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Highlights 

 Micromixing in an axisymmetric (3D) co-flow glass millifluidic device was studied. 

 Velocity and concentration fields were simulated and verified experimentally.   

 Process was used for production of polymeric nanoparticles by nanoprecipitation. 

 The cloud points were predicted from Bagley’s two-dimensional solubility graph. 

 Particle size decreased with increasing aqueous to organic phase flow rate ratio.  
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ABSTRACT 

Synthetic polymeric biodegradable nanoparticles were produced by micromixing combined 

with nanoprecipitation in a co-flow glass capillary device consisted of coaxial assembly of glass 

capillaries, fabricated by aligning a tapered-end round capillary inside a square capillary with 1 

mm internal dimension. Micromixing of water and organic phase (1 wt% polylactide or 

polycaprolactone dissolved in tetrahydrofuran) was modelled using a commercial software 

package Comsol Multiphysics
TM

 and experimentally investigated using dynamic light scattering, 

Nanoparticle Tracking Analysis (NTA) and in situ microscopic observation. The organic phase 

was injected through a nozzle with a diameter of 60 µm at the organic-to-aqueous flow-rate 

ratios ranging from 1.5 to 10. The locations at which the nanoparticles would form were 

determined by using the solubility criteria of the polymer and the concentration profiles found by 

numerical modelling. The convective flux of the polymer in the radial direction was 2-3 orders of 

*Revised Manuscript (clean for typesetting)
Click here to view linked References

mailto:R.Othman@lboro.ac.uk
mailto:G.Vladisavljevic@lboro.ac.uk
http://ees.elsevier.com/cej/viewRCResults.aspx?pdf=1&docID=39028&rev=1&fileID=1246165&msid={0F636297-5C41-4408-8659-34CBB3530EC6}


2 

 

magnitude higher than the diffusive flux of the polymer; hence responsible for mixing the 

streams. The convective flux near the orifice was 3-4 orders of magnitudes higher than at the end 

of the computational domain. A maximum convective flux of 0.115 kg m
-2

 s
-1

 was found for 

polycaprolactone at the cloud point for the lowest flow rate ratio investigated. The numerical 

results were consistent with the experimental observations in terms of flow patterns and mean 

particle size. Narrower particle size distributions and smaller mean particle sizes were obtained 

at the higher aqueous-to-organic flow-rate ratios.  

 

Keywords: Computational fluid dynamics; Co-flow glass capillary device; Nanoprecipitation; 

Nanoparticles; Polylactide; Polycaprolactone.  

 

1. Introduction 

Advances in microfluidic technology in recent years have provided alternative process 

strategies in diverse fields, such as materials science, chemical synthesis, biomedical diagnostics 

and drug screening [1−4]. Compared to conventional macro-scale reaction vessels, test tubes and 

microtiter plates, microfluidic technology offers many advantages: (i) possibility to use 

expensive or toxic chemicals due to picolitre fluid volumes; (ii) homogeneous reaction 

environments due to precise spatial control over process conditions; (iii) ability to continuously 

and systematically vary reaction conditions; (iv) fast reactions due to high heat and mass transfer 

rates as a result of high surface-to-volume ratios; and (v) ability to achieve high levels of 

parallelisation, integration, and automation of unit operations [5–7].   

Although microfluidic techniques are experimentally well-established, optimisation of 

geometry and operating parameters in microfluidic devices is still challenging [3, 8−9]. 

Computational fluid dynamics (CFD) has appeared as an effective tool in providing visualized 
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information on flow phenomena in complex geometries at both macroscopic and microscopic 

level [10, 11]. Yamaguchi et al. [11] applied CFD to simulate laminar co-flow in a microchannel 

with hairpin bends and the simulation results were consistent with experimental data. Bally et al. 

[12] performed experiments and CFD simulations to investigate production of methacrylic 

nanoparticles in a multi-laminating micromixer under different operating conditions. Gradl et al. 

[13] combined direct numerical simulation with Lagrangian particle tracking to simulate 

nanoprecipitation in a T-mixer and predict the size distribution of the produced nanoparticles. 

