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Microfluidic‑assisted synthesis 
and modeling of stimuli‑responsive 
monodispersed chitosan microgels 
for drug delivery applications
Omid Sartipzadeh1, Seyed Morteza Naghib1*, Fatemeh Haghiralsadat2, Farhad Shokati3 & 
Mehdi Rahmanian3

Droplet microfluidic has been established to synthesize and functionalize micro/nanoparticles for 
drug delivery and screening, biosensing, cell/tissue engineering, lab‑on‑a‑chip, and organ‑on‑a‑
chip have attracted much attention in chemical and biomedical engineering. Chitosan (CS) has been 
suggested for different biomedical applications due to its unique characteristics, such as antibacterial 
bioactivities, immune‑enhancing influences, and anticancer bioactivities. The simulation results 
exhibited an alternative for attaining visions in this complex method. In this regard, the role of 
the flow rate ratio on the CS droplet features, including the generation rate and droplet size, were 
thoroughly described. Based on the results, an appropriate protocol was advanced for controlling the 
CS droplet properties for comparing their properties, such as the rate and size of the CS droplets in the 
microchip. Also, a level set (LS) laminar two‑phase flow system was utilized to study the CS droplet‑
breaking process in the Flow Focused‑based microchip. The outcomes demonstrated that different 
sizes and geometries of CS droplets could be established via varying the several parameters that 
validated addressing the different challenges for several purposes like drug delivery (the droplets with 
smaller sizes), tissue engineering, and cell encapsulation (the droplets with larger sizes), lab‑on‑a‑
chip, organ‑on‑a‑chip, biosensing and bioimaging (the droplets with different sizes). An experimental 
study was added to confirm the simulation results. A drug delivery application was established to 
verify the claim.

Monodisperse micro/nanoparticles with the same morphology and size have attracted much attention in lab-
on-a-chip1,2,  aptasensors3,4,  biosensors5–7, drug  delivery8–10, tissue  engineering10,  catalysis11, and electro/optic 
 devices12. Many attempts have been established to generate uniform micro/nano-particles with on-demand and 
required morphologies, shapes, and sizes by conventional approaches, including dispersion  polymerization13, 
emulsion  polymerization14, precipitation  polymerization15, layer-by-layer  assemblies16, and shirasu porous glass 
(SPG) membrane  emulsification17. However, the typical emulsion droplet approaches are irrepressible. The gen-
erated droplets (particularly the non-spherical) are divergent in shape and  size18. Due to the interfacial tensions 
between the two phases, the conventional techniques to produce droplets shrink into spheres, making it hard to 
provide suitable shaped micro/nanoparticles (with high quality)9,19. Furthermore, typical techniques are costly, 
inflexible, time-consuming, and complex. Thus, superior approaches are required to generate monodisperse 
micro/nano-particles with on-demand morphology, shape, and size.

Microfluidics and nanofluidics are the sciences and technologies of the systems with integrated channels in 
micro-scaled and nano-scaled sizes (10 to 100 µm and nm), in which minimal amounts of fluids (generally 1 L 
to  10−9 L) may flow in desired fabrication manipulated and controlled  systematically19. Droplet microfluidics has 
attracted much attention in material fabrication and biomedical  devices20. Droplet microfluidics, including pas-
sive hydrodynamic  pressure21 and active external  actuation22 techniques, are promising for generating monodis-
perse micro/nanoparticles. The critical difference is the external forces required for the active method, including 
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thermal, acoustic, pneumatic, magnetic, and electrical. At the same time, microchannel terraces, step emulsi-
fication, T-junction, flow-focusing and co-flow are the primary generators for the passive  approach23. Droplets 
can be precisely monitored and controlled by the micro/nanomaterial fabrication processes better than typical 
bulk  methods24. Droplets generation is tailored by regulating the fluid flow rates and channel  geometry25. In 
microfluidic channels, droplets are produced for developing scalable and reproducible micro/nano-particles with 
fitted and tunable morphologies, shapes, and sizes, which are difficult to reach by conventional bulk  approaches19.

Polysaccharide micro/nanostructures have increased much attention in various medical and biological appli-
cations because of their excellent bioactivity, biodegradability, and cytocompatibility/biocompatibility26. CS, a 
natural polycationic polysaccharide, and its derivatives obtained by deacetylation of chitin, have been extensively 
applied to drug delivery, tissue engineering, biosensors, biochips, lab-on-a-chip, and cell immobilization and 
 encapsulation8. The synthesis approaches of CS micro/nanoparticles with tailored and controllable morpholo-
gies and structures have attracted considerable attention in various  applications19. CS microparticles can be 
synthesized by different methods, including electrostatic ion  gelation27, template  coating28, spray-drying29, and 
complex coacervation  methods30. However, CS microparticles synthesized by these conventional techniques 
permanently have apparent drawbacks, including low mechanical characteristics, irrepressible shell thickness, 
and weak  monodispersity31.

Moreover, these synthesis approaches occasionally require tedious operating processes that are complicated 
and arduous. The remaining organic solvent in the synthesis procedure usually restricts their uses in biomedical 
 applications32. Due to the precise manipulation of the micro-scaled fluid, microfluidic techniques can flexibly 
synthesize numerous emulsion droplets with tenable morphologies and  structures33. Multiple emulsions in 
microfluidics can synthesize CS microparticles with uniform size and proper  monodispersity34. Nevertheless, 
the manipulation and regulations of the microstructure of multiple emulsions need complicated design and 
fabrication of a fitted microfluidic device, which restricts the scale-up production of microparticles. As a result, 
more effective and versatile procedures and techniques for synthesizing CS microparticles with tunable particles 
and structures remain a challenge.

We investigated the microfluidic droplet generation rates and dimensions relating to impressible parameters 
such as flow velocity and concentration. The COMSOL Multiphysics® 5.4 simulator software has been applied to 
evaluate these effective parameters. Employing the results of the available investigation, we were able to develop 
practical microfluidic chips in a customized manner that produced CS-oil-CS double emulsions. Furthermore, 
we expanded a computational fluid dynamics (CFD)-based model to discern the configuration and features of 
droplets created in a flow-focusing (FF) microchannel utilizing the Newtonian system. The computer simulation 
of the CFD model gave a substitute approach to achieve a better understanding of this complicated progression. 
Subsequently, implementing the program illustrates the importance of two immiscible fluids’ physical properties 
and velocity upon droplets’ formation, diameter, and generation rate.

Attitude
The strategy developed in this study is based on the evaluation of computer simulation outcomes. Now, we inves-
tigated the physical and chemical properties of CS (CS) and doxorubicin (DOX), effective in the size of droplets 
and creation rate, which contains: (1) CS + DOX mixture concentration, (2) CS + DOX mixture, and Vegetable 
Oil velocities flow ratio. The pattern of the Microfluidics Flow-focusing Device (MFFD) and the velocity of 
both phases determine the size and production rate of droplets 9,19. The MFFD configuration is demonstrated 
schematically in Fig. 1 and the comprehensive sizes are compiled in Table 1, including CS + DOX and vegetable 
oil inlets, chip outlet, and the orifice where droplets are formed. The simulations results are combined to provide 
a comprehensive assessment of the process of creating microfluidic droplets.

