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A B S T R A C T   

Microfluidic platforms gain popularity in biomedical research due to their attractive inherent features, especially 
in nanomaterials synthesis. This review critically evaluates the current state of the controlled synthesis of 
nanomaterials using microfluidic devices. We describe nanomaterials’ screening in microfluidics, which is very 
relevant for automating the synthesis process for biomedical applications. We discuss the latest microfluidics 
trends to achieve noble metal, silica, biopolymer, quantum dots, iron oxide, carbon-based, rare-earth-based, and 
other nanomaterials with a specific size, composition, surface modification, and morphology required for 
particular biomedical application. Screening nanomaterials has become an essential tool to synthesize desired 
nanomaterials using more automated processes with high speed and repeatability, which can’t be neglected in 
today’s microfluidic technology. Moreover, we emphasize biomedical applications of nanomaterials, including 
imaging, targeting, therapy, and sensing. Before clinical use, nanomaterials have to be evaluated under physi
ological conditions, which is possible in the microfluidic system as it stimulates chemical gradients, fluid flows, 
and the ability to control microenvironment and partitioning multi-organs. In this review, we emphasize the 
clinical evaluation of nanomaterials using microfluidics which was not covered by any other reviews. In the 
future, the growth of new materials or modification in existing materials using microfluidics platforms and 
applications in a diversity of biomedical fields by utilizing all the features of microfluidic technology is expected.   

1. Introduction 

Microfluidic devices are systems that use small amounts of fluids 
(10− 9 to 10− 18 L) which manipulate through channels ranging from tens 
to hundreds of micrometers [1]. Over the past couple of years, micro
fluidics has emerged as a solution to several biomedical problems in the 
areas of antibody testing [2–4], tissue engineering [5–8], drug delivery 
[9–12], cellular targeting [13,14], cell isolation [15–19], single-cell 
analysis [20–22], etc. Most of these applications demand nano
materials (NMs) as an essential tool to act either as a biomarker [23–25], 
a fluorescent probe for bioanalysis [26–29], antitumor agent [30], drug 
or gene carrying vehicles [31–36], toxin and pathogens detectors [37], 
and imaging probe in in vivo and in vitro analysis [28,38–40]. Each 
application requires particular NMs with a specific shape, composition, 
size, morphology, and surface modification. 

In general, every NMs synthesize method falls under top-down or 
bottom-up approaches. In the top-down approach, the bulk material is 
chiseled down into small nano-sized particles and produces NMs in a 
naked form, which is easily oxidized and agglomerate intensively 
[41–43]. Further, this approach introduces surface imperfections and 
crystallographic defects, and thus, it can change the physical and surface 
properties of NMs [44]. Due to these drawbacks, the top-down approach 
is not suitable for NMs synthesis for biomedical applications. On the 
other hand, in a bottom-up approach, individual atoms or molecules are 
used to build NMs using solid-state [43,45], liquid state (or wet chem
ical) [46,47], gas phase [43], and biological methods [48–50]. The wet 
chemical synthesis is the most commonly employed bottom-up approach 
of NMs synthesis for biomedical applications due to its simplicity, flex
ibility, usage of inexpensive chemicals, and significant production rates 
of stable NMs compared to others [43]. The wet chemical synthesis deals 
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with the chemical reactions in the solution phase using an ionic salt 
precursor with appropriate experimental conditions. It includes 
methods such as solvothermal [46,47], hydrothermal [51,52], sol-gel 
[53], chemical reduction [54,55], nanoprecipitation [56], etc, which 
involve liquid phase at one of the processing stages. Generally, wet 
synthesis carries out in a laboratory conical flask/beaker keep it in a 
stirrer hot plate arrangement, known as the conventional batch reactor 
method. However, in a conventional batch reactor, it is challenging to 
achieve the desired characteristics of NMs precisely due to the poor 
control over reaction kinetics [57–59]. It has been found that it is 
possible to convert these methods into microfluidic platforms to 
enhance the performance. 

The key feature of the microfluidic devices for material synthesis is 
the use of a high surface-area-to-volume ratio. It allows abrupt heat and 
mass transfer, resulting in rapid cooling and heating of reagents that 
maintains an isothermal condition [60–62]. Hence, the reaction is faster 
in microfluidics (a few seconds or less) than in the conventional batch 
reactor (which takes hours or days). The consumption of reagent in 
microfluidics is minimum; hence the cost of synthesis is low, making the 
device transportation and storage safe. In contrast, the consumption of 

reagents is large or medium in a conventional batch reactor. As the 
microfluidic-based synthesis carry out in an enclosed environment, they 
are safe while handling toxic and flammable solvents [63,64]. At the 
same time, it is challenging to handle harsh conditions in a conventional 
batch reactor. The microfluidics technologies can monitor the evolution 
of reactions in the spatial and temporal domains, allowing real-time 
monitoring of the reaction parameters and produced NMs [65]. There
fore, with the help of programmable equipment and real-time moni
toring, automation is possible [66,67]. In the conventional batch 
reactor, automation is lacking as it requires watching over the process 
[68]. 

The most crucial advantage is precise control over each step in NMs 
formation using microfluidics, whereas conventional batch reactors lack 
control over reaction steps [57–59,69,70]. Moreover, in microfluidics, 
the device design and flow rate of reagents are tunable and provide 
flexible reactions. At the same time, the conventional batch reactor has 
only a stirring rate as the tunable parameter [68]. Further, microfluidic 
devices have shown promises for synthesizing homogenous particles 
with narrow size distribution along with high or medium reproduc
ibility, and scale-up validation is straightforward [71–73]. Low 

Fig. 1. Key historical events in microfluidics-based NMs synthesis for biomedical applications. NMs synthesis (pink) and biomedical application-specific (green) 
synthesis in microfluidics. CTC, circulating tumor cell; siRNA, small interfering ribonucleic acid; PDMS, polydimethylsiloxane. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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reproducibility is observed in a conventional batch reactor, and the size 
distribution over the batch production is nonhomogeneous with large 
size distribution [71]. One of the most challenging fields of nanotech
nology is the production of NMs for biomedical applications, which 
require NMs in the form of assembly/hybrid in most cases with highly 
monodispersed and reproducible form [63]. Interestingly, these micro
fluidic devices are capable of synthesizing nanohybrids, core-shell, and 
assembly of materials with reasonable control over the reaction kinetics 
using geometries such as hydrodynamic [74–80], flow-focusing 
[81–86], and coaxial flow [87–90] or nanoemulsification [91], etc. 
compared to the conventional method [74–80]. Thus, microfluidics of
fers a research and development pilot studies platform for NMs 
synthesis. 

The past decade has witnessed a massive increment in the fabrication 
of NMs for biomedical applications using microfluidics and is expected 
to continue in the future. Especially in the past two years, increment in 
academic research is significant as per the Scopus and Web of Science 
data. Industry reports also revealed that the global microfluidics market 
is expected to grow at a 19.8% compound annual growth rate from 2019 
to 2030 [92]. Another study conducted by Mordor Intelligence revealed 
the growing importance of the microfluidic sector in healthcare appli
cations [93]. Trends in health care technology demand more production 
of NMs and microfluidics to facilitate the same. Key historical events in 
NMs synthesis using microfluidics for biomedical application are shown 
in Fig. 1. 

There are few reviews published in recent years on the different 
facets of NMs synthesis using microfluidic technology. Most of them 
focus on specific microfluidic technology such as a droplet, hydrody
namic flow-focusing, etc. [75,76,81,94]. Nevertheless, only a few of 
them pertains to biomedical applications of NMs synthesized by 
microfluidic technology [57–59,64,95]. Further, a review on screening 
and clinical evaluation of these NMs synthesized by microfluidics is not 
yet attempted, which is an essential step for the successful application of 
these NMs. The last two years witnessing the introduction of several new 
concepts, technological demonstration, and successful application of 
microfluidics in biomedical NMs synthesis demand a comprehensive 
review of this topic. Recently, Zhao et al. described various microfluidic 
technologies to fabricate nanoparticles and nanofibers and explained 
their potential biomedical applications [58]. However, our review not 
only focuses on the controlled NMs synthesis using microfluidics for 
biomedical applications, but also the screening of NMs parameters and 
clinical evaluation of NMs using microfluidics with critical examples. 
Hence, this review tries to fill the gap between NMs synthesis and its 
biomedical applications, by analyzing the screening and clinical evalu
ation of synthesized materials. Few reviews have briefly mentioned the 
screening of parameters, but a detailed description of real-time moni
toring of NMs parameters for fully automated synthesis is not available. 
Also, the clinical evaluation of NMs using microfluidics was not covered 
by any other reviews, which is crucial before the application was per
formed. Overall, this brief review tries to update, organize, and critically 
analyze the recent development in NMs synthesized by microfluidic 
devices for biomedical applications, with a particular focus on their 
screening and clinical evaluation in microfluidics and their biomedical 
applications. 

This review discusses the latest trends in NMs synthesis for 
biomedical applications using microfluidic technology, including its 
screening, clinical evaluation, and biomedical applications. It is divided 
into four sections; the first section analyses the current advancement in 
synthesizing noble metal, silica, biopolymer, iron oxide, quantum dots, 
carbon-based, rare-earth-based, and other NMs using various micro
fluidic devices. Tuning parameters and controlled synthesis are 
explained under each category of NMs. Second, we describe the progress 
in screening NMs using microfluidic technology, which has become an 
essential procedure for automating the process, speeding up the syn
thesis, and easy validation for scale-up production. Third, we describe 
the clinical evaluation of NMs in microfluidics even though it is not fully 

established for clinical use. Key evaluation parameters such as NMs’ 
hemocompatibility, toxicity, transport, uptake by cells, target NMs 
accumulation, and its efficacy are discussed with the various micro
fluidics models, including blood vessel-on-a-chip, blood-brain barrier 
model, single-cell microfluidics, lung-on-a-chip, tumor-on-a-chip, body- 
on-a-chip, and animal-on-a-chip, with their advantages, disadvantages, 
and perspectives. Essential applications in imaging, sensing, targeting, 
and therapy using NMs synthesized from the microfluidic platform are 
discussed in the fourth section. Last, we focus on the challenges asso
ciated with the current microfluidic technology for biomedical 
application-specific NMs synthesis and propose solutions. 

2. Microfluidic nanomaterials synthesis 

One of the most challenging areas of nanotechnology is the pro
duction of NMs for biomedical applications. Over the years, techno
logical advancement in material science produced NMs in the form of a 
hollow shell, assembly of materials, hybrid, core-shell, and drug/mole
cule loaded NMs required for biomedical applications. Interestingly, 
microfluidic technologies’ features helped to fabricate these NMs with 
precise control over the reaction parameters with a short period and 
minimal reagent consumption [63]. 

A typical microfluidic device for the synthesis of NMs has a reagent 
handling zone (inlets), a micromixing zone, a reaction zone, a subse
quent microchannel, and a product collecting zone (outlet). The reagent 
handling zone pumps the reagent into the channels, reagents mix in the 
micromixing zone, reaction zone provides sufficient residence time, and 
NMs can be collected from the product collecting zone. In general, NMs 
synthesis in the microfluidic platform can be achieved by either mixing 
single or multiple miscible solvents (single-phase microfluidics) or 
mixing multiple immiscible solvents (multiphase microfluidics). Several 
microfluidic architectures are available to achieve either single-phase 
flow (or continuous flow) or multiphase flow (or segmented flow) for 
NMs synthesis. 

Single-phase microfluidics (Fig. 2a) is the most widely used micro
fluidics in NMs synthesis due to their simplicity and versatile control of 
reagents, temperature, reaction time, and flow rate. Most of them are 
developed to work at low Reynolds numbers; hence the flow pattern is 
laminar. Generally used mixing modules are winding and distributed 
channel mixing [64]. Mixing efficiency is down due to laminar flow. 
Hence different geometries are adapted, including zig-zag [97], inter
secting [98], spiral [99], and 3D serpentine [25] or twisted structures 
[100]. The problems with single-phase microfluidics include 
broad-sized NMs, broad residence time distribution, Taylor dispersion, 
lengthy channels, and difficulty in isolating growing NMs from the 
microchannel walls. A reliable solution to overcome these difficulties is 
to adapt multiphase microfluidics [96,101,102]. By adding a new 
immiscible phase, recirculation motion is triggered to enhance the so
lution’s folding and stretching, promoting mixing efficiency. This can be 
achieved in three ways; (1) gas-liquid flow, (2) liquid-liquid flow, and 
(3) gas-liquid-liquid flow. In gas-liquid flow, gas slugs are formed in a 
liquid such as air in water. In liquid-liquid flow, reagents are mostly in 
the aqueous phase (discrete), and they form droplets in the oil 
(continuous phase) due to shear force and interfacial tension [103,104]. 
Homogenous mixing can be achieved in multiphase flow microfluidics 
due to the same residence time and the same amount of mixing in each 
slug or droplet generated. The most extensively studied microfluidic 
device for NMs synthesis is the droplet generating devices (Fig. 2b) 
[104–106]. The droplet-based microfluidic devices can be achieved with 
three types of geometry; a T-junction, co-flow, and flow-focusing de
vices. The widely studied droplet-based device is a flow-focusing as it 
can generate droplets with the size same as an orifice [103]. 

NMs used in biomedical applications can be categorized into noble 
metal, silica, biopolymer, iron oxide, quantum dots, carbon-based, rare- 
earth-based, and other NMs. This section discusses the critical examples 
in controlled synthesis of each type of NMs using various microfluidic 
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technologies with its latest trends. We emphasize microchannel geom
etry, materials for device fabrication, and tuning parameters for each 
category of NMs. Besides, each type of NMs’ features that make them 
suitable for biomedical application is also explained. 

2.1. Noble metal 

Noble metal NMs include ruthenium (Ru), rhodium (Rh), palladium 
(Pd), silver (Ag), osmium (Os), iridium (Ir), platinum (Pt), gold (Au), 
and copper (Cu). Due to its high surface-to-volume ratio, these materials 
can be used as biomarkers by functional molecules such as antibodies 
and drugs. Moreover, the absorption and fluorescent properties of noble 
metal NMs are useful in protein detection using Surface-enhanced 
Raman scattering and fluorescent imaging [107]. In addition, it pos
sesses natural grafting, x-ray absorption, shape-dependent localized 
surface plasmon resonance (LSPR), catalysis, and electrochemical 
properties [108]. When light having wavelength comparable with the 
size of NMs falls on it, electrons in NMs oscillate due to its size restric
tion. If the collective oscillation has a frequency same as that of the 
incident light, maximum absorption and scattering of light happens, 
known as LSPR. This property depends on the shape and size of the NMs, 
refractive index of the surrounding medium, and complex dielectric 
constant [107,109,110]. It gives rise to various features, including metal 
enhanced fluorescence, photothermal and photodynamic properties, 
Surface-enhanced Raman Scattering, and surface plasmon resonance 
[111–113]. 

Compared to other noble metals, Au and Ag NMs are commonly 
employed in biomedical applications due to their relative inertness and 
tunable plasmonic peak in the visible or near-infrared region [111]. Au 
NMs were investigated in detail and treated as a quintessential noble 
metal because they show exclusive features: ease of functionalization, 
non-toxicity, physiochemical, biological, and catalytic properties, and 
LSPR. These features make them useful in biomedical imaging, target
ing, therapeutics, diagnostics, biosensing, and drug delivery [114–122]. 
On the other hand, Ag NMs exhibit macroscopic quantum tunneling, 
surface and volume effects, and quantum size features. These features 
make them suitable for biochemical sensors, chemical probes, antimi
crobial material, anti-cancer material, DNA detection material, and drug 
carrier [123,124]. The final properties of the noble metal NMs for 

specific application entirely depend on particle size, distribution, 
morphology, composition, and surface modifications [67]. 

General synthesis of noble metal NMs is by reducing the metallic 
precursor (or ionic salt) with a reducing agent into atoms, which are 
insoluble in the solvent. Hence, they aggregate to form stable nuclei 
(known as nucleation), followed by the growth of nanostructures from 
the nuclei. Sometimes, surfactant (to reduce surface energy) and 
capping agent (to prevent particles’ aggregation) are also used [125]. 
Hence, an ideal platform should control the reaction kinetics to produce 
desired noble metal NMs, and microfluidic technology offers the same. 
Microfluidic technologies for noble metal NMs synthesis are well 
established [67,126–128]. Microfluidic architectures, namely coaxial 
flow, coiled flow inverter, emulsion droplet, etc., were used to synthe
size spherical structures [127,129–131]. Compared to spherical struc
tures, non-spherical noble metal NMs have shown tremendous 
applications in the biomedical field. For example, Au nanostars or 
branched structures, nanorods, hollow NMs, nanocages, and core-shell 
NMs possess tunable plasmonic peaks that can be tuned to the 
near-infrared region, which is beneficial for photothermal and photo
dynamic therapy [132]. 

In a microfluidic platform, morphology, shape, material composi
tion, size, and crystallinity of noble metal NMs can be tuned by adjusting 
the flow rate (or residence time), the molar ratio of reagents, tempera
ture, pH, the geometry of the device, dimension, etc. Flow rate plays a 
vital role in controlling the size of noble metal NMs. A higher flow rate 
means a short time for nucleation; then, growth favors over nucleation, 
producing large particles [133]. Since nucleation is chaotic compared to 
growth, the mixing of reagents is more, leading to smaller NMs. A higher 
flow rate allows more reducing agents to be available; hence, the 
nucleation is more and growth step is suppressed [51]. Further, a higher 
flow rate favors less reactor fouling due to the higher shear force [134, 
135]. The effect of the reagents’ flow rate ratio has been studied in 
detail. For example, the aspect ratio of Pd nanorod was increased by 
increasing the flow rate ratio (stabilizer plus reducing agent to precur
sor) from 0.25 to 1.8.In the case of monometallic NMs, precursor to 
reducing agent flow rate ratio can control the size distribution [136]. For 
monometallic NMs with monodispersed particle distribution, the pre
cursor flow rate should always be higher than that of the reducing agent. 
With equal flow rate, synthesized NMs were small with narrow size 

Fig. 2. Schematic representation of single-phase and multi-phase flow for NMs synthesis. a) Reactant A and B mix in single-phase due to diffusion and forms product 
C after covering lengthy channels. b) Multi-phase flow formed by aqueous droplets (Reactants A and B) as one phase and oil as another phase. Republished with 
permission [96]. Copyright 2011, Royal Society of Chemistry. 
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distribution. On the other hand, if the flow rate of the reducing agent is 
higher than that of precursor, synthesized NMs possess polydispersity 
due to the presence of aggregated particles. The reason might be the lack 
of precursor monomer to reach the supersaturation level arises with the 
formation of precursor-reducing agent complex [136]. 

The increase in residence time (or low flow rate) influenced the size 
and morphological evolution of Pd NMs in a single-phase microreactor. 
Pd nanocubes were grown into different shapes when the residence time 
was increased from 10 to 20 min [137]. Similar to the flow rate ratio, the 
molar ratio of precursors was used to control the size and shape of noble 
metal hybrid NMs. In an example, Pd–Pt core-shell NMs synthesis was 
controlled by tuning the precursor flow rate ratio; increasing the Pd/Pt 
ratio (1:1 to 6:1) increased the diameter of particles (28–31 nm), and 
morphology changed gradually from cubic wavy nature to spherical 
dendritic [137]. 

Highly monodispersed noble metal NMs synthesis requires precise 
control over temperature, mixing time, and reaction time. Temperature 
can control the reaction kinetics. At low temperatures, thermal energy is 
low; nucleation rate is low. Hence growth is higher, produces large-sized 
particles. In the case of Au NMs synthesis, higher temperature promotes 
the conversion of [AuCl4]- into hydroxylated species, reactive species 
are converting to less reactive species, thereby terminating the nucle
ation period faster. Equilibrium shifts to more hydroxylated forms at a 
higher temperature. Also, the reduction rate of Au precursor increases at 
higher temperatures, resulting in a higher nucleation rate during a short 
time. Due to excess thermal energy available, the size of stable nuclei is 
more significant at higher temperatures. But increasing temperature 
beyond 80 ◦C, resulted in a slight increment in Au particle size [129]. 
Similar to temperature, higher heating time causes quick transfer of 
reagents, leading to the reduction of metallic salt. Hence aggregation of 
NMs is more [138]. 