However, CFD simulations of flow phenomena arising from interaction between miscible liquid 

streams in microfluidic channels are still lacking. These simulations can provide valuable insight 

for optimising particle synthesis in two-phase microfluidic and millifluidic devices. 

Synthesis of nanoparticles by bulk mixing (conventional method) typically leads to the 

lack of control over the mixing process, which may compromise the properties of the resulting 

nanoparticles [14, 15]. Bulk mixing is accomplished in two stages, macromixing (mixing at the 

scale of the whole system driven by convection and turbulent dispersion) and micromixing 

(mixing at molecular scale governed by Fick‟s law) [16]. A feature of microfluidic mixers is that 

the macromixing stage, which is less controllable, can be avoided and mixing can be 

accomplished solely by molecular diffusion. Microfluidic mixing processes can be divided into 

active and passive strategies. Active mixing is based on providing an external source of energy to 

enhance mixing such as electric field or ultrasound, whereas passive mixing is any technique that 

requires no additional energy input, other than energy existing in the fluid flow. This study deals 

with passive microfluidic mixing that takes advantage of small lateral dimensions of microfluidic 

channels, which dramatically increase the effect of diffusion [17−19]. 
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Nanoprecipitation triggered by passive microfluidic mixing has been used to synthesise 

various nano-sized products, such as liposomes [20−23], solid lipid nanoparticles [24, 25], 

micelles [26], chitosan nanoparticles [27], nanocrystals [28, 29], and drug nanoparticles [30−32]. 

Nanoprecipitation requires two miscible solvents, but both the excipient and active ingredient 

(e.g. a drug) must be soluble in only one of them. The process is associated with a rapid self-

assembly of macromolecules into nanoparticles occurring when a macromolecular excipient 

solution is added to a non-solvent phase, resulting in almost immediate drug entrapment within 

the nanoparticles [33, 34]. It is a single-step technique that allows production of nanoparticles 

from a wide range of preformed polymers [35, 36]. 

Microfluidic devices that have been used in nanoprecipitation processes are flow-focusing 

devices and microfluidic Y- and T-junctions. Hydrodynamic flow focusing was used to 

synthesise PLGA-PEG nanoparticles by rapidly mixing polymer-acetonitrile solution and water 

[7]. Two lateral water streams were combined with a central organic phase stream and a narrow 

width of the focused organic stream enabled rapid mixing through diffusion. Y-junction has been 

used to produce nano-sized drug particles, thereby enhancing bioavailability of poorly water-

soluble drugs [32, 37]. The drug was dissolved in ethanol and then precipitated by mixing the 

organic phase with a non-solvent (water), which resulted in amorphous spherical particles with a 

mean size of 500 nm [32]. T-junction has been used to prepare barium sulphate nanocrystals over 

a size range of 18-30 nm and boehmite nanocrystals [38].   

To the best of our knowledge, this work is the first computational and experimental study 

dealing with the formation of poly (lactic acid) (PLA) and polycaprolactone (PCL) nanoparticles 

by nanoprecipitation in a co-flow glass capillary device [39−41]. Glass capillary devices have 

been mainly used for preparation of emulsions, emulsion-templated microparticles, and vesicles 
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such as polymersomes, colloidosomes and liposomes [39, 40, 42–44]. Recently, glass capillary 

devices have been used for fabrication of liposomes with a mean vesicle size in the range of 73-

131 nm [45]. Compared to planar flow focusing polydimethylsiloxane (PDMS) microfluidic 

devices more often used in nanoprecipitation, glass capillary devices offer several advantages: (i) 

fabrication is cheaper and does not require a master mould; (ii) many solvents commonly used in 

nanoprecipitation, such as tetrahydrofuran and chlorophorm, swell PDMS to a large extent, 

whereas glass has excellent chemical resistance against organic solvents; (iii) 3D geometry 

positions the organic phase at the centre of the collection channel in all directions.  