Materials and methods
The following substances were used in this study: medium molecular weight CS [deacetylation degree 85%, 
190–310 kDa], acetic acid glacial  [C2H4O2, 100% (v/v)], vegetable oil [corn oil, pure], sorbitan monooleate [non-
ionic surfactant,  span®80], sodium tripolyphosphate  [Na5P3O10, extra pure (TPP)], sodium sulfate  [Na2SO4, extra 

Figure 1.  The pattern of the MFFD applied in simulations: meshes and boundaries situations specified for the 
microfluidic droplet generatrix in the two-dimensions model.
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pure ], aqueous tetramethylammonium hydroxide solution [(CH3)4N(OH), 25% (v/v)], and DOX  [C27H29NO11, 
chemotherapy medication] from Sigma-Aldrich. MCF-7 breast cancer cell line was purchased from Pasteur 
Institute of Iran.

Simulation. Numerical method. The preservationist Level-Set (LS) technique developed by Olsson and 
 Kreiss35 has been validated for recreating the droplet formation process. The traditionalist LS technique de-
scribes the characteristic Mass-Conservation downside of the conventional LS technique. The equation of LS is 
communicated as:

where εLS is an issue with characterizing the breadth of the change layer, and it is to take place as a moiety-limited 
area of the regular mesh dimension in the region passed by the droplet. The parameter of γ determines the extent 
of the re-introduction of solidification. It should be rigorously considered for each specific downside. At each 
point, γ is excessively small, the width of the limit probably will not be steady, and variance in ϕ can be expected 
for numerical solution irregularities.

On the other hand, tremendous amounts of γ can result in an off-base interface. The parameter ϕ is within 
the restricted region of zero to one; whenever ϕ is less than 0.5 (ϕ < 0.5), it is relevant to phase one; neverthe-
less, when ϕ is larger than 0.5 (ϕ > 0.5), it is relevant to phase two, the component of ϕ and ε is the combination 
parameters: ε describe the extent of the crossing point while ϕ proceed placidly from 0 to 1, and it must contain 
the uniform scale as the computational meshing size of the components where juncture is scattered.

The two liquids are incompressible and laminar streams. Density and Dynamic viscosity are expected to be 
steady for CS + DOX and vegetable oil phases. The incompressible Navier–Stokes equation and the advection 
of the LS function ϕ are characterized by the governing equations for CS + DOX and vegetable oil stream. In 
contrast, the continuity equation explains its advection.

ρ, μ, and P are the liquid’s density, dynamic viscosity, and pressure. Henceforth, u is the velocity vector. 
Furthermore, t and g are time and gravitational acceleration. Finally, Fst is the surface tension force, and I is the 
identity matrix. The density ρ and dynamic viscosity μ of fluid in Eq. (3) are smoothed by ϕ across the jointing.

The parameters of μ1, μ2, and ρ1, ρ2 are the dynamic viscosity and density of phase one and phase two, 
respectively. The quantity of Fst (surface tension force) is estimated as:

 where δ is the Dirac delta function which is non-zero at the fluid fringe, and the surface traction is σ. Besides, n 
and I are the interface normal and the identity matrix, respectively. The n is defined as:

Furthermore, the δ is advanced by a conventional equation measured as:

Simulation model. The two immiscible fluids utilized the simulation model to describe the configuration of a 
2D MFFD droplet generator. The MFFD regularly faces the laminar fluid behavior because of their diminished 
dimension to the micrometer; consequently, the Level Set and Laminar Two-phase Flow modules were decided 
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Table 1.  Point by point sizes of MFFD.

Input length (µm) Output length (µm) Input breadth (µm) Output breadth (µm) Angle (degree)

Dispersed phase 280 180 100 50
90

Continuous phase 100 180 100 50

Orifice 50 80 50 100 40

Output – 670 100 100 0
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to compute which simulation model. The mathematical simulation model using the incompressible fluid with 
the laminar flow regime, the two-phase flow, and the Level Set interface is implemented through Computational 
Fluid Dynamics Module in COMSOL  Multiphysics® 5.4 software.

Toward the computer simulation, the two-dimension pattern was utilized to illustrate the MFFD. The free 
triangular mesh was defined at a step of 0.5 µm. Finally, 1,783,832 domains and 8,978 boundary elements were 
performed for the pattern. The CS + DOX mixture and vegetable oil were chosen for the liquid characteristics 
from COMSOL Multiphysics®. The vegetable oil and CS + DOX solution were continuous and dispersed phases, 
respectively. The components were indicated as an incompressible Newtonian fluid. The conduit inside walls 
was determined as a wetted wall condition with a constant contact angle for all the cases. The CS + DOX and 
vegetable oil properties are summarized in Table 2. The MFFD schematic chart and the boundaries determined 
as inlets and outlets ducts for CS + DOX and vegetable oil phases are illustrated in Fig. 1.

The laminar flow level-set interface includes a discretional multiphysics coupling boundary characteristic, 
wetted wall; a particular characteristic that overrides the wall characteristic in the Laminar or Turbulent flow 
interface. Moreover, the No Flow feature in the Level Set interface is accessible for a laminar and turbulent regime 
with wall functions or self-operating wall  treatment36.

The border situation of the wetted wall is appropriate for surfaces in communication with the liquid–liquid 
border, as well as adds the following boundary force to enforce the contact angle. While this border situation 
is applied, the liquid–liquid border can move along the surface. Boundary walls dictate the non-penetration 
condition in the laminar regime and increase frictional constraints as follows:

Here nwall and θw are normal of the wall and contact angle, and β is the slip length. For mathematical compu-
tations, an appropriate decision is considering β equal to h, where the mesh element size is h. The border situa-
tion does not produce the tangential velocity element to zero. Nevertheless, the extrapolated tangential velocity 
component is 0 at a range of β outside the  wall36.

The Parallel Direct Sparse Solver Interface (PARDISO) was applied to the phase initialization and time-related 
studies. When the continuous and dispersed phase goes through a tight way, the CS + DOX phase stretches. 
Eventually, droplets break up downstream of the duct. The simulation interval was between 0 and 300 ms, and 
the time step was established at 0.5 ms. The velocities flow rate of vegetable oil and CS + DOX phases was regu-
lated with an orderly velocity. At the same time, the pressure at the end of the duct was specified as zero with 
non-viscous stress.

