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Abstract: Droplet microfluidic was devoted to design and
fabricate robust devices in the field of biosensing, tissue
engineering, drug delivery, cell encapsulation, cell isola-
tion, and lab-on-a-chip. Chitosan was widely used for
different biomedical applications because of its unique
characteristics such as antibacterial bioactivities, immune-
enhancing influences, and anticancer bioactivities. In this
research, a model is used for investigating the formation
and size of composite droplets in a microfluidic device.
The role of the velocity flow ratio in the composite droplet
characteristics such as the generation rate and composite
droplet size is described. According to the results, a desir-
able protocol is developed to control the properties of the
composite droplets and to compare the size and rate of
the composite droplets in a micro device. Furthermore,
the level set laminar two-phase flow approach is exploited
for studying the composite droplet-breaking procedure. An
experimental procedure is used for validation of the simula-
tion process. Various sizes and geometries of the composite

droplets are fabricated to depict a potential in biomedical
applications such as bioimaging, biosensing, tissue engi-
neering, drug delivery, cell encapsulation, cancer cell iso-
lation, and lab-on-a-chip.

Keywords: microfluidic device, nanocomposite droplet,
cell isolation, tumour modelling, experimental valida-
tion, lab-on-a-chip

1 Introduction

Recently, nanoparticles/nanomaterials have fascinated
abundant curiosity in various fields of engineering and
technology [1–26]. Cytocompatibility and biocompatibility
are critical issues in biomedical applications of materials
and nanostructures [27–32]. Preparation of biocompa-
tible polymeric micro/nanoparticle systems has attracted
much attention for diagnosis in biosensing [33], cell
encapsulation in tissue engineering, and drug loading
in controlled release [27,34–36]. Chitosan (CS) and its
derivatives are cytocompatible biopolymers that have
shown excellent potentials in biomedical applications
including controlled release and targeted delivery [37–39].
Owing to the unique CS characteristics, depicting pH-
sensitivity, it is typically applied to tumour therapy as
an anticancer drug delivery vehicle [40,41]. A controlled
release with a suitable profile via CS-based containers is
very important because it can depict a broad variety of
smart stimuli-sensitive responses according to the varia-
tions in the circumambient physiological environments
[9]. Several methods have been developed for the synth-
esis of CS micro/nanoparticles such as ionic gelation,
emulsification, coacervation, reverse micellar, and spray
drying; however, they have a critical drawback of hetero-
geneous particles size distribution [37].

Droplet microfluidic has facilitated an extensive range
of recent applications including high-throughput screening,
diagnostics [42,43], digital polymerase chain reaction [44,45],
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efficient screening of antibiotics delivery [46,47], biosensing
[48–50], imaging [51,52], and tissue engineering [53,54]. The
ability of microfluidic-based systems for particular treat-
ment and transportation of a slight amount of liquids has
established the theme as robust platforms for fabricating
advanced micro/nanocarriers in drug delivery [55]. Produc-
tion of a repeatable drug release profile needs synthesizing
a monodisperse drug micro/nano-container, which might
not be sufficient with routine synthesis approaches
[56]. Moreover, conventional methods are unable to
synthesize micro/nanocarriers for controlling the delivery
of some drugs, proteins, and growth factors and possessed
various release profiles, where a rigorous control above the
formulation of the used micro/nanocarriers is needed [55].
Controllability and consistency of the tuneable profile of
cargo release are important subjects in the productive appli-
cations of micro/nanocarriers, which rely on the formula-
tion, configuration, and conformation such as their shape,
uniformity, size, and composition [57]. Microfluidic-assisted
systems have been used for preparing the formulated drug
micro/nanocarriers devoted to successful therapeutic feed-
back. Microfluidic-assisted techniques allow the generation
of monodisperse, multicomponent, and multi-functional
drug micro/nanocarriers with favourably controllable che-
mical, physical, and biological characteristics to enhance
the efficiency of cargo transport, release, distribution,
and elimination in the treatment progress [58]. Further-
more, these systems are effectual for designing and fabri-
cating drugmicro/nanocarriers possessed programmed, on-
demand, and tuneable release profile. Incorporating the
microfluidic techniques and micro-engineered chip into a
suitable device for controlled drug release applications in a
chip or fabricating the drug micro/nanocarriers with pro-
mising organ-on-a-chip platforms permits cost-efficient
investigations on the effectiveness of different drug delivery
systems. Finally, these promising microengineered sys-
tems can probably accomplish the break between the in
vitro and in vivo studies [55]. Therefore, it seems there is a
critical need for predicting the size and shape of particles in
the microfluidic-assisted devices that should be addressed.
Consequently, a numerical study was conducted to predict
and control the size of CS microparticles that could be used
in various biomedical applications.