When a 3D orifice is used (Fig. 1b), the organic phase stream is completely surrounded by 

the aqueous phase and the walls of the collection channel are completely wetted by the aqueous 

phase. Since the particles are predominantly formed at liquid-liquid interface, which is fully 

displaced from the channel walls, 3D geometry minimises interaction between the particles and 

the walls. In a planar geometry (Fig. 1a), the organic phase at the junction is focused in the 

substrate plane, but not in the vertical axis, which can lead to deposition of the particles on the 

walls of the collection channel and compromise control over the resultant particle size.  

 

2. Solubility parameters 

According to the “diffusion-stranding” mechanism, nanoprecipitation is caused by a rapid 

mutual diffusion of the organic solvent and water, which is accompanied by the diffusion of the 

polymer from the organic phase towards organic/aqueous phase interface [46, 47]. The polymer 

becomes stranded at the organic/aqueous phase interface, due to its low solubility in the aqueous 

phase. The solubility of polymers in pure solvents and solvent mixtures can be predicted from 

the Hansen solubility parameters of components involved in the process.  
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Hansen divided the Hildebrand solubility parameter, , into three components arising from 

different types of cohesive forces: a dispersion force component, d, arising from van der Waals 

forces, a polar component, p, reflecting permanent dipole-permanent dipole forces, and a 

hydrogen bonding component, h, arising from hydrogen bonding [48]. Hansen solubility 

parameters can be considered as coordinates in a 3D “solubility (Hansen) space” in which all 

liquid or solid substances may be localised. The more a solvent is close to the polymer in the 

“Hansen space”, the more likely the solvent will be a good solvent for the polymer [48, 49]. 

Bagley et al. [50] introduced the parameter δv = (δp
2
+δd

2
)
1/2

, which led to a 2D graph in which δh 

was plotted against δv [51]. It was found that good solvents must be included in the circle of a 

radius of five δ-units around the polymer [48, 51–53]. Therefore, PLA or PCL are soluble in 

water-THF mixture if the following condition is satisfied: 

    22
5 P,hM,hP,vM,v          (1) 

where indices M and P denote the solubility parameters of the water-THF mixture and polymer, 

respectively. The partial solubility parameters of the polymers (PLA and PCL), good solvent 

(THF) and pure solvent (water) used in this work are listed in Table 1.  

The solubility parameters of THF-water mixture can be determined by averaging the 

solubility parameter values of the individual liquids by volume [56]:   

 TFH,vTHFW,vWM,v           (2) 

TFH,pTHFW,pWM,p           (3) 

where Φ
W

 and Φ
THF

 are the volume fractions of water and THF in the solvent mixture. 

 

3. Experimental 
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Co-flow microfluidic mixer used in this work consisted of two coaxial glass capillaries: (i) 

an inner tapered-end round capillary (1.15 mm outer diameter and 650 µm inner diameter) and 

(ii) an outer square capillary (1.15 mm inner dimension). A two-component epoxy glue (Five 

Minute® Epoxy, ITW Devcon Ltd.) was used to fix the outer capillary onto a glass microscope 

slide that was used as a platform for the device. The inner capillary was pulled using a P-97 

Flaming/Brown micropipette puller (Sutter Instrument Co.) to produce a sharp tip with a small 

orifice. The inner diameter of the orifice was enlarged to 60 m by sliding the tip against 

abrasive paper. During this process, the tip was observed with a microforge (Narishige MF-830) 

microscope. The inner capillary was flushed with water to remove any glass debris and then 

inserted in the square capillary. The device was placed on the stage of an inverted microscope 

(XDS-3, GX Microscopes) (Fig. 2a), which was attached to a Phantom V9.0 high-speed camera 

(Vision Research, Ametek, US). Coaxial alignment of the two capillaries was ensured by 

measuring the distance from the edge of square capillary to the central axis of the round 

capillary. It was done by displaying live image from the camera on the computer‟s screen.  

