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ABSTRACT

Currently, microfluidic devices are striving for implementation in many areas of biomedicine: 
drug synthesis, theranostics, biosensors. Such devices provide fast and sufficient mixing in 
microfluidic channels, make it possible to obtain monodisperse particles, including nanoscale 
ones, to control the synthesis conditions and to precisely regulate the physicochemical proper-
ties of the resulting substances. Sensors based on microfluidics allow detecting various patho-
logical processes. The presented review gives an idea of the principles of constructing micro-
flow devices, chip materials, and reagent dosing systems. Examples of the use of microfluidics 
in various fields are given.
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INTRODUCTION

Microfluidic reactors are devices designed for the 
synthesis of substances and particles using small fluid 
flows in channels of micro- and nanometer size. Al-
though microfluidic reactors were first developed in the 
early 90s of the last century, new design solutions in 
reactor topologies have found applications in medicine, 
pharmaceuticals and chemical industries for diagnos-
tics, crystallization, chemical and combinatorial syn-
thesis, as well as rapid analysis methods.

The development of miniature reactors has many 
potential advantages over more traditional methods of 
synthesizing chemicals and particulates. Due to good 
reaction control, low reagent consumption, high sensi-
tivity and safer working environment, microfluidic de-
vices have proven themselves well for larger production 
of chemical compounds with clearly defined and prede-
termined properties. This improves the quality of chem-
ical substances for pharmaceutical industries as well.

APPLICATIONS OF MICROFLUIDIC 
SYNTHESIS

Microfluidic technologies play an extremely im-
portant role not only in chemical synthesis, but also in 
the synthesis of nanoparticles. Nanoparticles obtained 
using microfluidic synthesis have found application in 
such areas as medicine [1], electronics [2], cosmetology 
[3], solar energy [4] and others. In general terms, the 
application areas of microfluidic synthesis can be illus-
trated by Figure 1.

Due to the fact that the physical and chemical prop-
erties of nanoobjects depend on the size, shape and 
crystal structure, in order to obtain materials with the 
necessary characteristics and properties, their synthe-
sis requires precision control of kinetic and thermody-
namic parameters. Thus, the role of microreactors in the 
synthesis of nanomaterials is reduced to two main tasks: 
synthesis with controlled size, shape and structure and 
regulation due to continuous flow processes.

MATERIALS FOR MAKING 
MICROFLUIDIC CHIPS

The choice of microfluidic chip material (MFC) de-
pends on the purpose of its use and the reagents used in 
the research.

Silicon, quartz, and glass are traditional materials for 
large-scale production of microfluidic devices. MFCs 
from these materials are made by photolithography [5]. 
Glass and silicon are used because of their thermal sta-
bility and compatibility with chemical solvents in crystal 
reactions [6], droplet formation [7] and extraction [8].

For rapid prototyping and research in the laborato-
ry, polymeric materials are usually used, which were 
chosen because of the lower price and simpler MFC 
manufacturing technology. One of the most common-
ly used materials is Sylgard 184 polydimethylsiloxane 
(PDMS). This is due to a number of reasons. The liq-
uid PDMS Prepolymer is thermally cured at moderate 
temperatures (40-70 °C) and can be cast with nano-
meter resolution using soft lithography from master 
molds made from silicon, glass or photoresist SU-8 
[9], its low surface tension makes it much easier to peel 
off the templates after curing. The PDMS chip can be 
reversibly and conformally sealed with another part 
made of PDMS, glass or other substrate material by a 
simple connection. However, when using PDMS, more 
attention should be paid to the chemical compatibility 
of polymers with the reagents used. In addition, many 
polymers are not designed for use at high temperatures.

PRODUCTION OF PDMS-BASED 
MICROFLUIDIC CHIPS

PDMS-based MFCs are made using soft lithography 
methods.PDMS The sequence in the manufacture of 
such chips is shown in Figure 2. To do this, the PDMS 
base is first mixed with a hardener in a mass ratio of 
10:1 and poured into a master mold, usually made of 
silicon by photolithography, with a macroscale pattern. 
A vacuum desiccator with a pump is used to remove 
air bubbles. Degassed PDMS is placed in a hardening 
oven for 4 hours at 60° C. The cured PDMS replica is 
removed from the mold using a sharp blade. The seal-
ing of a PDMS replica with a glass plate can occur in 
various ways, for example, by plasma treatment and 
exposure to high-frequency currents [10]. After that, 
the ready-made MFC is ready for operation. The above 
manufacturing protocol is constantly being reviewed 
and improved [11]. In this form, it has been used in mi-
crofluidic studies in recent decades [12—14].