In this work, we studied the effects of the velocity
flow ratio on the generation rate and size of composite
droplets. The COMSOLMultiphysics® 5.4 simulation soft-
ware was exploited for this purpose. Operating micro-
fluidic devices were expanded in an amended way that
yielded oil-composite-oil double emulsions. We described
the role of physical properties of two immiscible liquids
and flow rate ratios on the composite droplet geometries

including size, shape, volume, length, formation, and
velocity of droplets.

2 Approach

The approach used here is established according to the
evaluation of the computer simulation outcomes and
comparison with the experimental results. The scale and
production rate of a droplet is affected by the microflui-
dics flow-focusing device (MFFD) geometry [27] and the
flow rate ratio of both phases [28]. Here, we investigated
the chemical and physical properties of the composite
(magnetite nanoparticle [MNP] and CS) including (1)
MNP weight percentage, (2) CS concentration, and finally
(3) CS and oil volumetric flow ratio. The schematic repre-
sentation of the MFFD structure is illustrated in Figure 1
and the complete dimensions are presented in Table 1. As
seen, the device used in this study contains the orifice,
one outlet, and three inlets.

3 Modelling and experimental

3.1 Simulation process

The simulation process of this study is detailed in sup-
porting information. Towards the simulation, the 2D plane
was used to represent the device. The free triangular
mesh was decided at a step of 0.5 µm. A total of
17,83,821 domain elements and 8,979 boundary elements
were implemented for the model. The CS/MNPs-OA com-
posite and vegetable oil were used for the fluid charac-
teristics from COMSOL Multiphysics®, and they were
applied as the dispersed phase and continuous phase,

Figure 1: Schematic representation of the MFFD exploited in the
simulation processes: 2D model of the defined boundary conditions
and meshes for the composite droplet production.
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respectively. The compositions were demonstrated as
incompressible Newtonian liquids, and the duct walls
were characterized as a wetted wall situation with a con-
stant contact angle for all the cases. The properties of the
chosen substances are summarized in Table 2. The sche-
matic graph of MFFD and the boundaries established as
inlet and outlet channels for continuous and dispersed
phases are illustrated in Figure 1.

3.2 Modelling and experimental

The materials used in this research were ferrous chloride
tetrahydrate (FeCl2·4H2O, 98% [w/w]), ferric chloride
hexahydrate [FeCl3·6H2O, 98% (w/w)], aqueous ammonia
solution [NH3, 25% (v/v)], aqueous tetramethylammo-
nium hydroxide solution [(CH3)4N(OH), 25% (v/v)], oleic
acid [C18H34O2, 99% (v/v)], ethanol [EtOH, 96% (v/v)],
acetic acid glacial [C2H4O2, 100% (v/v)], aqueous glutar-
aldehyde solution [C5H8O2, 50% (w/v)], sorbitan mono-
oleate [non-ionic surfactant, span®80], vegetable oil [corn
oil, pure], and the low molecular weight CS [deacetylation
degree 90%, 170 kDa] from Sigma-Aldrich.

The MFFD was sketched using SolidWorks® 2019
software. Then, the mold was fabricated by the standard
replica molding soft-lithography technique. A thick photo-
resist film (SU-8, Microchem, MA, USA) spun on a silicon
wafer at 500 rpm for 10 s and repeated at 2,500 rpm for 30 s
to produce the mold of MFFD. The coated layer on the
silicon wafer was baked at 65°C for 5min and at 95°C for
10min, and the wafer was immersed in a solvent to remove
unexposed zones of photoresist.

