eight uniform structure units. Each unit is connected by a common 
reservoir in the centre of device. Reproduced after [23]. 
 

Since convective laminar flows are generally used for steady-state gradient generators, 

flow-induced shear stress over the cells cannot be avoided [2, 16]. Shear stress can affect the 

cellular behavior through asymmetric mass transport to the cell [28]. Also, it can cause 

experimental preference with bias on the direction of cell migration [29]. In addition, the 

convective flows can flush away potentially important cell-secreted factors including autocrine 

and paracrine signals [16, 30]. In the case of studying chemotaxis of nano adherent cells in a 

flow-based gradient generator, cells may be washed away completely by the flow [30]. In 

addition, in the above mentioned microfluidic-based cell culture and gradient generators cells are 

usually seeded on top of a two-dimensional (2-D) substrate. Currently, it is generally agreed that 

many important biological processes may be ignored in 2-D cell culture models [31]. 

 



In order to address the above mentioned situations and to generate a mere steady-state 

diffusive gradient, three-dimensional (3D) gels or matrixes are used as alternative approaches 

[31]. Shin et al. [32] has recently developed a robust microfluidic assay to facilitate the 

interaction of cells in a 3-D extracellular matrix using hydrogels, Fig. 6. This protocol can be 

used for the investigation  on the effect of the gradient of growth factors introduced in media or 

secreted by co-cultured tumor cells [32]. 

 

 

Fig. 6. A microfluidic cell culture assay: (a) Schematic; (b) Fabricated device. The device incorporates hydrogel and 
colored liquids in the side channels (red) and central channel (blue). All scale are in μm. Reprinted with permission 
from [32]. 

 

In general, the steady-state microfluidic gradient generators only allow orthogonal 

diffusive mixing at the interface of two convective streams in a channel where a 1-D gradient 

profile is produced. In this way, diffusive mixing is highly dependent on the hydrodynamic 

conditions of laminar streams. Atencia et al. [30] decoupled diffusive mixing in a main chamber 

from convective delivery streams without the need for a membrane or gels using a microfluidic 

palette. As shown in Fig. 7, this gradient generator is mainly comprised of a main chamber, a 

palette, for diffusion of multiple solutes that are delivered to the chamber through lateral 

convective streams without any shear stress. Overlapping gradients of many solutes can be 

generated with different spatial locations. A dynamic control over the gradients can be achieved 

with a shorter time as compared to gradient generators using membranes or gels [30]. However, 

this gradient generator is able to produce a convection-free concentration gradient of multiple 

solutes for cell-cell signaling studies and investigations on cellular responses to drugs and 



biological chemicals. The drawback of this device is the exposure to ambient environment 

during cell loading to the chamber.  

 

Fig. 7. (a) A 1-D convective unit for gradient generation along the channel. Diffusion occurs at the interface of the 
convective channel and the diffusion channel by matching the flow rates at inlet 1 and outlet 1; (b) A 2-D gradient 
generator using the same concept illustrated at (a). Reproduced after [30]. 
 
 
3.1.2.3 High-throughput combinatorial gradient generators. The aforementioned microfluidic 

cell-based gradient generators are mainly utilized for dilution of a single drug compound using a 

buffer solution for dose-response experiments. It is clear that cellular responses to some 

combinations of drugs or chemical compounds can be significantly different from responses to 

individual compounds [33]. Currently, it is well known that a balanced multi-component therapy 

might be more efficacious than a single component therapy for a specific case [34]. In addition, 

studies on chemotherapy treatment of HIV showed that the combinatorial effect of two or more 

drugs can enhance the treatment [35]. For drug screening and optimization processes, various 

concentrations of combinatorial mixtures of different drug compounds are required [36, 37]. 

Consequently, an interest in developing microfluidic approaches for combinatorial and high-

throughput drug discovery has been increased. It is worthy to mention that the term 

combinatorial refers to experiments in which groups or elements of materials or different 

components of a recipe including solvents, additives, etc. are combined [38]. 



Lee et al.  [36, 37] used simplex-centroid concept to design and fabricate a network-based 

combinatorial dilution device, Figure 8. The three-layer device is able to provide seven 

combinations (ABC/D, AB/D, BC/D, AC/D, A/D, B/D, and C/D) of three additive samples (A, 

B, and C) into a buffer solution (D). For cell-based drug testing, this device should be integrated 

with cell culture chambers. 

 

Liu et al. [39] developed a monolithic microfluidic network using surface 

micromachining of parylene C (poly(chloro-p-xylylene)) to address the alignment difficulties 

between the multiple layers. The device was made of one control inlet and three additive inlets 

for seven combinatorial mixing, mixing channels and eight cell-culture chambers for cell-based 

screening as shown in Fig. 9. 

 

Schudel et al. [40] fabricated an 4×4 array of microfluidic wells for bio sensing. Each 

well was made of two 200-picoliter compartments to contain a photonic crystal biosensor for on-

chip and in-situ detection of (bio-) molecular binding events. A proof-of-concept of this device 

was used for demonstrating discrete mixing and on-chip capabilities of protein/antibody binding 

assays. 