Drug delivery and biological assays. In order to evaluate the encapsulation efficiency and release pro-
file of the drug from microparticles, we need two standard diagrams with isopropanol and phosphate-buffered 
saline (PBS) solvents, respectively. To draw these graphs, we first dissolved a certain amount of DOX in the 
desired solvent, read its absorption wavelength at different drug concentrations using a spectrophotometer with 
three repetitions, and drew standard curves of the drug in the desired solvent. We investigated and reported 
the encapsulation rate and drug release from nanoparticles using the standard curves. To assess the release 
profile of the drug-loaded into the nanoparticles, we needed to provide physiological conditions. First, a buffer 
that can create conditions similar to blood pH should be selected. For this purpose, phosphate-buffered saline 
(PBS) was selected at pH 7.4 and pH 4.5. PBS buffer solution was used as the base solution to prepare different 
pH solutions. To adjust the pH equal to 4.5, an aqueous solution of 2% (v/v) acetic acid was used. The DOX 
release from CS formulation was evaluated using dialysis bags in phosphate buffer for 48 h at 37 and 42 °C, 
and pH 7.4 and 4.5. Initially, a specific volume of nanoparticles containing the drug was poured into a cellulose 
dialysis bag. Then the buffer around the dialysis bag was collected at different times, and the fresh phosphate 
buffer was replaced with the same volume. The samples were analyzed using ultraviolet spectrophotometry at 
the maximum wavelength of the drug. The release rate of the drug was measured at different times according to 
the standard curve of DOX in PBS.
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µ

β
u

(11)nwall .

(

εLS∇φ − φ(1− φ)
∇φ

|∇φ|

)

= 0

Table 2.  The components properties utilized in this simulation.

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

Vegetable oil 925.5 39.21 – –

CS + DOX

0.2% (w/v) + 13.75 (µg/ml) 1153.25 2.153 0.39756 53.13

0.5% (w/v) + 13.75 (µg/ml) 1158.65 7.952 0.40997 53.15

1.0% (w/v) + 13.75 (µg/ml) 1167.25 18.145 0.45216 53.16
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We used an MTT assay to evaluate the cytotoxicity of DOX. This technique is based on converting tetrazo-
lium to formazan in MTT dye by cells’ mitochondrial enzymes. Formazan crystals in the presence of DMSO 
or isopropyl show a specific purple color that could be read at 570 and 630 nm by using a plate reader. First, we 
made specific drug concentrations and treated the cultured cells. For this purpose, the cells were counted after 
passage and proliferation and loaded with 10,000 cells in each well of a 96-well plate. After 24 h of cell incubation, 
cancer cells and healthy cells were treated with specific concentrations of DOX. After 48 h of cell incubation, the 
drug’s toxicity on the cells was determined by MTT assay and plate reader. Finally, we calculated the survival 
rate at different concentrations and reported the IC50 of the drug on cancer cells.

Result and discussion
Microdroplet generation. The MFFDs are designed to have inlets and outlet conduits for dispersed and 
immiscible fluid streams colliding at an intersection with each other. Then, the CS + DOX and vegetable oil fluid 
are constrained to stream through a restricted hole at the intersection of both phase bays. As a steady phase, 
vegetable oil uses compression flow and tension force due to oil viscosity, forcing CS + DOX to flow through a 
tight aperture that breaks inside or downstream of the district. Gladwell et al. in 2012s, The pressing factor slope 
through the forming fluid string of CS + DOX and the drain at the junction subsequent disfigure the droplets in 
the entrance of downstream orientation to prevail the surface tension as a droplet is made  up37.

The CS + DOX fluid plug streams downstream inside the main channel, while the apex of the stream of the 
isolated stage congregates to the conclusion of the input, and the process is rehashed. Consequently, the flow 
of the CS + DOX gets to be slim and breaks into beads. De Menech et al., in 2008s, classified the droplet forma-
tion into three multiple categories: (1) Squeezing, (2) Dripping, and (3)  Jetting36. The Squeezing and Dripping 
process are generally accomplished in microchannel fluids, where the droplet production is impressed by the 
environmental restriction of the duct walls. In the Squeezing period, the upstream stress force applies the initial 
effect on the formation of droplets. On the contrary, the size of the capillary number has merely a minor efficacy 
that can be  dismissed38.

The range of droplets in the Dripping category is influenced by the balance formed by tensions between 
interfacial and viscous forces. The side of a cross-connection can produce droplets, in which two conduits of 
the vegetable oil phase are situated at both sides of the channel of the CS + DOX phase and are perpendicular 
together. Jetting conditions in microchannel fluid are rarely employed. This process happens at too many fluid 
flows or little interfacial traction.

The perpendicular ducts transport the vegetable oil phase, and the direct duct is the inlet for the CS + DOX 
liquid. These immiscible liquids impact the side of the connection of the conduit entrance. In the first step of 
droplet generation, the flow of the CS + DOX interpenetrates into the hole, which is situated at the entry of the 
main channel, and the droplet commences to grow in dimension.

Subsequently, the droplet is steered downstream of the main duct by the pressure gradient and velocity flow. 
This development of droplet configuration could be separated into four levels: (1) Lag level, (2) Filling level, (3) 
Necking level, and finally (4) Detachment.

Numerical simulation provides accessibility to all of the dynamic parameters of the pattern. Droplets configu-
ration by detecting the pressure interdependence on time can be observed in the stable liquid straight away down-
stream of the center of the hole entrance. As shown in Fig. 2, The suite of snapshots demonstrates droplet con-
figuration as a subordinate of time with concentrations of CS and DOX at 0.2% and 13.75 (µg/ml), respectively.

The experimental part of this study is as follows: First, design and fabricate the pattern of microfluidic flow-
focusing upon silicon wafer by soft lithography techniques. Later, casting the mold of microfluidic flow-focusing 
with PDMS and bonding the PDMS mold of chip pattern upon slide glass by oxygen plasma. The CS + DOX and 
vegetable oil phases were injected into the chip by applying two dozing pumps.

The CS + DOX microgel droplet production mechanism with 0.2 wt % and 13.75 (µg/ml) of CS and DOC, 
respectively, is shown in Fig. 2.

A 50–50 solution of TPP (7.5%wt) and Sodium sulfate (5.0% wt) is used as a crosslinker, poured into a micro-
tube. The chip’s output enters this solution, giving enough time to make cross-connections to the microgels. 
The aqueous and oil phases are separated. The oil phase is drained, and then the aqueous phase is washed with 
n-hexane and then with ethanol at 8000 rpm for 10 min and repeated three times. Figure 3 illustrates the SEM 
image of the CS + DOX microgel droplet.

The P point shows pressure vacillations at the entry of the orifice hole as a function of the time for creating 
the CS + DOX liquid string is given in Fig. 4.

This diagram outlines that the pressure slope increases mildly up to the droplet’s inception to yield beneath 
the pressure and shear force be formed and then diminution up to the dissociation. The division of the droplet 
is distinct by the sharp apex.

The pressure diminishes regularly during the second droplet formation time at the P point. Subsequently, 
the filament is still rising in dimension, and the P point pressure inception to soar. Commonly, in the formation 
period of a droplet, the pressure is more significant than before and after that. Additionally, the droplet’s inner 
pressure is more than that of the stable phase in the circumfluent.