The polydimethylsiloxane (PDMS) casting procedure
was exploited for constructing the MFFD. Mold surfaces
must be accurately rinsed with isopropanol and acetone
in several steps before casting to assure clean surface
without residues and particles. The PDMS gel was used
to prepare an elastomer and a curing agent (SYLGARD
184, Dow Corning Corporation, Midland, MI, USA) mix-
ture with a 10:1 ratio. The molding gel was poured into
the cast and placed in a shaker for 1 h or until all the air
bubbles come out. Then, the mold was kept in an oven at
75°C for 4 h to cure PDMS [59].

The bonding process of the microfluidics mold was
established in several steps. The process was described in
supporting information. The schematic representation of
the microfluidic chip manufacturing process and the fab-
ricated MFFD is shown in Figure 2a and b, respectively.

MNPs were synthesized by the method described by
Berger et al. [29]. The reaction stoichiometry is important.
The aqueous ammonia reacts with Fe2+ and Fe3+ ions to
produce magnetite, Fe3O4, as presented in equation (1).

+ + + ⋅ +2FeCL FeCL 8NH 4H O Fe O 8NH CL.3 2 3 2 3 4 4 (1)

To achieve the highest conversion yield, the mole ratio of
iron(III) to iron(II) solutions in the reaction must be equal
to 2 [29]. The solutions were poured and mixed at high
speed. An aqueous NH3 was added dropwise by the bur-
ette into the beaker. It should be noted that the addition
rate of ammonia into the beaker is decisive, and a burette
is a suitable instrument for slowing the addition rate. The
black sediment of magnetite was formed quickly. Then,
the sediment was settled for 20min. In the following, the
remaining liquid was decanted and disposed of the liquid
and centrifuged. The sludge-like solid at the bottom of

Table 1: Detailed dimensions of MFFD

Property Inlet length (µm) Outlet length (µm) Inlet width (µm) Outlet width (µm) Angle (degree)

Dispersed phase 280 180 100 50 90
Continuous phase 100 180 100 50
Orifice 50 80 50 100 40
Outlet — 670 100 100 0

Table 2: Fluid properties used in this simulation

Property Density (kg/m3) Dynamics viscosity (mPa s) Contact angle (rad) Surface tension (mN/m)

Vegetable oil 920.29 38.50 — —
1% CS + MNPs 1169.4 16.5615 0.44312 50.502
0.5% CS + MNPs 1159.3 7.314 0.40177 49.916
0.2% CS + MNPs 1155.2 2.0425 0.38961 48.878
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the microtubes was magnetite. To remove the remaining
ammonia, 25% tetramethylammonium hydroxide was
added and stirred with a thin glass rod until the sludge
was completely suspended in the liquid. The contents of
the tubes were poured into a vacuum filtration flask with
a magnetic stirring bar. Finally, after exhausting the resi-
dues from the vacuum filtration flask and placing the
material in an oven, the MNP powder was obtained as
shown in Figure 2c.

4 Results and discussion

4.1 Simulation results

The pattern of MFFD included the inlet and outlet ducts
for dispersed and immiscible liquid flow. The two immis-
cible liquids were then forced to move via a thin orifice
placed in the intersection of vegetable oil and one com-
posite inlet. The shear tension and the pressure of the
stream caused by a viscosity enforce the inner liquid to
move into a narrow throat. Eventually, the liquid stream
cut out inside or downstream of the throat and break up
the droplets. Gladwell et al. in 2012 investigated the slope
of pressure amongst the flow string that the drag at the

extra jointing distorted the droplet within the down-
stream side up to the transcend and the surface stress
that a droplet was created [30]. Therefore, the discrete
phase stream converted to a slimline stream and break
up into droplets. The spread phase plug streams down-
stream to move on the main conduit, whereas the flow tip
of the separated phase congregates to the inlet of the
junction, and these steps are reiterated. The droplet pro-
duction process is classified into three fundamental sec-
tions such as (a) squeezing, (b) dripping, and (c) jetting
that have been proposed by Mensch et al. in 2008 [31].
The squeezing and dripping methods generally occur in
microchannel flows around the growth of the droplet,
affected by the duct walls’ physical confinement. In the
squeezing method, the pressure force of the upstream
flow applies the main impact upon droplet forming. On
the contrary, the capillary number amount is very small
to impress it, which can be ignored [29]. In the dripping
method, the stress balance between interfacial and viscous
driving force is an effect on the scale of the droplet. The
droplets break up at an intersection where a couple of
inlet conduits of continuous flow are located on both
sides of the channel of the dispersed flow and perpendi-
cular to it. The perpendicular inlet channels carry the
vegetable oil (continuous flow), and the direct channel
is the inlet for the composite (dispersed flow). These two

