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Chapter

A Microfluidic Device as a Drug 
Carrier
Fikadu Ejeta

Abstract

The development of nanomedicine or medical nanotechnology, has brought 
important new ways to the development of medicines and biotechnology products. 
As a result of groundbreaking discoveries in the use of nanoscale materials significant 
commercialization initiatives have been launched and are at the forefront of the 
rapidly expanding field of nanotechnology by using smart particles. Microfluidic 
technologies use nano-and micro-scale manufacturing technologies to develop 
controlled and reproducible liquid microenvironments. Lead compounds with 
controlled physicochemical properties can be obtained using microfluidics, charac-
terized by high productivity, and evaluated by biomimetic methods. Microfluidics, 
for example, can not only produce nanoparticles in a well-controlled, reproducible, 
and high-throughput manner, but it can also continuously create three-dimensional 
environments to mimic physiological and/or pathological processes. Materials with 
smart properties can be manipulated to respond in a controllable and reversible way, 
modifying some of their properties as a result of external stimuli such as mechanical 
stress or a certain temperature. All in all, microfluidic technology offers a potential 
platform for the rapid synthesis of various novel drug delivery systems. Therefore, 
these smart particles are equally necessary as the drug in drug delivery.

Keywords: smart materials, nanomedicine, microfluidic devices, drug delivery, 
nanocarriers

1. Introduction

Nanomedicine is a branch of medicine. Its goal is to use nanotechnology—
manipulation and manufacturing of materials and devices with diameters of 1–100 
nanometers—to prevent diseases and imaging, diagnose, monitor, treat, repair, and 
regenerate biological systems [1]. The development of nanomedicine or medical 
nanotechnology, has brought important new ways to the development of medicines 
and biotechnology products [2]. As a result of groundbreaking discoveries in the use 
of nanoscale materials significant commercialization, initiatives have been launched 
and are at the forefront of the rapidly expanding field of nanotechnology [3, 4], and 
they are expected to overcome the continuing challenges of ineffective drug delivery 
systems [5].
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Materials with smart properties can be manipulated to respond in a controllable 
and reversible way, modifying some of their properties as a result of external stimuli 
such as mechanical stress or a certain temperature. Because of their small size, 
customizable chemical surface qualities, high volume-to-surface ratio, and, funda-
mentally, the ability to load active medicinal components and imaging agents, nano-
particulate drug delivery has been discovered to successfully affect nanomedicine 
[6]. In addition, nano-drug delivery media have been proven to improve beneficial 
results or effects, and reduce the side effects associated with drugs that have already 
been approved on the market, enabling new treatment methods and inspiring further 
improvements in the undesirable drug properties of active biological products. 
Research that was previously considered undeveloped [7].

Microfluidic technologies use nano-and micro-scale manufacturing technologies 
to develop controlled and reproducible liquid microenvironments [8, 9]. Lead com-
pounds with controlled physicochemical properties can be obtained using microfluid-
ics, characterized by high productivity, and evaluated by the biomimetic method in 
vitro for a human organ on a chip [8, 10]. The microfluidic generation has become 
an efficient device for the manufacture of microparticles with controlled morphol-
ogy and preferred properties due to its ability to precisely control the emulsification 
procedure and generate droplets of monodisperse compounds in microchannels 
[11]. Microfluidics’ ability to produce double emulsions having one, two, three, or 
more numbers of droplets with remarkable precision displays the degree of control 
it provides [12]. Since the size of the particles has a substantial influence on carrier 
release profile [13], it’s crucial to place together polymer matrix with appropriate sizes 
and size distributions to accurately regulate the release of payloads. The loading of 
medicines onto the polymeric matrix and the release of payloads can both be con-
trolled by changing their interior structures [14]. Multiple medication delivery can 
be achieved by altering the size and number of interior partitions [14, 15]. Another 
way to control the release of the payload is to synthesize polymer fragments by using 
stimulus-responsive substances [16]. After the environmental triggers (including pH, 
temperature, or ionic strength) are disclosed, the fragments will pass through physi-
cochemical alternatives and then release the payload [17, 18].