Similarly, the dynamic demeanour of the pressure slope at the spot of P point was appraised to three dif-
ferences of the CS + DOX concentration (0.2%, 0.5%, 1.0% [w/v], and 13.75 [µg/ml]). The velocities range of 
CS + DOX was adjusted between 3.3 to 9.2 mm/sec. On the other hand, the velocity ratio of CS + DOX to veg-
etable oil was considered between 0.2 and 6, as shown in Fig. 5.

The impressive forces at the time of droplet formation, are pressure force, shear stress force and surface ten-
sile force. The surface tensile force resists dispersed phase deformation, which is in contrast to the pressure and 
shear stress forces. When the amount of pressure force and shear stress is more than the surface tensile force, 
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the droplet begins to thicken and thin. According to Table 2, increasing the concentration of chitosan affects the 
physical properties of the chitosan solution. These properties affect pressure forces, shear stresses and surface 
tension. As can be seen in Fig. 5, with an increasing in the concentration of chitosan at the same velocities of 
both phases, pressure curves become more fluctuate (from left to right).

On the other hand, according to Table 3 and Eqs. (2) and (3), by changing the ratio of disprtesed phase to 
continuous phase velocities  (VCS/Voil), its effect is more on the pressure parameter. As a result, the force balance 
between pressure force and shear stress with surface tension, becomes more unstable and causes changes in the 
amplitude of oscillations. One droplet is produced from each oscillation of pressure, so the number of oscilla-
tions per unit of time and amplitude of the oscillation have a direct effect on the size and number of droplets 
produced as shown in Fig. 4.

Figure 2.  The microscopy and two-dimensional images of mechanism formation of CS + DOX microgel droplet 
injunction, (a) lag stage, (b) filling stage, (c) necking stage, (d) detachment. The CS + DOX and vegetable oil 
phase velocities were adjusted at 3.3 and 11.1 mm/s. The Concentration of CS and DOX are 0.2% and 13.75 (µg/
ml), respectively.
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Figure 5.a-i illustrates the pressure fluctuations as a function of the CS + DOX concentration. So by increasing 
the CS + DOX concentration, pressure fluctuations at the point P are also escalated, which sends back the effect 
of viscosity of the CS + DOX flow in the vegetable oil flow. Moreover, the amplitude of pressure fluctuations 
escalates from 320 to 380 Pa by increasing the CS + DOX concentration (see Fig. 5a,d,g). The amplitude of pres-
sure fluctuations at the P point for each sub-figures of Fig. 5, is presented in Table 3.

On the other hand, the number of fluctuations in the unit of time is directly related to the ratios of CS + DOX 
and oil velocities, which increases with rising this ratio. The velocity ratio of CS + DOX to vegetable oil at concen-
trations of 0.2%, 0.5%, and 1.0% in Fig. 5a–c is 0.297, 0.378, and 0.340, respectively, which shows the dependence 
of pressure oscillations on velocity ratios. The pressure fluctuation escalated by increasing the velocity ratio and 
decreasing the velocity ratio. There is a remarkable pressure drop in the CS + DOX streamflow (94.6, 89.1, and 
66.67%).

Figure 3.  The CS with a concentration of 0.2% and 13.75 mg of DOX per ml of CS solution. The scanning 
electron microscope (SEM) of outcome CS + DOX microgel droplet of experimental result that the volumetric 
flow rate of CS + DOX phase was 3.3 mm/s and the volumetric flow rate of oil phase was 11.1 mm/s.

Figure 4.  The procedure of the pressure slope at the P point for the duration of droplet configuration. The P 
point decides the point situated at the main duct entry. It reverberates the development of the droplet formation 
process. Three steps formation of droplet: (I) Lag, (II) Filling, and (III) Necking. The CS + DOX velocity is stable 
at 3.3 mm/s, and the velocity of vegetable oil is equal to 11.1 mm/s.
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Effect of fluid velocities ratio and CS + DOX concentration on diameter and creation rate of 
droplets. In the subsequent stage of the simulation study, the consequence of the velocities flow rate of both 
liquid and CS + DOX concentration was explored on the droplet diameter and creation rate.

In conformity with the previous research, the droplet size is indicated by an equilibrium between shearing 
force and interfacial  tension39. The Capillary number (Ca), which is the ratio of the viscose force to the surface 
traction, has been applied to state this stress  equilibrium40. The Capillary number  Ca is calculated with:

where μC and uC are the dynamic viscosity and velocity of vegetable oil flow (Pa ·s and mm/s), and FC is the 
volumetric flow rate of vegetable oil (µL/s). The surface area of the conduit is s  (mm2). The interfacial traction 
is σ at the bursting moment (mN/m).

The less interfacial traction σ steers to the minuscule size of the droplet and the higher the formation 
periodicity.

Generally, the Reynolds number describes the liquid flow in a microfluidic chip. The Reynolds number is 
calculated by:

(12)Ca =
µCuC

σ
=

µCFC

sσ

Figure 5.  The computer simulation results in the pressure gradient at the P point. Impact of velocities and 
concentrations of the CS-DOX upon the droplet formation. The velocities of vegetable oil are changeable at 9.7 
and 11.1 mm/s, and the CS-DOX velocities are regulated at 3.3 and 4.2 mm/s. The concentration of CS is (a–c) 
0.2%, (d–f) 0.5%, (g–i) 1.0% (w/v), and also the concentration of DOX is 1.375% (w/v).

Table 3.  The amplitude of pressure fluctuations.

CS + DOX concentration VCS/VOil

Amplitude pressure (Pa)

0.2% (w/v) + 13.75 (µg/ml) 0.5% (w/v) + 13.75 (µg/ml) 1.0% (w/v) + 13.75 (µg/ml)

CS + DOX (mm/s) 3.3
0.297 305 330 310

Vegetable oil (mm/sec) 11.1

CS + DOX (mm/s) 4.2
0.378 305 350 390

Vegetable oil (mm/s) 11.1

CS + DOX (mm/s) 3.3
0.340 300 340 330

Vegetable oil (mm/s) 9.7



9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8382  | https://doi.org/10.1038/s41598-022-12031-9

www.nature.com/scientificreports/

where ρ, u, and μ are fluid’s density, velocity, and dynamics viscosity, respectively. D is the hydraulic diameter 
of the conduit. At Re <  < 1, the viscous force has the greatest effect on the behavior of the liquid. In conflict with 
this, the pressure inertial special efficacy profile is neglected; hence it could be identified from the direction of 
liquid particles  precisely21.

This discovery has to steer to several requirements, including exposure to live cells to non-stop and 
gradual variations of bioactive molecules or temperature ratio, high-throughput broadcast, and lab-on-chip 
 immunoassays41. Simulations were implemented at the various velocities of CS + DOX and vegetable oil and 
sundry CS + DOX concentrations; therefore, the droplets dimension size (d) was calculated (the droplets size 
was calculated by ImageJ software from the exported volume fraction graphical images of COMSOL simulation 
results). These variations were examined for the CS + DOX (Qcs) and vegetable oil (Qvo) phase velocity flow rate 
in the restricted area of 3.3–9.2 and 1.4–11.1 mm/s, respectively.