Fig. 2(b) is a schematic view of the device, showing the inner capillary partially inserted 

into the square capillary. Two syringe needles with plastic hubs were attached to the capillaries 

to serve as liquid inlets. The needle hub with a single groove was used to deliver organic phase 

to the opening of the inner capillary. The needle hub with two grooves was used to deliver 

aqueous phase co-currently through the pockets between the two capillaries (Fig. 2c). The 

organic phase was 1 mg ml
-1

 (1000 ppm) solution of PCL or PLA in THF and the aqueous phase 

was Milli-Q water.  

The phase flow rates were controlled by two separate syringe pumps (Harvard Apparatus, 

model 11 Elite). The organic phase was delivered from a gas-tight syringe via a TFH-resistant 
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Teflon tubing (1.59 mm O.D. and 0.8 mm I.D.). Milli-Q water was delivered from another gas 

tight syringe via a polyethylene tubing (1.52 mm O.D. and 0.86 mm I.D.). The aqueous phase 

flow rate, Qaq, was constant at 5 ml h
-1

 and the organic phase flow rate, Qor, varied from 3.3 to 

0.5 ml h
-1

. Therefore, the throughput of the NPs was 0.5−3.3 mg h
-1

. 

The mixing process was recorded by the camera at 25 frames per second and 576  288 

resolution. The particle size distribution was measured by dynamic light scattering using Delsa
TM 

Nano HC particle analyzer (Beckman Coulter, Inc). Nanoparticle tracking analysis (NTA) was 

performed using a NanoSight LM20 (NanoSight, Amesbury, UK), equipped with a sample 

chamber with a 642-nm laser. The samples were injected in the sample chamber with sterile 

syringes (BD Discardit II, New Jersey, USA), and the measurement was performed at room 

temperature. The Transmission Electron Microscopy (TEM) measurements were carried out 

using a JEOL JEM-2000 FX transmission electron microscope operated at an accelerating 

voltage of 200 kV. The sample drop was deposited onto a carbon-coated copper mesh and left to 

dry before being observed. The mesh was coated by dipping it into a suspension of carbon 

particles in deionised water. 

 

4. Computational modelling 

The computational domain used for the simulations is shown in Fig. 3. The flow passage 

created by inserting a round capillary inside a square capillary is not entirely axisymmetric; 

hence a 3-D domain is required. By considering planes of symmetry, a quarter of the geometry 

along the axis was used in this numerical study. Sufficient channel lengths upstream and 

downstream of the nozzle have been selected to avoid inlet and outlet boundaries affecting the 

flow field and species distribution in the vicinity of the nozzle. The upstream and downstream 
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channel lengths from the nozzle for the computational domain were selected to be 2885 µm and 

3455 µm respectively. This selection was confirmed by a preliminary simulation with 50% 

longer channels and we found no effect on the dependent variables solved. 

The x-axis is perpendicular to the walls of the square capillary and equivalent to y-axis, 

due to coaxial alignment of the two capillaries. The x coordinate ranges from x = 0 at the 

capillary axes to x = r at the walls of the square capillary, where r = 576 μm according to Fig. 2. 

The z-axis is oriented in the direction of flow and coincides with the axes of the capillary. z = 0 

corresponds to the orifice outlet position.   

 

4.1 Governing equations 

The governing equations are the continuity and incompressible Navier-Stokes equations 

for laminar flow coupled with convection and diffusion equation for species transport. Here, we 

assume that the transient interfacial tension between the two miscible liquids used in this study is 

negligible due to similar viscosities and densities. The fluid flow equations were specified as 

follows:  

                
  

  
                (4) 

                  

                
  

  
                )( Tuu         (5) 

                                     

where u , p , I ,   and   denotes the velocity field, pressure, identity matrix, density and 

dynamic viscosity respectively.      

The density of THF-water mixture, expressed in g cm
-3

, was calculated using the 

following quadratic polynomial expression [57]: 
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cbyay  2                                       (6) 

where y  is the mass fraction of water in the mixture and 1025.0a , 2118.0b , and 

889.0c  are constants.   