To control the reaction kinetics precisely, many devices were 
designed to separate the nucleation and growth stages of NMs forma
tion. It includes adopting different mixing geometries and employing a 
series of microreactors or using separate reaction zones for nucleation 
and growth [67,129]. Ag NMs of 5–8 nm were successfully synthesized 
in a series of microreactors, with the first reactor triggering nucleation 
with the help of a potent reducing agent and long residence time (~8 
min). This avoids secondary nucleation in the successive reactors and 
produces highly monodispersed NMs [67]. Various strategies were 
employed in improving the mixing efficiency of reagents.; pulsating flow 
micromixing and static micromixer followed by T-junction are a few 
examples used to produce highly monodispersed Ag NMs [123,136]. An 
inverted helical flow mixing reactor was recently used to synthesize Ag 
NMs, enhancing radial mixing by promoting the Dean vortices under 
laminar flow [67]. The geometry helped to synthesize the mono
dispersed NMs with minimum agglomeration even in the absence of 
capping ligands. The growth stage of spherical noble NMs formation can 
be controlled by providing sequential addition of precursors due to their 
low diffusion time [67]. This was achieved in a conventional batch 
reactor by the dropwise addition, which generally results in concen
tration profiles across the reactors. A Series of microreactors in the 
growth stages with distributed feed at the inlet of each reactor can 
resolve this issue. 

In 2016, Sebastian et al. fabricated a silicon-pyrex microreactor with 
separate mixing (cold) zone and reaction (hot) zone to withstand high 
temperature and pressure [139]. In the cold zone, reagents mix before 
reaction starts, which helps to produce monodispersed NMs by 
providing passive mixing and avoiding nucleation during the growth 
stage. A hot reaction zone can increase the solubility of gases in the 
liquid phase and can utilize water as a solvent at high temperatures. 
Also, after passing through the hot reaction zone, before collecting the 
particles, passes through the cold zone to quench further growth of NMs. 
Monometallic, bimetallic, and hybrid metallic nanostructures were 
synthesized in this device by varying the flow rate, temperature, and gas 
type. The synthesis method is based on the liquid-gas multiphase flow, 

where formed gas (Carbon monoxide, CO) slug act as reducing and 
capping agent, which helps to transport liquid-gas flow and promote 
homogenous size and shape distribution of NMs. Another advantage of 
this device is that it can easily switch from laminar to segmented flow 
and vice versa. Compared to laminar flow, segmented flow can promote 
crystallization kinetics by promoting the inter-phase mixing in the 
gas/liquid slugs formed in the spiral mixing area. CO as gas-phase pro
duced anisotropic nanostructures due to preferential adsorption, while 
N2 gas produced shapeless particles. Conventional reactors take several 
hours to synthesize Pt nanocubes, whereas segmented flow microfluidics 
took only 150 s to synthesize perfect cubic structures [139]. 

The latest trend in the controlled synthesis of noble metal NMs is that 
synthesis can be triggered with external energy sources (passive mixing) 
such as magnetic field, electric field, electromagnetic radiation, and 
ultrasound. For example, a droplet-based microfluidic device with 
embedded electrodes was developed to fabricate branched Au NMs with 
high reproducibility in a controllable manner (Fig. 3a) [105]. The pol
ydimethylsiloxane (PDMS) based device has two nozzles; nozzle 1 
generates droplets, followed by the winding channel to mix the reagents, 
electrodes are embedded in nozzle 2, where Au seed solution can be 
injected. By adjusting the mixing channel length between nozzle 1 and 
nozzle 2, and flow rates, the local concentration of reagents were varied 
between two nozzles. Electrodes were supplied by an electric voltage of 
600 V, which destabilizes the droplets and provides sufficient Au seed 
(~15 nm) for the anisotropic growth of NMs. Hatton and co-workers 
employed a similar concept in producing Au–Pd core-shell NMs (10 
nm shell thickness) [140]. Water-oil emulsion generates microdroplets 
in T and Y connectors in multiple sequential steps and is allowed to pass 
through a microchannel sandwiched between the electric field. Appli
cation of electric field with sufficient energy expands the droplet size 
rapidly (known as electrocoalescence), which helps subsequent addition 
of reagents in a controlled manner, thereby improving the mixing. The 
droplet size increased with increased electric field intensity (4300 V/cm 
to 11400 V/cm) and with residence time (controlled by the tube length). 
Hence, for higher electrocoalescence to promote reagent mixing, electric 
field intensity should be high for a specific residence time. Also, beyond 
11000 V/cm, there was no significant change in expansion of droplet 
size. Three step synthesis procedure has been reported in synthesizing 
Au–Pd core shell NMs. If the electric field signal is burst type such as 
on-off signal, electrocoalescence rate can be increased by increasing the 
number of on cycle or the duration of on cycle [140]. In another device, 
microwave heating induced temperature was employed to produce Ag 
NMs and observed that it is more favorable for NMs formation than 
conventional heating [100]. The temperature profile varied in the 
microchannel due to the distribution of the electromagnetic field. The 
channel’s average temperature decreased with increasing the flow rate 
due to the substantial temperature reduction at a high flow rate. 

Multiple components can be integrated on a single microfluidic chip 
to accelerate the synthesis of NMs. It can also help control and monitor 
reaction parameters, including residence time, droplet size, photo
luminescence, absorbance, etc., that are crucial for reducing errors 
during synthesis and increasing the production of homogenous mate
rials. Weng et al. successfully synthesized hexagonal Au nanostructures 
in a microfluidic chip, consisting of a micromixer, micro-pumps, 
microvalves, micro heaters, and micro temperature sensor [138]. Inte
grated microfluidic devices provide automated control, which mini
mizes user dependency. Similar to components, multiple steps in 
synthesis such as sample preparation, reaction, and detection can also be 
integrated into one device to allow massively parallel analysis and in
crease the device’s throughput. 

More details about the controlled synthesis of noble NMs using 
microfluidic devices are explained in Table 1. It is observed that the 
majority of noble metal NMs are synthesized using segmented flow de
vices than continuous-flow devices. It might be because mixing effi
ciency is higher with segmented flow devices, enabling more control of 
parameters than continuous flow. Further, particle clogging is often 
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observed in the microfluidic channel, requiring surface modification of 
channels in noble metal NMs synthesis. In addition, the majority of 
noble metal NMs synthesis is carried out at a specific temperature. 
Hence the device material should be thermally conductive. 

2.2. Silica 

Silica NMs are one of the most promising NMs in the biomedical 
field. It is widely used as drug and gene delivery vectors, drug coad
jutants, fluorescent probes for bioanalysis, bio-separation, etc. [35,68, 
141–143]. It possesses unique properties such as high loading efficiency 
as a nanocarrier, biodegradability, biocompatibility, and high func
tionalization based on silane ligand’s condensation on surface silanol 
groups [108]. Generally, silica NMs are synthesized using a sol-gel 
process, known as the Stöber process, or its modifications. It consists 
of hydrolysis, condensation, nucleation, and growth steps. Thus, 
controlled synthesis of silica NMs requires fine-tuning of reaction pa
rameters in these steps [102,144,145]. The hydrolysis process is slow 
compared to condensation, so an alkyl or acidic catalyst is usually used 
to enhance the hydrolysis rate [146]. The addition of water, tempera
ture, and catalyst can control hydrolysis and condensation, eventually 
into the controlled material synthesis. 

Among all the silica NMs, solid spherical, mesoporous, core-shell, 
hybrid, and hollow nanostructures are essential in biomedical applica
tions. Solid spherical silica was synthesized in geometries such as con
ventional flow-focusing, a combination of winding channel and T- 
junction, and baffling micromixer. Baffling micromixer fabrication is 
easy and provides sufficient mixing at low and high flow rates, and 
controlled silica NMs synthesis was achieved at a low cost [146]. The 
device has three mixing units; each contains a gap followed by a baffle as 
an obstacle. The best mixing efficiency was achieved with a gap size of 
50 μm at Reynolds number less than 0.1 due to molecular diffusion and 
at Reynold number greater than 40 due to the formation of more ener
getic vortices. Some of the microreactors have separate tubings to pro
vide sufficient residence time for the hydrolysis and silicification 
process. The effect of mixing geometries on silica NMs formation has 
been studied in detail. For laminar flow, mixing in the T mixer is better 
than slit interdigital mixing due to the longer diffusion time in slit 
interdigital due to fluid shift towards the wall. Wall deposition was often 
observed in solid silica NMs, which can be avoided by adopting Taylor 
flow for internal mixing [145]. Within laminar flow, particle size can be 
controlled by tuning the tube diameter; particle diameter increases with 
increased tube diameter. Small tube size leads to small axial dispersion, 
thereby producing small particles [147]. 

As explained for noble NMs, the temperature can control the silica 
NMs synthesis; temperature changes may bring phase transition due to 
its dependence on hydrolysis rate; hydrolysis rate of precursor halves 
with each 25 ◦C rise in temperature. At the same time, while synthe
sizing ordered mesoporous silica, mixing at low temperature produced 
hollow NMs. At 0 ◦C of the mixing temperature, the hydrolysis rate of the 
precursor was poor; the initial mesophase became unstable, a phase 
transition occurred within the worm-like micelle to stabilize the emul
sion. Again, in the aging section at a higher temperature, the precursor 
hydrolysis rate is higher, forming thin mesophase structure skin. Also, 
lowering the temperature reduced the yield of production [145]. Apart 

from the shape, high temperature can reduce the particle size also. As 
temperature increases, the hydrolysis rate of precursor increases, which 
reduces the OH− concentration, nucleation is favored than growth, 
hence the size decreases. Like temperature, longer reaction time favours 
growth process rather than nucleation, thereby producing large particles 
[146]. 

Flow rate has the same impact as the temperature in silica NMs; as 
flow rate increases, size decreases, and size distribution becomes nar
row. At a low flow rate, the pressure difference between the central 
point and wall of the stream is low. The pressure difference enhances the 
shear stress and creates an extra force in the central stream, which drives 
the reagents close to each other. Higher pressure difference at a higher 
flow rate ratio leads to higher force in the central stream, causing the 
molecules to be significantly closer. There is a limit value for maximum 
flow rate ratio; beyond that, particle size distribution is broader. Narrow 
particle size distribution was observed for a flow rate ratio of 15–45 
[148]. Flow rate can also control the morphological evolution in 
anisotropic silica structures; decreasing the flow rate of silica precursor 
leads to longer surfactant micelles, resulted in higher aspect ratio 
nanofibers. This can also be achieved with a higher flow rate of sur
factant. On the other hand, increasing the flow rate of precursor pro
duced lower aspect ratio nanofibers until it becomes spherical. Flow 
rates of surfactant and catalyst (ammonia) have an inverse effect; longer 
aspect ratio nanofibers were produced at a higher flow rate while 
spherical shapes evolved at a low flow rate [26]. The effect of flow rate 
on morphological evolution during solid ellipsoidal silica into hollow 
ellipsoidal silica conversion has been explored. A low flow rate indicates 
a higher etching rate; particles might be etched partially and produce 
irregular pieces. As flow rate increases, etching rate decreases, and 
found that flow rate corresponds to 1000 μL/min can maintain the shape 
of ellipsoidal mesoporous silica with fine etching [149]. 

The catalyst concentration can control the size of particles; an in
crease in the catalyst amount favors hydrolysis reaction, which pro
motes nucleation compared to growth; hence particle size increases 
[146]. Increased precursor and catalyst concentration and the addition 
of water favors faster hydrolysis, resulting in an increased number of 
monomers, which promotes nucleation than growth, thereby increasing 
the particle diameter (sphere), aspect ratio, or thicker nanosheet silica 
[26,144,146,150,151]. 

Among all the geometries, single-phase continuous flow spiral- 
shaped microchannels (Fig. 3b) were able to fabricate silica NMs in 
various shapes, including mesoporous nanofibers, 2D hollow sandwich 
like mesoporous nanosheets, functional hollow sphere, hollow ellip
soidal mesoporous, and triangular Ag-silica core-shell NMs [68]. 
Transverse Dean flow (flow in curved pipes and channels) provides 
sufficient rapid mixing of reagents in spiral geometry. To obtain 
different morphology, microchannels’ dimensions (number of turns, 
width, height and length) were varied. With five turns-spiral micro
reactors, ellipsoidal mesoporous silica was converted into a hollow 
mesoporous structure within ~4 s [149]. The conventional batch reactor 
requires ~18 h for this conversion [26]. 

Silica-based plasmonic nanoshell attracted photothermal cancer 
therapy, drug delivery, biosensing, and diagnosis [152]. Multiple 
Y-junction micromixers, split interdigital micromixers, and laminar flow 
microreactors were employed to produce silica-titania, silica-Au 

Fig. 3. Microfluidic systems for synthesizing noble metal, silica and biopolymer NMs. a) (1) Schematic drawing of PDMS based droplet microfluidic device with 
external electrodes to synthesize branched Au NMs and (2) TEM image of synthesized NMs. Reproduced with permission [105]. Copyright 2018, Nature. b) 
Spiral-shaped microfluidic device to synthesize silica NMs. (1) Photograph of the two-run spiral device to synthesize mesoporous silica nanosheets and (2) corre
sponding generated NMs. Reproduced with permission [151]. Copyright 2019, Elsevier. c) Formation of polymer-lipid NMs with monolayer or bilayer lipid shell (MP 
or BP) using PDMS based microfluidic device. (1) Schematic illustration of the two-stage device with two modes; Mode A synthesize MP and mode B for BP. (2) TEM 
images of MP and BP. Reproduced with permission [154]. Copyright 2015, American Chemical Society. d) Formation of polymer-protein assembly using electro
kinetic flow: (1) Schematic illustration of the process and (2) Illustrative drawing of the entrance of microfluidic device, where σ1 and σ2 are electrical conductivity of 
fluids from inlet 1 and inlet 2 respectively, fh is the hydrodynamic force, fe is electrical body force with x-component fex and y-component fey. Reproduced with 
permission [155]. Copyright 2020, Elsevier. TEM-Transmission electron microscope; PVP-Polyvinylpyrrolidone; HAuCl4-Gold salt; TEOS-Silica precursor. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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nanoshell, and cobalt oxide-silica core-shell NMs, respectively [68]. 
Recently, a 3D printed multistage cascaded microreactor was developed 
to synthesize silica-based hybrid NMs [150]. The first reactor synthe
sized silica NMs, and functionalization with polyethyleneimine (PEI) 
was performed in second and third reactors, followed by capping with 
gluconolactone (GLU) in the fourth reactor. The reactors were equipped 
with a magnetic stir bar in each chamber and thermocouple to ensure 
sufficient mixing and temperature control. Residence time distribution 
was found to match with an ideal reactor, which helped to synthesize 
particles with narrow size distribution [150]. Apart from synthesizing 
monodispersed silica NMs, the surface charge can be controlled in 
microfluidics by tuning the residence time and concentration. As an 
example, zeta potentials of silica NMs were tuned from − 40.2 ± 1.3 mV 
to +31.5 mV (PEI-Silica) and +8 mV (GLU-PEI-silica) by varying the 
concentration of silica NMs, PEI and GLU, and its molar ratio as well as 
residence time (8–16 min) [150]. In another recent work, a specially 
designed microfluidic device with capillary and PDMS membrane was 
used to assemble Ag NMs on a silica shell in a 3D extended array [153]. 

Detailed information about the tuning parameters in controlled 
synthesis of silica NMs is listed in Table 1. Flow rate and molar mass 
ratios are the major tuning parameters to control the size and shape of 
simple and silica-based hybrid NMs. Inline control for real-time analysis 
is not so developed for silica NMs. If it can be achieved soon, automated 
synthesis is possible. 

2.3. Biopolymer 

Biopolymer NMs are a promising nanomaterial in several biomedical 
applications due to their easy functionalization, drug encapsulation, 
biodegradability, biocompatibility, and versatile design [108]. It in
cludes lipopolyplex, small interfering ribonucleic acid (siRNA) con
taining lipid NMs, cubosomes, liposome, poly lactic-co-glycolic acid 
(PLGA) NMs, chitosan, polyester, liposome hydrogel, lipid, lipid quan
tum dots, lipid polymer hybrid, natural membrane coated polymer, and 
leukocyte mimicking NMs [156]. 

The most common method of synthesizing a biopolymer is nano
precipitation (formation of NMs from the solution as precipitates), 
adapted in the microfluidic environment. The standard device material 
for biopolymer NMs synthesis is the PDMS due to its biocompatibility 
and transparency. Fabrication of highly monodispersed polymer NMs 
requires higher mixing efficiency. Hence, there have been a variety of 
microfluidic geometries emerged to improve the mixing efficiency to 
synthesize various biopolymer NMs; staggered herringbone mixing to 
produce cubosomes [34], 3D glass capillary co-flow nanoprecipitation 
device to make PLGA, hydrophobic chitosan, and acetylated dextran 
NMs [157], hydrodynamic flow focusing nanoprecipitation for fabri
cating polyethylene glycol (PEG) hybrids [39], 3D hydrodynamic flow 
focusing for producing liposome [77], and combinatorial synthesis 
embedded into 3D hydrodynamic focusing to synthesize targeted poly
mer hybrid for cancer therapy [158], etc. Polymer NMs are combined 
with lipid particles to enhance drug encapsulation, efficiency, stability, 
prolonged circulation half-life, and improved cellular uptake [154]. 
Also, polymer NMs are often coated with natural membranes [159]. 
These polymer-lipid hybrid and polymer-natural membrane hybrids are 
prepared by two methods; (1) one-step method and (2) two-step 
method. In the one-step approach, polymeric NMs are prepared 
initially, and lipid shell forms simultaneously as self-assembly. Zhang 
et al. developed a two-stage PDMS-based microfluidic chip (Fig. 3c) to 
synthesize polymer-lipid NMs with monolayer or bilayer lipid shells 
[154]. For monolayer formation, PLGA was introduced in inlet 1 of the 
first stage to form PLGA NMs, and lipid was introduced in inlet 2 of the 
second stage to create a monolayer of lipid shell. For bilayer formation, 
lipid was introduced in the first stage, surrounding the PLGA in the 
second stage. Spiral geometry in the second stage is the crucial structure 
for bilayer formation. On the other hand, the two-step synthesis method 
produces polymer NMs and aqueous lipid/natural materials separately, 

followed by assembling the NMs in the second step with the help of 
external energy (such as sound, extrusion, etc.). Recently, an electroki
netic flow-based microfluidic device (Fig. 3d) was developed to syn
thesize polymer-protein assembly [155]. In the initial stage, the polymer 
and protein stream in ethanol meets in the microchannel and forms the 
large droplets; with the application of electric field, formed droplets 
break up, which improves the mixing and assemble the polymer-protein. 
Further, microfluidics was employed in synthesizing tunable rigidity 
and acid-switchable surface charge with PLGA core NMs to overcome 
multidrug resistance, which was the key reason behind the failure of 
chemotherapy [160]. 

Flow rate and molar ratio control the size and size distribution of 
polymer-protein assembly [155]. In general, the Poly dispersity index 
(PDI) of particles decreases with increasing flow rate and is always lower 
than the conventional batch method. However, in the electrokinetic 
microchannel with the electric field application, the PDI of particles 
synthesized at a low flow rate (2 μL/min) is lower than that of particles 
prepared at a high flow rate (10 μL/min). It might be due to the reduced 
mixing as the flow rate increases in the electric field. By keeping the flow 
rate constant, changing the molar mass ratio can tune the size of the 
polymer-protein assembly. Increasing the protein-polymer mass ratio 
(1:8 to 1:0.08) resulted in increasing the particle size (284–925 nm) due 
to the availability of polymer in large quantities. 

Cubosomes are lipid-based NMs consisting of lipid membranes that 
intertwine into complex arrays of pores well-ordered in a cubic lattice. 
Reaction time is an essential factor in deciding the well-ordered cubo
somes structure. Successful cubosomes synthesis was carried out in a 
staggered herringbone microfluidic device within 14 min of reaction 
time [34]. Increasing the amount of stabilizer can elevate the size (75 
nm) of cubosomes without compromising the ordering of bicontinuous 
cubic membrane. Since the stabilizer cap on the formed NMs, size cannot 
increase further, which is helpful for biomedical applications as the size 
window for successful therapeutic purposes is 5–100 nm. 