 
Fig. 8. Combinatorial dilution device: (a) The schematic layout of a device generating seven combinatorial 
dilution mixings of three additives; (b) The cross sectional view of the three-layer microfluidic network; (c) 
The simplex-centroid configuration comprising of seven combinations (ABC/D, AB/D, BC/D, AC/D, A/D, 

B/D, and C/D) for three additives (A, B, and C) with a buffer solution (D) in a combinatorial approach. 
Reprinted with permission from [37]. 

 
 

 

Fig. 9. Layout of the combinatorial device design (left). Three separate inlets produced seven different 
combinations. Combinatorial mixing is carried out through microfluidic overpass structures. SEM image of the 
cross-section of the microfluidic overpass (right). Cells can be grown inside the culture chambers. The chip has a 
dimension of 1 cm×1 cm. Reprinted with permission from [39]. 



Jang et al. [41] integrated an array of 8×8 and 10×10 microwells with a 2-D microfluidic 

combinatorial gradient generator using three layers of PDMS. Gradient generator was comprised 

of a TLGG and a new microfluidic active injection system (MAI). Pneumatically-actuated 

including normally closed and normally open control valves and channels were made in PDMS. 

As shown in Fig. 10, in order to make a 2-D combinatorial dilution, solution C was injected to 

cylindrical microwells to pre-fill them. Then, ten graded mixtures coming from 1-D TLGG with 

two input solutions of A and B were stored separately in intermediate reservoirs. Using MAI 

system, ten graded mixtures stored in reservoirs were injected into separate columns of 21-nL 

pre-filled cylindrical microwells as test chambers. Contents within a microwell were mixed with 

pre-filled solution C through convective flow and diffusion. Therefore, the concentration of the 

incoming solution was increased in the microwell and decreased in the stream leaving the 

microwell. Cells can be loaded to microwells through the third solution (solution C) which 

isolate the cells from surrounding environment during the cell loading process.    

 

 

Fig. 10. Design and operation of the 2-D microfluidic combinatorial dilution device: (a) A tree-like 
gradient generator (TLGG) mixes two solutions inside reservoirs. Circular zones refer to an array of 
10×10 microwells which are pre-filled with a third input solution C flowing from left connected by flow 
channels and controlled by control channels (not shown); (b) cross-section view of the device along the 
dashed line AAʹ in (a) showing reservoir, deep microwells, control channels, and a thin membrane for the 
microfluidic active injection (MAI) system. Reproduced after [41]. 



3.2 Drug delivery at tissue level 

The development of the microfluidic technology led to a paradigm shift in the drug delivery [42-

44] as well as drug discovery applications [9, 45-47]. The unique features of microfluidic 

devices make them excellent candidates for the treatment of diseases, where controlled and/or 

targeted (site-specific) delivery of the drug is vital. For efficient drug delivery and minimizing 

the drug toxicity, the administered dose of the drug should be maintained within a certain level, 

the therapeutic index. Furthermore, by utilizing smart micro/nanoparticles and devices, an 

optimal level of drug can be administered to the affected sites [48]. This approach of drug 

administration is crucial to cure many abnormalities such as cancerous tissues as well as diabetes 

and brain diseases. Investigating the functionality of drug delivery on multicellular interactions 

at the mesoscopic level, i.e. on a specific tissue site, is of great significance from both 

pharmacokinetics and pharmacodynamics points of view. On the tissue level, microfluidics 

technology is closely related to tissue engineering [49] and regenerative medicine [50]. 

Additionally, in vitro assays of drug pharmacology on the engineered tissue-on-a-chip samples 

resemble more realistically the in vivo behaviour of the drug. The summary of the applications of 

microfluidics on both in vitro and in vivo drug deliveries is presented in Table 1. Nevertheless, 

there are still many obstacles needed to be overcome to fully replace in vitro integrated whole-

organism-on-a-chip experimental scaffolds with the time consuming, expensive and sometimes 

misleading in vivo animal testing [47].  

 

The focus of this section is the implementation of microfluidic technology at in vivo level 

with special emphasis given to the fabrication and characterization of smart particles as the drug 

carriers. The state-of-the-art advances in the development of the in vitro microfluidics-based 

biomimetic tissues on a chip were presented in the recent reviews [51, 52]. 

 



Table 1. Comparison of different LOC drug delivery techniques on tissue level 

Study type Delivery technique Reference 

 
 
 
 
 

In vivo 
(pharmaco-dynamics) 

 
 
1) Particulate drug delivery 
 

 

[53] 

 
2) Microneedles 
 
 

[54] 

3) Implantable therapeutic 
microchips (pharmacy-on-a-chip) 
 
 

[44, 55-57] 

 
 
 
 
 

In vitro 
(pharmaco-kinetics) 

 
 

1) Brain-on-a-chip [58, 59] 
2) Heart-on-a-chip [60] 
3) Liver-on-a-chip [13, 61-64] 
4) Lung-on-a-chip [3, 65, 66]  
5) Kidney-on-a-chip [67, 68] 
6) Spleen-on-a-chip [51] 
7) Intestine-on-a-chip [51, 69] 
8) Gut-on-a-chip  [70, 71] 
9) Cornea-on-a-chip [60] 

10) Blood vessel-on-a-chip [72-79] 
11) Muscle-on-a-chip [80] 
12) Bone marrow-on-a-chip [81] 
13) Tumor-on-a-chip [60, 82] 

 
3.2.1 Smart particles as drug carriers 

For in-vivo drug delivery applications, drug carriers capable of smart delivery of the drug to the 

intended unhealthy tissue and releasing the required drug dose accordingly, termed as smart 

particles, have attracted significant attention from the research community [48, 83-87]. These 

smart particles can be classified into biocapsules [88, 89], microparticles [90], and nanoparticles 

[91], as shown in Fig. 11. 