A wide variety of droplet dimensions are apperceived that are interrelated to the CS + DOX and vegetable oil 
phase velocity flow rate and the concentration of CS + DOX (results shown in Fig. 6).

It is shown that the droplet diameter obtained for all concentrations of CS + DOX is in a similar inclination, 
and it is inclined to raise with the velocity of the vegetable oil flow rate declining. Figure 5 illustrates the droplets 
of CS + DOX with a different diameter to the velocity ratio flow rate of CS + DOX to vegetable oil.

It could be argued that the diameter of droplets decreases with rising the vegetable oil phase velocity (Qvo).
The variation in the extent of the consequential CS + DOX droplets size is evaluated as a parameter that 

depends on the CS + DOX concentration. As the concentration of CS + DOX increases, the amplitude of its 
changes also decreases. As well as the range of CS + DOX /vegetable oil velocities ratio in which droplets form 
is also reduced.

Variations in CS + DOX concentrations result in substantial droplet diameters, particularly at the lowest 
velocity of the vegetable oil flow. This could be described by the severity of significant turbulence in the attend-
ance of junction, leading to rising the velocity of CS + DOX infusion into the vegetable oil flow and declining 
pressure drop.

Figure 6 shows the dependence of the droplet size produced based on the changes in CS + DOX concentration 
and the velocity ratio of the dispersed phase to the continuous phase. To show this dependence and the process 
of its changes, the line, the exponential and the power equations have been used to show this trend well. The 
results showed that the power equation has the best overlap and adaptation to the simulation data, and it has 
been used as a guideline for the eyes.

The surface tensile forces overcome the shear stress established by the fluid, so  Ca values are less significant 
than 0.01. However, at amounts of  Ca larger than 0.01  (Ca >  > 0.01), shear stresses perform a considerable  duty42. 
If the velocity of CS + DOX fluid is significantly greater than the vegetable oil, the droplet was extended in the 
main channel and transformed into a filament shape. In the conflicting case, while the velocity ratios of both 
fluids have diminished, the CS + DOX droplet has not had sufficient time to stretch. Therefore, they developed 
and broke up without delay.

The velocity ratio of CS + DOX fluid, droplet size, and creation rates are employed as benchmarks to justify 
the acquiesce of the generated droplets.

The generation rate of droplets is well-thought-out, a semi-steady procedure where the input velocity ratio 
of both fluids is constant. Hence, the frequency of droplet generation is calculated by,

Moreover, the number of droplets can be estimated from the following  equation43,44:

where Nframe is the total number of frames and F is the rate of each frame.
Figure 7 demonstrates the influence of vegetable oil’s various velocity flow rates on the number of droplets 

formed at the adjusted CS + DOX velocity flow rate for 0.2%, 0.5%, and 1.0% concentrations of CS + DOX.
Figure 7a shows that the production rate of droplets for CS + DOX increases at a velocity rate of 3.3 mm/s as 

the concentration of CS + DOX increases. CS + DOX 1.0% produces a higher number of droplets than CS + DOX 
0.2% and 0.5%. However, increasing the concentration leads to droplet production in a limited range of velocity 
ratios. With increasing CS + DOX velocity rate from 3.3 to 9.2, the droplet production range gradually decreases 
from 1%, 0.5%, and 0.2, respectively, until no more droplets are produced. It can be seen in Fig. 7a–h, CS + DOX 
with a concentration of 0.2%, had a different production process than other concentrations, so that had the 
highest droplet production rate with increasing dispersed phase velocity. However, for other concentrations, 
the droplet production rate decreased.

At a constant velocity of the CS + DOX fluid, the droplet size diminishes with increasing the velocity and flow 
rate of vegetable oil to achieve the range of droplet split-up at the junction. In addition, the droplet generation 
rate is also influenced by the flow rate of vegetable oil and the concentration of the dispersed phase. Equations 
(14) and (15) can be used to calculate the droplet diameter that correlates with its generation rate per unit of time.

(13)Re =
ρul

µ

(14)fdroplet =
Qd

Ddroplet

(15)No.Droplet = fdroplet
Nframe

F
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Figure 6.  The dependence of the droplet size produced for each of the CS + DOX concentration to the 
variations of the velocity ratio of the dispersed phase to the continuous phase. The flow rate of vegetable oil and 
CS + DOX were selected at the limited area of 1.4 to 11.1 and 3.3 to 9.2 mm/s, respectively. The concentrations 
of CS are 0.2%, 0.5%, and 1.0% (w/v), and also the concentration of DOX is 1.375% (w/v). For each of subfigure, 
the CS + DOX velocity is fixed and the flow rate of the vegetable oli varies from 1.4 to 11.1 mm/s. The CS + DOX 
flow rates are (a) 3.3 mm/s, (b) 4.2 mm/s, (c) 5.0 mm/s, (d) 5.8 mm/s, (e) 6.7 mm/s, (f) 7.5 mm/s, (g) 8.3 mm/s 
and (h) 9.2 mm/s. As the CS + DOX flow rate increases, some points disappear for each of the three CS + DOX 
concentrations, indicating that no droplets are formed at this concentration and velocity ratio of the dispersed 
phase to the continuous phase. Continuous lines are curves plotted on experimental data using the power 
equation (Y =  Y0 *  Xk). The values of  Y0 and K of each of these curves are shown in the table in each subfigure.
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Figure 7.  The consequence of velocity and concentration variations of CS-DOX and vegetable oil upon the 
number of droplet generation per unit time. The flow rate of vegetable oil and CS + DOX were selected at the 
limited area of 1.4 to 11.1 and 3.3 to 9.2 mm/s, respectively. The concentrations of CS are 0.2%, 0.5% and 1.0% 
(w/v), and also the concentration of DOX is 1.375% (w/v). For each subfigure, the CS + DOX velocity is fixed 
and the flow rate of the vegetable oli varies from 1.4 to 11.1 mm/s. The CS + DOX flow rate is (a) 3.3 mm/s, (b) 
4.2 mm/s, (c) 5.0 mm/s, (d) 5.8 mm/s, (e) 6.7 mm/s, (f) 7.5 mm/s, (g) 8.3 mm/s and (h) 9.2 mm/s. Continuous 
lines are curves plotted on experimental data using the power equation (Y =  Y0 *  Xk). The values of  Y0 and K of 
each of these curves are shown in the table in each subfigure.



12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8382  | https://doi.org/10.1038/s41598-022-12031-9

www.nature.com/scientificreports/

Therefore, by increasing the dimension of the droplets in the streamflow of two immiscible fluids, the genera-
tion rate of the droplet diminishes, as shown in Fig. 7. Also, the diameter of droplets was reduced by increasing 
droplet production per unit time.