Microfluidic technology has advantages in terms of small particle size distribu-
tion, lower polydispersity index, higher packaging and loading efficiency, better 
batch-to-batch uniformity, and the possibility of easy scaling [19]. Interestingly, the 
preparation of microfluidic chips is simple and easy to implement, thus realizing the 
economical production of nanocarriers [20]. Various microfluidic chips have been 
manufactured to synthesize organic, inorganic, polymer, lipid-based vesicular and 
hybrid nanocarriers [21]. All in all, microfluidic technology offers a potential plat-
form for the rapid synthesis of various novel drug delivery systems [22].

The manufacturing processes for polymer microparticles are becoming increas-
ingly important for applications such as the controlled release of active ingredients, 
medical-diagnostic tests, the achievement of superhydrophobic surfaces, the optimal 
design of impact-resistant polymer composites, and food technology [23].

Polymer microparticles are produced using a variety of processes, including sus-
pension or emulsion polymerization, solvent evaporation, spray drying, small-hole 
spraying of polymer solution and the Shirasu porous glass membrane (SPG) emulsifi-
cation method. On the other hand, traditional manufacturing processes have several 
disadvantages, including the fact that they take time, cause particle coalescence, and 
lead to non-uniform particle sizes and shape irregularities [24]. To work around these 
limitations, you can use the electrospray method. Furthermore, the electrospray 
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technique offers many benefits over earlier approaches, including minimal residue, 
the use of very few solvents, low cost, and the use of high molecular weight polymers 
[25]. The microdevices are made up of two flow-focusing pads that work together 
in a two-step procedure to make double emulsions. As a result, at low flow rates, the 
aqueous phase is symmetrically restricted at the initial connection point as a result of 
which monodisperse aqueous monomer plugs are formed. The oil phase encapsulates 
liquids 1 and 2 at the second connection point and creates double droplets of aqueous 
and monomeric phases. The composite droplets then reach a third junction where the 
channel cross-section is enlarged, whereby they assume spherical shapes. In the large 
section, conservation of mass forces the droplets to slow down significantly, thereby 
decreasing the spacing between successive droplets and thus decreasing the spac-
ing between successive droplets, thereby decreasing the spacing between successive 
droplets [26].

Advances in drug delivery technology can improve pharmacological factors, 
including efficacy and bioavailability, to discover and develop more effective drugs to 
improve the treatment effects and quality of life of patients. Manufacturing quality 
control, fluctuations between product batches, and the inability to obtain physiologi-
cally relevant test results in traditional in vitro prescreening platforms are all obstacles 
to nanoparticle drug delivery [10]. Microfluidics has evolved from microliter fluid 
processing to nanoliter fluid processing, including multidisciplinary methods that 
can be used in a wide range of applications [27, 28]. Microfluidics (a method of 
fabrication) provides a mechanism for making highly controllable, reproducible, and 
scalable methods to produce nanoparticles. When compared to traditional in vitro 
culture methods, the organ-on-chip microfluidic technology provides highly relevant 
organ-specific testing platforms capable of biologically relevant experimental time 
scales while employing a fraction of the sample and media volumes [29, 30].

Microfluidic technologies provide low-cost, simple-to-use platforms to control the 
flow of fluids. Emulsions produced in microfluidic devices have been used in a variety 
of scientific applications, comprising biomedical field, chemical synthesis, fluid flow, 
and controlled drugs delivery. T-junctions and flow-focusing nozzles are two types of 
microfluidic platform devices that are used to make emulsions [31, 32]. Both proce-
dures allow for the production of monodisperse particles as well as a wide range of 
emulsion sizes. Flow-focusing devices are commonly used to produce monodisperse 
polymer particles, both spherical and non-spherical. FF devices have been proven to 
generate photo-curable polymeric particles, ion-cross-linkable thermosensitive gels, 
polymer-encapsulated cells, and other particles in some situations [33, 34], polymer-
encapsulated cells [35, 36], and other particles [21, 37]. Microfluidics can be applied 
to polylactide particles to make the production of novel drugs easier.