 
Fig. 11. Types of smart particles: (a) implantable biocapsule [92]. (b) Microparticle [93]. (c) 
Nanoparticle. Reprinted with permission from  [91]. 

 

3.2.1.1 Biocapsules. Transplanted and/or microengineered tissues may be identified as a foreign 

objects and rejected by the immune system. Encapsulating these artificial tissues into a 

biodegradable and semi-permeable microcapsule is an effective method of immunoisolation. 

Incorporating porous silicon with controlled nanopores as the selective-permeable membrane 

into these implantable biocapsules can significantly increase the therapeutic effect of targeted 

drug delivery to treat neurodegenerative disorders, diabetes, and liver dysfunction [92-94]. Other 

forms of immunoprotective encapsulations such as alginate encapsulation [95], using hydrogels, 

and conformal coating of cells [96] as well as using polyelectrolyte are also utilized [97]. 

Another type of biological capsules is formed from phospholipids and liposome [98]. This type 



of particles was used in targeted drug delivery even before the invention of microfabrication 

techniques. To selectively attach to the cancerous tissues and enhance the site-specific feature of 

the liposome, ligands are also employed on its outer surface [99]. In addition, to extend the 

longevity of the liposome in blood circulation, it is chemically conjugated with synthetic 

polymers such as polyethylene glycol (PEG) [100]. To characterize and evaluate the liposome 

quality, a LOC platform containing embedded dielectric microsensors was also developed [101]. 

Daamen et al. [102] proposed a novel biocapsule termed as lyophilisome created from water-

soluble macromolecules such as protein. This naturally prepared biocapsule not only facilitates 

targeted drug delivery but also its formation is amphiphilicity-independent. Utilizing this 

property, Etienne et al. [103] showed that albumin lyophilisome biocapsules can be a promising 

drug carrier to cure cancerous tissues. Amphiphilic polymeric vesicle, known as polymersome 

[104], is another artificial biocapsule used for targeted drug delivery. Most polymersomes 

contain two blocks of hydrophilic, such as PEG, and hydrophobic, such as polydimethylsiloxane 

(PDMS) and ploylactide (PLA) copolymers. Other amphiphilic nonlinear polymersomes with 

more complex morphologies, such as dendrimers and hyperbranched polymers [105], also exist. 

The performance of these synthetic drug carriers can be controlled using external stimuli such as 

temperature, light, hydrolysis, and pH. Different approaches to form stimuli-responsive 

polymersomes were reviewed by Li and Keller [106]. 

 

3.2.1.2 Microparticles. To improve the efficacy of both oral and intravenous drug delivery 

methods, microparticles can be used as targeted drug carriers. The therapeutic agent is 

encapsulated in biodegradable polymers such as polyesters for in vivo drug delivery applications 

[107]. In this case, many factors such as the type of polymer, the size and shape of 

microparticles, and surface chemistry may have significant impact on the performance of drug 

delivery [107]. Biopolymers such as chitosan microparticles are also commonly used as efficient 



drug and protein carriers for several years [108, 109]. The particle size of typical chitosan 

microparticles, such as those prepared with tripolyphosphate (TPP) ranges from 500 µm to 

710 µm [108]. Chitosan micro/nanoparticles can be used to selectively deliver the drug to the 

different body sites such as buccal gland, gastrointestinal tract, colon, etc [110].  

 

3.2.1.3 Nanoparticles. Nanoparticles, with the size greater than 5 nm but smaller than 1000 nm, 

are among the colloidal drug carriers which are extensively used in cancer therapy [111], gene 

delivery [112], and brain drug delivery [113]. Based on preparation techniques, nanoparticles 

can be categorized into nanocapsule, reservoir base, and nanosphere, and matrix base [114]. In 

nanocapsules a polymer membrane acting as a shell encapsulates the drug in a thin core [115]. 

Matrix system of nanospheres, with the thick polymeric network, enable the drug to distribute 

uniformly via particles [116]. Conventional nanoparticles in chemotherapy exploit the enhanced 

permeability and retention (EPR) effect of cancerous tissue to selectively bind to the timorous 

site, passive drug delivery. More smart nanoparticles are  conjugated with ligands to selectively 

interact with the tumor receptors and release the anticancer drug at the targeted tissue, active 

drug delivery [91]. Using aptamers as a promising ligand, Xiao et al. [117] reported a novel 

targeted nanoparticle whose performance was efficient when tested in vitro. The state of art 

progresses in cancer therapy using nanoparticles is recently reviewed by Brigger et al. [116]. In 

addition to cancer therapy, nanoparticles can be diffused through the blood-brain barrier (BBB) 

to deliver the drug to the brain tumors [118, 119]. Before the incorporating the drug into 

nanoparticles, the BBB used to be removed via invasive or non-invasive techniques prior to the 

drug administration. More details regarding the role of nanoparticles in both in vitro and in vivo 

experiments related to the brain drug delivery were reported by Kreuter [120].  