Figure 2: Design and fabrication of MFFD: (a) solid work schematic of the manufacturing process of MFFD; (b) microscopic image of MFFD
with inlets, outlet, and junction; (c) synthesized MNP (Fe3O4); (d) schematic illustration of the microfluidic setup for producing MNP/CS
nanocomposite droplet.
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immiscible streams run into the cross junction of the inlet
of the channels. The mechanism of droplet production
can be separated into four stages: (I) lag stage, (II) filling
stage, (III) necking stage, and (IV) detachment. In the
first stage, the liquid stream of the composite penetrates
to the throat positioned at the entry of the central con-
duit. Then, the droplet begins to grow. In the following, the
stream flow rate and pressure gradient caused the droplet to
move towards downstream of the central conduit [32]. The
ComSol Multiphysics software allows access to any of the
dynamic and static variables of the MFFD. The production
mechanism of the composite droplet by scrutiny and the
pressure gradient towards the time can be observed in the
stable liquid stream immediately downstream of the inlet of
the central conduit. In Figure 3, the series of pictures illus-
trate different composite droplets production as a function
of time (0.2, 0.5, and 1% [w/v]), respectively.

Pressure oscillations in the entry of the central con-
duit were demonstrated by the place of P point as the
time of the production of the composite stream and the
detachment step of composite droplets shown in Figure
4a. It displays that the pressure gradient of CS streamline
gets up moderately till the droplet starts to be produced
under pressure, and the stress force of shear is created
and then decreased till the break-up. Next, the quantity
and pressure of the composite are still increasing at the
P point that is starting to rise. In the following, the

formation of the second composite droplet at the P point
and the liquid pressure of composite diminished slowly.
Regularly, in the process of each droplet generation, the
initial pressure is raised and decreased in the end. Further-
more, the inner pressure of the composite droplet is more
than that of the circumambient vegetable oil.

Likewise, the dynamic behaviour of the pressure gra-
dient at the place of P point was compared in three ratios
of the composite (0.2, 0.5, and 1% [w/v]) as shown in
Figure 4b. The velocities of the composites and vegetable
oil streamline were adjusted at 3.3 and 11.1 mm/s, respec-
tively. Each of these curves in Figure 4b shows that the
pressure fluctuations value is the function of the compo-
site ratio. As the composite ratios increase, the initial pres-
sure of the composite streamlines decreases from 2,000 Pa
to 56, 225, and 511 Pa (for 0.2, 0.5, and 1.0% [w/v] of com-
posite ratios). There is a significant pressure drop in the
composite streamline (97.2, 88.75, and 74.45%). Increasing
the ratio of the composite caused an increasing number of
pressure fluctuations per unit time, which reflects the effect
of viscosity of the dispersed phase in the continuous phase.

As stated by previous investigations, the quantities of
droplets are mainly determined by equilibrium among
shearing force and interfacial tension [60]. The propor-
tion of stress force of viscous to interfacial tension is
called the capillary number (Ca) applied to represent
forces equilibrium [61].

Figure 3: Burst photos of two-dimensional MFFD, pending the implementation of computer simulations of the creation mechanism of
composite droplets in micro-conduit. The composite velocity (VCS) is 3.3 mm/s, and the vegetable oil velocity (Vegetable oil) is equal to
11.1 mm/s. The composite ratios are: (a) 0.2%, (b) 0.5%, and (c) 1.0% (w/v).
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The capillary number is shown as follows:

= =C
μ u

σ
μ F
sσ

,a
C C C C (2)

where μC and μC are the dynamic viscosity and velocity of
the continuous phase (mm/s and Pa s), FC is a continuous
liquid rate (µL/s), s is the microchannel surface area
(mm2), and σ is the liquid surface tension (mN/m). The
reduced surface tension (σ) leads to a smaller scale of
droplets and higher generation repetition. The increase
in the composite ratio caused raising the surface tension
strongly adapted with the software simulation outcome.