2. Microfluidic devices

There are two main types of microfluidic devices for particle production: micro-
channels and microcapillaries [38]. Microchannel-based devices are commonly 
manufactured through processes such as micro-milling, micro-machining, lithogra-
phy, and shape replication. In such devices, minimizing the interfacial environment 
causes spontaneous droplet formation, and therefore the droplet size is best depen-
dent on the microchannel geometry while maintaining the oil phase flow rate within 
an optimal range. Total devices based entirely on microchannels are costly and time-
consuming to manufacture, but they enable microsystems to be manufactured with 
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a particle size of only a few tens of micrometers. In addition, the microchannels in 
such devices can be properly aligned and, in addition to the uniform flow and strong 
liquefaction of certain droplets or the splitting of droplets to a uniform size, they can 
serve their equipment, and the systems can be expanded to produce a large number 
of products. In addition, structures mainly based on capillaries are usually made 
of low-cost components available on the market and can become microchannels in 
particle manufacturing. Importantly, these systems can be manufactured in a shorter 
time and can operate under harsh process conditions [39]. In a complete device based 
on microchannels, the dispersed phase is very close to the tool wall before being 
emulsified by the continuous phase, which may cause phase inversion [40]. Although, 
the affinity of the dispersed relative substance is greater than that of the continuous 
phase, the dispersed phase preferentially wets the partitions of the tool. This makes 
the selection of materials produced by the equipment more important than all other 
materials. However, phase inversion can be avoided by deciding which equipment 
is suitable for water droplets or organic droplets [41]. On the other hand, capillary-
primarily based devices are tremendous for such terms. Here, the droplets are stopped 
from assembling the device’s partitions. Capillary-specific devices allow for the 
manufacture of oil-in-water or water-in-oil emulsions with a single microsystem [42].

Using a variety of materials and shapes in microfluidic devices to allow future and 
desirable sort of physical activity and features. Each layer of a laminated microfluidic 
device is cut separately. The cutting process has a considerable impact on the device’s 
dimensions and functionality. For prototyping and laboratory settings, due to the 
speed and simplicity each tool offers, cutting is usually done with a knife plotter  
(i.e., xurography) or laser cutter. A knife plotter works by precisely cutting material 
with a blade to create the geometry, while a laser cutter uses a focused beam (tradition-
ally, CO2 lasers are used) [43, 44]. Under these conditions, the droplet diameter can 
be reduced by increasing the flow rate, density ratio, and viscosity [45]. Bottom-up 

In vitro 

culture

Advantages Disadvantages Reference

2D cell 

culture

Cell cultures are laboratory dishes that are used 

to grow cells. They are flat and are usually made 

out of plastic. By sticking cells onto these dishes, 

scientists are able to study cell behavior using 

cheap materials. There are several protocols and 

extensive literature available to analyze data and 

understand cell behavior.

Limit the simulation of 

complex cell-cell and 

cell-matrix interactions to 

study cell behavior

[48–51]

3D cell 

culture

Increasing the cell's ability to organize tissue, to 

express different functions, and improving live 

imaging.

The cells in the in vivo 

system are in the body, 

so the in vitro system is 

not exactly like the in vivo 

system when testing cells 

in a dish.

[10, 52]

(Organ-

on-a-

chip)

Physiological effects of different tissue types 

and structures, such as cells and blood vessels, 

are recreated in a system of fluid and particles to 

generate forces.

This experiment is very 

difficult to do and will 

likely yield inconclusive 

results, because different 

humans react differently 

to the same stimuli.

[29, 53]

Table 1. 
Advantages and disadvantages of the methods used in invitro drug screening by microfluidics.
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technologies that rely on emulsion or self-assembly on the shape of the equipment 
used do not always provide fine, pre-designed control over particle geometry (shape, 
aspect ratio) and composition [46]. A microchannel flow-focusing system (EDCl) 
was used to study the manufacture of HANP cross-linked with adipic acid hydrazide 
(ADH) and chlorinated carbodiimide. The focus of this work is to analyze the process 
parameters of this unique method, which is a continuous nanoprecipitation at the 
water-organic solvent interface. The influence of the type of organic solvent used, the 
flow rate of the non-solvent, and the content of hyaluronic acid (HA) on the HANP 
characteristics of (hyaluronic acid nanoparticles) [47]. Several studies have found that 
the affinity between water and organic solvents influences the average diameter of 
nanoparticles (NPs) via water diffusion and the rate of nanoprecipitation. When the 
non-solvent shows a moderate affinity for water, the polydispersity becomes narrower. 
In addition, since the process is regulated by convection, lower HA concentrations and 
higher isopropanol flow rates will produce smaller particles. Regardless of the organic 
solvent, flow rate, or HA concentration, some stable NPs are formed. The process was 
found to be simple, repeatable, and fast. This process is expected to be used in the 
manufacture of oil-free HANP, which is important for medical, pharmacological, and 
cosmetic applications, as shown in Table 1 [45, 47].