So, several factors may contribute to the droplet generation rate effectiveness, including turbulence strength 
enhancement, pressure drop near the junction, liquid flow obstruction, and increasing velocity of vegetable oil 
fluid.

Also, Fig. 7 shows the dependence of the number of droplets produced per unit of time based on the changes 
in CS + DOX concentration and the velocity ratio of the dispersed phase to the continuous phase. To show this 
dependence and the process of its changes, the line, the exponential and the power equations have been used 
to show this trend well. the results showed that the power equation has the best overlap and adaptation to the 
simulation data, and it has been used as a guideline for the eyes.

Experimental results and discussion
In the subsequent, three different concentrations of CS solution (0.2%, 0.5%, and 1.0% w/v) were prepared 
by supplementing the CS powder into 50 mL of aqueous acetic acid solvent (2%, v/v) in three glasses at room 
temperature and left nightly on a magnetic stirrer to get the pale-yellow homogeneous viscose CS solution. The 
residual CS powders, which had not dissolved, were removed using a syringe filter. A certain amount of the 
DOX drug per unit volume of CS solution (µg/ml) is combined with each of the CS solutions to finally develop 
a 1.375% (w/v) solution of the CS-DOX mixture. For this purpose, three glasses were mixed for 30 min at room 
temperature on a magnetic stirrer to reach a homogeneous mixture of CS and DOX. Vegetable oil and a mixture 
of CS + DOX with different concentrations were injected into the MFFD to generate droplets using two syringe 
pumps. The velocity rate of vegetable oil and CS + DOX mixture are selected based on software consequences. 
The vegetable oil velocities were adjusted at 11.1, 5.6, and 1.4 mm/s. Furthermore, the CS + DOX mixture veloc-
ity was set at 3.3 mm/s. As shown in Fig. 8, the experimental outcome of the CS-DOX mixture was compared 
with the computer simulation outcome, and acceptable compliance was apperceived between the simulation and 
experimental outcome. It can be noticed that in the 1.0% CS + DOX mixture, the size of the droplet was decreased 
compared to the other two concentrations. The dependence of droplet diameter on viscosity is shown in Fig. 8d.

According to Table 2, with increasing the concentration of chitosan, its dynamic viscosity also increases. At 
a constant velocity using Eq. (10), the Reynolds number decreases with increasing viscosity. The energy loss 
coefficient equation in laminar flow, is given below. By decreasing the Reynolds number, the amount of energy 
loss coefficient increases. The result is an increase in pressure drop. As a result, the effective forces in droplet 
production, are changed that cause the production of droplets with different diameters.

Drug release and biological properties. The release of DOX from the modified formulation of CS was 
investigated in vitro. The results of the release pattern of DOX from the optimal formulation at pH 7.4 and 4.5 
and temperatures of 37 and 42 °C for 48 h are shown in Fig. 9. The release profile of DOX followed a two-phase 

Figure 8.  Comparisons the size of droplets generated using the computer simulator and experimental 
experiments. (a) CS 0.2%, (b) CS 0.5%, (c) CS 1.0%, (d) comparison of experimental data of droplet production 
for three concentrations of CS + DOX at the fixed velocity of the dispersed phase (3.3 mm/s), and velocity ratios 
of 2.36, 0.59 and 0.27, respectively. DOX concentration is 13.75 (µg/ml).
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Figure 9.  (a) Standard curve of DOX in ISO buffer at the wavelength of 480 nm. (b) Standard curve of DOX 
in PBS buffer at the wavelength of 480 nm. (c) Comparing the effect of the free form of DOX on MCF-7 breast 
cancer cell line in various concentrations. (d) The effect of blank chitosan particles at various diluents on HFF 
cells. e) Release profile kinetic of DOX from CS particles at various temperatures at pH  7.4. (f) Release kinetics 
of DOX from CS particles at various temperatures at pH  4.5. (g) Comparing the effect of the free form of DOX 
and CS-DOX on MCF-7 breast cancer cells. ns no significant difference. ***: P-value < 0.05.
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pattern. In the first phase, a rapid release has occurred and, over time, entered the second phase, which had a 
slow release. This indicates that the CS microcarriers are semi-targeted delivery systems. The drug’s release rate 
at 42 °C and an acidic pH was significantly higher than the rate at 37 °C and a neutral pH, which was crucial in 
the controlled release of the drug into the cancer cells. According to the previous explanations, the release rate of 
DOX from CS microparticles was investigated at two different 37 °C and 42 °C temperatures. However, previous 
studies have shown that CS particles show a much better release rate at lower pH. In this study, we investigated 
the release pattern of DOX from CS microparticles at pH 4.5 and 37 and 42 °C.

The Korsmeyer-Peppas model is used to study drug release from polymer composites. The equation of which 
is as follows:

where F is fraction of drug released at time t, Mt and M∞ are amount of drug released at time t and total amount 
of drug in dosage form, respectively. KKP and t are kinetic constant and time respectively. n is diffiusion or release 
exponent which characterize the mechanism of release. So that if n = 1, the release is Zero-order, if n = 0.5, the 
release is best described by Fickian diffiusion and if 0.5 < n < 1, the release is through anomalous diffiusion.

As can be seen in Fig. 9 e–f, the drug is better released in a buffer solution of pH 4.5. Also, there is no signifi-
cant difference between the temperature of 42 and 37 degrees in this pH. But this difference in buffer solution 
with pH 7.4, is very significant for two temperature conditions. On the other hand, experimental data for buffer 
solution with pH 4.5, are more compatible with the Korsmeyer-Peppas model.

The results showed that besides following a specific two-phase pattern, the drug release pattern had a relatively 
higher release rate at 37 °C and 42 °C, as shown in Fig. 9e–f.

Results of the MTT assay showed that the toxicity of the encapsulated DOX had a greater effect on cancer 
cells than the free drug (Figs. 9, 10). Normal and cancerous cells were treated with specific concentrations of the 
drug (5, 10, 20, 40, 80, 160 µg/ml) for 48 h and the results showed a significant relationship (P < 0.05) between 
the toxicity of free drug (IC50 = 13.75 g/ml) and the encapsulated drug (IC50 = 7.143 g/ml). The survival rate of 
mcf-7 cells exposed to free DOX, and microparticles containing DOX for 48 h, was evaluated by assessing the 
significance of cytotoxicity at different drug concentrations based on the ANOVA test and reported according to 
P statistical criteria (Fig. 9). Also, the cytotoxicity of CS particles in the form of nanoparticles and microparticles 
on normal human breast cell line (MCF-10A) was evaluated and compared, which showed that the CS particles 
in both nano- and micro-states had the lowest cytotoxicity on the normal cells.