The controlled synthesis of above-mentioned biopolymer NMs is 
summarized in Table 1. Most of the biopolymer NMs synthesis uses 
PDMS microfluidic devices, and the flow behavior is continuous. Flow 
rate and molar ratio are tuned to achieve the controlled synthesis of 
biopolymer NMs in microfluidic devices and is well established. 

2.4. Iron oxide 

The iron oxide NMs possess various properties; paramagnetism, 
superparamagnetism, thermal and electrical conductivities, size- 
dependent magnetic properties, and hyperthermia (magnetic heating) 
[108]. These NMs are considered the right candidate for magnetic 
resonance imaging (MRI). By combining the iron oxide NMs with other 
nanostructures such as noble metal, silica, or polymer, formed hybrid 
structures can be used for targeting, drug delivery, and hyperthermia 
treatment [88]. 

Synthesizing iron oxide NMs for biomedical application is difficult, 
even though they are readily available in the form of rust. Iron’s reac
tivity is a dominant factor that concerns nanoscale level and found that it 
is pyrophoric if finely divided. The extreme reactivity of iron oxide NMs 
makes it challenging to study and unsuitable for applications [163]. The 
coprecipitation method is generally used to synthesize iron oxide NMs, 
and the reaction temperature is often tuned to control the synthesis 
process. The quality of synthesized NMs depends entirely on how fast 
iron precursor and alkaline solution mix. As the microfluidic systems 
provide rapid mixing of reagents and controlling the temperature is 
possible, iron oxide NMs can be easily synthesized in a microfluidic 
platform. However, most of the studies were not paid much attention to 
the reactivity of iron oxide NMs. Also, various hydrophilic ligands have 
been used to make iron oxide NMs soluble in an aqueous solution. In 
microfluidic-based synthesis, surface ligands modification has been 
achieved successfully, and their performance is enhanced for biomedical 
applications. 
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Table 1 
Summary of information about controlled synthesis of various NMs using microfluidics.  

Composition Shape Size (nm) Reagents Device Geometry, Material & 
Dimension 

Tuning Parameters Ref. 

Ag Sphere 5–80 AgNO3, NaOH, trisodium citrate, BSA, 
NaBH4 & HNO3 

Series of microreactors; T- 
shape mixers; PFA tubing 
coiled on an inverted flow 
helical 3D printed frame; 
length 3 cm i.d.xo.d.:1/16 ×
0.03 in. 

Seed to growth ratio (4–40 
seed diluted), number of 
growth reactors (1–5), 
residence time (0–40 min), pH 
(5.6–12.5) & precursor 
concentration (1–4 mM) 

[67] 

Au Star – Trisodium citrate, HAuCl4, HCl, 
AgNO3, PVP, HFE-7500 & DMF 

T-junction, zig zag 
microchannel and electrodes; 
PDMS; 
Width 80 μm 
Height 75 μm 
Length 3.29 mm 

Presence or absence of 
surfactant (PVP) 

[105] 

Ag Sphere 19 ± 4.3 AgNO3, PVP & Ethylene glycol Y-mixer & microwave heating 
helical reactor; PTFE tubing; 
0.3875 × 1.5875 mm (i.d. x o. 
d.) 
Length 77 cm 

Flowrates (0.1–0.6 mL/min) [100] 

Ag Sphere 5 ± 2 AgNO3, NaNO3, NaBH4 & NaOH Jet mixing reactor; PEEK cube 
consists of 3 cylindrical 
channels; 
1.02 mm (main channel), 0.51 
mm (other) 

Ratio of capping agent and 
reducing agent concentration 
(0.1–1000) & sample 
collecting time (10–55 min) 

[175] 

Au Sphere <5 HAuCl4, TOAB, toluene, NaBH4, 
Na2SO4, DMAP 

T shaped micromixers of PEEK, 
mixing coil and split and 
recombine micromixer of 
PTFE; 
Length 10 m (first stage and 5 
m (second stage) & split and 
recombine; width 300 μm 
Depth 100 μm 

Flow rate ratio (1:1, 2:1 & 4:1 
TOAB-Au: DMAP) 

[176] 

Au Rod 5.1 ± 0.3 
(aspect ratio) 

CTAB, HAuCl4, AgNO3, L-ascorbic acid, 
PEG-methyl ether thiol & hydrogen 
tetrabromoaurate (III) hydrate 

Multiple Y shaped junctions; 
PTFE tubing and PEEK Y 
junction; 
1.016 mm (i.d.) 

Halide anions (Br, I, Cl) & seed 
aging time (2–125 min) 

[177] 

Pd Nanocubes 14 ± 1.6 Palladium (II) chloride, hydrogen 
hexachloroplatinate(IV), L-ascorbic 
acid & CTAB 

PEEK Y-junction and PTFE 
coiled tubing; i.d. 800 μm & 
length 4.2 m 

Residence time (2–30 min), 
temperature (60–130 ◦C), 
concentration of surfactant 
(4.17–37.5 mM CTAB) and 
precursor & molar ratio 
(6:1–1:1) 

[137] 
Pd–Pt Core-shell 

nanocubes 
28 ± 4.2 

SiO2 

Magnetic SiO2 

SiO2-QD 
SiO2–Ag NPs 

Hollow sphere 
with sponge 
like porous 
shell 

100 (pore 
size) 
1254 ± 237 
(sphere) 

CTAB, TMB, TEOS & NH4OH Spiral shaped microchannel; 
PDMS; 
Width 500 μm 
Height 50 μm 
Diameter of spirals 7.69, 13.8 
& 22.2 mm 

Reactant concentration 
(0–1500 mM TMB, 5.5–41.1 
mM CTAB, 0.28–2.1 M 
ammonia) & flow rate (50 μL/ 
min- 5 mL/min) 

[178] 

Ag@ SiO2 Triangular 
core shell 
(excessive) 
sphere 

10 (coating 
thickness) 

AgNO3, TSC, H2O2, NaBH4, TEOS & 
NH4OH 

2 loop spirals; PDMS; 
Width 500 μm 
Height 50 μm, 
Diameter 7.69, 13.8 and 22.2 
mm 

Concentration of reagents 
(AgNO3, TSC, H2O2, NaBH4) & 
flow rate of catalyst (0–400 
μL/min) 

[99] 

Mesoporous SiO2 2-D nanosheet 100 
(thickness) 

TEOS, CTAB, ethanol & NH4OH Spiral shaped microchannel; 
PDMS; 
Width 500 μm 
Height 50 μm 
Diameter 7.69, 13.8 & 22.2 
mm 

Concentration of reagents 
(2.5–40 mM CTAB, 7.5–120 
mM ammonia, 45–720 mM 
TEOS) & flow rate of TEOS 
(25–100 μL/min) 

[151] 

Lipid-PLGA Core-shell; 
bilayer and 
monolayer 
lipid 

103.67 ±
8.51 
(monolayer) 
106.43 ±
6.75 (bilayer) 

DPPC, cholesterol, DSPE-PEG2000, 
NBD-DSPE & PLGA 

Straight channel and double 
spiral mixing; 
PDMS; width 300 μm 
Depth 20 μm 
3 loops in counter clockwise, 
changes direction and rotates 
in clockwise 

Reagent injecting order [154] 

Polymer-protein 
assembly 

Core-shell 433-453 
(average) 

P4VP, p-aminophenol, phenazine 
methosulfate, NADH sodium salt, BSA 
& EGFP fluorescent protein 

Electro kinetic flow; quasi-T- 
shaped; acrylic plates, Au 
chips, Teflon membrane & 
PTFE sheets; 
Length 5 mm 
Width 150 μm 
Height 230 μm 

Mass ratio (1:8, 1:0.8 & 
1:0.08) and flow rate (1–10 
μL/min) 

[155] 

Cubosomes 
Cuboplex 

Core-shell <100 Glycerol monooleate, PEGylated GMO, 
DOTAP, 

Reaction time (0–14 min)  

(continued on next page) 
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Earlier, iron oxide NMs were synthesized using continuous flow 
microfluidics, and later onwards, functionalization of NMs was also 
achieved within a single device. Microreactors were combined or 
coupled to assemble NMs with multifunctional architecture for 
biomedical applications. In 2009, Abou-Hassan et al. fabricated fluo
rescent core-shell iron oxide-silica NMs (~50 nm) by connecting three 
PDMS-based coaxial flow microreactors in series; microreactor1 (at 50 
μL/min) for grafting amine-containing molecule on iron oxide NMs, 
microreactor2 (at 100 μL/min) mixes these complexes with silica 

precursor (+fluorescent dye) and microreactor3 (at 200 μL/min) coat 
the iron oxide-amine complex with silica NMs (Fig. 4a) [88]. Synthe
sized materials were aggregated because silica NMs were not function
alized, and the whole process took only 7 min, whereas conventional 
batch synthesis takes ~24 h for the coating process. A similar concept 
was implemented by Hassan et al. to synthesize multifunctional 
silica-Au-iron oxide NMs by assembling fluorescent silica-Au (186 ± 3 
nm) nanostructures and iron oxide NMs (16.5 ± 3.3 nm), using two 
continuous glass microreactors [164]. Residence time played a 

Table 1 (continued ) 

Composition Shape Size (nm) Reagents Device Geometry, Material & 
Dimension 

Tuning Parameters Ref. 

Y-junction and herringbone 
structured microchannel; 
PDMS; 

Iron oxide-silica Core-shell ~50 APTES, iron oxide, TEOS, RITC & NH3 Series of 3 coaxial flow devices; 
PDMS 

– [88] 

Iron oxide- Au 
assembly 

Core (rod)- 
shell 

69 ± 5 (Au); 
8.7 ± 0.5 
(iron oxide) 

Peptide D1, Au nanorod & iron oxide 
NMs 

Y type micromixer and bend 
lengthy channels; PDMS; width 
513 μm 
Height 136 μm 

Flow rate ratio (0.1, 1, 10) [165] 

Iron oxide-Au Core-shell 13.1 ± 2.5 FeCl3⋅6H2O, FeCl2∙4H2O, ammonia, 
mineral oil & HAuCl4 

Capillary droplet reactor; 
Tygon tubing; i.d. x o.d.: 0.51 
× 1.52 nm 
Fused silica capillary; 
i.d.xo.d.:100 × 360 μm 

Precursor flow rate (5–25 μL/ 
min) 

[66] 

RBC-iron oxide Core-shell ~80 (core) 
~9.4 (shell 
thickness) 

Mouse RBC, iron oxide, uranyl acetate, 
PBS & FBS 

Y-shaped merging channel, S- 
shaped mixing channel & 
electroporation zone; PDMS; 

Pulse voltage (20–70 V), 
voltage duration (50–300 μs) 
& flow rate (10–50 μL/min) 

[166] 

QD-DNA-MB Hybrid core- 
shell 

– QDs, MB, Sodium tetraborate, tris(2- 
carboxyethyl) phosphine 
hydrochloride, L-gluta-thione, 
tetramethylammonium hydroxide, tris- 
borate buffer & oligonucleotide 

2 parallel droplet generator 
meets in a T-junction followed 
by serpentine channel (30 
turns); 
PDMS; 
Width: 300 μm, height: 100 
μm, length between junctions: 
900 μm, droplet transportation 
channel: 25 mm, oil bridge: 
100 μm width & 2600 μm 
length 

– [162] 

CNT 3D closed 
cellular 
network 

~400 
(thickness) 

H2SO4, CNT, HNO3, EDC, 
hydrochloride, toluene, nitrogen gas, 
PVA 

Co-flow and flow-focusing 
geometry; Glass capillary; 
i.d.xo.d.:0.58 × 1.00 mm & 
square capillary; i.d. 1.05 mm 

Flow rate; oil phase 
(500–4000 μL/h) & 
Aqueous phase (20–280 mL/ 
h) 

[172] 

CQD-PLGA Core-shell 100–150 Azithromycin dihydrate, tobramycin, 
heptafluorobutyric acid, PLGA, 
trifluoroacetic acid, acetonitrile, 
HEPES, (NH4)2SO4, KCl, NaCl, & 
KH2PO4 

Microvortex device Flowrate of reagents [170] 

CdSe QDs 
CdSe@ZnS QDs 

Sphere 4.35–6.14 
8.15 

CdO, selenium powder, ethyl ziram, 
OA, OLA, ODE, TOP, TBP, Cs2CO3 & 
PbBr2 

Dual channel Y-type 
microfluidic chip & 
ferruginous pipeline; 
Diameter: 400 μm; Heating 
length: 800 mm 

Flowrates (5–25 mL/h) & 
Reaction temperatures 
(210–290 ◦C) 

[169] 

lipid/PCL-PEI/siRNA Core-shell 120.2 ± 1.4 Polyethyleneimine-graft- 
polycaprolactone, Cholesterol, 1,2-dis
tearoyl-sn-glycero-3-phosphoethanol
amine-N- [methoxy (polyethylene 
glycol)-2000, DMSO 

Spiral mixing (double spiral, 5 
loop each); PDMS; 
Width 300 μm 
Depth 60 μm 

– [33] 

F127-stabilized 
MAG-DHA 

Hexosome 108–138 Docosahexaenoic acid monoglyceride, 
Pluronic F127, PBS & ethanol 

Hydrodynamic flow focusing; 
Polyimide; 
90 × 125 μm2 & length 9 cm 

Total volumetric flow rate 
(50–150) & flow rate ratio 
(10–40) 

[78] 

Superparamagnetic 
iron oxide 

Sphere 2.3 ± 0.6 to 
3.4 ± 0.6 

Iron (III) acetylacetonate, triethylene 
glycol, absolute ethanol, ethyl acetate 
& hydrochloric acid 

Mixing zone of meandering 
channel & reaction zone of 
spiral geometry; stainless steel; 
Depth 150 μm 
Width 370 μm 
Volume 160 μL 

Flow rate (250–1000 μL/min) [179] 

Polymer Sphere 67–1127 PEG-PPG-PEG, ethanol & milli-Q water Co-flow mixing; Glass 
capillary; 
1 mm (o.d. of inner capillary) 
1.1 mm (i.d. of outer capillary) 

Reynolds number (20–200), 
flow rate ratio (5.5–330 mL/ 
h), order of injection & tip size 
of inner capillary (20, 150 & 
680 μm) 

[87] 

UiO-66 3D porous 80–110 ZrCl4, DMF, H2bdc, T-mixer followed by coiled 
micro capillary; i.d. 0.8 mm 

Flow rate (0.1–0.5 mL/min) [171]  
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significant role in controlling the assembling of hybrid NMs. It has been 
observed that the attachment of iron oxide NMs on silica-Au structures 
entirely depended on the residence time. Later, the same group assem
bled the peptide-functionalized magneto-plasmonic NMs of various 
structures using a single microreactor (Y-shaped mixing geometry) by 
controlling the flow rate ratio of reagents [165]. As the iron oxide to Au 
nanorod flow rate decreased, clusters of iron oxide NMs’ size decreased 
and they were more localized on Au nanorod. 

Recently, Ahrberg et al. showed that using a simple glass capillary 
droplet multistep microreactor (Fig. 4b (1)), iron oxide-Au core-shell 
NMs can be synthesized in single-step [161]. The first capillary junction 
generates droplets from the iron precursor, and the subsequent junctions 
are used to inject the Au precursor solution. The droplets can be easily 
visualized (Fig. 4b (2)), and the process can be monitored by integrating 
transmission measurement unit, which can further automate the pro
cess. The flow rate of injecting precursor solution was found to impact 
droplets’ size; higher flow rate produced droplets with the larger size, 
but beyond 30 μL/min, secondary droplets were observed near the 
second junction. Also, thicker Au shells were observed with an 
increasing flow rate. This simple reactor’s advantage is that it does not 
require any clean room environment to fabricate the device. Also, 
multiple reagents can be injected anywhere in the tubing, followed by a 
coiled network to promote sufficient mixing. Biomimetic NMs contain
ing iron oxide NMs are essential in biomedical applications due to their 

superior biochemical properties. It can be easily fabricated using 
external energy-triggered microfluidic devices. For example, electro
poration (generation of cell membrane pores by the application of 
electric field) facilitated microfluidic device was used to synthesize red 
blood cells (RBC) membrane vesicle coated iron oxide NMs (~80 nm). 
Electric energy generates membrane pores in the cell membrane and 
facilitates the easy entry of NMs [166]. Pulse voltage, pulse duration, 
and flow velocity can influence the synthesis. Complete cell membrane 
coating was achieved at pulses of 50 V with 200 μs duration at 200 
μL/min flow rate. 

Details of tuning parameters and controlled synthesis of iron oxide 
NMs are listed in Table 1. The flow rate ratio of the precursor is a 
dominant tuning parameter that controls the shell thickness, attachment 
of particle on core, and overall size of iron oxide-based hybrid NMs. 
Here, we discussed only hybrid NMs due to their dominance in 
biomedical applications. Earlier, cascaded connections of microfluidics 
were used to obtain the iron oxide-based hybrid structures; later, they 
started to fabricate in a single device, and nowadays it uses external 
energy sources to fabricate these structures, which gives more control 
over the reaction parameters. However, if the microfluidic chip develops 
iron oxide NMs alone, the reaction temperature is significant. Hence, the 
materials used to construct the microfluidic chip should be thermally 
conductive and withstand high temperatures. Further, none of the work 
studied the reactivity of iron oxide NMs. 

Fig. 4. Microfluidic platform to synthesize iron oxide and QDs based nanohybrids. a) Cascaded microfluidic device for synthesizing fluorescent iron oxide- 
silica core-shell NMs. (1) Schematic illustration of the synthesis, microreactor1 for grafting APTES on γFe2O3 NMs, microreactor2 mixes with silica precursor and 
microreactor3 coat silica on γFe2O3 NMs. (2) TEM images of synthesized particles, (3) and (4) are enlarged of (2). Reproduced with permission [88]. Copyright 2009, 
Wiley-VCH. b) Simple glass capillary (Tygon) network to synthesize iron oxide-Au core-shell NMs through multi-stage reagent addition. (1) Photograph of the 
microreactor. (2) Photograph showing the droplets at the injecting junction, red color indicates the mixing of Au precursor with potassium cyanide solution for 
illustration purpose (scale bar is 1 mm). (3) TEM image of NMs synthesized at Au precursor flow rate of 20 μL/min. Reproduced with permission [161]. Copyright 
2020, Nature. c) Synthesizing QDs-based biomimetic NMs. (1) Schematic diagram representing the droplet-based microfluidic platform for fabricating magnetic 
bead-QDs-oligonucleotide conjugate. (2) Images showing chaotic mixing of reagents inside the droplets to immobilize the oligonucleotide. Reproduced with 
permission [162]. Copyright 2020, American Chemical Society. Rhodamine B isothiocyanate (RITC); (3-Aminopropyl) triethoxysilane (APTES). (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2.5. Quantum dots 

Quantum dots (QDs) are semiconductor NMs, possess shape and size- 
controlled photoluminescence properties [108]. They are useful in drug 
delivery, gene therapy, in vivo imaging, cell tracking, fluorescent label
ing of cellular proteins, tumor investigation, and toxin and pathogen 
detection. QDs possess unique properties like tunable size, long lifetime, 
brightness, narrow luminescence, low autofluorescence, and absorption. 
Its brightness is 20 times higher, and stability against photobleaching is 
100 times higher than organic dyes, which makes their sensitivity and 
repeatability higher in complex sample analysis [167,168]. The QDs’ 
surface modifies with various molecules including carbon allotropes, 
upconversion NMs, metal oxides, metal-organic frameworks, noble 
metal NMs, peptides, DNAs, and antibodies for several biomedical ap
plications [108,167]. 