The dynamic viscosity of THF-water mixture, in mPa s, was estimated at 293 K based on 

the work of [58]: 

   yyy 23                (7) 

where 4983.4 , 9205.1 , 0109.3 , 5591.0 . For pure THF ( 0y ), THF = 0.559 

mPa s. For pure water ( 1y ) water = 0.99 mPa s.  

The influence of mixture viscosity on the diffusion coefficient of the polymer was taken 

into account using Wilke-Chang equation [59, 60]: 

60

2

1

810 x 47
.

P

w

V

T)M(.
D





         (8) 

where D is the diffusion coefficient in cm
2
 s

-1
, Mw is the molecular weight of solvent, ζ is the 

association parameter introduced to define the effective molecular weight of the solvent (for non-

associated solvents  = 1 and for water  = 2.6), T is the absolute temperature,  is the dynamic 

viscosity of the mixture in mPa s, calculated from Eq. (7), and VP is the molar volume of the 

polymer at normal boiling point in cm
3
 mol

-1
. The diffusion coefficient was found to be equal to 

4.88 and 13.5  10
-7

 cm
2
 s

-1
 for PCL in pure water and pure THF, respectively and 2.24 and 6.20 

 10
-7

 cm
2
 s

-1
 for PLA in pure water and THF, respectively.  

The convection diffusion equation was solved using Transport of Concentrated Species 

interface available in Comsol Multiphysics
TM

. A mixture averaged diffusion model based on 
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multicomponent Maxwell-Stefan diffusivities was selected along with convection to solve for 

species transport: 

ii
i

t
ju 




)(

)(



        (9) 

where i  denotes the mass fraction of species i  and ij  denotes the relative mass flux vector 

expressed as 
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where T

iD  is the thermal diffusion coefficient of species i  and m

iD  is the mixture-averaged 

diffusion coefficient, given by: 
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where ikD  are the multicomponent Maxwell-Stefan diffusivities, kx  is the mole fraction, and 

iM  is the molar mass of component i . 

 

4.2 Boundary conditions 

The boundary conditions for the fluid flow were set as follows: (i) no slip boundary 

conditions were applied on the walls of both capillaries; (ii) at the inlets, flow velocities and 

mass fractions for each liquid were set according to the experimental flow rates. The flow was 

assumed to be fully developed at the orifice and a parabolic profile for the axial velocity, vz, was 

specified; (iii) at the outlet boundary, pressure was set to zero (the solution flows at the outlet of 

the co-flow device at atmospheric pressure); (iv) axial symmetry conditions were specified 

where surfaces were created in slicing the geometry. 
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4.3 Numerical method 

The problem was solved using finite element method to predict the flow fields of the 

organic phase and aqueous phase within the device. A model was developed using Laminar Flow 

model (for fluid flow) and Transport of Concentrated Species (for convection and diffusion) 

available in Comsol Multiphysics
TM

 5.0. The computational domain was discretised using 

2,282,636 tetrahedral mesh elements with a finer mesh closer to the nozzle region. The number 

of degrees of freedom (DOFs) solved was 2,586,882. Mesh independency of the solution was 

confirmed by performing computations with a finer mesh of 3,178,218 elements. The variations 

between solutions for above two meshes were found to be less than 1 % throughout the domain. 

All the flow rate ratios considered in this study were solved in one simulation using Parametric 

Sweep feature available under Study Extensions. The total computation time was approximately 

135 min on an Intel Core i7 64-bit 2.7 GHz processor.  

Following the simulations, the results were analysed by plotting the nanoprecipitation lines 

for both PCL and PLA at five different aqueous to organic phase flow rate ratios (Qaq/Qor = 1.5, 

3.0, 4.5, 7.0, and 10.0). The flow rate ratio between the organic phase and aqueous phase was 

varied using parametric continuation feature available in the package. 