 

3.2.2 Production of smart particles using microfluidic technology 



Both conventional and soft microfabrication technologies can be implemented in drug delivery 

applications [121]. For the production of particles for drug delivery, both biocompatibility and 

non-immunogenicity of the implemented materials are extremely important. Conventional 

microfabrication techniques such as photolithography, wet/dry etching, vapour deposition rely 

mainly on silicon/glass substrates and clean room facilities [122]. However, soft 

microfabrication methods are based on biocompatible polymers such as 

PDMS/polymethylmethacrylate (PMMA) and require inexpensive facilities. These techniques 

such as soft lithography can also be combined with silicon technology, used as master mold, for 

rapid and inexpensive prototyping. Lu and Chen [123] reviewed these soft fabrication techniques 

for different biocompatible polymers. The recent review paper by Zhang et al.  [124] evaluates 

the advances in materials used for drug delivery and synthesis. Fig. 13 summarizes some of the 

main microfabrication techniques. 

 
Fig. 12. Summary of the microfabrication techniques 

 

3.2.2.1 Fabrication techniques of biocapsules. Among the different biocapsules introduced 

above, we focus here on the techniques used to fabricate selectively-permeable immunoisolation 
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membrane. Some fabrication techniques for biocapsules used in cell-based drug delivery were 

reviewed earlier by Leoni and Desai [92]. Depending on the application, the pore size should be 

precisely controlled to allow the diffusion of therapeutic molecules and oxygen nutrients through 

the membrane while blocking the invasion of antibodies and complement proteins into the 

isolated cell/tissue. Beside the pore size, the length and shape of nanopores, which can also be 

considered as nanochannels, need to be fabricated accurately to filter and to affect the passage of 

damaging immunocytes [125]. Both top-down and bottom-up approaches can be employed to 

fabricate the semi-permeable membranes as summarized in Tables 2 and 3. More details 

regarding these fabrication techniques are reported by Jeon et al. [126]. 

Table 2. Summary of top-down fabrication techniques for semi-permeable biocapsules 

Technique Detailed Steps Material Pore size Reference 

Nanochannels surface 
micromaching and 
bulk silicon etching 

1) Etching the nanochannels 
2) Growing a sacrificial oxide layer 
(channel width) 
3) Depositing polysilicon (channel 
structure) 
4) Planarization 
5) Boron-doping step (membrane 
thickness) 
6) Depositing a protective nitride mask 
7) Back etching 
8) Etch mask removal 
9) Oxide layer removal 
 

Silicon (Si) 7-50 nm [127] 

Electron beam 
lithography (EBL)  

and reactive ion 
etching (RIE) 

1) Depositing SiN on Si wafer by low-
pressure chemical vapor deposition 
(LPCVD) 
2) Photolithography followed by wet 
etching  
3) Using EBL to produce pores on the 
membrane 
4) Coupled CHF3/O2 plasma treatment 
to etch the desired pores  
 

Silicon nitride (SiN) 
 

15-20 nm [128] 

EBL followed by 
focused ion beam 

(FIB) 

1) Deposition SiN on silicon wafer 
using LPCVD 
2) Photolithography followed by wet 
etching  
3) Creating an initial pore at the centre 
of the membrane using FIB 
4) Sculpting with a feedback 
controlled ion-beam 
 

1.8-60 nm [129] 

SiN micromachining 
followed by FIB 

1) Fabricating micropores supported 
by a Si wafer 
2) Depositing SiN on the micropores 

10-25 nm [130] 



using LPCVD 
3) Using dry RIE followed by wet 
etching to form a thin layer SiN on top 
of the micropores 
4) Using a dual FIB system to form the 
nanopores 

       
 

Table 3. Summary of bottom-up fabrication techniques for semi-permeable biocapsules 

Technique Detailed Steps Material Pore size Reference 

Self-organized 
electrochemical 

formation 

1) Applying current to oxidize the 
metal (anode) 
2) Forming surface fluctuations by 
a local field distribution 
3) Growing the initial pores by 
filed/temperature- enhanced 
decomposition 
4) Forming regular pores along the 
thickness by removing the oxide 
layer and repeating the anodization 
process 
 

Aluminum/Titanium 
(Inorganic) 50-150 nm [131, 132] 

Block copolymer 
self-assembly 

1) Forming nanoposts by mixing 
polystyrene-block-PMMA and 
PMMA homopolymer on silicon 
dioxide layer 
2) Forming nanopores by 
selectively removing the nanoposts 
from the mixture using acetic acid 
 

Organic copolymers 10-40 nm [133, 134] 

 

3.2.2.2 Fabrication Techniques of Microparticles. Similar to biocapsules, drug can be 

encapsulated in a wide range of biodegradable polymers such as polyglycolide (PGA), 

polylactic-co-glycolic acid (PLGA) and polylactide (PLA) to form polymeric microparticles. 

These microparticles are in the form of microspheres, microbeads and microcapsules. The 

preparation techniques of microspheres including phase separation, solvent 

emulsification/solvent evaporation, oil-in-water solvent evaporation, and oil-in-oil solvent 

removal techniques were previously reported [135]. Xu et al. [136] used microfluidic flow 

focusing devices to generate monodisperse microparticles. The drug loaded particles were 

fabricated from PLGA in the size range of 10 to 50 microns by altering the flow conditions.  

Because of several drawbacks of monolayer polymeric microparticles such as possibility of 



premature drug release, polymeric multilayer microparticles has been developed [137]. Lee et al. 