3. Synthesis of microfluidic nanocarriers

Beyond that, it seems that pharmaceutical formulators have been more interested 
in using synthetic nanocarriers than natural nanocarriers and colloidal systems, 
which have not been of much interest. Scientists have recently paid a lot of atten-
tion to the production of organic nano-carriers, particularly in pharmaceuticals, as 
pharmaceutical scientists have begun to recognize the important properties they 
confer on nano-carriers by microfluidic methods [21, 54]. Nano-carriers are created 
by spreading premade polymers or inducing polymers to develop through monomer 
reactions. These nanocarriers can be advanced in a variety of ways, and they are 
divided into classes based on the processes involved. In the primary group, materi-
als are emulsified, but not necessarily in the other categories. As a result, it gives 
a straightforward and straightforward synthesis process. When those tactics are 
applied in typical devices, there is a lack of control over uniform blending, forma-
tion, and better impacts on formulation ingredients, and few goods have an excessive 
particle size dispersion as a result. Microfluidic control structures, on the other hand, 
can provide control over the aforementioned elements due to their equally sized par-
ticles [55]. Lipid polymer hybrid nanoparticles have been merged into high-capacity 
nanocarriers.

The microfluidic co-flow nanoprecipitation technology has been used to make a 
large number of LPHNPs. With the help of dissolving poly (lactic-co-glycolic acid) 
(2 mg/ml) into acetonitrile as a natural phase, the internal fluid changed its ordered 
state. The outer fluid had a two-to-three mass ratio of lecithin and Distearoyl- 
sn-glycero-3-phosphoethanolamine-polyethylene glycol 2000 dissolved in 4 percent 
ethanol and responded in water. These characteristics define a drug’s potential to be a 
good choice for treating breast cancer [21, 22, 55].

Water-to-oil emulsification in a paper-based microfluidic drug carrier results 
in unique open-channel microfluidics with the capacity to manage the flotation of 
both adequate and inadequate surface tension liquids. The open channel devices are 
shown to be effective in limiting a variety of lower surface tension oils at high and low 
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flow rates, allowing for microfluidic emulsification of water in oil in an open chan-
nel instrument. The droplets should be formed inside the channel with the aid of an 
adjustable speed of the continuous phases of the emulsified water and oil. Finally, 
an instrument has been turned to being used efficiently to synthesize remarkably 
monodisperse hydrogel microparticles that might contain a drug molecule.

Additional research into the drug delivery properties of manufactured products 
has yielded promising results. Open channel microfluidic devices have the potential 
to achieve a high level of fluid manipulation with fast and low-cost production [56]. 
Dopamine is used as a model drug to quantify electrochemical flow on paper-based 
devices in a dynamic microfluidic method. Combining electrochemical methods with 
microfluidic devices to achieve time-resolved detection of neuron-like PC12 cells 
cultured on filter paper Dopamine [57, 58]. After investigating the attachment of cells 
to the outside of the paper with a fluorescence microscope; dopamine drug delivery 
after stimulation with acetylcholine was investigated. As a result, the data collected 
by the device is consistent with single-cell statistics, demonstrating the effectiveness 
of the technique for high-throughput quantification of tissues or chemical targets on 
tissues [59] for higher-throughput quantification of chemical targets on tissues or 
organs-on-a-chip [58].