MICROFLUIDIC DEVICE DESIGN AND 
TOPOLOGY

The choice of the type of microfluidic device used 
for the synthesis of nanomaterials should be approached 
taking into account all possible factors. The simplicity 
of the design leads to easy scalability of the process, but 
reduces the quality of the nanomaterials produced.

Microreactors with more complex designs allow 
better control over the properties of nanoparticles, but 
scaling up the process can be a challenge. In this case, 
it is preferable to use MFCs with topologies that assume 
continuous operation, especially for nanomaterials that 
are less sensitive to changes in reaction conditions.
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Figure 1. General application schematic for microfluidic synthesis

Figure 2. PDMS-based MFC manufacturing schematic
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Microfluidic reactors for chemical synthesis can be 
divided into three main categories: continuous lam-
inar flow reactors, segmented flow reactors and drop-
let-based reactors [15]. 

Continuous laminar flow microreactors include 
only single-phase fluid flows. Several liquid reagents of 
different composition and concentration are fed to the 
MFC through the inlets. In these laminar flow-dominat-
ed microreactors, mixing is a key process for optimiz-
ing production.

The mixing methods can be divided into two large 
groups. MFCs with flow focusing topologies can be 
attributed to the first group. Hydrodynamic focusing 
is one of the most important methods in microfluidic 
synthesis of materials [16, 17]. Hydrodynamic focusing 
always occurs in MFPs with topologies involving a tri-
ple-input channel consisting of one central inlet channel 
and two lateral inlet channels positioned vertically or at 
an angle (less than 90 °) to the central one. In addition, 
the flow rate of the central channel is smaller than the 
lateral ones, so that the average flow can be focused and 
mixed with the lateral flows quickly and sufficiently. 
The mixing time mainly depends on the flow ratio of 
the lateral and central inlet channels.

The second group of mixing methods concerns 
MFCs with topologies for conventionally more efficient 
mixing. The simplest topologies most often represent 
two inlet channels of a Y-shaped microfluidic reactor, 
creating a supersaturated region at the boundary of dif-
fusion mixing between two mutually diffusing flows of 
reagents.

The use of microstructures, such as straight micro-
channels [18], curved microchannels [19], spiral micro-
channels [20] and spinal mixers [21], can further in-

crease the mixing efficiency by introducing disturbanc-
es and prolonging the mixing time of flows during the 
synthesis of nanoparticles. 

Segmented flow microreactors typically include sev-
eral liquid phase flows for reagents and one gas phase 
flow for creating gas bubbles in order to isolate differ-
ent segments of reagents. Gas bubbles are formed due 
to differences in surface tension between the gas and 
liquid phases. In a typical design, two or more reagents 
in liquid phases are introduced into the microreactor 
through the inlets. Additional inlets and sections can be 
added to the design depending on the requirements for 
the reaction. Segmented flow microfluidic reactors may 
become contaminated due to physical contact between 
the reagents and the walls of the channel. Sometimes 
this problem can be solved by analyzing the hydropho-
bicity of the channel walls.

One of the biggest advantages of droplet-based mi-
croreactors is the separation into parts, which helps 
achieving rapid mixing, good time and reagents control, 
as well as contamination-free microenvironment. Such 
microreactors usually include several flows of disper-
sion liquid phase of reagents and a flow of immiscible 
dispersion medium to form droplets. The simplest geo-
metric designs for droplet formation are T-shaped and 
Y-shaped injectors [22]. The droplet size depends on the 
channel width and flow rate.

One of the types of droplet-based reactors is an MFC 
with a flow-focusing topology, designed for the manu-
facture of suspensions. The principle of operation of 
such reactors is based on the “blowing off” of droplets 
in a continuous stream. The application of this topology 
is shown in Figure 3. At different flow rates, different 
droplet sizes are obtained from 30 microns (Figure 3, a) 

Figure 3. Examples of obtaining magnetic fluid suspension at different feed pressure of 
mineral oil (P1 = 6.0 kPa) and magnetic fluid (P2):
a — P2 = 6.2 kPa; b — P2 = 6.8 kPa; c — P2 = 7.5 kPa; d — P2 = 8.5 kPa

c d

a b
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to 60 microns (Figure 3, d), which makes it possible to 
regulate not only the suspension formation rate, but also 
the dispersion.