[138] used one-step solvent evaporation technique to fabricate the PLGA multilayer 

microparticles for drug delivery applications. Hsu et al. [139] used electrospraying to fabricate 

pectinate/alginate microspheres (PAMs). Employing poly-electrolyte multilayer coating, the core 

of the microsphere was further coated to control the release of the therapeutic agent (cisplatin) at 

the lower pH environment. It was shown that the coated PAMs can be used to effectively deliver 

the therapeutic dose of the drug to the colon tissue [139]. Other polymeric multilayer 

microparticles fabrication techniques are hot melt technology, dip/pan coating and precision 

microparticle fabrication technique [138] as well as layer-by-layer assembly [140]. 

  

To control the shape and structure of the scaffold-free micro/nanoparticles, Rolland et al. 

[83] modified the traditional imprint lithography by hydrophobizing the substrate. They called 

this fabrication technique particle replication in non-wetted template (PRINT). PRINT can 

facilitate the encapsulation of a wide variety of therapeutic agents. The applications of PRINT in 

producing aerosol particles used in respiratory drug delivery systems were also investigated 

[141]. Other microfabrication techniques used in particulate drug delivery applications such as 

step and flash imprint lithography (S-FIL), film stretching and flow lithography were reviewed 

in the literature [142, 143]. In addition, soft lithographic technologies such as microfluid contact 

printing (µFCP) [144], microtransfer molding (µTM) [145] and continuous flow lithography 

[146] can also be used to fabricate the drug carrier polymeric microparticles. Guan et al. [147] 

introduced microcontact hot printing (µCHP) technique to fabricate polymeric microparticles 

from micropillar/well PDMS stamps. 

  

Microparticles can also be used to increase the bioavailability of the drugs in oral 

delivery applications, in particular for delivery of large macromolecules like peptide and protein 



which otherwise would be decomposed into smaller molecules through the acidic environment 

of the stomach [93]. In this case, flat microparticles are preferred over the spherical particles due 

to the higher contact area with the intestinal lining [93]. Different microfabrication technologies 

of microparticles for oral drug delivery systems are recently reviewed by Sant et al. [148].  

Furthermore, microfabrication techniques can also be used to fabricate smart intravenously 

injected microparticles [93]. The drug is inserted into the microparticle reservoir, and the surface 

of the microparticles is chemically modified with ligands to actively target the unhealthy tissues. 

In this sense, the fabrication techniques are similar to that of the nanoparticles used in cancer 

therapy and will be further discussed in the following section. 

 

3.2.2.3 Fabrication techniques of nanoparticles. To be injected intravenously as well as 

internalized with the tissue cells, particle size should be smaller than 200 nm [149].  Unique 

properties of nanoparticles make them an excellent choice for drug delivery in vital tissues such 

as brain and lungs. Yet, several design factors should be considered in the fabrication of 

nanoparticles since nonspecific binding of these particles to healthy tissues could have 

catastrophic results. Depending on the application, the morphology, size, charge and coating 

materials of particles should be devised accordingly. Drug loading method, binding of targeted 

ligands and drug releasing technique are among the other designing criteria influencing the 

nanoparticles fabrication method. The shape of nanoparticles can also greatly influence their 

therapeutic efficacy [150].  

 

Both top-down, such as nanoimprint lithography, and bottom-up, such as molecular self-

assembly, or the combination of both approaches, can be used to fabricate nanoparticles. Top-

down production techniques to fabricate nanoparticles with special emphasize given on PRINT 

method is presented by Canelas et al. [143].  Chan and Kwok [151] reviewed two main bottom-



up processes of nanaoparticles fabrication including solvent precipitation (such as hydrosol 

production and flash nanoprecipitation) and  controlled droplets evaporation (such as spray 

drying and electrospraying). 

 

Magnetic nanoparticles are another type of smart particles with stimuli-responsive 

capability which can be used in targeted drug delivery. The detailed fabrication processes of 

magnetic nanoparticles, such as fabrication of the core and coating techniques with organic or 

inorganic materials, are reviewed by Veiseh et al. [152]. 

 

Among polymeric biodegradable polymers, PLGA-based nanoparticles have attracted a 

lot of attention in drug delivery applications. A thorough review of the detailed applications of 

such polymeric nanoparticles in targeted drug delivery systems is presented by Danhier et al. 

[153]. To deliver the chemotherapeutic drug to cancerous tissues, in addition to polymeric 

carriers and nanoshells, other nanocarriers including fusion protein, carbon nanotube, micelles, 

polymer-conjugate drug, dendrimers, and liposomes can be used [91]. Furthermore, gold 

nanoparticles have exclusive physicochemical properties such as high biocompatibility and 

localized surface plasmon resonance which can be used as effective anticancer drug carrier. 

Production of these gold nanoparticles and their design parameters in delivering the drug to 

pancreatic cancer are reviewed by Patra et al. [154]. Nanoparticles fabricated from rapidly 

biodegradable polymers such as polybutylcyanoacrylate (PBCA) can also be used to overcome 

the blood brain barrier and carry the drug to the desired brain region. 

Emulsion/dispersion/interfacial polymerizations are among the common production techniques 

of PBCA-based nanoparticles used to deliver the drug to the brain for Alzheimer's disease 

treatment. Detailed fabrication techniques are reviewed Roney et al. [155].    