 

5. Results and Discussion  

5.1 Bagley’s two-dimensional graph for solubility of polymers in THF-water solution 

Figs. 4 (a) and (b) are Bagley‟s two-dimensional solubility graphs for PCL and PLA, 

respectively in interaction with pure water, pure THF and water-THF mixtures. As expected, 

water is located far outside the solubility circle of PCL or PLA, in agreement with the fact that 
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water is a non-solvent for both polymers. The position of THF and PCL on the solubility graph 

in Fig. 4 (a) almost coincides (see also Table 1), indicating that THF and PCL have high affinity 

for each other and thus, THF is a good solvent for PLA. The THF-water mixtures are all situated 

on a straight line connecting two pure liquids, at a point corresponding in distance to the volume 

ratio of the liquids in the mixture. The higher the water content in the mixture, the greater the 

distance between the mixture and the polymer; hence lower the solubility of the polymer in that 

mixture. As shown in Fig. 4 (a), a 50/50 THF/water mixture is a poor solvent for PCL since it is 

located outside the solubility circle, but a solution having 92 vol% of THF and 8 vol% of water 

is a good solvent for PCL. The mixture containing 84 vol% of THF lies on the solubility circle, 

which means that nanoprecipitation of PCL starts when the water content in THF-water mixture 

reaches 16 vol% (or 18 wt%). Fig. 4 (b) shows that nanoprecipitation of PLA starts when the 

amount of water in THF-water mixture reaches 31 vol% or 34 wt%. The different positions of 

PCL and PLA on the solubility graph reflect the fact that the polarity of PLA is higher than that 

of PCL, as can be seen from corresponding δp values in Table 1. The polarity of PLA and PCL is 

due to their polar ester groups, but PCL is more hydrophobic than PLA because it contains a 

longer hydrocarbon chain on each side of the ester group (–(CH2)5– as compared to –CH(CH3)–).  

 

5.2 Numerical simulation of two phase co-flow 

The distribution of flow velocities and concentrations in a microfluidic mixer depends on 

geometry of the device, physical and thermodynamic properties of the ternary system (polymer-

water-THF), such as polymer solubility, diffusion coefficients, viscosity and density of the 

mixture, interfacial tension, and operating conditions (flow rates of the aqueous and organic 

phase and the flow rate ratio). In this work, the Korteweg stress contribution at the mixing region 
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separating the two fluids is not accounted for due to similar viscosities and densities of the fluids 

used. The contribution of Korteweg stress term is proportional to the viscosity contrast of the two 

miscible fluids; hence advection arising from this term is negligible for low viscosity ratios [61].   

 

5.2.1. Distribution of flow velocities in the co-flow microfluidic device 

Fig. 5 shows velocity magnitude at a constant aqueous phase flow rate of Qaq = 5 ml h
-1

 

and at five different organic phase flow rates, Qor (0.5, 3.0, 4.5, 7.0, and 10.0 ml h
-1

). The colour 

bar on the right side of the figure represents normalised velocity magnitude within the 

computational domain. The precipitation lines for PLA and PCL calculated from Bagley‟s 

solubility criteria are shown in the figure as solid red (PLA) and yellow (PCL) dashed lines, 

respectively. The polymers start to precipitate when they reach the respecting precipitation line 

during diffusion and convection in the radial direction.   

A flow space downstream of the nozzle can be divided into two distinct regions separated 

by the precipitation lines: an unsaturated region located between the two precipitation (cloud 

point) lines, where a polymer is fully soluble in the liquid phase due to high concentration of 

THF and a supersaturated region situated between the precipitation lines and the wall of the 

collection capillary, where the polymer is insoluble and forms nanoparticles. As can be seen in 

Fig. 5, the unsaturated region is narrower for PCL than PLA, because PCL is less soluble in 

water and starts precipitating at the higher THF concentration compared to PLA.  