REAGENT SUPPLY SYSTEMS

Fluids can be supplied to the microfluidic device by 
a syringe pump (Figure 4, a) or under the action of the 
applied pressure (Figure 4, b) [23]. The advantage of sy-
ringe pumps is a fixed volumetric flow rate, but they 
also have a long response time and periodic pulsations. 
The low response time makes syringe pumps unsuitable 
for advanced droplet pattern formation, since the flow 
rate and the resulting droplet formation rate cannot be 
changed quickly. Pressure monitoring systems are able 
to individually control the flow of multiple fluids simul-
taneously. They have a response time of up to 40 ms.

The flow in such systems is pulse-free, however, 
there is a possibility of reverse fluid movement.

In addition to these traditional fluid supply systems, 
manual syringes [24] and laboratory analogues [25] are 
sometimes used.

For synthesis under laboratory conditions, a small 
system can be used (Figure 5), consisting of a light mi-
croscope, a microfluidic pressure controller with a com-
pressor, capillaries and a personal computer with a pro-
gram for controlling the reagent supply system. Such a 
system was developed at the Almazov National Medical 
Research Centre in collaboration with the Institute for 
Analytical Instrumentation.

MICROFLUIDIC SYNTHESIS OF 
MAGNETIC NANOPARTICLES

Over the past decade, experiments using microflu-
idic reactors have demonstrated that it is possible to 
control with high accuracy the physical properties of 

various nanomaterials, such as quantum dots, nanopar-
ticles, nanotubes, nanowires and nanocomposites by 
controlling the growth parameters of nanocrystals and 
the kinetics of processes. In addition to microfluidic ap-
proaches based on laminar flow, experiments using mi-
crofluidic droplet methods for the synthesis of nanopar-
ticles have also been successful. At the same time, the 
development of microfluidic devices for the synthesis 
of magnetic nanomaterials is still at the initial stage of 
development. Nevertheless, information available from 
the literature indicates that there is potential for obtain-
ing better control over size, size distribution, crystal 
structure and shape of magnetic nanoparticles (MNP) 
both in small-scale and large-scale processes [26, 27].

The compact process control system is an effective 
tool that accelerates the optimization of synthesis pa-
rameters and the determination of the characteristics 
of the MNP for nanomedical, theranostic and biosen-
sor applications based on nuclear magnetic resonance 
(NMR). An automated system has been developed and 
tested [28] combining a miniature NMR relaxometer 
and a flow-through microreactor for the synthesis and 
determination of the characteristics of iron oxide-based 
MNPs. The properties of NMR relaxation were quan-
tified in a permanent magnet field with an induction of 
0.5 T to measure the transverse (T2) and longitudinal 
(T1) relaxation time. Nanoparticles with a crystallite 
size of about 25 nm were obtained by codeposition in 
a microfluidic reactor with three-dimensional hydrody-
namic flow focusing to avoid clogging of the channels.

A microfluidic method for the synthesis of magnetic 
fluorescent liposomes has been proposed [29]. The MNP 
were functionalized by an amino group in a microfluid-
ic reactor and then covalently bound to carboxyl groups 
immobilized inside the liposomes. Such liposomes had 
good biological binding and accumulation under the in-
fluence of a magnetic field.

Figure 4. Examples of reagent supply systems:
a — Harvard Apparatus Pump 11 Elite syringe pump;
b — Elveflow OB1 MK3+ microfluid flow controller

а b
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It was demonstrated in [30] that microfluidic electro-
poration can effectively promote the synthesis of MNPs 
coated with a biomimetic cell membrane. Fe 3 O 4 mag-
netic nanoparticles and vesicles obtained from erythro-
cyte membranes (RBC vesicles) were introduced into 
a microfluidic device. When a mixture of magnetic 
nanoparticles and RBC vesicles flowed through the 
electroporation zone, electrical impulses contributed 
to the penetration of the MNPs into the RBC vesicles. 
After that, the resulting RBC-coated MNPs were col-
lected from the chip and injected into experimental 
animals for testing in vivo. Due to the good magnetic 
and photothermal properties of the MNPs nuclei and the 
prolonged circulation in the blood, characteristic of the 
membrane membranes of red blood cells, the obtained 
nano-objects were used for contrast- enhanced magnetic 
resonance imaging of tumors and photothermal therapy.