 



3.3 Drug delivery on the organism level 

3.3.1 Micro needles 

At organism level, the most common drug delivering method is injection with a needle. 

This section focuses on the design and fabrication of microneedles for drug delivery. In general, 

microneedles can be categorised in four different types: (i) solid microneedles for skin 

pretreatment to increase skin permeability, (ii) microneedles coated with drug that dissolves off 

in the skin, (iii) polymeric microneedles that encapsulate drug and fully dissolve in the skin and 

(iv) hollow microneedles for drug infusion into the skin, Fig. 13. 

 
 

Fig. 13. Methods of drug delivery using microneedles. Reprinted with permission from [156]. 

 

Microneedles have been fabricated from a wide range of materials such as metal, 

polymer, glass and ceramic with different shapes as needed for diverse applications. The 

fabrication process is based on the conventional microfabrication techniques of deposition, 

etching, and replicating microstructures utilizing photolithography, silicon etching, laser cutting, 

metal electroplating, metal electropolishing and micromolding. 

 

3.3.1.1 Solid microneedles. A sharp solid microneedle is used to insert into the skin to 

make smaller pores. After the insertion, the needle can be removed. A drug formulation then can 

be applied on the punctured skin, either with a drug-loaded patch or a semi-solid topical 

formulation such as cream, gel or lotion. Various materials can be used for the fabrication of 



solid microneedles. The three basic requirements are mechanical strength through choice of 

materials, geometry of the tip and reducing force when applying to the skin. Materials suitable 

for making microneedles are silicon  [157-163], metal [164, 165], polymer [166-172] and 

ceramic [173-175]. Furthermore, some microneedles can be fabricated on a cylindrical surface 

that then is applied to skin as a roller [176-179]. 

 

3.3.1.2 Hollow microneedles. With hollow microneedles, the drug is infused or diffuses 

into the skin through the channel inside the microneedle. Microelectromechanical systems 

(MEMS) techniques have been used to directly fabricate hollow microneedles. David et al. 

employed laser micromachining for the fabrication of hollow metal microneedles [165]. Deep 

reactive ion etching was employed to fabricate silicon microneedles [180, 181]. Luttge et al. 

used a lithographic moulding technique to make out-of-plane polymeric hollow microneedles 

[182]. Perennes et al. fabricated sharp bevelled tip hollow microneedle arrays deep X-ray 

photolithography [183]. Wet chemical etching was reported for making a microneedle array with 

an integrated PZT insulin pump [184]. 

 

Yu et al. fabricated cylindrical hollow microneedles using a SiO2 mask, wet etching and 

deep reactive ion etching  [185]. Hollow microneedles with sharp tips were made by combining 

Bosch deep reactive ion etching with wet etching [184]. Hollow microneedles with a tapered 

shape utilized wet and dry etching technologies [186] or combining DRIE, diamond blade 

circular sawing and isotropic etching [187]. In addition, conventional methods were utilized to 

fabricate hollow microneedles made of glass or polymer. For instance, hollow glass 

microneedles were made using traditional drawn glass micropipette techniques [188]. Hollow 

polymer microneedles can be created either by drilling to make a bore hole and milling to make 

sharp tip [189]. 



 

Häfeli et al. developed a miniature syringe connected to a PDMS reservoir filled with a 

drug to deliver liquid formulations into a hollow microneedles [190], Fig. 15.  Various actuation 

schemes have been used to control the flow of drug through hollow microneedles: pressure from 

CO2 gas tank [191], a spring [192], piezoelectric (PZT) linear servo motor [193], micro-gear 

pump [194], and piezoelectric micropump [195]. 

 

 
Fig. 14. Concept of a miniature syringe attached to a PDMS reservoir (not to scale). Once pressing a 
finger on the deformable drug reservoir, the needles are driven into the skin and the drug suspension or 
solution is injected into the epidermal skin. Reprinted with permission from [190]. 

 
There are two basic configurations of hollow microneedles: single needle and an array of 

needles. Wonglertnirant et al. investigated several performance factors such as administration 

volume, formulation, and depth penetration of single microneedles [196]. In contrast to a single 

needle, an array of multiple hollow microneedles can deliver liquid formulations to a wider area 

allowing rapid intradermal delivery [192].  

 



3.3.1.3 Coated microneedles. A microneedle coated with a drug using a water-soluble 

formulation is first inserted into the skin. After the insertion, the drug is dissolved off into the 

skin and the microneedle can be then removed. 

 

Dipping and spraying using an aqueous solution are the most common ways to coat 

microneedles. A high viscosity of the solution would allow more drug to retain on the 

microneedles [197, 198]. The different coating techniques are dipping microneedles once or 

many times into a coating solution bath [199], dipping each microneedle into microwells filled 

with coating solution [197], dipping into a thin film of coating solution formed on the surface of 

a roller [200], layer-by-layer coating [201], or spraying using an atomizer [202]. 

 

The considerations for coating a drug formulation onto a microneedle are  [197, 198]: (i) 

the thickness of coating layer is uniform by controlling wetting and spreading of drug solution, 

(ii) coating formulation is water-soluble, (iii) the mechanical strength of a dried coating layer is 

high enough to insert into the skin, (iv) solvent and coating solution are safe for human health, 

and (v) the coating process does not affect the drug. During the coating process, a number of 

different surfactant and thickening agents such as Tween 20 [203] and Poloxamer 188 can be 

used [204]. There many compounds that can be coated on microneedles are for example 

fluorescein [205], calcein [197], vitamin B [197]), macromolecules [198], vaccines [206], DNA 

[207], micron-scale particles [197]. 