A cellular uptake study was performed to compare and investigate free and encapsulated DOX uptake in 3 h 
on an MCF-7 cell line. In this technique, DAPI was used to stain nuclei of cells by sticking to the rich A-T region 
of DNA. Thus, the nucleus of cells in the images obtained by fluorescent microscopy is blue. On the other hand, 
because of its fluorescent nature, DOX is red in fluorescent imaging. Figure 10 indicates the uptake of CS particles 
containing DOX by the cells. The red color illustrates the DOX uptake by cells. The blue color also indicates the 
nucleolus of cancerous cells. The mixture of these colors expresses the behavior uptake of the particles by cells. 

(16)F =
Mt

M∞

= KKPt
n

Figure 10.  (a) Cellular uptake behavior of DOX by MCF-7 breast cancer cell line. (b) Cellular uptake behavior 
of CS-DOX by MCF-7 breast cancer cell line. DAPI is used to stain nuclei of cells. Due to its fluorescent nature, 
DOX causes the cell cytoplasm to turn red on the fluorescent imaging. The images confirm the uptake of the 
drug by the cells.
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According to the standard curves of DOX in isopropanol buffer, the loading rate of DOX in CS particles was 
investigated. The loading rate of the drug in nanoparticles was 93%. Also, the maximum amount of drug released 
from the particles at various temperatures and pH conditions in 48 h was reported.

It is clear that DOX alone is more toxic than CS/DOX carrier, because CS/DOX carrier releases the drug 
slowly (controlled release). Therefore, the carrier is more biocompatible for healthy cells than free DOX. How-
ever, in some drug delivery systems, the inhibitory effects of the drugs-loaded nanocarriers are more those that 
of free drugs.

Conclusion
A computational fluid dynamic model was exploited for deep understanding of the CS droplet size and forma-
tion in a FF microchannel. The simulation results represented an alternate approach to reach visions into the 
complicated process. The role of channel geometries, channel aspect ratio and flow rate ratio on the CS droplet 
charactristics, were fully described. The experimental research demonstrated the promising potential of the CS 
microparticles for biomedical applications especially in drug delivery. Considering the CS characteristics such 
as excellent bioactivity, biodegradability, and biocompatibility, regulating and qualifying the CS droplets in a 
microchip is very important for different purposes, like biosensing, cell/tissue engineering, drug delivery, drug 
screening lab-on-a-chip, organ-on-a-chip, 3D cultures, and bioimaging. Concisely, a comprehensive simulation 
study was carried out to exhibit the best protocol, platform, and design to reach desired amount/size/morphology 
of CS droplets for many applications in microfluidic-based chips/devices, as well as to investigate the mechanism 
of droplet formation and generation with tuneable shape/size, addressing several challenges biomedical applica-
tions of monodispersed CS microparticles.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 26 February 2022; Accepted: 4 May 2022

References
 1. Poonoosamy, J. et al. A lab-on-a-chip approach integrating in-situ characterization and reactive transport modelling diagnostics 

to unravel (Ba, Sr)SO4 oscillatory zoning. Sci. Rep. 11, 23678. https:// doi. org/ 10. 1038/ s41598- 021- 02840-9 (2021).
 2. Brown, C. R. et al. Leakage pressures for gasketless superhydrophobic fluid interconnects for modular lab-on-a-chip systems. 

Microsyst. Nanoeng. 7, 69. https:// doi. org/ 10. 1038/ s41378- 021- 00287-6 (2021).
 3. Uda, M. N. A. et al. Silica and graphene mediate arsenic detection in mature rice grain by a newly patterned current–volt aptasen-

sor. Sci. Rep. 11, 14688. https:// doi. org/ 10. 1038/ s41598- 021- 94145-0 (2021).
 4. Subramani, I. G. et al. 1,1’-Carbonyldiimidazole-copper nanoflower enhanced collapsible laser scribed graphene engraved microgap 

capacitive aptasensor for the detection of milk allergen. Sci. Rep. 11, 20825. https:// doi. org/ 10. 1038/ s41598- 021- 00057-4 (2021).
 5. Rahimzadeh, Z. et al. A rapid nanobiosensing platform based on herceptin-conjugated graphene for ultrasensitive detection of 

circulating tumor cells in early breast cancer. Nanotechnol. Rev. 10, 744–753. https:// doi. org/ 10. 1515/ ntrev- 2021- 0049 (2021).
 6. Naghib, S. M., Behzad, F., Rahmanian, M., Zare, Y. & Rhee, K. Y. A highly sensitive biosensor based on methacrylated graphene 

oxide-grafted polyaniline for ascorbic acid determination. Nanotechnol. Rev. 9, 760–767. https:// doi. org/ 10. 1515/ ntrev- 2020- 0061 
(2020).

 7. Kazemi, F., Naghib, S. M., Zare, Y. & Rhee, K. Y. Biosensing applications of polyaniline (PANI)-based nanocomposites: A review. 
Polymer Rev. 61, 1–45 (2020).

 8. Gooneh-Farahani, S., Naghib, S. M., Naimi-Jamal, M. R. & Seyfoori, A. A pH-sensitive nanocarrier based on BSA-stabilized 
graphene-chitosan nanocomposite for sustained and prolonged release of anticancer agents. Sci. Rep. 11, 17404. https:// doi. org/ 
10. 1038/ s41598- 021- 97081-1 (2021).

 9. Sartipzadeh, O. et al. Microfluidic-assisted synthesis and modelling of monodispersed magnetic nanocomposites for biomedical 
applications. Nanotechnol. Rev. 9, 1397–1407 (2020).

 10. Askari, E. et al. Local delivery of chemotherapeutic agent in tissue engineering based on gelatin/graphene hydrogel. J. Market. Res. 
12, 412–422 (2021).

 11. Gijs, M. A. M., Lacharme, F. & Lehmann, U. Microfluidic applications of magnetic particles for biological analysis and catalysis. 
Chem. Rev. 110, 1518–1563 (2010).

 12. Mobassem, S. et al. Thermal noise in electro-optic devices at cryogenic temperatures. Quantum Sci. Technol. 6, 045005 (2021).
 13. Kawaguchi, S. & Ito, K. Dispersion polymerization. Polymer Particles 10, 299–328 (2005).
 14. Chern, C. S. Emulsion polymerization mechanisms and kinetics. Prog. Polym. Sci. 31, 443–486 (2006).
 15. Wang, G. et al. Fluorescence self-reporting precipitation polymerization based on aggregation-induced emission for constructing 

optical nanoagents. Angew. Chem. 132, 10208–10214 (2020).
 16. Campbell, J. & Vikulina, A. S. Layer-by-layer assemblies of biopolymers: Build-up, mechanical stability and molecular dynamics. 

Polymers 12, 1949 (2020).
 17. Kim, J. S. et al. Comparative study between high-pressure homogenisation and Shirasu porous glass membrane technique in 

sildenafil base-loaded solid SNEDDS: effects on physicochemical properties and in vivo characteristics. Int. J. Pharm. 592, 120039 
(2021).

 18. Fatehifar, M., Revell, A. & Jabbari, M. Non-Newtonian droplet generation in a cross-junction microfluidic channel. Polymers 13, 
1915 (2021).