Generally, the Reynolds number at the slight value of
Reynolds is applied to qualify liquid flow in MFD. The
limited Reynolds number is calculated as:

=

ρul
μ

Re , (3)

where u, ρ, and μ are for velocity, density, and the
dynamic viscosity of the liquid, and D is the hydraulic

diameter of the duct. For the Reynolds number fewer than
1 (Re ≪ 1), the liquid is overcome by viscous stress force.
In contradiction to this, the inertial pressure gradient
effects are neglected. Therefore, the streamline of liquid
particles can be identified precisely [30].

In the next step of software simulation, the genera-
tion rate and diameter of the droplet were investigated by
variation of the flow rate ratio of composite/vegetable oil
and the composite viscosity. Initially, we adjusted the
velocity of the composite (VCS) at 3.3 mm/s, and also
the vegetable oil velocity (VVegetable oil) was variable in
the range of 1.4–11.1 mm/s. The flow rates ratio of both
inlet streams (φ = VCS/VVegetable oil) was obtained between
0.3 and 2.36. The influence of the composite ratios for
applying the liquid velocity ratios on the generation
rate and diameter of droplets is illustrated in Figure 4c
and d. The droplets diameter obtained for three ratios are
in a comparable trend, declining this tends to rise with a
velocity of vegetable oil. The 0.2% composite of CS/
MNPs-OA almost generates the droplets in the range of

Figure 4: (a) Dynamic pressure behaviour on the place of P point at the time of droplet creation. The P point defines the point placed at the
main conduit entry and indicates the evolvement of the droplet making mechanism. Droplet production process: (I) lag stage, (II) filling
stage, and (III) necking stage. (b) The software simulation outcomes to the pressure of the composite streamline as a function of time at the
place of P point for three ratios of the composite (0.2%, 0.5%, and 1.0% [w/v]). (c) and (d) Influences of velocity and ratios of the composite
upon diameter and number of droplet creation per unit time. The velocity of vegetable oil is changed in the range of 1.4–11.1 mm/s, and the
composite velocity is adjusted at 3.3 mm/s.
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50–70 µm, and for 0.5% composite, the diameter is between
45 and 90 µm. However, for the 1.0% composite, this range
is only between 40 and 50 µm, which is the lowest value.
The velocity of the composite, droplet diameter, and gen-
eration frequency is applied as the benchmark to describe
the yield of created droplets.

The creation speed of the droplet is considered as a
semi-steady flow wherever the input velocity ratio of both
flows is constant. Thus, the droplet frequency is calcu-
lated from the following equation:

=f Q
D

.droplet
d

droplet
(4)

In addition to this, the number of droplets creation per
unit time can be calculated as shown in the following
equation [62,63]:

= f N
F

No ,droplet droplet
frame (5)

where Nframe and F are the total numbers and the rate of
each frame. Figure 4d represents the effects of the vege-
table oil velocity upon the number of droplets created at
the set of the composite velocity for different ratios of the
composite (0.2, 0.5, and 1.0% [w/v]).

Figure 5: Illustration of the experimental results of themicrogel droplet.
The velocity of the CS/MNPs-OA composite is fixed at 3.3mm/s and the
vegetable oil velocity is selected 11.1, 5.6, and 1.4mm/s for 0.2% CS
and 0.5%, CS 2.8mm/s for 1.0% CS. (a) 0.2% CS with 0.5% MNPs-OA.
(b) 0.5% CS with 0.5% MNPs-OA. (c) 1.0% CS with 0.5% MNPs-OA.

Figure 6: Comparisons of the microgel droplet size of the simulation and experimental results. (a) 0.2% CS; (b) 0.5% CS; (c) 1.0% CS; (d) the
effect of the CS concentration on the microgel droplet size.
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The vegetable oil velocity may affect the droplet number
per unit time. It can be concluded from equations (4) and
(5) that the diameters of the composite droplets have a
dependence on its creation speed per unit time. In other
words, by raising the droplet diameter in a velocity ratio
of both liquids, the creation speed of the droplet reduces
as shown in Figure 4d. Likewise, the number of compo-
site droplets for three ratios is in a like trend, diminishing
this tends to get up with the velocity ratio. It is clear that
for 0.2 and 0.5% composites, the creation rate of the
droplet is lower than that of 1.0% composite. For the
0.2% composite, the number of droplets per unit time
from 230 to 553 can be almost created. In addition, the
number of droplets for the 0.5% composite gets up mildly
likes the 0.2% composite from 185 to 690. As already
stated, the 1.0% composite had a various growth rate
(diameter of the droplet) compared to the 0.2 and 0.5%
composites in the varying production speed of the droplet
which had the highest production rate than two other
ratios (from 429 to 1,165 droplets per unit time).