 

3.3.1.4 Dissolvable microneedles. Dissolvable microneedles were made of water-soluble 

or biodegradable polymers. After insertion into the skins, microneedles ecapsulating the drug are 

dissolved completely and leave no sharps waste.  

 



Generally, a micromould, a polymer melt and in-situ polymerization of liquid monomer 

were used to fabricate dissolvable microneedles [156]. Some heat-sensitive compounds, such as 

proteins and antigens can be encapsulated in dissolvable microneedles and should be solidified 

at the specific conditions to maintain their activities [156]. For instance, a microneedle 

encapsulating human growth hormone was fabricated in a vacuum dryer [208]. The time of 

insertion into the skins depends on the designs and material. A quick separation of the arrowhead 

tips from the shafts within seconds can be carried out leaving a dissolution of drug in skin [209], 

whereas biodegradable polymer microneedles encapsulated drug can stay in skin for hours to 

months with the purpose of controlled-release delivery [210]. Microneedles encapsulating 

hydrogel microparticles were released successfully into the skin within one hour by hydrogel 

swelling [211]. Sometimes, drugs only can only be encapsulated on the microneedle tips using 

two-layered dissolvable microneedles [208] or multi-layer microneedles using polymer particle-

based micromolding method [212]. Furthermore, localization of drug in the microneedle tip was 

fabricated by either casting a highly concentrated polymer solution or adding an air bubble at the 

base of the microneedle [213]. 

 
3.3.2 Organs on a chip 

Recently, much attention has been paid on the reconstruction of tissues and organs by combining 

cells and nanotechnology [214]. LOC technologies have been utilized to create devices which 

can mimic biological system, such as lung [3], artery [215] and liver [216]. 

 

Micromachined compartments have ability to create organ functions [217]. 

Compartmentalization is described as the creation of separations between differential 

environments, as shown in Fig. 15. This approach can mimics organ structure and functions. 

Tissues were specialized in well-defined environments and they can interact with each other via 

microfluidic channels to generate organ functions. These systems represent the in vivo organ 



micro environments, providing an alternative, low-cost, preclinical test platform, especially for 

drug developments. Several in vitro organ systems have been fabricated using 

compartmentalized microengineering methods such as kidney [67], intestine [69, 218], cartilage 

[219]. Multicompartment microfluidic-based devices can therefore be used to enhance the drug 

development process [220]. 

 
Fig. 15. Schematic representation of compartmentalization between environments A and B. Reprinted 
with permission from [217]. 

 
Drug delivery systems for organs and living organisms on a chip create the 

pharmacokinetic models used to assess toxicity and metabolism of drugs and chemicals [217]. 

For instance, toxicity of livers can be modelled and evaluated using these devices [221, 222]. 

Fig. 16 shows a typical organ-on-a-chip model. Cells representing certain organs communicating 

via microfluidic channels are cultured in the different compartments. 

 

 
Fig. 16. Organs on a chip. (a) Schematic representation and (b) experimental setup for a system in which 
the liver, bone marrow, and a tumor are allowed to interact. Reprinted with permission from [222]. 

 



3.3.3. Implanted microfluidic drug delivery devices 
 
 
In order to distinguish microfluidic drug delivery devices from other micro devices for drug 

delivery, this section only focuses on recently developed devices using microfluidic components 

such as micropumps and microvalves for fluid manipulation. These devices deliver drug to a 

specific target using convective transport, rather than pure diffusion-based drug delivery. 

 

Diffusion-based drug delivery of a drug from a self-contained reservoir provides continuous 

release over an extended period of time. Drug release can take several hours to days depending 

on the diffusion coefficient of the drug [223]. In such systems, dose initiation time by diffusion 

can be manipulated, but generally delivery rate remains fixed to a relatively slow rate [224]. For 

some applications, it is desirable to have a rapid dosage delivery, a non-continuous delivery 

pattern, or a pulsatile delivery pattern to better mimic a physiological release profile such as that 

of insulin [224].  For uses in special areas such as brain, drugs delivered by diffusion from 

polymer implants or bolus injections generally able to penetrate 3 mm from the implant [225]. 

Consequently, some drugs are desirable to penetrate further into the tissue by convective 

transport with an applied pressure gradient rather than with pure diffusion along a concentration 

gradient [226-228].   

 

Active delivery of drug from a reservoir in an implantable microfluidic device to a specific 

target is generally carried out with a power source. Actuation can be either manual [229], by 

applying a voltage [230, 231] or wirelessly with a magnetic field [232].  