Various microfluidic technologies are used to synthesize QDs in 
different shapes, compositions, surface modification, photo
luminescence properties, etc. Due to the technical advancement in the 
optical measurement system, most of the QDs synthesis process in 
microfluidics is automated by providing screening of the photo
luminescence properties of QDs (this will be discussed in detail in the 
screening section). External energy is also used in controlled QDs syn
thesis. For example, an external magnetic field was used to synthesize 
single (4.35–6.14 nm) and hybrid (8.15 nm) QDs in microfluidic re
actors; the device has an induction coil that continuously generates a 
magnetic field and heats the ferruginous pipeline, thereby controlling 
the reaction temperature (210–290 ◦C) [169]. QDs combined with DNA 
oligonucleotide are the right candidate for nucleic acid bioassays, drug 

delivery, and intracellular probes. Recently, a PDMS-based microfluidic 
chip (Fig. 4c) was fabricated to synthesize QDs-magnetic bead-oligo
nucleotide conjugate NMs [162]. The device consists of two 
flow-focusing droplet generators and one T-junction droplet mixing re
gion. One droplet generator encapsulates QDs on the magnetic bead, 
while other forms droplets of DNA in oil. Finally, the droplet mixing 
region (serpentine channel) allows the single-step synthesis of DNA 
immobilization on magnetic bead-QDs. A tesla mixer was used to 
encapsulate QDs within the core of lipid-PEG hybrid NMs (lipid-QD: 60 
nm) [84]. Tesla mixer provides a homogenous environment for nucle
ation and growth by reducing the mixing time, thereby controlling the 
QDs’ nanoprecipitation. Further, mixing efficiency was improved due to 
the diffusion and convection at a high flow rate. By varying the flow rate 
ratio, the number of QDs encapsulated by lipid molecules was varied. 
The produced materials do not require further purification for in vitro or 
in vivo experiments. 

Another category of QDs is carbon QDs, which have large surface 
area properties and can easily interact with molecules through stable 
bond formation, making them suitable for drug or gene loading vectors. 
They can also convert absorbed light energy at near-infrared to heat 
energy, offering the NMs for photothermal applications. Combined with 
PLGA NMs, formed nanohybrid features high antibiotic loading, chemo- 
photothermally synergistic anti-biofilm efficacy, and good biocompati
bility. A microvortex microfluidic chip (Fig. 5a) was able to fabricate 
carbon QDs-PLGA NMs (100–150 nm) of varying surface charges (− 20 
to − 50 mV) by controlling the flow rates of reagents alone [170]. The 
organic phase was injected through the outer two inlets, while the 
aqueous phase was supplied through the middle inlet. Formed 

Fig. 5. Microfluidic platform for fabricating carbon-based and metal organic framework NMs. a) Synthesis of carbon QDs-PLGA nanohybrid using a microvortex 
chip. (1) Schematic diagram of synthesis. (2) TEM image of carbon QDs-PLGA NMs. Reproduced with permission [170]. Copyright 2020, Elsevier. b) Synthesis of 
metal organic framework using continuous flow microreactor; (1) Schematic illustration shows the size distribution of NMs with residence time. (2) SEM image of 
UiO-66 metal organic framework prepared at a flow rate of 0.2 mL/min. Reproduced with permission [171]. Copyright 2016, Elsevier. ODA-Octadecylamine; 
CQD-Carbon QD; SEM-Scanning electron microscope. 
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micro-vortices enable proper mixing, lead to superior reproducibility 
and high monodispersity. 

The summary of the controlled synthesis of the QDs mentioned above 
is listed in Table 1. For clinical use, most of the QDs are used in 
conjunction with other NMs to enhance biocompatibility. Microfluidics 
serves as a good platform for synthesizing these NMs as it can easily tune 
the physicochemical properties of core-shell NMs through precursors’ 
flow rate ratio. If we can adapt the fully automated synthesis into the 
QDs-based hybrid NMs, clinical translation of QDs will be much easier. 

2.6. Carbon-based 

Carbon NMs for biomedical applications include fullerene, carbon 
nanotubes (CNT), graphene, carbon dots (already described), nano
diamonds, nanohorns, and nano-onions. Carbon NMs have unique 
properties such as covalent and non-covalent conjugation, unique 
Raman signal, photoluminescence, and thermal and electrical conduc
tivity [108]. CNT consists of sp2 hybridized carbon atoms in 
nanometer-scaled tubules, and they possess unique thermal, electrical, 
optical, and mechanical properties. Recent progress in microfluidic- 
based CNT synthesis and facile functionalization expanded for the 
biomedical applications of CNT. The biocompatibility of CNT can be 
improved by substitutional doping with nitrogen atoms [23]. 

Vortex flow-based microfluidic devices were extensively used to 
fabricate various carbon-based NMs, manufacturing single-walled CNT 
toroid, lateral slicing of CNT, decorating CNT surface with noble metal 
NMs and synthesizing carbon dots (~6 nm) from multi-walled CNT. A 
standard vortex flow device accommodates an angled, rapidly rotating 
borosilicate glass tube inclined at 450 with the horizontal position. It has 
the advantages of easy installation, low cost, clogging-free synthesis, 
and easy scaling up [63]. A combination of microfluidic droplet gener
ating techniques can fabricate 3D closed architectures by assembling 1D 
carbon NMs. Recently, Jun et al. synthesized a 3D CNT cellular network 
using a glass capillary microfluidic device combining flow focusing and 
co-flow techniques [172]. The device consists of two cylindrical glass 
capillary tubes with one end tapered, are coaxially arranged with a 
square capillary tube. The innermost gas phase was formed by inert 
nitrogen, the outer phase was polyvinyl alcohol aqueous solution, and 
the middle phase was oil (octadecylamine-CNT in toluene). This com
bination developed CNT-shelled microbubbles, which further generated 
gas-oil-water compound bubbles. By varying the flow rates, the size and 
shell thickness of microbubbles were controlled. To form a 2D hexagonal 
array, octadecylamine-CNT shells were assembled on silicon substrate 
by evaporation, and a stainless-steel mesh was used to form a 3D 
assembly. 

The detailed information about the works mentioned above is sum
marized in Table 1. Compared to other categories of NMs, carbon-based 
NMs synthesis in microfluidics is not well explored. It further demands 
the study of the formation of carbon-based NMs, growth mechanism, 
and implementation in microfluidic platforms. 

2.7. Rare-earth-based and others 

Rare-earth metal NMs have diverse shapes with high paramagnetic 
properties, photoluminescence, and high catalytic activity [108]. 
Rare-earth-based NMs in biomedical applications include upconversion 
NMs, which are fluorescent materials that can convert lower energy 
photons to higher energy photons through an upconversion process 
[14]. Simple flow-focusing droplet devices are commonly employed to 
synthesize upconversion NMs [173]. 

Metal oxide NMs (commonly known as a metal-organic framework) 
other than iron oxides, such as titanium dioxide, cerium oxide, and zinc 
oxide, are also useful in biomedical applications due to their excellent 
biocompatible surface for cell attachment, cell proliferation, anti- 
oxidative properties, etc. Non-aqueous-based synthesis of the metal- 
organic framework was extensively studied. For example, flow 

focusing-based droplet generation followed by reaction channels of 
various geometries operating at different temperatures were employed 
to fabricate zinc oxide (100 ◦C), titanium oxide (200 ◦C), and cerium 
oxide NMs (170 ◦C) [174]. In another example, UiO-66 NMs (made up of 
[Zr6O4(OH)4]) were synthesized using a simple continuous flow 
microreactor (Fig. 5b) with T-junction geometry to mix the reagents, 
followed by a reaction zone operated at 120 ◦C to promote NMs growth 
[171]. Nanomaterial size was controlled from hundreds of nanometers 
to dozens by tuning the flow rate (which can influence the residence 
time) alone. Increasing the residence time produced smaller particles, 
and beyond 3 min, microreactor was blocked due to particles’ 
aggregation. 

The description of the aforementioned NMs synthesis is summarized 
in Table 1. High temperature is often required for synthesizing metal- 
organic framework and upconverting NMs. Therefore, thermally 
conductive material that can withstand high temperature should be used 
as device material. Residence time plays a crucial role in synthesizing 
monodispersed NMs. By varying the flow rate, residence time can be 
tuned to achieve the desired NMs size. 

*i.d.: internal diameter; o.d.: outer diameter; SiO2: silica; EDC: 1-ethyl- 
3-(3- dimethylamino) propyl carbodiimide; FeCl2.4H2O: iron (II) chloride 
tetrahydrate); FeCl3.6H2O: iron (III) chloride hexahydrate; KH2PO4: Po
tassium dihydrogen phosphate; KCl: Potassium chloride; NaCl: Sodium 
chloride; (NH4)2SO4: Ammonium sulfate; CdO: Cadmium oxide; OA: oleic 
acid; OLA: oleylamine; ODE; 1-octadecene; TOP: trioctylphosphine; TBP: 
tributylphosphine; Cs2CO3: cesium carbonate: lead bromide; AgNO3: sil
ver nitrate; NaNO3: sodium nitrate; NaBH4: sodium borohydride; NaOH: 
sodium hydroxide; CTAB: cityltrimethylammonium bromide; TMB: 1,3,5- 
trimethylbenzene; TEOS: tetraethyl orthosilicate; TSC: trisodium citrate; 
H2O2: hydrogen peroxide; NH4OH: ammonium hydroxide; DMAP: 4- 
(dimethylamino)pyridine; NaBH4: sodium borohydride; TOAB: tetraoc
tylammonium bromide; Na2SO4: sodium sulfate; HAuCl4: chloroauric 
acid; PEG: Polyethylene glycol; PVP: polyvinylpyrrolidone; PPG: poly
propylene glycol; DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; 
DSPE-PEG2000: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 
[methoxy(PEG)-2000; NBD-DSPE: 1,2-distearoyl-sn-glycero-3-phosphoe
thanolamine-N-(7-nitro- 2–1,3-benzoxadiazol-4-yl); APTES: 3-Amino
propyl)- triethoxysilane; H2bdc: 1,4-benzenedicarboxylate acid; GMO: 
genetically modified organism; DOTAP: dioleoyl-3-trimethylammonium 
propane. 

3. Microfluidic screening of nanomaterials 

An ideal microfluidic platform to synthesize NMs for biomedical 
application demands synthesis of NMs with controlled physicochemical 
properties by tuning the operating parameters and adjusting the pro
duction rate for rapid screening (μg/min) and on-scale production (g/ 
min). Over the years, several mechanisms and techniques have been 
developed for screening various reaction parameters. In earlier times, 
screening was performed after the synthesis (ex situ) and arrived at 
optimal conditions for the desired physicochemical properties of NMs. 
For this purpose, characterization techniques such as transmission 
electron microscopy (TEM), scanning electron microscopy (SEM), 
UV–Vis absorption spectrum, X-ray diffraction techniques, etc., were 
used. Nowadays, real-time parameters screening is possible by inte
grating the microfluidic platform with a camera, microscope, spec
trometer, small-angle X-ray scattering (SAXS), etc., known as in situ or 
inline characterization [180]. Inline characterization or real-time 
screening helps to synthesize NMs rapidly through optimized reaction 
conditions and study the dynamics of material formation. Another 
screening method results in intelligent synthesis, where a control system 
uses real-time monitoring data to adjust the parameters and achieve the 
desired properties [181]. 

This section describes the wide range of available methods to screen 
the NMs’ properties using microfluidics to speed up the process and 
critical examples of intelligent synthesis. We discuss how NMs with 
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specific features can be achieved by integrating the device with mea
surement sensors and developing an algorithm that suits a particular 
nanomaterial synthesis. 

3.1. Real-time monitoring 

Real-time monitoring of the NMs’ synthesis process enables the 
visualization of the process and measures the parameters to control re
action kinetics, thereby obtaining NMs with desired physicochemical 
properties. Currently, available monitoring methods include spectro
scopic measurements for measuring the optical properties, microscopic 
techniques to visualize the reaction process, and various sensors to 
measure flow rate, pressure, temperature, electrical resistance, etc. 
Optical characterization can be monitored through photoluminescence, 
absorbance, and X-ray spectroscopic measurements [180]. Photo
luminescence and absorbance give quantitative information about NMs 
size, size distribution, shape, composition, and surface integrity. Both 
have advantages such as ease of use, low detection limits, high sensi
tivity, non-invasiveness, and fast response time. At the same time, X-ray 
spectroscopic measurements give information about the crystal and 
electronic structure of NMs. The complexity of the equipment makes its 
usage difficult in real-time monitoring. In general, absorbance and X-ray 
spectroscopic measurements are used for noble metal and metal hybrid 
NMs’ screening, while photoluminescence helps to monitor QDs. As an 
example, particle cluster formation during the synthesis of 
polystyrene-coated Au NMs was studied using the screening parameters 
obtained from X-ray scattering and UV–Vis spectrometer in real-time 
[183]. These measurements were also used in investigating the effect 
of seed age in Au nanorod synthesis [184]. Controlling the shell thick
ness is essential in the case of core-shell NMs, specifically for drug de
livery purposes. Knauer et al. showed a controlled deposition of shell 
metal using combinatorial synthesis by screening the flow rate varia
tions in real-time [185]. As the plasmonic properties of metal core-shell 
depend on shell thickness, in situ screening of UV–Vis absorption spec
trum synthesizes the desired shell thickness. 

Microscopic measurements involve monitoring droplet size, slug 
size, reaction process, etc., through an optical or fluorescence micro
scope. As most of the device material is transparent including PDMS and 
glass, microscopic monitoring helps optimize the parameters. Since the 
reaction mixing happens within the droplets, controlling the droplet size 
can eventually control the NMs and PDI. For example, Bandulasena et al. 
investigated the droplet size variation in a three-phase glass capillary 
device with the help of a high-speed optical camera [79]. The device was 
mounted on the microscopic stage and, droplet generation was moni
tored with each parameter variation. 

Real-time monitoring of direct measurement of size and shape of 
synthesized NMs is not explored yet. It requires the characterization 
techniques such as TEM, SEM, HR-TEM, etc., which are very sophisti
cated equipment, and the NMs sample has to be prepared in advance for 
their usage. Further, NMs have to be purified through filtration or 
multiple centrifuging before characterizing them. If we can perform 
particle purification within microfluidics, it will be a drastic change, and 
screening followed by clinical translation will be easy. 

3.2. Intelligent synthesis 

In an intelligent system, thousands of synthesis reactions can be 
carried out within a fraction of time. The bottleneck of such a system is a 
sophisticated and specialized ‘intelligent’ algorithm. Developing such an 
algorithm is challenging as the process handles toxic and explosive 
chemicals with minimal reagent consumption [181]. Despite these dif
ficulties, the intelligent synthesis of QDs and their hybrids are well 
established. Very few examples addressed the intelligent synthesis of 
other NMs. The concept of intelligent synthesis was introduced by 
Krishnadasan et al. to synthesize QDs by monitoring the emission 
spectra [186]. Monitored emission spectra were fed into the algorithm, 

and based on that information, it generated a reduced scalar dissatis
faction coefficient. According to the coefficient value, the reaction 
condition was optimized to reach the desired value. The successful 
adaptation of this approach requires clogging-free and non-degradable 
stable reagents as the search for an optimized algorithm takes long 
time. Bovone et al. showed a method for rapid formulation screening 
and production of polymeric NMs after being synthesized in a coaxial jet 
micromixer [89]. This was achieved by controlling the output via pump 
software and monitored the process through a bright field inverted 
microscope. Using rhodamine-containing central organic stream, flow 
behavior was observed for various Reynolds numbers. The effect of 
mixing speed (slow mixing and rapid mixing) and polymer concentra
tion on production rate were screened and formulated for optimal 
polymer NMs with minimum size and low PDI. The same device was 
used to scale-up the synthesis due to its rapid screening at low produc
tion rates. One of the recent examples monitored NMs formation by 
conjugating microfluidics with electrical resistance measurement in 
studying the corona formation around the carbon NMs. By coupling with 
machine learning and wavelet transform algorithm, it could discrimi
nate corona types, which further enhanced targeted drug delivery [187]. 
In the future, the same approach can be used to discriminate the corona 
types associated with other NMs categories and correlate with their 
inherent characteristics. This can compare among other NMs in their 
bio-nano interactions, which could be potentially helpful in in vivo ap
plications. The factorial design of the experimental approach was used 
in rapid size optimization of liposomes synthesized in a staggered 
herringbone micromixer [188]. In this approach, tuning parameters like 
flow rate ratio and total flow rate were screened to optimize the syn
thesis parameters by analyzing several experiments. Statistical tools, 
including multiple linear regression and partial least squares, were used 
to fit the optimal model. This model could help to optimize other 
nanocarrier screening and could be favorable for conventional drug 
delivery systems. 

The feedback process controlling mechanism is an advanced method 
to tune the synthesis parameters to achieve automation. In this 
approach, a set of process parameters are continuously monitored and 
compared with the set value. Several algorithms were developed in this 
regard; the famous Kriging algorithm was developed by Bezinge et al. to 
predict future reaction conditions based on the photoluminescence 
measurements of QDs [189]. The algorithm computes or refines the 
reaction parameters by mapping photoluminescence with the target 
wavelength of each iteration. The screening method is fast, accurate, 
and reliable for QDs production. Combining with a scaled-out reactor 
will make the commercial production of QDs easier with predefined 
emission spectra. In terms of the information obtained from micro
fluidics, in conjunction with the Kriging algorithm, microfluidics can 
maximize the output information without escalating the number of 
experiments. 

Similar to the Kriging algorithm, artificial neural networks are also 
helpful in reaction optimization and optimizing NMs synthesis [181]. In 
2017, Kim and co-workers integrated parallel swirling microvortex re
actors with intelligent feedback control to screen lipid-polymer NMs’ 
physicochemical properties in a highly reliable and robust manner, 
which allowed the easy clinical translation of NMs for imaging and drug 
delivery (Fig. 6a) [182]. A simple swirling microreactor with varying 
diameters increased the mixing efficiency (90% or higher), and pro
duced NMs with desired properties. It can model into an analog fluidic 
circuit with an impedance and pressure at the inlets and outlets. 
Microreactor inlet pressure was evaluated using these impedance values 
for various flow conditions (or Reynolds number); hence controlling the 
pressure variation can eventually control the impedance, thereby 
improve mixing efficiency. In order to obtain high throughput and 
reproducibility, a feedback pressure control loop was used. Large scale 
optimized synthesis was achieved by connecting 25 swirling micro
vortex reactors in parallel with a feedback pressure control loop to 
measure the inlet pressure variations of parallel reactor networks, then 
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amplified and compared with the desired set value. The method enabled 
robust manufacturing of lipid-polymer NMs (1.8 kg/day), and extension 
into an array could result in a greater production rate. In addition, this 
method could help to produce a wide range of hybrid NMs for thera
peutics and diagnostics efficiently. 

In another example, real-time evaluation of transmission measure
ment and a self-optimizing algorithm were used to automate the syn
thesis process [161]. Automation was performed by equipping the 
Tygon glass capillary tubing droplet microreactor (Fig. 4b (1)) with an 
optical transmission measurement device in conjunction with a 

Fig. 6. Screening of NMs using microfluidics. a) Robust and reliable fabrication of lipid-PLGA NMs using parallel networks of swirling microvortex reactors and 
feedback pressure control loop. (1) Photograph of the device (scale bar is 5 mm) and schematic drawing of the NMs. (2) TEM image of synthesized NMs. (3) 
Parallelized microvortex array with 25 microreactors with a microfluidic network. (4) Fluidic circuit analogue decomposition of the parallel device, where Zi is the 
impedance of ith inlet, Ri and Ci are resistance and capacitance respectively. (5) Schematic of feedback pressure control loop to synthesize lipid-polymer NMs. 
Reproduced with permission [182]. Copyright 2017, Royal Society of Chemistry. b) Screening of transmission measurement to control the size by optimizing the flow 
rate. (1) The algorithm used to optimize the flow rate. (2) The plot of flow rate dependent transmission measurement of three experiments with an initial guess of 5, 
15 and 24 μL/min and step size of 2, 3 and 4 μL/min represented by black, blue and red lines respectively. Reproduced with permission [161]. Copyright 2020, 
Nature. SMR-Swirling microvortex reactor; Z-impedance; R-Resistance; C-Capacitance; V-voltage; NP-Nanoparticles. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Review of recent works in the screening of NMs’ parameters during microfluidic synthesis and automated approach.  

Composition of NMs Shape Size (nm) Screening Parameters Details of Real-time Monitoring Intelligent Synthesis Details Ref. 