In general, microfluidic devices maintain many qualities in pharmaceutical 
science, consisting of appropriate doses, ideal drug delivery, site-targeted delivery, 
sustained release and controlled release, reduced repeated doses, and minimal side 
effects. To do so, these advantages are the key quality of the drug delivery system. 
Microfluidic technology has been routinely used in many active moiety carriers, 
direct drug delivery systems, high-throughput screening, and the production of 
polymers as superior carriers for additives and drugs. Cheaper and easily produced 
paper-based materials are good substrates that do solve several problems associated 
with transportation, filtration and storage, concentrators, valves, and multiplex-
ing [59]. Going forward, creating microfluids on paper in controlled drug delivery 
programs can offer exciting opportunities to broaden the scope of the subject matter 
and support improved the scientific translation of drug delivery systems. A device for 
the controlled release of vinblastine (VBL) drug responsive to stimuli from magneto-
sensitive chitosan capsules, which is a magnetically sensitive device for controlled 
drug delivery, was developed by embedding superparamagnetic iron oxide (SPIO) 
nanoparticles (NPs) into a chitosan matrix and external magnet. Thus, the release 
rate, time, and dose of VBL released have become controlled by an exterior magnet. 
The prepared VBL and SPIO NPs-loaded chitosan microparticles were character-
ized and showed individual and distinctive controlled release patterns. In addition, 
droplet microfluidics, which is a unique technique for producing polymer spheres, 
has grown to be used for the manufacturing of monodispersed chitosan micropar-
ticles [60]. Because of their distinct physicochemical behavior and synergistic effects 
in the prevention and inhibition of colorectal cancer progression, atorvastatin and 
celecoxib were chosen as the version dosage form. For precisely controlled multi-
drug delivery, a microfluidic collection of monodisperse multistage pH-responsive 
polymer/porous silicone composites were developed [61]. Fabrication incorporating 
hypromerose succinate acetate, which does not dissolve in acidic conditions but 
incredibly dissolves in basic (alkaline) pH environments, is effective in preventing 
and suppressing the acceleration of colon and rectal cancers. Microcomposite [62] of 
Atorvastatin, which benefits from the larger pore volume of porous silicon (PSi), is 
first loaded into the PSi matrix and then encapsulated via microfluidics into pH-
responsive polymer microparticles containing celecoxib, a multidrug obtained Road 
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Polymer/PSi microcomposite. The manufactured microcomposites were confirmed 
to have a monodisperse size distribution, multistage pH-response, a particular 
ratiometric controllable loading extent closer to the concurrently loaded drug 
molecules, and tailored-made drug release kinetics. This attractive microcomposite 
technology prevents payloads from being released at low pH values and promotes 
medicine delivery at higher pH values, and could be used to prevent and treat colon 
and rectum cancers in the future. Overall, the pH-responsive polymer/PSi-based 
fully micro composite [63] might be employed as a common platform for combining 
drug delivery systems for multiple drug compounds [61].

The preparation of monodisperse microparticles of a biodegradable polymer was 
carried out using an instrument for focusing a microfluidic flow for controlled drug 
delivery. The manufacture of monodisperse microparticles containing a drug from 
biodegradable polymers, the use of devices for focusing a microfluidic flow, and the 
drug delivery properties of these particles have been described [64]. The particle 
size ranges from 10 to 50 mm. These particles are practically monodispersed with a 
polydispersity index of 3.9% [65]. Bupivacaine (amphiphilic) is included in a biode-
gradable debris matrix to characterize the formulation as a model drug [65–67]. The 
kinetic evaluation suggests that drug release from these monodisperse microparticles 
is slower than conventional strategies with the same average size, but reveals a larger 
particle size distribution and, more importantly, a significant reduction in a primary 
burst than that found with traditional methods, as shown in Figure 1 [65, 67]. The 
difference in the preliminary kinetics of drug release is explained by the even distri-
bution of the drug within the particles created using microfluidic strategies. These 
results demonstrated the application of microfluidic flow-focusing to homogeneous 
particle system technology for drug delivery [65].