KGdF 4 nanoparticles functionalized with hyaluron-
ic acid and doped with lanthanides were synthesized in 
two stages on a microfluidic platform [31]. Microfluidic 
synthesis of KgDF nanoparticles doped with Ln 3+ was 
carried out at room temperature in a continuous mode 
using a chip with four inputs. At the second stage, in a 
separate MFC with T-topology on the surface of KgDF 
4 nanoparticles doped with Ln 3+, hyaluronic acid was 
continuously immobilized by electrostatic adsorption. 
The dispersed composition of the obtained nanoobjects 
was homogeneous; they showed high biocompatibili-
ty, targeted cellular absorption, photoluminescent and 
magnetic resonance properties.

The Almazov National Medical Research Centre in 
collaboration with the Institute for Analytical Instru-

mentation developed an MFC topology for the synthesis 
of MNPs. Initially, it was revealed that magnetite par-
ticles during a chemical reaction settle on the walls of 
the channel, creating aggregates, which in a narrow ap-
erture passage leads to the formation of a blockage of 
the channel and greatly impedes the flows (Figure 6, a). 
By increasing the pressure, it is still possible to break 
through the blockage, but in the end the entire surface of 
the channel becomes dirty, and synthesis is impossible 
(Figure 6, b). The addition of various surfactants does 
not solve the problem either.

For these reasons, it was decided to abandon the syn-
thesis of MNP in MFCs with T-shaped topology and de-
velop a more complex synthesis scheme. It is a system of 
4 input and 1 output interfaces connected by a system of 
channels (Figure 7). Interfaces 1 and 2 are designed to sup-
ply a continuous medium from mineral oil. Two different 
inputs for the same medium are necessary for the supply 
of oil at different speeds, which implements the supply of 
microemulsions of aqueous solutions at different speeds 
and thus allows efficient mixing using internal recircula-
tion inside the droplet. Interfaces 3 and 4 are designed to 
feed the channels with aqueous solutions of iron sulfate 
and ammonia hydrate, which are dispersed phases. In 
cross-lines 5, droplets of aqueous solutions are formed by 
by focusing the flow. Then the droplets enter the reaction 
chamber 6 with an array of walls for inhibiting droplets. 
Here they merge and move further along the channels. 
The serpentine section of the channels 7 is necessary for 
better mixing of the droplet volume through the reaction 
of the dispersed phase on the channel walls. Interface 8 is 
used to output reaction products from the MFC.

Figure 5. Example of a microfluidic synthesis system: a — general view; b — chip 
microscopy

а b
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MICROFLUIDIC SYNTHESIS AND 
THERANOSTIC SYSTEMS

Theranostics is defined, among other things, as an 
approach to the development of pharmaceutical compo-
sitions, which consists in a comprehensive solution of 
therapeutic and diagnostic problems by creating drugs 
that are both a means of early diagnosis and a therapeu-
tic agent [32].

The American scientific community identifies ther-
anostics as part of personalized, precision medicine, in 
which drugs are selected individually for each patient 
based on their predicted response or individual risk of 
disease [33]. In both cases, the use of multi-cascade mi-
crofluidic systems is quite interesting for the synthesis 
of such objects. According to the PubMed database, 
publications on theranostics originate from the 90s, 
where a systematic approach based on accuracy and se-
lectivity began to be used for drug development [34]. At 
the same time, the term itself was introduced by Fun-
chauser in 2002 and defined as the integration of two 
modalities, that is, therapy and medical imaging into a 
single “package” of material to overcome undesirable 
variations in bio-distribution and therapeutic efficacy 
[35]. At the same time, the number of publications on 
this topic is constantly growing (Figure 8 a). Microfluid-
ics began to develop actively in the early 2000s (Fig. 8. 
b), and the number of articles is also steadily increasing. 
However, there is only a limited number of publications 
on the use of microfluidics in theranostics, currently not 
exceeding one hundred publications per year (Figure 8. 
c). Apparently, this is due to the difficulties of synthesis 
and modification of nano-objects in narrow channels. 
Currently, the task of synthesizing theranostics objects 
based on microfluidic technologies is reduced to two 