The average velocity of the organic phase emerging from the nozzle is given by: 

)/(4 2

, NororN DQU  , where ND  is the inner diameter of the nozzle. For the conditions shown in 

Fig. 5, the average velocity of the organic phase in the nozzle ranged from 0.05 m s
-1

 at orQ = 0.5 

ml h
-1

 to 0.32 m s
-1

 at orQ = 3.3 ml h
-1

. The average velocity of the aqueous phase at nozzle is 
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given by: )]4/(/[ 22

, oaqaqN DaQU  , where oD  is the outer diameter of the nozzle and a  is 

the inner dimension of the square capillary. For the conditions shown in Fig. 5, the average 

velocity of the aqueous phase at the injection point, aqNU , 0.001 m s
-1

, is much lower than that 

of the organic phase, orNU , 0.05 m s
-1

. As a result of the large difference in velocity between 

the two streams, momentum is exchanged between the fluid streams until a steady-state parabolic 

velocity profile is established downstream of the nozzle. According to Fig. 5, the region where 

velocity exceeds 90% of the maximum velocity (represented by dark red colour) extends 

approximately 7 nozzle diameters downstream at orQ = 3.3 ml h
-1

, but is limited to 

approximately 2 nozzle diameters at orQ = 0.5 ml h
-1

. Also this high-velocity region changes its 

shape from an elongated ellipse at high orQ  values to a semi-sphere at low orQ  values. At the 

organic phase flow rates of 3.3 and 1.7 ml h
-1

, vortices are formed in the aqueous phase near the 

nozzle (Figs. 5 (a) and 5 (b)), due to the large difference in velocity between the organic and 

aqueous phase. It is possible that nanoparticles formed near the nozzle in these cases be trapped 

within vortices and forced into circular motion instead of being immediately swept away, which 

may lead to much longer residence time of these particles compared to the ones formed further 

downstream. As a result of non-uniform residence time of particles in the device, a broader 

particle size distribution can be expected for higher organic flow rates (Fig. 5(a) and 5(b)) 

compared to low organic flow rates shown in Fig. 5 (c) to 5 (e), where vortices are absent. 

At orQ  = 3.3 ml h
-1

 (Fig. 5 (a)), the unsaturated (solvent-rich) region is narrow near the 

nozzle and reaches a maximum thickness of ND28  downstream of the nozzle. This reflects the 

fact that the organic phase emerges from the nozzle at a relatively high velocity and a 

considerable distance is required for the velocities of the two phases to equilibrate. Once the 
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maximum thickness is established, the unsaturated region remains unchanged until the end of the 

computational domain. At this point, mixing occurs mainly by diffusion in radial direction, 

therefore the effect of mixing is not visible. The mean residence time of fluid elements 

downstream the nozzle is inversely proportional to the total flow rate ( aqor QQ  ). At orQ  = 0.5 

ml h
-1

 (Fig. 5e), a maximum thickness of the unsaturated region is  ND5  and the organic phase 

velocity is quickly reduced to the equilibrium value. Since the fluid elements have 50% longer 

mean residence time in Fig. 5 (e) than in Fig. 5 (a), the effect of mixing on the shape of the 

precipitation lines is clear and the unsaturated region is narrower at the end of the computational 

domain. It can be explained by the progressive replacement of organic phase by water through 

the interfacial area, leading to shrinkage of the unsaturated region. At a sufficiently long distance 

downstream of the nozzle, the two precipitation lines will join together at the central axis, which 

means that the supersaturated region will occupy the entire cross section of the collection 

capillary.  

Fig. 6 shows velocity profiles at a cross-section one nozzle diameter downstream of the 

nozzle for the five different flow rate ratios. As shown in Fig. 6 (a), the axial velocity ( zU ) for 

all flow rate ratios decreases from a maximum value at the central axis ( x =0) to zero at the wall 

(x=576) of the capillary. A maximum axial velocity of 0.44 m s
-1

 was found for the lowest flow 

rate ratio (FR=1.5) while a minimum axial velocity of 0.02 m s
-1

 is recorded for the highest flow 

rate ratio (FR=10). These velocities are lower than the maximum axial velocities computed at the 

nozzle (0.64 m s
-1

 for FR=1.5 and 0.1 m s
-1

 for FR=10) due to viscous dissipation over a distance 

of ND . For the given cross-section, precipitation of PLA or PCL starts 66 µm away from the 