 19. Sartipzadeh, O., Naghib, S. M., Seyfoori, A., Rahmanian, M. & Fateminia, F. S. Controllable size and form of droplets in microflu-
idic-assisted devices: Effects of channel geometry and fluid velocity on droplet size. Mater. Sci. Eng. C 109, 110606 (2020).

 20. Ai, Y., Xie, R., Xiong, J. & Liang, Q. Microfluidics for biosynthesizing: From droplets and vesicles to artificial cells. Small 16, 1903940 
(2020).

 21. Shi, N., Mohibullah, M. & Easley, C. J. Active flow control and dynamic analysis in droplet microfluidics. Annu. Rev. Anal. Chem. 
14, 133 (2021).

 22. Zhou, C. et al. Microfluidic generation of aqueous two-phase-system (ATPS) droplets by oil-droplet choppers. Lab Chip 17, 
3310–3317 (2017).

 23. Zhu, P. & Wang, L. Passive and active droplet generation with microfluidics: A review. Lab Chip 17, 34–75 (2017).

https://doi.org/10.1038/s41598-021-02840-9
https://doi.org/10.1038/s41378-021-00287-6
https://doi.org/10.1038/s41598-021-94145-0
https://doi.org/10.1038/s41598-021-00057-4
https://doi.org/10.1515/ntrev-2021-0049
https://doi.org/10.1515/ntrev-2020-0061
https://doi.org/10.1038/s41598-021-97081-1
https://doi.org/10.1038/s41598-021-97081-1


16

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8382  | https://doi.org/10.1038/s41598-022-12031-9

www.nature.com/scientificreports/

 24. Chen, J.-K. & Chang, C.-J. Fabrications and applications of stimulus-responsive polymer films and patterns on surfaces: A review. 
Materials 7, 805–875 (2014).

 25. Anna, S. L. Droplets and bubbles in microfluidic devices. Annu. Rev. Fluid Mech. 48, 285–309 (2016).
 26. Gooneh-Farahani, S., Naimi-Jamal, M. R. & Naghib, S. M. Stimuli-responsive graphene-incorporated multifunctional chitosan 

for drug delivery applications: A review. Expert Opin. Drug Deliv. 16, 79–99 (2019).
 27. Gooneh-Farahani, S., Naghib, S. M. & Naimi-Jamal, M. R. A novel and inexpensive method based on modified ionic gelation for 

pH-responsive controlled drug release of homogeneously distributed chitosan nanoparticles with a high encapsulation efficiency. 
Fibers Polymers 21, 1917–1926 (2020).

 28. Mu, X.-T. et al. Chitosan microcapsule membranes with nanoscale thickness for controlled release of drugs. J. Membr. Sci. 590, 
117275 (2019).

 29. Sarabandi, K. & Jafari, S. M. Effect of chitosan coating on the properties of nanoliposomes loaded with flaxseed-peptide fractions: 
Stability during spray-drying. Food Chem. 310, 125951 (2020).

 30. Baiocco, D., Preece, J. A. & Zhang, Z. Encapsulation of hexylsalicylate in an animal-free chitosan-gum Arabic shell by complex 
coacervation. Colloids Surf. A 625, 126861 (2021).

 31. Yang, C. H. et al. Microfluidic emulsification and sorting assisted preparation of monodisperse chitosan microparticles. Lab Chip 
9, 145–150. https:// doi. org/ 10. 1039/ b8074 54b (2009).

 32. Li, J. et al. Synthesis of many different types of organic small molecules using one automated process. Science (New York, N.Y.) 347, 
1221–1226. https:// doi. org/ 10. 1126/ scien ce. aaa54 14 (2015).

 33. Vladisavljević, G. T., Al Nuumani, R. & Nabavi, S. A. Microfluidic production of multiple emulsions. Micromachines (Basel) 8, 75. 
https:// doi. org/ 10. 3390/ mi803 0075 (2017).

 34. Zhao, C.-X. Multiphase flow microfluidics for the production of single or multiple emulsions for drug delivery. Adv. Drug Deliv. 
Rev. 65, 1420–1446 (2013).

 35. Olsson, E. & Kreiss, G. A conservative level set method for two phase flow. J. Comput. Phys. 210, 225–246 (2005).
 36. De Menech, M., Garstecki, P., Jousse, F. & Stone, H. A. Transition from squeezing to dripping in a microfluidic T-shaped junction. 

J. Fluid Mech. 595, 141–161 (2008).
 37. Glawdel, T., Elbuken, C. & Ren, C. L. Droplet formation in microfluidic T-junction generators operating in the transitional regime 

II. Modeling. Phys. Rev. E 85, 016323 (2012).
 38. Bashir, S., Rees, J. M. & Zimmerman, W. B. Simulations of microfluidic droplet formation using the two-phase level set method. 

Chem. Eng. Sci. 66, 4733–4741 (2011).
 39. Cristini, V. & Tan, Y.-C. Theory and numerical simulation of droplet dynamics in complex flows—A review. Lab Chip 4, 257–264 

(2004).
 40. Wang, K., Lu, Y. C., Xu, J. H. & Luo, G. S. Determination of dynamic interfacial tension and its effect on droplet formation in the 

T-shaped microdispersion process. Langmuir 25, 2153–2158 (2009).
 41. Lucchetta, E. M., Lee, J. H., Fu, L. A., Patel, N. H. & Ismagilov, R. F. Dynamics of Drosophila embryonic patterning network per-

turbed in space and time using microfluidics. Nature 434, 1134–1138 (2005).
 42. Liu, J. & Trung Nguyen, N. Numerical simulation of droplet-based microfluidics—A review. Micro Nanosyst. 2, 193–201 (2010).
 43. Lee, W., Walker, L. M. & Anna, S. L. Role of geometry and fluid properties in droplet and thread formation processes in planar 

flow focusing. Phys. Fluids 21, 032103 (2009).
 44. Chen, X., Glawdel, T., Cui, N. & Ren, C. L. Model of droplet generation in flow focusing generators operating in the squeezing 

regime. Microfluid. Nanofluid. 18, 1341–1353 (2015).

Author contributions
O.S. and S.M.N. initiated the idea, designed the experiments, supervised the research, and wrote the manuscript. 
F.H. established biological tests. F.S. and M.R. contributed to this work as the supervisors. All authors read, 
revised and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.M.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1039/b807454b
https://doi.org/10.1126/science.aaa5414
https://doi.org/10.3390/mi8030075
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Microfluidic-assisted synthesis and modeling of stimuli-responsive monodispersed chitosan microgels for drug delivery applications
	Attitude
	Materials and methods
	Simulation. 
	Numerical method. 
	Simulation model. 

	Drug delivery and biological assays. 

	Result and discussion
	Microdroplet generation. 
	Effect of fluid velocities ratio and CS + DOX concentration on diameter and creation rate of droplets. 

	Experimental results and discussion
	Drug release and biological properties. 

	Conclusion
	References