aspects: the synthesis of nanoparticles themselves and 
their modification. For this purpose, MFCs of various 
topologies are used [36]. The general schematic of such 
synthesis can be illustrated in Figure 9. It includes the 
synthesis of nanoparticles, spacer, immobilization of 
the active substance, coating, contrast immobilization, 
as well as purification from intermediate reaction prod-
ucts [37]. Operation control is possible at each stage. In 
the synthesis of nanoparticles, this is the size distribu-
tion control by dynamic light scattering (DLS) [38], FT-
IR analysis [39] at the stages of immobilization of active 
substances and the fluorescence analysis [40, 41] during 
immobilization of fluorophores. All these types of anal-
ysis, as well as PCR and others, can be implemented in 
separate microchips [42-46]. 

SENSORS BASED ON MICROFLUIDIC 
SYSTEMS

The integration of micro-devices with different chip 
designs has led to an increase in the analysis functionality 
using such systems. For example, fast and sensitive micro-
fluidic systems can detect various biological objects, such 
as proteins, nucleic acids, cells, pathogens, etc. [47—49]. 
However, the objects of interest to researchers may not 
only have a biological nature, but also contain specific 
ions, dissolved gases, drugs and toxins [50]. Therefore, 
microfluidic biosensors are used in various fields, for ex-
ample, for the diagnosis of diseases [51], food safety con-
trol [52] and environmental monitoring [53].

Currently, the most commonly used microfluidic 
platform is known as a “laboratory-on-chip” (LOC) or a 
total microanalysis system (micro-TAS) [54, 55].

Devices based on LOC technology combine sever-
al laboratory functions on a single crystal ranging in 

Figure 6. Contamination of T-shaped topology MFC in the process of MNP synthesis:  
a — initial contamination; b — complete filling

а b
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size from a few square millimeters to several square 
centimeters. Compared to conventional systems, these 
platforms have many advantages, for example, a high 
surface-to-volume ratio, precise fluid control, low sam-
ple consumption and a high degree of integration with 
functional components [56]. There are chip-integrated 
microfluidic biosensors designed for so-called point-of-
care diagnosis (POC) [57]. Microfluidics provides sim-
ple and fast analysis of small samples. Moreover, sever-
al sensors and sensing zones can be built into microflu-
idic chips to increase their usefulness. It is assumed that 
the ideal chip-integrated biosensor will be inexpensive, 
compact, fast and sensitive.

Recently, a flexible and easily stretchable MFC-in-
tegrated electrochemical sensor [58] has been manufac-
tured. This makes it possible to simulate physiological 
and biomechanical parameters of blood vessels in vivo 
and simultaneously monitor mechanically induced bio-
chemical signals in real time. A microfluidic biosensor 
has been developed for online sensitive detection of sal-
monella based on immuno-magnetic separation, fluo-
rescent marking and video processing on a smart phone 
[59]. Magnetic nanoparticles were used to separate and 
efficiently concentrate the target bacteria, resulting in 
the formation of magnetic bacteria, which were then 
marked with fluorescent microspheres. After that, flu-

orescent bacteria were continuously injected into the 
MFC and illuminated by a fluorescent microscopic sys-
tem, and fluorescent spots were counted online using an 
application for smart phone based on the interframe dif-
ference algorithm to determine the number of bacteria.

One of the varieties of LOC is the “organ on chip” 
(OOC) technology which arose from the desire to re-
place experimental models with animals [60].

OOC platforms are a new generation of three-dimen-
sional models of cell cultures that better simulate the 
dynamic, physico-chemical, biochemical and microar-
chitectural properties of the microenvironment of living 
organs. Organ-on-chip microphysiological systems are 
flexible and can be designed to simulate the required 
types of organs and tissues for the opening process and 
drug development [61, 62]. For example, the lung-on-
chip model is used to study the physical and physiologi-
cal aspects of alveolar tissue [63].