4.2 Experimental results

In the next step of this investigation, the MNPs were dis-
solved in a solution of oleic acid and ethanol to reduce
their oxidation rate and the agglomeration process. The
solution of MNPs was prepared by pouring the deter-
mined volume ratio of oleic acid in ethanol (volume ratio
1:4) at 70°C and stirred with a mechanical stirrer for 1 h.
Then, the MNPs were cleaned with 20% ethanol solution
and distilled water twice. As a result, the MNPs-OA was
made. CS solutions (0.2, 0.5, and 1.0% w/v) were prepared
by dissolving the powder of CS in 100mL of aqueous acetic
acid solution (2%, v/v) in three different beakers at room
temperature and left overnight on a magnetic stirrer to
obtain a pale-yellow viscous CS solution.

CS solutions were filtered with a syringe filter to
remove any undissolved substance. The MNPs-OA were
added to three different beakers of CS solutions (0.2, 0.5,
and 1.0% w/v) to obtain the solutions with 0.5 wt% of
MNPs-OA. All the beakers were stirred for 1 h at room
temperature to achieve a homogeneous mixture of CS
and MNPs-OA. All the equipment required for the micro-
fluidic chip put together to obtain a microgel of CS/MNPs-
OA as shown in Figure 2d. Two syringe pumps were
applied to inject the solution of 0.5% CS/MNPs-OA com-
posite and vegetable oil into the MFFD. The velocity rates
of CS/MNPs-OA composite and vegetable oil are chosen
based on optimal software results. The velocity of CS/

MNPs-OA composite was adjusted at 3.3 mm/s, and also
the velocity of vegetable oil was selected in the amounts
of 11.1, 5.6, and 1.4mm/s, respectively. Figure 5 represents
the microgel droplets size of three different CS/MNPs-OA
solutions at the fixed velocity and three different veloci-
ties of vegetable oil. In addition, Figure 6 compares the
experimental results of 0.2, 0.5, and 1.0% CS/MNPs-OA
composites with the software results. As can be seen in
the 1.0% CS/MNPs-OA composite, the diameter of the
microgel was decreased compared to those synthesized
based on the other two concentrations, which were because
of its viscosity. This effect of viscosity on the droplet size is
shown in Figure 5d. Figure 7 presents a close-up of a CS-
MNPS-OA microgel droplet. By changing the spatial posi-
tion of the external magnetic field applied to the microgel,
the nanoparticles in the microgel were oriented in the direc-
tion of the applied external field (red line).

5 Conclusions

Reining the geometries of composite droplets in a micro-
fluidic-assisted device is significant because of the nature
of the phases present in the material. Control of the shape

Figure 7: Images of the optical microscope of CS/MNPs-OA microgel
droplet (1.0%). The MNPs-OA particles inside the microgel are
orientated by applying an external magnetic field (red line). The
direction of the external magnetic field is a) slightly inclined to the
right, b) slightly inclined to the top, c) slightly inclined to the left
and d) slightly inclined to the bottom.
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and size in a composite system can address many chal-
lenges in biomedical applications such as bioimaging,
biosensing, 3D cultures, cell encapsulation, drug/gene
delivery, organ on a chip, and tissue engineering. Herein,
a simulation studywas established to find the best platform.
The platform was suitable for forming the composite dro-
plets applied to an extensive range of purposes and inves-
tigating the mechanism of droplet formation with control-
lable size and shape. Moreover, an experimental validation
was conducted to validate the simulation results. The device
could generate the composite droplets with different
geometries, representing that many challenges could
be addressed in bio-applications of monodispersed nano-
composite microparticles.

Conflict of interest: The authors declare no conflict of
interest regarding the publication of this paper.
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