Carbon Sphere 10, 50 & 
90 

Electrical resistance Biomolecular corona formation of 
NMs 

Machine learning & wavelet 
transform 

[187] 

Iron oxide-Au Core- 
shell 

13.1 ±
2.5 

Droplet transmission Transmission w.r.t flow rate Simplex optimization 
algorithm 

[66] 

Ag Sphere 5–80 Absorbance UV–Vis absorbance Mie-theory based calibration 
algorithm 

[67] 

Au Rod – SAXS diameter & absorbance SAXS & UV–Vis spectrum – [119] 
Perovskite crystals – – Phase velocity & length Phase velocity, length sensors & 

camera validation 
Custom user interface & slug 
tracking algorithm 

[190] 

Au-polystyrene Core- 
shell 

46.9 ±
2.0 

Scattering intensity & absorbance SAXS & UV–Vis Absorption – [183] 

Carbon dot Sphere 2.2–4.3 Photoluminescence Temperature & fluorescence 
imaging 

– [191] 

Lipid-polymer Core- 
shell 

<200 Inlet pressure Inlet pressure & absolute error Pressure feedback control [182] 

Au–Ag Core- 
shell 

11.5 Absorbance Microphotometers at different 
wavelengths 

Combinatorial synthesis [185] 

CdSe – – Absorbance & fluorescence Spectrometer LabVIEW algorithm [192] 
CsPbX3 (X = Br, I, Cl & 

Br/Cl and Br/I) 
– 8–12.5 Molar ratio of reagents, reaction 

temperature and reaction times 
Photoluminescence & absorbance – [193] 

Lead halide perovskite – – Photoluminescence Spectroscopic measurements Kriging based adaptive 
sampling algorithm 

[189] 

CsPbX3 (X = Br, I, Cl) Cube – Fluorescence lifetime Photoluminescence LabVIEW algorithm [194] 
Lead halide perovskite Cube ~40 Photoluminescence/absorbance Photoluminescence & absorbance Combinatorial approach [195]  

K. Illath et al.                                                                                                                                                                                                                                    

Downloaded for Anonymous User (n/a) at Kangwon National University Hospital from ClinicalKey.com by Elsevier on January 
06, 2022. For personal use only. No other uses without permission. Copyright ©2022. Elsevier Inc. All rights reserved.



Biomaterials 280 (2022) 121247

16

computer algorithm (Fig. 6b). The algorithm automatically finds the 
optimum synthesis conditions for the iron oxide-Au core-shell NMs 
formation; it starts from two initial guesses of flow rate and changes Au 
precursor’s flow rate until it reaches the minimum optical transmission 
of the droplet. Once it arrives at the value, the flow rate increases by the 
step size of 0.1 μL/min. As the flow rate of Au precursor changes, Au 
shell thickness varies due to droplet size changes. This method can be 
adapted for any segmented flow-based devices that can measure the 
transmission of slug or droplets through a capillary which eventually 
corresponds to the size of single-component NMs or shell thickness of 
core-shell NMs. 

Table 2 summarizes the recent works on inline screening of NMs’ 
parameters using microfluidics. It is observed that the majority of the 
synthesis process uses real-time monitoring of spectroscopic measure
ments due to its various advantages. Also, inline screening is developed 
mainly on QDs, followed by noble metal and their hybrid combinations. 
Feedback control allows robust biopolymer-based nanocarrier 
manufacturing that helps to scale-up the NMs for drug delivery. As the 
integrating unit increases, complexity arises with multiple parameter 
screening and allows reasonable control over-optimized NMs synthesis. 
At the same time, a fully automated microfluidic platform need not 
involve complex algorithms. It should merely screen the parameters and 
set the reaction conditions using simple algorithms [180]. 

4. Clinical evaluation of Microfluidic nanomaterials 

Even though tremendous efforts observed over the past few years in 
translating NMs for clinical use, the noted growth is relatively slow. 
Only a few NMs got approval from the US Food and Drug Administration 
(FDA) and the European Medicines Agency. It includes polymer NMs for 
drug delivery and diagnostic imaging, iron oxide NMs for MRI, and li
posomes carrying the anticancer drug for chemotherapy [196]. Con
ventional clinical evaluation of NMs uses 2D cell culture, which is very 
easy to implement, but difficulties in reconstructing the exact physio
logical behavior result in an inaccurate outcome. Compared to 2D, the 
3D cell culture model mimics the tissue structure greatly but fails to 
maintain flow conditions and chemical gradients. The animal model can 
provide more accurate results, but it is complicated, expensive, and 
time-consuming [197]. On the other hand, microfluidics evolved as a 
cost-effective platform, allowing easy cell culturing with specific cell 
numbers, extracellular matrix, the interaction between cell-cell and 
cell-extracellular membrane with precise control over mechanical cues 
and shear stress. Microfluidics can also mimic the in vivo flow environ
ment for NMs evaluation. The shear stress-induced due to flow behavior 
reduces the NMs sedimentation and aggregation, thereby improves 
cellular uptake. Transparent devices based on PDMS (majority) or glass 
allowed the real-time monitoring of physiological behavior of NMs and 
corresponding biological response. High-throughput evaluation can be 
carried out by making parallelization and integration [196]. Like fluid 
flow, microfluidics can also stimulate chemical gradients, easy to 
partition multi-organs on-chip, and easily control the local environment 
[197]. 

A successful NMs delivery into the human body involves the 
following sequence; intravenous infusion, penetration through blood 
vessel endothelium, penetration through the target tissue, finally uptake 
and detainment by the target tissue. Before achieving the final stage, 
NMs may face several issues; poor penetration, rapid plasma clearance, 
poor uptake or unexpected organ uptake and accumulation, etc. The 
reasons behind plasma clearance are due to easy renal filtration (<5.5 
nm size) or macrophage internalization (20 nm- 2 μm). NMs transport 
may hinder due to barriers such as the blood-brain barrier, blood-vessel 
endothelium, and interstitial fluid pressure. Unexpected organ uptake 
leads to toxicity or lesions. In addition, at the molecular level, flow 
behavior has a significant impact [197]. For example, shear stress can 
influence NMs binding and detachment, and can identify specific and 
non-specific adhesion. Also, it regulates nanomedicine uptake and 

triggers the release of drugs. There are few NMs sensitive to shear stress, 
including lenticular liposomes and microscale aggregates of NMs. 
Hence, these NMs can target obstructed blood vessels, as it induces shear 
stress due to thrombosis (blood clot) or embolism (blocked by a blood 
clot). NMs properties like shape, size, surface charge, and functionali
zation have to be optimized to achieve successful delivery. With the help 
of specific microfluidic models, NMs interaction for specific biomedical 
applications can be quantitatively studied before the administration. 
Clinical evaluation of NMs can be quantitatively measured using pa
rameters such as hemocompatibility, toxicity, NMs transport, uptake by 
cells, target NMs accumulation, and NMs efficacy. The currently avail
able microfluidics models for this evaluation are blood vessel-on-a-chip, 
blood-brain barrier model, single-cell microfluidics, tumor-on-a-chip, 
lung-on-a-chip, body-on-a-chip, and animal-on-a-chip [197]. This sec
tion discusses the essential examples in each category of the micro
fluidics model for clinical evaluation, its features, advantages, and 
disadvantages. It explains how a particular model suits evaluating a 
specific parameter. 

4.1. Blood vessel-on-a-chip 

The blood vessel-on-a-chip model mimics the blood vessel’s micro
environment and helps to study the interaction among blood cells and 
NMs, NMs margination, the impact of shear stress and vessel geometry 
on NMs accumulation, and vessel permeability on NMs translocation. 
Since most NMs for biomedical applications introduce intravenously 
into the blood, they should not cause any significant changes to blood 
cells or blood plasma. The Hemocompatibility of NMs can be evaluated 
using a blood vessel-on-a-chip model, and it possesses higher sensitivity 
than conventional hemolysis analysis [197]. For example, a PDMS-based 
microfluidic device (20x400x26,389 μm) with a hyperbolic-shaped 
central channel was used for NMs’ hemocompatibility evaluation 
(Fig. 7a) [198]. This geometry allowed RBCs to detect small rigidity 
changes (deformation index) when they pass through the central chan
nel. Even with considerable shear stress, the strain rate was maintained 
at the center. Iron oxide NMs’ effect on RBC stretching has been eval
uated by performing the experiments in the presence or absence of NMs. 
With the help of an inverted microscope, morphological changes were 
observed [198]. The study also proposed that the size, shape, and 
composition of iron oxide NMs may influence RBC membrane interac
tion. Further, this study can be extended to investigate other hemor
heological and biological interactions between iron oxide NMs and RBC. 
These interactions have to be explored together in the future, thereby 
opening the door to nanomedicine evaluation by understanding 
RBC-NMs interaction in depth. Compared to the traditional hemo
compatibility test, microfluidic model has shown very high sensitivity. 
Hemocompatibility can also be analyzed using platelet activation, 
plasmatic coagulation test, and leukocyte phagocytosis inflammation. 
Besides hemocompatibility, NMs transport and its efficacy were also 
evaluated with blood vessel-on-a-chip model [197]. 

An ideal blood vessel on-a-chip model for clinical evaluation of NMs 
should incorporate geometries of vasculature such as bifurcations, 
straight channels, and tortuosities. It should study the impact of NMs 
with various sizes, shapes, and surface charges. One of the studies on 
hemocompatibility of mesoporous silica NMs observed that it signifi
cantly increased platelet aggregation and adhesion to the endothelium. 
Also, rod-shaped NMs showed higher specific targeting and lower non- 
specific accumulation than spherical NMs in endothelialized channels 
[203]. 

As most NMs for clinical application involve intravenous injection, 
its interaction with blood has to be investigated in detail. A blood vessel- 
on-a-chip model can evaluate NMs’ hemocompatibility and their 
transport through blood. It could help to develop various nanocarriers 
for therapeutic purposes. 
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4.2. Blood-brain barrier model 

The blood-brain barrier is the vascular border of the central nervous 
system (CNS) through which substances are transported between blood 
and the brain. It consists of complex cellular networks of astrocytes and 
pericytes endothelial cells. Hence, the CNS drugs find difficulty in 
penetrating this barrier and reduce the success rate in developing the 
medicine for the CNS [204]. The blood-brain barrier model helps to 
evaluate the NMs (or nanomedicine) transport into the CNS. It predicts 
the NMs performance in brain endothelium and opens the platform for 
efficient drug discovery into the brain. 

There are only a few works observed on the microfluidics blood- 
brain barrier model to study NMs transport. Falanga et al. evaluated 
the transport of NMs by gH625 peptide across the barrier with this 
model (Fig. 7b) [199]. It mimics the in vivo flow pattern and allows brain 
endothelial cells to grow on a porous membrane, sandwiched between 
two channels representing the blood and brain side. They found that 
gH625 peptide conjugated NMs (fluorescent amine capped polystyrene) 
can easily cross the barrier under flow conditions. Without the peptide 

functionalization, NMs were unable to reach the CNS due to the barrier. 
Hence, this study revealed a higher affinity of gH625 peptide conjugated 
NMs on cells than blank NMs under a flow rate of 5 μL/min (fall under 
blood vessel flow rate). The reason might be the tropism shown by the 
peptide for cell membrane cholesterol, which promoted the adhesion of 
peptide-functionalized NMs on cells. The same model without cells can 
also evaluate the NMs for clinical applications [197]. Recently, Kim and 
co-workers developed another blood-brain barrier model chip that 
mimics the contact among brain vascular endothelium and human brain 
perivascular pericytes with the 3D networks of astrocytes [204]. The 
chip consists of 4 layers; a bottom glass slide, a lower layer, a porous 
membrane, and an upper layer. The Upper and lower layers are made up 
of PDMS and correspond to the 2D vascular endothelial region and 3D 
brain microenvironment. These layers are separated by a porous mem
brane of 7 μm thickness and 8 μm diameter pores. The lower layer 
consists of three parallel channels separated by a series of micropillars 
and cultures pericytes and astrocytes in a 3D Matrigel that flows through 
the center channel and two side channels. The height of all the channels 
is 100 μm, and the width varies from 200 to 400 μm. Compared to the 

Fig. 7. Clinical evaluation of NMs using various microfluidic platforms. a) Schematic diagram of the experimental setup of a blood vessel-on-a-chip model for 
hemocompatibility evaluation. Reproduced with permission [198]. Copyright 2016, Springer. b) Schematic representation and photograph of blood brain barrier 
model chip to study NMs transport across barrier. Reproduced with permission [199]. Copyright 2016, Wiley Periodicals, Inc. c) Schematic representation of 
single-cell microfluidic chip based on microtraps to investigate the cellular uptake and toxicity of NMs; (a–i) confocal fluorescence microscopic image of dendritic 
cells, (a-ii) SEM image of Au nanorod, (a-iii) SEM image of microtrap array and schematic representation of temporal analysis of microfluidic device; (b–i) cell 
trapping, (c–i) nanorod delivery and (d–i) antigen processing. Reproduced with permission [200]. Copyright 2016, Royal Society of Chemistry. d) Dynamic 
lung-on-a-chip model to study the effect of NMs on the pulmonary system. Reproduced with permission [201]. Copyright 2010, The American Association for the 
Advancement of Science. e) Tumor on-a-chip model formed by culturing 3D vascularized tumor in a microfluidic device to study NMs cytotoxicity and efficacy. 
Reproduced with permission [202]. Copyright 2017, American Chemical Society. 
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previous chip model, this chip was able to quantify the distribution of 
NMs in vascular and perivascular space and on each cell along with the 
NMs transport. To assess the NMs’ transport, bio-conjugated high-
density lipoprotein NMs were intravenously injected with a fluorescent 
dye and observed easy administration and an accumulation of ~3% in 
the brain. The mentioned compartmentalized chip model allowed to 
track the NMs’ penetration across the barrier. For this purpose, they 
used a precise time-lapse sampling and fluorescence-activated cell 
sorting analysis, which helped to quantify the 3D distribution of NMs 
across the blood-brain barrier. Further, this quantitative analysis pro
vides information on the cellular uptake of NMs, thereby enabling to 
calculate the targeting efficacy at the cellular level. The device’s high 
throughput can be achieved by performing NMs’ evaluation using a 
multiple parallel blood-brain barrier model. 

In the future, it is expected the development of a sophisticated blood- 
brain barrier model that could mimic the complex interaction associated 
with the blood-brain barrier and could be used in translational medicine 
research specifically for neurological disorders. 

4.3. Single-cell microfluidics 

At the single-cell level, clinical evaluation of NMs can be performed 
by creating many small structures comparable with the cell’s size, 
termed single-cell arrays. It can be an array of microwells or microtraps 
to trap the single-cell, incubate NMs on cells, and analyze NMs’ uptake 
and toxicity [196]. In general, metal and metal NMs can generate 
reactive oxygen species, induce reactive stress, and lead to DNA lesions 
or genotoxicity. Hence, the effect of cellular uptake has to be evaluated 
at the DNA level. A PDMS-based comet chip was used to investigate the 
genotoxicity of silica, zinc oxide, iron oxide, Ag, and cerium oxide NMs, 
and observed that the device could provide both DNA damage and gene 
mutation induced by NMs [205]. The chip consists of size-tunable 
microwells arranged in ordered microarray, and cells were seeded in 
the microwells and exposed to NMs of various compositions. A comet 
assay was performed in situ to investigate the DNA damage in each cell; 
the genotoxicity in human lymphoblastoid cells varied from high to low 
for zinc oxide, Ag, iron oxide, cerium oxide, and silica NMs, respectively. 
In the case of adherent Chinese hamster ovary cells, the trend in geno
toxicity is Ag, iron oxide, zinc oxide, cerium oxide, and silica. From both 
genotoxicity profiles, it has been observed that silica NMs possess the 
lowest genotoxicity. The same platform could help to compare other 
NMs dosimetry analyses to prepare NMs hazard ranking. This model has 
advantages such as lowered noise, bias, labor, and high throughput 
(~more than 2 orders of magnitude) compared to traditional assay. By 
combining with fluorescent in situ hybridization, DNA damage due to 
NMs can be located and used for gene repair. The comet chip model can 
be expanded further to investigate specific DNA lesions and 
double-stranded DNA breakage due to NMs exposure. 

The effect of NMs on protein expression at a single-cell level was well 
studied by single-cell immunoassay and single-cell western blotting 
platforms [196]. Wu et al. analyzed the cytotoxicity of QDs in a 
microwell array-based single-cell chip and found that cytotoxicity de
pends on cell cycle phases [206]. The chip consists of a microwell array 
for trapping single cells and fluidic channels that helps to keep the QDs 
concentration to a stable value. The variation in cytotoxicity of different 
cell cycle phases is due to the difference in cellular uptake of NMs at each 
phase. The device could be used for single-cell research in detail by 
combining it with high throughput analysis. Similar to the cell cycle 
phase, heterogeneity in cellular uptake of NMs were also studied using 
single-cell microfluidics. For example, a chip based on precisely ordered 
microtraps was used to study cellular uptake and toxicity of Au nanorod 
mediated vaccine (Fig. 7c) [200]. It consists of an array of microtraps to 
isolate single primary dendritic cells. A concentration gradient 
ovalbumin-loaded Au nanorod was supplied across the width of the 
array and successfully tested the impact of NMs on dendritic cells. This 
device can estimate the NMs properties, effect of cell heterogeneity, and 

NMs uptake in a high throughput manner. Real-time images were 
captured using time-lapse spectroscopy to study the dynamics of 
cell-NMs interactions, and the platform applies to any NMs formulations 
and cell types. This study used biologically relevant human cells 
compared to cell lines which are advantageous in investigating actual 
NMs-cell interaction. Further, this device can provide quantitative in
formation about the dynamics of intracellular activity of NMs, which 
helps to discover drugs and vaccines. Among all the microfluidic tech
nology, droplet-based devices have shown great promise in single-cell 
drug screening. Cellular uptake of Au NMs-citric acid and Au-DNA 
NMs on HeLa cells were analyzed using an on-line droplet chip induc
tively coupled with plasma mass spectrometry hyphenated technique 
[207]. The results revealed that NMs with high concentration and short 
incubation time is beneficial for NMs based biomarker analysis and 
intracellular delivery. As a result of difference in adhesion and inter
nalization mechanism, Au-DNA NMs uptake is more on cells than 
Au-citric acid NMs. 

In general, single-cell microfluidics is an adequate platform to 
investigate the intracellular activity of NMs, which helps in designing 
NMs based drugs and vaccines for therapy and developing dosimetry 
analysis of NMs. Dosimetry analysis of noble metal NMs is of significant 
concern as they induce genotoxicity. For industrial adoption, the device 
could be attached with a high throughput analysis system. 

4.4. Lung-on-a-chip 

Sometimes, through inhalation, NMs may enter the respiratory tract 
and easily interact with alveolar cells. Hence it should be evaluated 
before clinical use with a proper Lung-on-a-chip microfluidic model. 
This model provides quantitative information about NMs transport into 
the pulmonary vascular endothelial and alveolar epithelial cells. Ingber 
and co-workers in 2010 fabricated a famous lung-on-a-chip model 
(Fig. 7d) [201]. The device has three PDMS layers to mimic lung alveolar 
epithelial cells, extracellular membrane, and vascular endothelium, 
with the middle porous layer as an extracellular membrane. Breathing 
was achieved by providing pressure on the layers driven by the 
computer-assisted vacuum and release from the two side chambers. 
Overall, this device implemented the microarchitectures of the 
alveolar-capillary unit, kept the alveolar epithelial cells at air-liquid 
interface, allowed them to exert relevant physiological forces on the 
entire structure, and investigated the effect of forces on lung functions. 
For clinical evaluation, NMs were introduced into the alveolar epithelial 
channel and studied the impact during breathing. Without any me
chanical stretching, NMs translocation is the same as normal static cell 
culture conditions, but during mechanical stretching (mimic breathing 
conditions), translocation of NMs increased four-fold. This model 
mimics complex physiological phenomena associated with the lung in a 
single device. Another lung-on-a-chip model developed by Zhang et al. 
considered more dynamic and studied the nanotoxicity induced by 
metal-organic framework on epithelial and endothelial cells [208]. The 
chip represents the 3D model of the human lung by co-culturing human 
vascular endothelial cells and alveolar epithelial cells on a 3D Matrigel 
membrane with flow cues that mimic the structural and functional 
alveoli. Results were quantified by performing assays for 
dose-dependent cytotoxicity, reactive oxygen species production, 
apoptosis, junction protein expression, and increased permeability to 
macromolecules. 