An important direction in the development of test 
microfluidic systems is the diagnosis of viral diseases. 
Such systems can be based on both OOC technology 
and biosensors for POC. One of these sensors is a smart 
phone-based platform for highly sensitive and selective 
detection of avian influenza virus based on colorimetric 
detection using nanomaterials [64]. Three-dimensional 
nanostructures that serve as a framework for the conju-

Figure 7. MFC topology for the synthesis of magnetic nanoparticles (a) and suspension of droplets 
containing nanoparticles (b)
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Figure 8. Number of publications:
a — theranostics; b — microfluidic; c — microfluidic & theranostics
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gation of antibodies to capture the avian influenza virus 
are made on their PDMS structures in the form of a her-
ringbone using a template of ZnO nanorods. After the 
virus is captured, a colorimetric reaction based on gold 
nanoparticles on a crystal makes it possible to detect the 
virus with the naked eye. An example of a test system 
based on OOC is the study on virus-host interactions 
and human reactions on the “lungs-on-chip” and “intes-
tine-on-chip” models [65] .

Today, the problem of detecting the SARS-CoV-2 vi-
rus is an acute problem. The main diagnostic methods 
are now genomic (including PCR, real-time RT-PCR, 
sequencing) and serological/immunological tests (fo-
cused on detection antibodies or antigens in biological 
samples taken from patients). With a high degree of re-
liability of these methods, they have a number of signif-
icant disadvantages expressed in high cost, duration of 
analysis and dependence of the accuracy of the results 
on the methods of material collection, compliance with 
storage conditions, transportation and sample prepara-
tion. All this complicates mass screening, especially in 
remote regions with insufficient infrastructure [66—
69]. Some of these problems can be solved by immobi-

lizing viral antigens or proteins of its targets on the sur-
face of nanoparticles, followed by their use to determine 
the markers of viral infection (both nucleic acids and 
viral proteins, and antibodies against them). In recent 
years, new methods of nanodiagnostics for early sensi-
tive detection of viral infections have been considered 
as the most accessible and effective in the context of an 
epidemic. They do not require a large volume of the test 
sample or a special sample preparation and can be used 
even at home, which reduces the risk of cross-infection 
of others [70]. In order to enhance the signal when de-
tecting pathogens, the surfaces of nanoparticles are eas-
ily modified with polyvalent ligands or other biomole-
cules [71]. Surface functionalization gives nanoparticles 
the ability to interact with specific biomarkers of infec-
tion, such as viral RNA, viral proteins and virus-spe-
cific antibodies [72, 73]. The unique physico-chemical 
characteristics of nanoparticles (optical, reaction and/or 
fluorescent properties) allow them converting the fact of 
interaction with biomarkers into measurable detection 
signals [74, 75]. All this makes it possible to formulate 
a new scheme for detecting viruses and, in particular, 
COVID-19 (Figure 10). 

Figure 9. General flowchart diagram for synthesizing objects for theranostics
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The main component of the system is a fluores-
cent agent (FA), which is characterized by fluorescent 
quenching while reducing the intensity of the inducing 
radiation or shifting its wavelength. Colloidal quantum 
dots (QDs), which by their physical nature are nanopar-
ticles, can act as FAs. QDs are conjugated with antibod-
ies to the virus or with a protein that is tropic to any 
part of the virus. Such a conjugate can be launched into 
the channel of a microfluidic chip, where it mixes with 
blood and enters another chip for detection. The scheme 
can be portable and adapted for various viruses.

CONCLUSION

Despite the relatively recent introduction of microflu-
idic synthesis, it has proved highly efficient in reproducing 
micro- and nanoparticles in a controlled environment.

Successful synthesis and application of micro- and 
nanoparticles based on microfluidics have the following 
features:

1. Fast and sufficient mixing in microfluidic 
channels leads to monodisperse particles with a rela-
tively high yield.

2. Control over the synthesis conditions allows 
you to accurately regulate the physical and chemical 

properties and minimize their deviation from batch to 
batch.

3. Systematic integration of several procedures 
into a single microfluidic device makes it possible to 
produce micro- and nanoparticles with the desired com-
plex structure in one step.

4. Microreactor technology provides improved 
process control based on well-defined active unit cell 
microstructures that can be reproduced to obtain higher 
chemical production volumes.

All these advantages allow us to draw a conclusion 
about the prospect of large-scale use of microfluidics for 
biomedical purposes. Currently, the use of microfluidic 
devices in such areas as synthesis of drugs [76], PCR 
analysis [77], cell research [78], synthesis of radiophar-
maceuticals [79] and many others is already close to 
practical implementation. 
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