 

Lo et al. [229] fabricated an implantable drug delivery device comprising of a refillable drug 

reservoir, flexible cannula, check valve and suture tabs using three layers of PDMS to deliver 

drugs for treating chronic ocular diseases. Mechanically actuated by a patient’s finger, a specific 



dose of drug can be dispensed from the device, Figure 17. The device has a thickness of less than 

2 mm. Flow rates of 1.57±0.2 μL/sec and 0.61±0.2 μL/sec under 500 mmHg and 250 mmHg of 

applied pressure, respectively, were obtained in benchtop experiments. In order to replace the 

manual actuation, electrolysis of water into gaseous oxygen and hydrogen was exploited to make 

an micropump [230, 231]. The pump generates sufficient pressure in the drug reservoir to deliver 

an accurate amount of 250 nL into the intraocular space through a parylene cannula and a one-

way check valve. Pirmoradi et al. [232] have reported the design and the fabrication of a 

magnetically actuated ocular implant for delivery of suitable dosage of docetaxel for treatment 

of diabetic retinopathy. It consist of a drug-loaded reservoir (Ø6 mm×550 μm), sealed by an 

elastic magnetic PDMS membrane (Ø6 mm × 40 μm) with a laser-drilled aperture (~100 × 100 

μm2). The magnetic PDMS membrane is deformed by applying a magnetic field of 255 mT. 

Membrane deformation results in a discharge of the drug solution from the device at a release 

rate of 171±16.7 ng per actuation.  

 

 

Fig. 17. (a) Schematic of a drug delivery device over an eye. The device must fit between the rectus muscles. The whole device 
including reservoir, cannula and valve possess a small thickness to avoid irritation (<2 mm); (b) Illustration of an implanted drug 
delivery device. The refillable reservoir is placed underneath the conjunctiva (a thin layer of tissue covering the sclera) and 
sutured to the sclera (white portion of the eye). The cannula is inserted through the sclera into the eye. Reprinted with permission 
from [229]. 
 
Elman et al. [233] developed an implanted device for rapid drug delivery for ambulatory 

emergency care. The device consists of a large single reservoir layer; a membrane layer that 



seals the drug reservoir hermetically, and an actuation layer. Actuation layer is defined by 

titanium microresistors to generate bubbles through heating once activated. In order to prevent 

drug degradation because of heating, film boiling regime is desired to insulate the bulk of the 

drug solution from the surface of the heater. Pressure rise in the reservoir by generated bubbles 

ruptures the sealing membrane made of silicon nitride. The drug is ejected out at a delivery rate 

of 20 µL over 45 seconds. Vasopressin was used as a model drug for cardiac resuscitation. 

 

Localized electrokinetic forces were used as another approach for drug ejection in a microwell-

based implantable drug delivery device [224]. The device consists of a silicon-based structure 

and a PDMS backing. The silicon layer contained the drug wells and the upper electrodes, while 

the lower electrodes were deposited on the PDMS layer. Each well had a volume of 

approximately 100 nL. The release time and the release rate of chemicals stored in the wells 

were controlled by changing the applied potentials to the electrodes.  

 

Foley et al. [226] fabricated and characterized an implantable microfluidic device for chronic 

convection enhanced delivery (CED) protocols. The device was made of a flexible channel in 

parylene-C that is supported by a biodegradable poly(DL-lactide-co-glycolide), PLGA, scaffold 

during its insertion into a tissue. After the scaffold is dissolved, only the flexible channels are 

left in the tissue enabling a reproducible injection of fluid into neural tissue. Results obtained of 

a test infusion of a food dye into a 0.6% wt/v agarose gel brain phantom at a flow rate of 

0.1 μl/min. The observed dye distribution revealed an approximated spherical distribution of an 

ideal point source. The average flow rate obtained  for in vivo experiments on a mice was 

0.09±0.005 μl/min (n=5), at a driving pressure of 3.45 kPa. 

 



In addition to the above mentioned works on implanted microfluidic drug delivery devices, 

many devices were reported in the literature focusing on the integration of microelectrodes as 

neural probes with microfluidic drug delivery channels for brainmachine interfaces (BMI) [234-

237]. Such micro devices are generally used for simultaneous drug delivery and in vivo 

electrophysiology recordings which are out the scope of this paper. Furthermore, there are many 

interesting investigations on microfluidics-based intracochlear drug delivery devices [238-240] 

which are beyond the scope of this paper. 

 

4. Conclusions 

The present paper reviews the use of micro- nanotechnology and LOC technology in the design 

and development of drug delivery systems. Existing micromachining capabilities allow the 

integration of fluid handling components on a single device leading to the concept of LOC. The 

technology has a broad impact on drug delivery from the early drug discovery and screening 

stage to the final targeted and controlled delivery stage. As illustrated throughout the review, 

LOC technology allows controlled delivery and evaluation at cellular, to tissue to organism 

level. At cellular level, LOC technology provides a platform for controlled drug delivery to cells 

grown in-vitro on the same device. The possibility of well controlled distribution of drug 

concentration and growing cells on a chip makes high-throughput combinatorial drug screening 

possible. The same concept can be extended to tissue and organ level, where in-vivo 

physiological conditions can be recreated on a chip leading to fast and low-cost drug screening. 

Micro- and nanotechnologies are ideal for the synthesis of smart particles working as drug 

carriers. At the organism level, LOC can work as a platform for testing the effect of drugs on 

small organisms. Furthermore, LOC technology enhances traditional delivery methods such as 

injection by introducing microneedles integrated with a complex liquid handling system for 

targeted and rate-controlled delivery. The unique advantages of compactness and controllability 



allows the development of implantable drug delivery devices to become reality. The present 

review shows that LOC technology can bridge the gap between pharmaceutical industry and 

drug delivery industry to provide better therapeutic solutions to the end users. 
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