Recently, Feng and co-workers simulated a lung-on-a-chip model to 
study the NMs’ interaction with alveolar cells by modeling NMs using 
Lagrangian and Euler models [209]. They studied the adsorption and 
deposition of various size NMs under different exercise and 
breath-holding patterns. It has been found that during exercise, the NMs 
deposition increases, and deposition rate varies non-monotonically with 
particle size. Even though the lung-on-a-chip model successfully studied 
the nanotoxicity introduced by NMs into the alveolar tissues by simul
taneously introducing shear stress and during alveolar gas exchange, 
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they did not include immune cells [210]. 
In the future, it is expected to develop a more realistic complex 

human lung model consisting of other organs, which could study NMs’ 
interaction with lung alveolar epithelial cells and NMs’ transport, and 
toxicity due to organ-organ interactions. 

4.5. Tumor-on-a-chip 

The Tumor-on-a-chip model is used to study the NMs accumulation 
on the target tissue and its efficacy [197]. Penetration of NMs onto the 
tumor target tissue depends on the size and surface features of NMs and 
the tumor environment. High tumor cell density and interstitial fluid 
pressure act as a barrier for proper penetration, and the result is it cannot 
cross more than one or two cell layers. In vitro 3D tumor cellular models 
combined with a microfluidic chip is termed as tumor-on-a-chip model. 
Cytotoxicity and efficacy of NMs-drug conjugate on tumor target can be 
analyzed using this model. Tokarska et al. developed such a model to 
study the cytotoxicity of nanocarrier loaded with verteporfin (medica
tion to eliminate abnormal blood vessels) photosensitizer (size <120 

nm) [213]. The chip has four V-shaped microstructures. It enables 
testing various cell culturing platforms (monoculture, coculture, and 
mixed culture) simultaneously and a concentration gradient generator 
to test the four concentration states concurrently. Monoculture was 
performed using three pairs of not connected microchambers, while 
coculture was performed in five pairs of connected channels (1000, 800, 
600, 400, and 200 μm). Finally, a single microchamber followed by 
coculture allowed mixed culture. The results revealed that nanocarrier 
loaded with verteporfin has long-term colloidal stability, and after 
intravenous injection, it showed more extended circulation in the 
bloodstream. The in vitro study also evaluated the undesirable effects of 
nanocarriers on non-targeted sites with the information about target 
delivery and cytotoxicity profile of photosensitizers. In the future, this 
device could be used to study the target delivery and cytotoxicity of any 
photosensitizers for photodynamic therapy. 

Vascularization has to be implemented in the tumor-on-a-chip model 
to evaluate the efficacy of NMs-drug conjugate on the tumor target. As 
an example, a 3D vascularized human tumor (Fig. 7e) was developed 
using (1) a nonplanar microfluidic encapsulation device (PDMS-based) 

Fig. 8. Clinical evaluation of NMs using tumor on-a-chip and body on-a-chip models. a) Tumor-on-a-chip to evaluate the effect of NMs’ surface charge, protein 
corona, exterior flow, and NMs accumulation on tumor target. (1) schematic drawing of the three (PVC bottom layer with square window in the middle, glass layer 
with thickness of 0.17 mm & PDMS upper layer) layered chip and photographic image, (2) schematic image of the top layer with 4 chambers. Each chamber has 5 
semicircular weirs of two apertures, and (3) schematic and microscopic image of the weir trapping the spheroid. Reprinted with permission [211]. Copyright 2017, 
American Chemical Society. b) Schematic of the body on-a-chip model to investigate the hepatotoxicity of NMs. (1) silicon chip, (2) fluidic circuit, and (3) GI tract 
module. Reprinted with permission [212]. Copyright 2014, Royal Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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to encapsulate tumor cells in core-shell microcapsules and (2) a micro
fluidic perfusion device (PDMS-glass) to assemble microtumors and 
stromal cells (including endothelial cells), enables the formation of 
millimeter-sized complex 3D vascularization surrounding the tumor 
cells [202]. FDA-approved doxorubicin (DOX) and NMs-DOX efficacy 
was evaluated using this model and observed that DOX alone suffers 
from drug resistance in the 3D model. By encapsulating with NMs (~60 
nm with the spherical shape), it overcame the high drug resistance. 
Apart from drug response analysis, this model enabled to study the 
tumor progression under microenvironment, invasion, and metastasis. 
Overall, the results showed that this model allowed to understand the 
tumor progression and observed that interactions among cell-cell and 
cell-extracellular membrane play an important role in tumor progression 
stages. This information could help to discover the NMs-based drug 
formulation. 

The tumor-on-a-chip model can also study the NMs accumulation on 
target tissue under various physiological flow conditions. For example, 
A spheroid (3D aggregates of tumor cells) on-a-chip model consists of 
four chambers to accommodate multicellular spheroids (~200 μm) in a 
three-layered (PDMS, glass, and polyvinyl chloride) microfluidic chip 
(Fig. 8a) was used to study the NMs penetration mechanism into the 
spheroids as well as the effect of surface charges of NMs onto the 
penetration [211]. Before penetration, polystyrene NMs (100 nm) sur
face was modified (in the presence of serum protein) by forming protein 
corona by adsorbing serum protein onto its surface. It results in lowering 
the NMs concentration on the spheroid surface with deeper penetration. 
Interstitial fluid flow was improved with exterior fluid flow conditions 
but strips the NMs (especially with NMs and protein corona) from 
spheroids’ surface. In effect, penetration flux reduces significantly. Also, 
negatively charged NMs could easily attach and penetrate deeply inside 
the spheroids due to protein inhibition [211]. To better understand the 
spatiotemporal distribution of NMs on tumor targets and to strengthen 
the knowledge about mass transfer characteristics, this in vitro study has 
to be explored in detail in terms of its mechanism. 

In another work, in vivo like interstitial flow was reproduced using 
tumor spheroids, and laminin surrounding the spheroids represented the 
physical barrier between medium and cells [214]. The chip was used to 
study the effect of NMs’ size, receptor targeting, and flow rate effect on 
NMs accumulation on tumor target. The result showed that PEG con
jugated NMs and iron transporting transferrin conjugated NMs of 40 nm 
could easily penetrate the spheroids and accumulate mainly in the 
interstitial spaces. The study found that NMs of size <110 nm at the 
tissue-media interface could quickly diffuse through the extracellular 
matrix and interact with the tumor cells. In addition, the delivery effi
ciency was higher (15-fold) with transferrin conjugated NMs than PEG 
conjugated NMs. Moreover, when the flow rate increased from 15 to 45 
μL/min to create interstitial flow conditions, the accumulation of both 
NMs increased by two-fold, but the penetration was not so profound. 

In summary, the tumor-on-a-chip model evaluates NMs’ accumula
tion on the target tissue and its efficacy. It further enables nanomedicine 
development by evaluating in vivo outcomes and optimizing the dosage 
and treatment strategies. With the help of highly sensitive detection 
methodologies like the confocal microscopy technique, the tumor-on-a- 
chip model provides long-term tissue transport of NMs. To improve the 
analysis of systemic behavior of NMs, tumor-on-a-chip can be included 
with compartments to mimic blood filtration by the liver and kidneys. In 
the future, high throughput screening for optimal nanomedicine de
livery can be achieved by executing parallel device models to screen 
large libraries of NMs. 

4.6. Body-on-a-chip and animals-on-a-chip 

Most clinical evaluation was carried out using single cell or organ-on- 
a-chip model, limiting the ability to test NMs accumulation and toxicity 
on undesired target body organs or cells. Compared to the single organ- 
on-a-chip model, body-on-a-chip model provides information about the 

combined response of NMs on several organs (or tissues) [212]. 
Organs-on-a-chip model started with lung-on-a-chip and expanded to 
cover heart, liver, kidney, breast, gut, and blood vessels, but clinical 
evaluation of NMs on all these models is not available. It has been re
ported that the liver is the critical organ affected by the cytotoxicity of 
NMs. Even though several liver on-a-chip models were developed, very 
few studies tried to quantify the NMs uptake by liver cells (hepatocytes), 
its transport, and hepatotoxicity profiles [197]. In general, while 
developing nanomedicine for any target organ, the effect of NMs on the 
liver also has to be investigated. In such models, NMs or nanomedicine 
has to be metabolized in the liver module first and study the action on 
the target organ. For example, a microfluidic model consisting of a colon 
tumor, liver, and marrow chamber interconnected using the blood flow 
behavior of the human body was developed to study the cytotoxicity of 
nanomedicine [215]. The study evaluated the toxicity of nanomedicine 
on tumor cells, myeloblasts, and liver cells to measure the tumor-killing 
effect, hematological toxicity, and hepatotoxicity, respectively. 

Shuler and co-workers developed a body-on-a-chip model (Fig. 8b) 
to study the response from oral uptake of 50 nm carboxylated poly
styrene NMs [212]. The model consists of two fluidic circuits; (1) NMs’ 
recirculation through the gastrointestinal (GI) tract and (2) systemic 
circulation of the human body. GI module cocultures the human intes
tinal epithelium, which connects with the silicon chip that cocultures 
other tissues (liver, fat, kidney, and bone marrow) simultaneously. Re
sults revealed that ~9.5% of NMs administered orally could cross the GI 
barrier and cause liver injury. 

Small organisms can be cultured in a microfluidic chip, called the 
animals-on-a-chip model, which helps evaluate NMs uptake and toxicity 
profiles [197]. The most extensively studied small organism model is the 
Caenorhabditis Elegans (C. Elegans) due to its high homology between 
their genes and human genes. A PDMS-based chip was developed to 
study C. Elegans’ growth and gene expression upon Ag NMs exposure. 
The chip has an incubation chamber (~1.5 mm length) and an immo
bilization channel (width tapered from 20 to 100 μm). At their larval 
stage, C. Elegans (~1 mm) were injected into the incubation chamber, 
incubated in the presence or absence of Ag NMs, and migrated into the 
immobilization channel for imaging and analysis. The analysis revealed 
that Ag NMs reduced the size of the C. Elegans, which helped them to 
migrate into the immobilization channel easily. A metal detoxification 
protein was detected after exposure to NMs, indicating the genotoxicity 
induced by Ag NMs [216]. The device can be coupled with real-time 
polymerase chain reaction analysis to discover which gene is overex
pressed due to NMs exposure. In the future, rapid growth in 
body-on-a-chip and animal-on-a-chip models are expected due to their 
advantages in quantifying the combined effect of NMs on each organ and 
its tracking. 

A detailed description of the various microfluidics model and NMs’ 
clinical evaluation parameters are listed in Table 3. NMs’ hemo
compatibility is evaluated using a blood vessel on-a-chip model. For 
studying NMs transport, blood vessel on-a-chip, blood-brain barrier, and 
lung-on-a-chip model are used. NMs uptake and toxicity effects can be 
evaluated using single-cell microfluidics, tumor on-a-chip, organs-on-a- 
chip, and animals-on-a-chip models. NMs accumulation analysis uses 
tumor-on-a-chip model, while NMs efficacy employs tumor-on-a-chip 
and blood vessel on-a-chip model. The afore-mentioned examples used 
cell lines rather than primary cells and animal tissues rather than human 
tissues. To mimic the human tissues and organs, primary cells and 
human tissues are preferred. To solve this issue, a more complex or so
phisticated microfluidic system is required to mimic the actual human 
physiological environment at a microscale level. In general, to do the 
clinical translation of NMs for wider industrial use, high throughput 
fabrication and screening compatibility of the microfluidic systems have 
to be considered. An appropriate balance should be there between 
model sophistication and model throughput for final industrial usage. 
Also, a standardized microfluidic model and protocols have to be built 
for NMs for specific biomedical applications. It can speed up the clinical 
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evaluation process and possible to compare different models and NMs. 

5. Microfluidic nanomaterials for biomedical applications 

The interplay among material science, microfluidics, clinical engi
neering, and microbiology fields gifted many diversities of biomedical 
applications using NMs synthesized from the microfluidic platform. 
Compared to the conventional batch synthesis method, NMs synthesized 
from microfluidics showed superior qualities, essential for biomedical 
application. For example, conventional bulk reactors execute each 
process step discretely for nano carrier-based drug delivery, which is 
time-consuming. On the other hand, microfluidics can execute every
thing (from synthesis to delivery) in a single chip within 3 min [218]. 
Also, microfluidic technology has offered a higher degree of encapsu
lation and loading efficiency with drugs [149,219]. In addition, the 
biostability and biological performance of NMs synthesized by micro
fluidic technology are higher than the conventional method, further 
enhancing biomedical field usage [73]. Overall, microfluidics provides 
the versatile design of NMs with higher loading efficiency as nanocarrier 
[26,68], high photoluminescence activity [162,169], high drug encap
sulation capability [151,220], biodegradability and biocompatibility 
properties [26,33,178], ease of functionalization, and good thermal and 
electrical conductivity [26,28,29] compared to its bulk synthesis coun
terpart. Due to these features, microfluidic NMs have tremendous bio
logical and biomedical applications including biomarkers [23–25], 
anti-tumour agent [13,30,159], drug and gene delivery vectors [32, 
90,221,222], fluorescent probes for bioanalysis [26–29], drug coad
jutants [223,224], bio-separation [225], drug delivery [90,149,151, 
223], in vitro and in vivo imaging [83,166], cellular tracking [38,159], 
targeting [13,159], therapeutics and [31,220,226] biosensing [227, 
228], hyperthermia treatment [166,229], inhibitory effect towards 
disease [165], cellular proteins fluorescent labelling [27], tumour 
detection [14,166], and detection of toxin and pathogens [170,227] etc. 

All the biological and biomedical applications fall under the four 
categories; imaging, targeting, therapy, and sensing. This section de
scribes the critical examples of biomedical applications under each 
category, which uses the NMs synthesized by microfluidic platform, 

with its current scenario. In addition, we briefly explain the importance 
of each type with the area it covers and the features of NMs that make 
them particularly suited for a specific application, and how it functions. 

5.1. Imaging 

In vivo imaging is an essential tool in medical diagnosis, evolved as a 
technique to develop targeted therapy [166]. NMs used for imaging 
purposes should possess minimum toxicity. If they inject intravenously, 
they should be cleared from the body through renal elimination and 
should not be uptake by non-targeted tissues. The hydrodynamic 
diameter of NMs affects the excretion efficiency of NMs. For spherical 
NMs, the threshold for renal excretion is 6–8 nm, and for core-shell, < 6 
nm core size may soon coat with serum protein while circulating 
through the blood and may block renal excretion. So the use of hybrid 
NMs for multiple imaging modalities is evolved, thereby improving 
biodistribution studies [108]. 

Due to the superior magnetic properties of iron oxide NMs, they are 
used as MRI contrast agents. RBC-coated iron oxide NMs synthesized 
using electroporation mediated microfluidics are helpful as MRI contrast 
agents. The transverse relaxation rate of this nanomaterial is the same as 
iron oxide NMs. In addition, they possess improved biocompatibility and 
stability. In vivo MRI experiments performed in mice revealed the higher 
tumor enrichment of RBC coated NMs than that prepared by the con
ventional method [166]. Similarly, PEG-crosslinked hyaluronic acid 
NMs loaded with a fluorescent dye (for oligonucleotide labeling) syn
thesized by hydrodynamic flow focusing method found application in 
nuclear magnetic resonance relaxometry, which is considered as an 
alternative to clinical MRI [39]. Magnetic NMs synthesized from the 3D 
hydrodynamic flow-focusing device were also used in nuclear magnetic 
resonance studies. They observed that the transverse relaxation rate 
increased, and the longitudinal relaxation rate decreased with an in
crease in the hydrodynamic diameter of NMs up to 120 nm. If the NMs 
coat with alendronate (a drug used to treat and prevent osteoporosis), 
both relaxivities decreases [83]. 

In 2013, Kim et al. fabricated a biomimicking high-density lipopro
tein in a rapid mixing micro-vortices microfluidic platform. They 

Table 3 
Summary of essential works on clinical evaluation of NMs using microfluidics.  

Composition Shape Size (nm) Microfluidic Model Clinical Evaluation Parameters Ref. 

Ag Sphere 96.4 ± 35.6 Animals on-a-chip Nanotoxicity and genotoxicity [216] 
Protein loaded high-density lipid Sphere ~50 Blood-brain barrier NMs uptake and transport [204] 
Au@citric acid & Au@DNA Sphere 15,30 & 60 Single cell 

microfluidics 
NMs uptake and transport, NMs 
accumulation 

[207] 

TiO2 

ZnO 
Sphere 25 (TiO2) 

40 (ZnO) 
Lung on-a-chip Nanotoxicity [208] 

DOX coated fullerene-silica Sphere ~60 Tumor on-a-chip Efficacy [202] 
Carboplatin – 312 Tumor on-a-chip Efficacy [217] 
Polystyrene with anionic and cationic 

surface charge 
Sphere 100 Spheroid on-a-chip NMs penetration and accumulation [211] 

Amine modified polystyrene Sphere 100 Blood-brain barrier NMs transport [199] 
Magnetic NMs Sphere ~18 Blood vessels on-a- 

chip 
Hemocompatibility [198] 

Verteporfin loaded Oil-polyelectrolyte Core- 
shell 

<120 Tumor on-a-chip Cytotoxicity and NMs accumulation [213] 

Ovalbumin conjugated Au Rod – Single cell 
microfluidics 

NMs uptake and toxicity [200] 

Silica, ZnO, Fe2O3, Ag and CeO2 Sphere 14.7 (silica) 
4.03 (CeO2) 
17.7 (ZnO) 
13.7(Ag) 
19.7 (Fe2O3) 

Single-cell 
microfluidics 

Genotoxicity and cytotoxicity [205] 

QDs – – Single-cell 
microfluidics 

NMs accumulation and cytotoxicity [206] 

PEGylated Au Sphere 40, 50, 70, 110, 150 & 160 (hydrodynamic 
diameter) 

Tumor on-a-chip NMs accumulation [214] 

Carboxylated polystyrene – 50 Body on-a-chip NMs transport and uptake [212] 
Fluorescent NMs – 20 Lung on-a-chip NMs uptake [201]  
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established its usage in computed tomography (CT), MRI, and fluores
cence microscopy by conjugating with Au, iron oxide, and QDs, 
respectively, using the same device (Fig. 9a (1)) [38]. During the syn
thesis process, mixing speed and lipid-protein ratios were varied to 
optimize the physicochemical properties of NMs (8–9 nm) for imaging 
modalities. CT imaging activity of Au-lipoprotein was found to be higher 
than that of Au-PEG, as their uptake by cellular macrophages was more 
(Fig. 9a (2–5)). Similarly, macrophages incubated with QDs-lipoprotein 
and iron oxide-lipoprotein showed higher cellular uptake in confocal 
microscopic and MRI images (Fig. 9a (6–9)), respectively. Advances in 
material fabrication technology helped to develop engineered hybrid 
materials in the microfluidic platform in a highly controlled manner. 
Sometimes, a hybrid nanomaterial without individual surface modifi
cation act as a multiple imaging modality contrast agent due to its 
inherent features. For example, recently, Au@CoFeB-Rg3 nano
medicines fabricated using the programmed microfluidic device were 

used for multi-mode imaging [30]. Due to the presence of Au core, it was 
visually tracked; superparamagnetic properties and their strong inter
action with X-ray radiation enabled them to trace using MRI and CT 
imaging modalities. These features help the diagnosis more accurately 
and visible for both in vivo and in vitro studies for final clinical appli
cations. Since these nanomedicines are clinically visible, they can be 
guided to the target organ or tissue using MRI or CT imaging. 

In summary, microfluidics-enabled rapid mixing helps to develop 
hybrid NMs for imaging purposes. By simply varying the precursor 
concentration, multifunctional hybrid NMs can be synthesized in a 
highly controlled manner. Progresses in material science helped to 
fabricate hybrid NMs with inherent features that could be useful as 
contrast agents in several imaging modalities. For commercialization, 
these hybrid NMs could be produced in parallel microfluidics arrange
ment to facilitate reproducibility and controllability, thereby achieving 
rapid clinical development. 