Recently, thermosensitive liposome-controlled release using a disposable micro-
fluidic instrument was developed, with the release of the encapsulated drug from 
the liposome nanocarrier expected to increase local drug delivery while reducing the 
toxic effects of increased temperature. High Intensity Focused Ultrasound (HIFU) 
[68–71], microfluidic devices with micro-HIFU (MHIFU), allow simulation of the 
bulky HIFU transmission instrument with lower energy consumption and to control 
of the release of the investigated low-temperature liposomes (LTSL) [52, 72]. In 
addition, when transitioning to a local temperature of 41–43°C, the structure changes 
from a gel to a liquid crystal phase, and the encapsulated drug is released by an 
external hyperthermia source (such as a microwave or infrared radiation laser). The 

Figure 1. 
A strategy for producing dispersed drugs using microfluidic techniques.
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Figure 2. 
Fluid-handling systems for the microfabrication of smart materials, including pumps, valves, and flow channels.

lipid membrane structure of low temperature-sensitive liposomes (LTSL) [73]. The 
era of microfluidics may also provide a promising method for studying ultrasound 
and the complex dynamics of organisms at the ultramicro level [74]. The main task 
of improving polymer nanoparticles for many procedures is to specifically engineer 
preferred physicochemical properties in a repeatable manner [67].

Microfluid self-assembly [9, 75] of polymer nanoparticles with adjustable com-
pactness for controlled drug delivery is predominantly self-assembled hydrophobi-
cally modified chitosan (HMC) biopolymer-based nanos. The particle compactness 
can be determined by adjustable high-speed blending with hydrodynamic flow 
focusing on microfluidic channels. It has been demonstrated that the self-organizing 
properties of the chain can be controlled by optimizing the size and compactness of 
the species, as well as the more restricted particle size distribution, through various 
flow rates as well as the hydrophobicity of the chitosan chain of nanoparticles [67, 76]. 
The particle size of the formulation components increased with increasing blending 
time, while the chitosan produced smaller and more compact nanoparticles with a 
much smaller variety of aggregated chains and a higher degree of hydrophobicity.

The scientists found that nanoparticles with nearly equal forms of hydrophobic 
adhesion were formed by blending the two liquids. The scientists found that the lack 
of affinity for the aqueous medium and the blending times longer than the time of 
aggregation hindered the formation of nanoparticles with different forms of hydro-
phobic adhesion.

Moreover, researchers investigating the effectiveness of microfluidics for assembling 
HMCs and enclosing paclitaxel, a typical anticancer medication, showed that it has a 
significantly greater encapsulation efficiency and overall quality than the traditional 
bulk technique. The impact of the components of the synthetic medication on the 
parameters of the release of paclitaxel from nanoparticles was investigated. [31]. The 
predicted 50% paclitaxel diffusion coefficient upon drug release meant sustainability in 
controlling drug release for nanoparticle compactness and superior results compared to 
traditional bulk blending methods [31, 77]. These results show an excess of microfluidic 
methods for specific bottom-up control of the physicochemical properties of polymer 
nanoparticles in many programs [78], including controlled drug delivery [31, 67, 77].

An electrokinetic microfluidic device for rapid, low-power drug delivery in 
self-sustaining microcontrollers evolved as a low-power, powerful, electrically active 
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microwell intended for use in self-sustaining microcontrollers. The tool features a sili-
con primary base shape at the top that represents the drug storage location and PDMS 
(polydimethylsiloxane) that is electrically functionalized as a polymer. The drug 
release mechanism evolved here utilizes local electrokinetic results of controlled drug 
release times and compound velocities stored in appropriate, unbiased storage areas 
[79, 80]. This proves that the dose time can be reduced from hours to seconds over 
the preceding diffusion, primarily based on the use of low intensities of 20 mJ for the 
dose. Release techniques are completed in less than 2 minutes or with the use of low 
energy of 20 mJ. Each of these has an advantage over the state of the artwork subsys-
tem [79]. A version of the electrokinetic delivery involved in the release technique 
used detailed 3D numerical simulations. The simulated model showed that a large 
part of the content is released by this technology at an early stage. It also provides a 
physical view of the delivery process [20, 79]. Such microfabrication is illustrated [81] 
in Figure 2.

4. Conclusions

In conclusion, microfluidic technology allows for incredibly accurate fluid 
delivery. It could be coupled to an actuator system that delivers drugs on demand or 
continuously. Microfluidics has revolutionized the design of devices for direct drug 
delivery in general, as well as the manufacturing of drug carriers. Microfluidic tech-
nology is required for the manufacture of drug carriers with a reproducible release 
profile as well as the controlled release of several substances with varied release 
characteristics. Materials with smart properties can be manipulated to respond in 
a controllable and reversible way, modifying some of their properties as a result of 
external stimuli such as mechanical stress or a certain temperature.
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