Fig. 9. Imaging, targeting, and breast cancer therapy using the NMs synthesized by the microfluidic platform. a) CT, MRI, and fluorescence imaging using μHDL 
NMs. (1) Schematic illustration of the synthesis of μHDL NMs and its conjugation with Au, iron oxide, and QDs. TEM images of Au-μHDL (2) before and (3) after 
purification. (4) CT imaging of Au-μHDL and PBS solution. (5) CT images of macrophage cell pellets. (6) TEM image of QDs-μHDL and (7) iron oxide-μHDL. (8) 
Confocal microscopic image of macrophages incubated with QDs-μHDL. (9) T2-weighted MRI images of macrophages incubated with iron oxide-μHDL. Reproduced 
with permission [38]. Copyright 2013, American Chemical Society. b) Tumour targeting using biomembrane coated PLGA NMs. (1) Schematic illustration of 
sonication mediated microfluidic chip to synthesize EM, CCM, and lipid-coated PLGA NMs. (2) Immune evasion mediated homotypic tumor targeting of EM-PLGA 
NMs compared to CCM-PLGA and lipid-PLGA NMs. (3) TEM images of corresponding NMs. Reproduced with permission [159]. Copyright 2019, American Chemical 
Society. c) Breast cancer therapy using biomimetic metal-organic NMs. (1) Schematic representation of the synthesis of BSA/Cu (DDC)2 NMs using a 3D printed 
microfluidic device. (2) TEM image of synthesized particles. (3) Flow rate dependent drug concentration and yield. (4) Tumour volume changes in 4T1 breast cancer 
cells. Reproduced with permission [226] Copyright 2020, Elsevier. μHDL-High density lipoprotein synthesized in microfluidics; EM-Exosome membrane; 
CCM-Cancer cell membrane; BSA-Bovine Serum Albumin; Cu-Copper. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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5.2. Targeting 

Microfluidics provides a great platform to target biomolecules and 
biological or pathological tissues. Specific targeting of pathological tis
sues should be achieved using NMs and should not disturb any healthy 
tissues ideally. The parameter enhanced permeability and retention ef
fect alone is not sufficient to distinguish tumor tissues from healthy 
tissues. For drug delivery purposes in a specific location, the interaction 
between NMs and the biological environment must be attained. For this 
purpose, NMs have to conjugate or make a bond with targeting ligands. 
Targeting ligands include peptides, proteins, aptamers, antibodies, oli
gosaccharides, and small molecules. Folic acid and Arginine-Glycine- 
Aspartic peptides have been widely studied as targeting ligands. Small 
molecules are not common due to the limitation in the specificity of 
biological recognition [108]. 

Surface-modified biopolymeric NMs (small and self-assembled) are 
commonly employed for targeting tumor cells to deliver nucleic acids. 
For example, monomolecular nucleic acid/lipid NMs (~38 nm) self- 
assembled with 21 bp (base-pair) double-stranded DNA using hydro
dynamic flow focusing micromixing can target epithelial carcinoma 
cells after modifying the surface with folate-conjugated PEG-lipids [32]. 
Compared to conventional vortex mixing, microfluidics enabled mixing 
enhanced a 20% increase in encapsulation efficiency with negligible 
amounts of aggregation. To increase the encapsulating siRNA, paralle
lization of the microchannels can be implemented. It could produce an 
N-fold rise in encapsulated siRNA per hour, where N is the amount of 
parallelization. In another study, hyaluronic acid nanogel hybrids 
(80–160 nm) synthesized using a micro-vortices tunable microfluidic 
chip were found to be a promising candidate for targeted intracellular 
delivery of therapeutic proteins [13]. Used therapeutic proteins were 
cytochrome C, saporin, Herceptin, bovine serum albumin, and immu
noglobulin G. All the proteins were loaded quickly with nanogel of 
various sizes and observed that saporin loaded protein releasing 
depended on the density of cross-linking; highly dense nanogel shown 
low releasing compared to low dense nanogel within 24 h of adminis
tration. In addition, the presence of glutathione (an antioxidant) 
improved the release of protein. The analysis of native and released 
saporin protein showed that the loading process does not introduce any 
significant effect on its structure, but the size of nanogel has an impact 
on the cellular uptake; compared to 150 nm, 80 nm has higher cellular 
uptake in the cytoplasm of breast cancer cells. Also, saporin loaded 
hyaluronic acid nanogels’ anti-cancer effect can be improved by intro
ducing a fusogenic peptide, ‘GALA.’ Its structure changes from the coil to 
α-helix, thereby promoting fast endosome escape of protein loaded 
nanogel [13]. 

Sometimes, biopolymeric NMs coated with a natural membrane can 
improve tumor-specific targeting. Advances in passive mixing technol
ogy enabled the usage of external stimuli to produce biomimetic NMs for 
targeting purposes. Recently, Liu et al. fabricated biological membrane 
coated PLGA NMs (<200 nm) using a sonication mediated microfluidic 
approach (Fig. 9b (1)) and analyzed the tumor-targeting efficiency and 
cellular uptake [159]. Exosome membrane, cancer cell membrane, and 
lipid layers were used as natural membranes to coat PLGA NMs. The chip 
works as follows; ultrasonic wave generates an intensive acoustic pres
sure field in the microchannel, which creates membrane pores on bio
logical membranes and covers the PLGA NMs with those membranes. 
Due to the presence of endosomal and plasma membrane proteins on 
exosome membrane-PLGA NMs, they exhibit lower uptake by circu
lating monocytes and macrophages than others. It indicates immune 
evasion assisted targeting of exosome membrane-PLGA NMs. In the in 
vivo tumor targeting experiments, a higher accumulation of exosome 
membrane-PLGA NMs on the tumor site was observed after 4 h of 
post-injection, illustrating the superior homotypic targeting of these to 
the cancer cell membrane and lipid-PLGA nanohybrids. Ex vivo imaging 
also showed similar results; the exosome membrane-PLGA NMs possess 
higher intensity fluorescence signal followed by the cancer cell 

membrane and lipid-PLGA NMs in both tumor cells. The liver exhibited a 
higher fluorescence signal in major organs such as the lung, heart, 
spleen, and kidney. 

Microfluidics synthesized NMs for targeting purpose mainly uses 
biopolymer NMs or biomimetic NMs. More materials have to be inven
ted for targeting ligand function. Currently, sonication-triggered 
microfluidics are used to synthesize NMs with favorable features for 
targeting purposes. In the future, other external stimuli, such as electric 
field, magnetic field, etc., can also be utilized to fabricate biomimetic 
NMs in a highly controlled manner and can be compared in terms of 
their targeting efficiency. 

5.3. Therapy 

NMs involved in therapy can be nanomedicine, inhibitory effect to
wards some diseases, gene transfer, gene silencing, photodynamic 
therapy, or photothermal therapy. Nanomedicines have been considered 
as an alternative to traditional medicine over the decades due to their 
superior properties. Nanomedicine can be achieved in two ways; drugs 
can be either encapsulated on the NMs’ structure or grafted on its sur
face. Even though the gain in efficiency is reported minimal in most 
cases, other quantities such as sensitivity, tunability, precise targeting, 
efficacy, and specificity of nanomedicine attracted the scientific com
munity. Another advantage of nanomedicine is better drug solubility 
and more prolonged in vivo circulation time. Still, they may show side 
effects and alter the drug dosage due to a slowdown in drug release and 
metabolization rate [108]. NMs used for drug delivery include lipo
somes, polymer NMs, CNTs, QDs, inorganic nanocrystals, and DNA 
origami. Morphology includes hollow, mesoporous, or core-shell nano
structures. In nanomedicine, NMs act as drug-carrying vehicles that 
improve solubility and safety, protect the drug from degradation, deliver 
to the target and release the drug in a controlled manner [196]. Drug 
delivery using NMs is quantified using drug delivery efficiency, drug 
encapsulation efficiency, and drug mass loading capability. The encap
sulation efficiency is defined as the fraction of initial drug concentration 
encapsulated within the NMs compared to the initial drug concentration 
before encapsulation. The loading capacity is the mass fraction of the 
encapsulated drug compared to the particle weight [90]. Drug loading 
efficiency and encapsulation efficiency are higher with NMs synthesized 
in microfluidic platforms than conventional batch reactors [157]. 
Commonly employed drugs with nanocarrier are DOX and paclitaxel. 
DOX is an antibiotic that can inhibit nucleic acid synthesis by binding 
with DNA. The paclitaxel results in cell death by promoting microtubule 
assembly [223]. 

The widely used drug nanocarrier is biopolymer NMs due to their 
low side effects and enhanced therapeutic effects [157]. 
Microfluidic-based nanomedicine has been studied extensively in the 
research sector, and its clinical evaluation is also broadly analyzed. 
Commonly employed microfluidic approaches for nanomedicine prep
aration are flow-focusing, micro-vortices, template assembly, flow 
lithography, chaotic mixing, and droplet formation [230]. In terms of 
drug delivery, earlier microfluidics was used in fabricating biopolymer 
NMs alone and drug conjugation was achieved separately, later started 
synthesizing hybrid NMs with drugs conjugated with it in a single 
microfluidic platform. Nowadays, multiple drugs are loaded using a 
single microfluidic device. 

Chitosan nanomaterial is an essential drug carrier due to its pro
tecting behavior of drugs from degradation, and it exhibits compara
tively increased loading and slow, sustained release of the drug. In one of 
the studies, chitosan NMs (154 ± 20 nm at 400 μL/min) were synthe
sized using a microreactor with a magnetic needle embedded into the 
chamber to promote mixing efficiency [222]. Two approaches were used 
to load the drug; In the first approach, two chambers were used. Drug 
and tripolyphosphate flowed through the first chamber along with chi
tosan NMs and enhanced mixing efficiency in the second chamber. The 
second approach uses three chambers, and the third chamber actively 
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loaded drugs on synthesized chitosan NMs. The drug entrapment effi
ciency was found to be higher with the three chambers method. Thus, 
the microfluidic process enhances drug loading due to the improved 
interaction between chitosan NMs and drugs. Also, the drug release 
profile is biphasic (initial burst followed by slow, sustained release), and 
its rate is higher with microfluidic mediated drug delivery compared to 
the conventional method. Slow-release in the conventional batch reactor 
method is due to diffused drugs from inside of chitosan NMs. Rapid 
release in microfluidic synthesized chitosan NMs attributes a higher 
surface area to volume ratio. It can also be interpreted that the inter
action forces between drug and chitosan NMs are fragile. Hence the 
release is through simple dissociation. Apart from drug delivery pur
poses, these NMs showed antifungal activity against Candida albicans, 
indicating good hemocompatibility [222]. 

In another study, encapsulation efficiency and loading capacity of 
hydrophobic (tamoxifen) and hydrophilic (DOX) drugs were optimized 
by tuning the flow rate and concentration ratio in a coaxial flow 
microreactor [90]. At the lower flow rate, encapsulation efficiency 
(57–89%) and loading capacity (11–18%) were higher for tamoxifen 
than DOX. On the other hand, encapsulation efficiency and loading ca
pacity of DOX were increased with an increase in concentration ratio. 
Besides, solvent dichloromethane helps concentrate more drugs in the 
hydrophobic core of NMs, by shrinking towards the core during the 
evaporation process, thereby facilitating the sustained release of the 
drug. This is very important since the drug DOX degrade within a few 
hours after solubilizing in an aqueous medium. Compared to DOX, 
tamoxifen has a higher solubility in dichloromethane due to its hydro
phobicity. Hence tamoxifen-loaded PLGA NMs are larger compared to 
DOX loaded PLGA NMs. 

Sometimes, NMs which mimic the biological activity can be prepared 
using microfluidics for therapeutical purposes. In our body, disulfiram 
reacts with Cu to form a complex molecule, which possesses anti-cancer 
activity, but relatively low solubility makes it clinically challenging to 
achieve. Recently, biomimetic metal-organic NMs/drug (~63 nm) 
consisting of complex molecule core and BSA shell were synthesized on a 
large scale using a 3D printed microfluidic device with vortex mixing 
(Fig. 9c) [226]. Flow rate controlled the drug concentration and loading; 
the higher flow rate favored higher drug concentration and yield due to 
better mixing. In addition, these NMs effectively inhibited tumor growth 
in breast tumor cells and 3D cultured tumor spheroids. 

Selective killing of tumor cells is possible by developing NMs with 
tumor microenvironment triggered drug delivery. Compared to single 
stimuli nanocarrier, multiple stimuli can effectively deliver the drug, as 
numerous stimuli act into the tumor site. Hence, combining the drugs in 
such a way to achieve co-delivery is an effective and active way of 
treating many solid tumors [223]. It can also suppress drug resistance 
and severe adverse effects [224]. For example, Liu et al. synthesized 
porous silicon conjugated acetylated dextran nanocomposites and 
loaded paclitaxel, sorafenib, and methotrexate drugs to treat the breast 
cancer cells using a 3D microfluidic co-flow device [224]. Among the 
prepared NMs, methotrexate conjugated NMs showed a relatively higher 
loading due to their large surface area and pore volume. It was also 
found that relatively low pH (~5) is needed for sustained drug release. 
Higher pH (~7.4) can tightly pack the drugs, and hence no drugs were 
released. The step-change in pH also supports this phenomenon; when 
pH changed from 7.4 to 5, it was observed from no delivery to the de
livery of all three drugs at the same rate. 

Like biopolymer NMs, mesoporous and hollow silica NMs fabricated 
using spiral microreactors are helpful as a drug carrier, and they exhibit 
pH-responsive long-term drug delivery [149,151]. The mesoporous sil
ica has been studied extensively for smart drug delivery due to its easy 
chemical modification, excellent biocompatibility, and high encapsula
tion capacity. In mesoporous silica nanosheets, the drug encapsulation 
rate can be increased by increasing the flow rate [151]. In another recent 
study, a microfluidic mediated drug delivery system was developed 
using pH or redox triggered mesoporous silica NMs for the co-delivery of 

DOX and paclitaxel (Fig. 10a (1)) [223]. The DOX was loaded into the 
mesoporous silica, and paclitaxel was conjugated with mesoporous silica 
through a redox-sensitive linker that can enhance and control the 
loading degree, stability, and solubility of hydrophobic paclitaxel drug. 
Also, the NMs’ surface was coated with Polystyrenesulfonate to make 
them acidic responsive and neutralize the surface charge required to 
reduce the damage to healthy tissues. The paclitaxel and DOX release 
profile (Fig. 10a (2&3)) reveal that the presence of DL-dithiothreitol 
enhances the paclitaxel release, and dithiothreitol and pH mainly 
influenced DOX release. In the co-delivery of paclitaxel and DOX, con
ditions such as Polystyrenesulfonate layer with acidic responsive and 
paclitaxel layer with redox response should meet simultaneously. Under 
acidic conditions, electrostatic interaction between Poly
styrenesulfonate and mesoporous silica declines due to the attraction of 
unmodified amino group of mesoporous silica and protons, which leads 
to swelling and pore formation on Polystyrenesulfonate membrane. This 
results in reduced attraction of DOX with Polystyrenesulfonate, thereby 
release DOX rapidly [223]. 

Certain multifunctional hybrid nanostructures can combine the 
inherent properties of individual structures, showing an inhibitory effect 
on some diseases. For example, Hassan et al. showed the possibility of 
using multifunctional magneto plasmonic nanostructures synthesized 
using the microfluidic device in treating Alzheimer’s disease [165]. 
Hybrid nanostructures were formed by assembling 
peptide-functionalized iron oxide NMs (26.7 ± 0.2 nm) and chitosan 
modified Au nanorod (69 ± 5 nm), maintaining their magnetic and 
plasmonic properties. This hybrid nanostructure formation helped 
inhibit fibril formation without causing any cytotoxicity, thereby 
opening Alzheimer’s disease treatment. In another study, folate func
tionalized monomolecular nucleic acid/lipid NMs synthesized using 
microfluidic hydrodynamic mixing and loaded with green fluorescent 
protein-siRNA were successfully used for regulating gene expression 
[32]. These NMs bind with folate-receptor-expressing epithelial cancer 
cells, and cells can internalize the NMs within 20 min of binding. 

Photothermal therapy is the most common application of plasmonic 
NMs (noble metals, QDs, etc.) synthesized using microfluidic devices. 
These NMs are important in photothermal therapy due to their plas
monic photoexcitation, converting absorbed light into heat energy. 
Photothermal therapy refers to the exposure of cells incubated with 
plasmonic NMs with radiation in the near-infrared region; NMs absorb 
the light with a plasmonic peak located at the near-infrared region and 
lead to nanoscale heating of the nanomaterial environment. Various 
plasmonic nanostructures were illustrated in the literature for this 
therapy. Noble metal NMs, specifically Au and nanohybrids formed by 
iron oxide-based magnetic NMs and silica NMs, have excellent plas
monic properties, which are useful for cancer therapy. For example, 
biomimetic cell membrane coated magnetic NMs synthesized using an 
electroporation-mediated microfluidics platform (Fig. 10b) possesses an 
absorption peak at 400 nm due to the RBC membrane and another peak 
at 808 nm due to magnetic NMs core [166]. Expose to laser at ~808 nm 
on tumor cells after incubating NMs, revealed that temperature 
increased in the region within 5 min. Also, complete tumor inhibition 
was observed in the mice treated with these NMs and laser irradiation. 
Further, it is assumed that the anti-tumor effect can be enhanced by 
applying an external magnetic field. Photothermal therapy can deliver 
exogenous molecules into the cells, which is an essential strategy in 
cellular therapy. Laser irradiation generates membrane pores, and 
through the pores, exogenous molecules can be delivered. 
Polymer-nucleic acid nanocomplex prepared using emulsion droplet 
microfluidic device were used to load plasmid DNA and mRNA into the 
stem cells [73]. 

In summary, inherent features of microfluidics enabled the 
controlled synthesis of biopolymer and silica NMs that can easily 
encapsulate drugs. A critical factor in conjugating drugs or other mol
ecules with NMs is the rapid mixing of formulations; microfluidics with 
various mixing geometries favored rapid mixing. Other than drugs, 
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Fig. 10. Therapy and sensing using microfluidic synthesized NMs. a) Controlled release of multiple drugs using the nanomedicine synthesized from the microfluidic 
device. (1) Schematic illustration of the synthesis of DOX@MSN-PTX and DOX@MSN-PTX@PSS. (2) TEM characterization of DOX@MSN-PTX@PSS. The drug release 
profile of (3) PTX and (4) DOX. Reproduced with permission [223]. Copyright 2020, American Chemical Society. b) RBC coated magnetic NMs for PTT and tumor 
inhibition. (1) Photograph of the electroporation mediated microfluidic chip. (2) TEM image of a single RBC-Magnetic NMs. (3) in vivo infrared thermal images of 
mice treated with PTT. (4) Tumour volume curve after the treatment. (5) Average tumor weight of the various group. Reproduced with permission [166]. Copyright 
American Chemical Society, 2017. c) Screening of CTC using immunomagnetic NMs. (1) Schematic representation of synthesizing immunomagnetic NMs using two 
five-run spiral-shaped microreactors. Step 1 prepares Magnetic NMs, silica shell coats in step 2, functionalization using Ep-CAM and screening of CTC in step 3, and 
analysis of screening performance in step 4. (2) Screening efficiency of tumor cells (MCF-7 and MDA-MB-231) using various shaped NMs. (3) Representative images 
of captured MCF-7 cells using sphere, cube, rod, and belt in (C–F) and captured MDA-MB-231 in (G–J). All the scale bar denotes 20 μm. Reproduced with permission 
[228]. Copyright 2018, Royal Society of Chemistry. PTX-Paclitaxel; MSN-Mesoporous silica NMs; PSS-Polystyrenesulfonate. 
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molecules such as mRNA, siRNA, etc., can also be conjugated with 
biopolymers in microfluidics to treat cancers, genetic disorders and to 
develop vaccines against infectious diseases. Scale-up synthesis of these 
hybrid NMs has to be considered for rapid screening and commerciali
zation. In the future, it is expected to synthesize more NMs with inherent 
features towards anti-disease activity or inhibition properties within 
microfluidics to promote the therapy against various diseases. In addi
tion, photothermal and photodynamic therapy using hybrid NMs syn
thesized using microfluidics helps to kill tumor areas or repair wound- 
tissue by generating heat and producing reactive oxygen species, 
respectively. Even though tissue wound repair using NMs based photo
dynamic therapy is common, microfluidics synthesized NMs have to be 
explored in this area in detail. 

5.4. Sensing 

The NMs based biosensing showed high sensitivity due to its high 
surface-to-volume ratio. Since microfluidic device-based synthesis fa
vors high surface-to-volume ratio NMs, biosensing can be achieved 
easily using these materials. The NMs’ surface needs to be optimized for 

biological recognition specificity by restricting the interaction with 
other specific biological recognition. The commonly employed bio
sensing techniques such as enzyme-linked immunosorbent assay and 
surface-enhanced Raman spectrum have been assimilated with NMs, 
and they exhibited improved detection sensitivity [108]. 

Polymer/noble metal hybrid NMs, namely polymer-coated Au NMs, 
can be used as a colorimetric probe for sensing serum copper ions [227]. 
These NMs were fabricated using a droplet-based microfluidic device. 
Without copper ions (before adding serum), the polymer coating 
improved stability by preventing aggregation. With the addition of 
copper ions, the amino group in the NMs reacts with ions due to the 
empty orbital of copper. Thereby increasing the particle size, increasing 
the plasmonic intensity with a redshift, and improving copper ions’ 
specificity. 

One of the non-invasive methods for screening cancer is the isolation 
and detection of circulating tumor cells from the blood. Functionalized 
magnetic NMs with an external magnetic field can capture circulating 
tumor cells. Hao et al. synthesized four distinct shapes (sphere, rod, 
cube, and belt) of immunomagnetic NMs using a spiral microreactor for 
screening circulating tumor cells from the whole blood. They analyzed 

Table 4 
Review of recent works in biomedical applications of NMs synthesized using microfluidics.  

Composition Shape Size (nm) Type of microfluidic 
device 

Tuning parameters Category of biomedical 
application 

Ref 

Curcumin and 
catechin loaded 
liposomes 

Core-shell 200 Hydrodynamic flow 
focusing 

Molar ratio Anti-cancer activity and drug 
loading 

[231] 

Sorafenib loaded 
lipid polymer 
hybrid 

Core-shell 191.8 ± 0.4 to 302.0 ±
2.0 

Co-flow nanoprecipitation Inner and outer flow rates Cancer chemotherapy [232] 

PTX and SFN loaded 
particles 

Core-shell 60-450 (PTX) 
70-550 (SFN) 

Three sequentially nested 
cylindrical glass capillary 

Reynolds number (flow rate) Drug delivery [233] 

Paclitaxel loaded 
chitosan 

Sphere – T-shaped hydrodynamic 
flow focusing 

Flow ratio, velocity, 
incubation temperature, pH, 
and drug concentration 

Drug delivery [234] 

Polymer-nucleic acid Core-shell – microfluidic cross-flow 
droplet generator chip 

Cell types delivery of both plasmid DNA 
and messenger RNA payloads 

[73] 

MNPs @ SiO2 Core-shell of 
sphere, rod, cube, 
and belt 

5-10 (shell thickness) Spiral microreactor Flow rates Screening and analysis of CTC 
biomarkers 

[25] 

DOX loaded PLGA Sphere ~100 Hydrodynamic flow 
focusing 

Mixing geometry, flow rate, 
and incubation time 

Drug delivery [235] 

Liposomal drug Core-shell 191.5 ± 33.4 (with 
AO) and 190.9 ± 43.0 
(with DOX) 

Flow focusing and counter 
flow microdialysis 

pH and flow velocities Drug delivery [218] 

Magnetic 
nanohybrids 

Core-shell 3.2 ± 0.3 
2.4 ± 0.3 (core) 
1.2 ± 0.1 (shell) 

Programmed microfluidic 
approach 

Metal concentration Contrast agents for MRI [236] 

Rigid pH-sensitive 
nanocomplex 

Core-shell 50-190 (average) SF; hexagon and spiral 
mixing geometry 

Mass ratio, drug 
concentration, and pH 

Drug delivery [160] 

Lipid-PLGA Core-shell; bilayer 
and monolayer 
lipid 

103.67 ± 8.51 
(monolayer) 
106.43 ± 6.75 
(bilayer) 

Straight channel and 
double spiral mixing 

Reagent injecting order Cancer drug delivery [154] 

Lipid-PLGA with 
water core 

Hollow rigid 
nanovesicle 

140 (hydrophilic core) The straight and hexagonal 
channel followed by spirals 

Type of reagent loading Delivery of hydrophilic 
reagents (cancer treatment to 
in vivo imaging diagnosis) 

[31] 

Carbon QD-PLGA Core-shell 100–150 Pattern tunable micro 
vortex 

Mass ratio, nanoparticle 
concentration, and type of 
antibiotics 

Chemo photothermal therapy 
against bacterial biofilms and 
antibiotic delivery 

[170] 

BSA-QD Sphere 1.5 Temperature controlled 
microfluidic device 

Type of bioconjugate Optical probe for bioimaging, [28] 

Polymer dots Sphere 20 Droplet generator Dopamine concentration and 
excitation wavelength 

Fluorescent sensing of 
dopamine 

[27] 

NH2 functionalized 
UiO-66 

Octahedral 
crystals 

80–110 T mixer followed by 
reaction zone 

Flow rate and residence time Drug delivery [171] 

Curcumin loaded 
PLGA 

Sphere 200 (PLGA) Staggered herringbone 
structure 

Total flow rate, flow rate ratio 
and functionalization 

Drug delivery [36] 

PLGA Sphere 35–350 Hydrodynamic flow 
focusing 

Polymer concentration Drug delivery [237] 

Docetaxel loaded 
PLGA-PEG-Mal 

Core-shell micelle 72 ± 1 Y-junction and hexagonal 
channel 

Docetaxel concentration Multiple drug delivery for 
lung cancer treatment 

[220]  
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the shape dependency on capturing the cells (Fig. 9c) [228]. The 
microfluidic chip of two spiral microreactors with five turns was used for 
synthesis purposes; one reactor fabricates magnetic NMs while, second 
coats the silica shell on the magnetic structure to stabilize the NMs. 
Later, NMs were conjugated with targeting antibodies. Flow rates of first 
and second reactors were tuned to control the shape of NMs and thick
ness of the silica shell, respectively. For screening, another PDMS-based 
microfluidic chip (Fig. 10c (2)) having a hexagonal-shaped chamber 
(34x18x0.5 mm) and permanent magnets of alternating polarities kept 
outside were used. When a blood sample flows through the micro
channel, circulating the functionalized immunomagnetic NMs can cap
ture tumor cells. They can be attracted within the channel substrate by 
magnets. After the screening process, detected circulating tumor cells 
could be analyzed by staining immunofluorescent for counting, identi
fication, etc. Also, it was observed that circulating tumor cells screening 
depends on the shape of NMs and the cancer cell type (Fig. 9c (3)); In 
tumor cell-spiked whole blood samples, belt-shaped NMs with the 
largest aspect ratio showed the highest capture rate followed by the rod, 
sphere, and cube. 

Other recent works in biomedical applications of NMs synthesized 
using microfluidics are listed in Table 4, along with their properties, 
device geometry, and tuning parameters. It is observed that micro
fluidics synthesized NMs based therapy was extensively studied, and 
most of them used biopolymer NMs. Due to the improved mixing effi
ciency compared to the conventional batch reactor, microfluidics facil
itated controlled synthesis of core-shell, drug-loaded, or assembly of 
NMs essential for various biomedical applications. Most of the 
biomedical applications reported in this section are performed other 
than microfluidic devices. In the future, it is expected to utilize the full 
advantages of microfluidic flow to develop NMs synthesis, screening of 
parameters, clinical evaluation, and application in a cascaded micro
fluidic platform such as reported by Hao et al. [228]. In addition, more in 
vivo studies are expected, and parallelization of microfluidic channel 
enabling scale-up synthesis of reproducible NMs in a high throughput 
manner could speed up the commercialization of applications. 

6. Summary and future perspectives 

Microfluidics is a growing field considered the most promising 
platform for synthesizing NMs in a controlled manner for biomedical 
applications. The small surface-to-volume ratio is the critical feature of 
microfluidics that imparts several advantages. Microfluidics NMs are 
homogenous with a narrow size distribution, highly reproducible, easy 
scale-up validation, and possess tunable physicochemical properties. It 
can efficiently synthesize noble metal, silica, biopolymer, iron oxide, 
QDs, carbon-based, rare-earth-based, and other NMs commonly 
employed in biomedical applications in a highly controlled manner. The 
tuning parameters include the flow rate (or residence time), tempera
ture, molar ratio, pH, geometry and dimension of the device, etc. In 
addition, as most NMs synthesis demands high reaction temperature, the 
material that can withstand high temperature has to be invented. 
Further, that material should be transparent (like PDMS) so that moni
toring of reaction process is easy. Currently, NMs are synthesizing with 
the help of external stimuli and shown physicochemical properties 
dependent on stimuli strength. Integration of real-time monitoring de
vices with the microfluidic platform has been demonstrated for 
parameter screening. This had multiplied the capability for producing 
NMs within a short time. Several software has been adopted to control 
these parameters, resulting in “intelligent synthesis” that automates the 
process and minimizes user dependency. The majority of the recent 
works in QDs synthesis are fully automated due to easy monitoring of 
photoluminescence, and developing a control algorithm in this regard is 
straightforward. Most importantly, microfluidics can adapt to the micro- 
physiological environment, and control the dynamic flow behavior and 
concentration gradient. It enables a clinical evaluation of NMs within 
microfluidics, which is an essential step prior to the clinical use of NMs. 

NMs synthesized using microfluidics have shown tremendous 
improvement in properties relevant to specific biomedical applications, 
including surface-enhanced Raman signal enhancement, imaging as a 
contrast agent, improved encapsulation efficiency, higher loading ca
pacity in drug delivery, multiple drug delivery, improved inhibitory 
effects towards cancer, encapsulation of molecules in a single step, long 
term stability in protein immobilized materials, etc. Thus, the micro
fluidic device offers a controlled synthesis of NMs for biomedical ap
plications and easy clinical translation. 

Despite the several advantages offered by microfluidic devices over 
conventional batch reactors, it suffers from intrinsic limitations. For 
instance, most microfluidic devices are fabricated using lithography 
technique, which requires a cleanroom facility. The commonly used 
photoresist molds such as SU-8 are costly. Conventional batch reactor 
does not require a clean room facility or costly photoresists to synthesize 
NMs. Next issue is the low production quantity due to minimal operating 
volume. Low reagent consumption is the biggest advantage of micro
fluidics for NMs synthesis, that helps to reduce the cost and wastage. 
However, this limits the production rate to grams per hour even after 
increasing the flow rate [68]. Very few reports are available on the 
scaled-up production of NMs utilizing parallel microreactors or combi
natorial reactors [182,238]. Compared to conventional batch reactors 
synthesized NMs, microfluidics synthesized NMs contains extra reagents 
such as oil, toluene, etc. (multiphase flow). It requires extra effort for the 
complete removal of these reagents before clinical usage. Widely used 
device materials such as PDMS and PMMA lack high-temperature 
resistance and possesses low solvent compatibility. Another issue is 
clogging associated with the microchannel in PDMS, which may 
adversely alter the reagent mixing [59]. At present, inline control for 
real-time analysis is seldom available for biomedical NMs [68,161]. 

For biomedical applications, the most crucial part is the clinical 
translation of NMs, which is still in its infant stage. Most of the appli
cations explained in this review are laboratory proof of concept. Clinical 
translation further demands application-specific synthesis of NMs in 
sufficient quantity and in vivo and in vitro validation [239]. Hence, a long 
way has to travel to achieve the clinical translation of NMs synthesized 
by microfluidic devices. Very few demonstrated rapid screening and the 
quick evaluation of NMs under microenvironment for biomedical 
applications. 

Nevertheless, it is expected that in the future more research in the 
rapid assessment of NMs for biomedical applications in a microfluidic 
platform. Biopolymer NMs-based drug delivery has been studied 
extensively. In the future, similar trends in other domains such as im
aging, sensing, targeting, and photothermal therapy are expected by 
utilizing the relevant features of microfluidics. PLGA based drug de
livery was successfully implemented in the clinical sectors. Yet, such 
particles’ mass production in microchannels is still challenging due to 
the clogging of particles in materials like PDMS. Also, it is challenging to 
obtain sophisticated channels in materials such as glass and Teflon 
[240]. Therefore, efforts are on to develop clogging-free materials for 
microchannels in the future. 

Biomimicking NMs are another category of NMs that can be easily 
synthesized in microfluidics, probably the future clinical market’s 
bottleneck. Few studies utilized microfluidics’ features and external 
energy sources to generate these NMs [38]. Similarly, biological envi
ronment mimicking NMs is also possible, as the microchannels can 
quickly adapt to physiological flow conditions and chemical gradients. 
For example, any biological mechanism that produces anti-cancer ac
tivity within our body can be transformed into microchannels. That kind 
of particular materials can be prepared, thereby opening the window for 
a new therapy mode. At present, most of the microfluidic device mate
rial faces the fouling issue, which is expected to be overcome by using 
bioinspired smart material design [126]. It further leads to new bio
fabrication technologies such as 4D bioprinting, adding a new dimen
sion to 3D bioprinting, like shape change upon applying stimuli. 

NMs to deliver therapeutic agents are of great interest nowadays due 
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to the emergence in vaccines based on mRNAs such as in infectious 
diseases like coronavirus disease-2019 (COVID-19), cancer or genetic 
disorder treatment, and nanotechnology provides a platform to achieve 
the same. Lipid NMs have been investigated in detail, and they were 
successfully used as a delivery agent in developing two vaccines (mRNA- 
1273 and BNT162b) against COVID-19 [241]. To use lipid-mRNA NMs 
for therapeutic purposes, produced NMs should be highly stable, and the 
stability depends on how fast formulations are mixed. This rapid mixing 
can be easily achieved in a microfluidic platform; through electrostatic 
interaction, mRNA could be attached to the core of the interior of lipid 
molecules [241]. Further, scale-up production of lipid-based NMs has 
been reported [187] and could be used to develop highly stable 
lipid-mRNA NMs in a precisely controlled manner for industrial pur
poses. In addition, this might help fight against several infectious dis
eases and genetic disorders. In the future, microfluidics can develop 
next-generation lipid NMs and deliver other categories of molecules, 
which further enhances the therapies for a broader range of diseases, 
thereby improving healthcare. 

New material design and modification in existing materials, and 
fabrication technologies are expected in the coming years. However, the 
complete automated process for synthesis, screening, and clinical eval
uation is challenging to achieve in the near future. The screening per
forms on the crude reaction product, whatever the optimization 
algorithm or complexity exists in screening parameters and optimizing 
the process. Product purification is a crucial stage in NMs synthesis. If 
we can integrate components for this purpose, it will be an outstanding 
achievement in microfluidic-based NMs synthesis [180]. We expect to 
implement external energy-based centrifuging within the microfluidics 
to purify the NMs solution after synthesis. For example, external electric 
fields with opposite polarities can provide rotations in NMs solution, and 
enough centrifuging can be achieved with sufficient voltage. We hope 
the microfluidics domain is expected to focus on the clinical evaluation 
of NMs as it is the major bottleneck in the procedure towards the 
biomedical application of NMs. 
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[213] K. Tokarska, M. Bułka, U. Bazylińska, E. Jastrzębska, M. Chudy, A. Dybko, K. 
A. Wilk, Z. Brzózka, Evaluation of nanoencapsulated verteporfin’s cytotoxicity 
using a microfluidic system, J. Pharmaceut. Biomed. Anal. 127 (2016) 39–48, 
https://doi.org/10.1016/j.jpba.2016.02.052. 

[214] A. Albanese, A.K. Lam, E.A. Sykes, J.V. Rocheleau, W.C.W. Chan, Tumour-on-a- 
chip provides an optical window into nanoparticle tissue transport, Nat. Commun. 
4 (2013) 1–8, https://doi.org/10.1038/ncomms3718. 

[215] J.H. Sung, M.L. Shuler, A micro cell culture analog (CCA) with 3-D hydrogel 
culture of multiple cell lines to assess metabolism-dependent cytotoxicity of anti- 
cancer drugs, Lab Chip 9 (2009) 1385–1394, https://doi.org/10.1039/b901377f. 

[216] J.H. Kim, S.H. Lee, Y.J. Cha, S.J. Hong, S.K. Chung, T.H. Park, S.S. Choi, 
C. elegans-on-a-chip for in situ and in vivo Ag nanoparticles’ uptake and toxicity 
assay, Sci. Rep. 7 (2017) 1–11, https://doi.org/10.1038/srep40225. 

[217] H.J. Pandya, K. Dhingra, D. Prabhakar, V. Chandrasekar, S.K. Natarajan, A. 
S. Vasan, A. Kulkarni, H. Shafiee, A microfluidic platform for drug screening in a 
3D cancer microenvironment, Biosens. Bioelectron. 94 (2017) 632–642, https:// 
doi.org/10.1016/j.bios.2017.03.054. 

[218] R.R. Hood, W.N. Vreeland, D.L. Devoe, Microfluidic remote loading for rapid 
single-step liposomal drug preparation, Lab Chip 14 (2014) 3359–3367, https:// 
doi.org/10.1039/c4lc00390j. 

[219] G. Luo, L. Du, Y. Wang, Y. Lu, J. Xu, Controllable preparation of particles with 
microfluidics, Particuology 9 (2011) 545–558, https://doi.org/10.1016/j. 
partic.2011.06.004. 

[220] Y. Bao, Q. Deng, Y. Li, S. Zhou, Engineering docetaxel-loaded micelles for non- 
small cell lung cancer : a comparative study of microfluidic and bulk nanoparticle 
preparation †, RSC Adv. 8 (2018) 31950–31966, https://doi.org/10.1039/ 
c8ra04512g. 

[221] M.A. Tomeh, X. Zhao, Recent advances in microfluidics for the preparation of 
drug and gene delivery systems, Mol. Pharmaceutics 17 (12) (2020) 4421–4434, 
https://doi.org/10.1021/acs.molpharmaceut.0c00913. 

[222] V. Kamat, I. Marathe, V. Ghormade, D. Bodas, K. Paknikar, Synthesis of 
monodisperse chitosan nanoparticles and in situ drug loading using active 
microreactor, ACS Appl. Mater. Interfaces 7 (2015) 22839–22847, https://doi. 
org/10.1021/acsami.5b05100. 

[223] J. Yan, X. Xu, J. Zhou, C. Liu, L. Zhang, D. Wang, F. Yang, H. Zhang, Fabrication 
of a pH/redox-triggered mesoporous silica-based nanoparticle with microfluidics 
for anticancer drugs doxorubicin and paclitaxel codelivery, ACS Appl. Mater. 
Interfaces 3 (2020) 1216–1225. 

[224] D. Liu, H. Zhang, E. Makila, J. Fan, B. Herranz-Blanco, C.-F. Wang, R. Rosa, A. 
J. Ribeiro, J. Salonen, J. Hirvonen, H.A. Santos, Microfluidic assisted one-step 
fabrication of porous silicon@acetalated dextran nanocomposites for precisely 
controlled combination chemotherapy, Biomaterials 39 (2015) 249–259. 

[225] J.J. Lee, K.J. Jeong, M. Hashimoto, A.H. Kwon, A. Rwei, S.A. Shankarappa, J. 
H. Tsui, D.S. Kohane, Synthetic ligand-coated magnetic nanoparticles for 
microfluidic bacterial separation from blood, Nano Lett. 14 (2014) 1–5, https:// 
doi.org/10.1021/nl3047305. 

[226] Y. Chang, J. Jiang, W. Chen, W. Yang, L. Chen, P. Chen, J. Shen, S. Qian, T. Zhou, 
L. Wu, L. Hong, Y. Huang, F. Li, Biomimetic metal-organic nanoparticles prepared 
with a 3D-printed microfluidic device as a novel formulation for disulfiram-based 
therapy against breast cancer, Appl. Mater. Today. 18 (2020), https://doi.org/ 
10.1016/j.apmt.2019.100492. 

[227] J. Qiao, H. Ding, Q. Liu, R. Zhang, L. Qi, Preparation of Polymer@AuNPs with 
droplets approach for sensing serum copper ions, Anal. Chem. 89 (2017) 
2080–2085, https://doi.org/10.1021/acs.analchem.6b04722. 

[228] N. Hao, Y. Nie, T. Shen, J.X.J. Zhang, Microfluidics-enabled rational design of 
immunomagnetic nanomaterials and their shape effect on liquid biopsy, Lab Chip 
18 (2018) 1997, https://doi.org/10.1039/c8lc00273h, 2002. 
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