central axis for FR=1.5 and the corresponding axial velocity is 0.037 m s
-1

. For FR=10, the 

polymer precipitation starts at 160 µm from the central axis, where zU   0.  
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Fig. 6 (b) shows profiles of radial velocity ( xU ) at a cross-section one nozzle diameter 

downstream of the nozzle. Negative values of xU represents velocity vectors directed away from 

the central axis (towards the wall). At x = 0, the radial velocity is zero for all the flow rate ratios, 

as no flow across the central axis is possible due to axisymmetric geometry. The radial velocity 

is negative near the central axis, reflecting the fact that the organic phase stream expands after 

injection from the nozzle. The highest negative radial velocity is observed at the highest organic 

phase flow rate. The radial velocity becomes positive farther away from the central axis, since 

the aqueous phase flows towards the interface. The maximum fluctuation of radial velocity is 

observed for FR=1.5 due to the vortices formed on either sides of the jet emerging from the 

nozzle. The radial velocity becomes zero at a distance between 50 and 150 µm from the central 

axis, depending on the flow rate ratio, which roughly corresponds to the position of the interface.  

Fig. 7 (a) shows axial velocity profiles ND12  downstream of the nozzle. At FR = 1.5, the 

axial velocity at the central axis is 0.018 m s
-1

, which is 5 times greater than the maximum 

velocity for fully developed laminar flow through a square duct given by: 

2

max, /)(1.2 aQQU oraqz   = 0.0036 m s
-1

. Thus, equilibrium velocity profile was not yet 

established ND12  downstream of the nozzle. Furthermore, due to vortices formed within the 

aqueous phase, the axial velocity is negative at x > 400 µm. For FR = 3, 4.5, 7 and 10, the axial 

velocity profile is parabolic with a maximum velocity at the central axis ranging from 0.0023 to 

0.0035 m s
-1

, which is close to max,zU  values for fully developed steady-state laminar flows 

(0.0024 and 0.0029 m s
-1

) calculated from the above equation. Fig. 7 (b) shows the radial 

velocity ND12  downstream of the nozzle. Negative values indicate that the flow is diverted away 

from the central axis. Further down the capillary, fluid flow is fully developed and the radial 
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velocity becomes zero. For FR values from 3 to 10, the absolute value of the radial velocities are 

less than 0.0005 m s
-1

, which indicates that fully developed velocity profiles are nearly 

established at 12 nozzle diameters downstream the nozzle. At FR = 1.5, the radial velocity 

exceeds 0.004 m s
-1

 at certain locations, indicating that hydrodynamic equilibrium is not yet 

established.  

 

5.2.2. Distribution of THF and polymer in the co-flow microfluidic device 

Fig. 8 shows distribution of mass fraction of THF at different flow rate ratios. The 

boundary between THF and water is very sharp near the nozzle, but becomes blurred farther 

downstream due to countercurrent mass transfer of THF and water across the interface. At FR = 

1.5, the organic phase flow rate is the highest leading to the thickest organic phase stream and 

consequently, the longest mixing length. The mixing time is proportional to the square of the 

width of the organic phase stream and inversely proportional to the diffusivity of THF (Karnik et 

al., 2008). At FR = 10, the organic phase stream is so narrow that the mass fraction of THF on 

the central axis is below 0.9 at the end of the computational domain. At FR = 10, the organic 

phase stream is initially very thin, but widens further downstream as a result of its deceleration 

caused by the interaction with a slow-moving aqueous phase.  

Fig. 9 shows profiles of mass fraction of THF at two different cross sections located at 

NDz   and Wz 5  (W = width of the square capillary). At NDz   (Fig. 9 (a)), the mass 

fraction of THF in the liquid is 0.99 all the way from the central axis to the interface and then 

suddenly drops down to zero reflecting the fact that the mixing process has barely begun. 

However, for FR of 1.5, the mass fraction of THF is not zero between the interface and the wall, 

due to retention of small amount of THF within the vortices. At Wz  5.5  (Fig. 9 (b)), the 
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concentration profiles show a gradual variation due to progression of the mixing. When the 

mixing process is complete, THF will be uniformly distributed over the whole cross section and 

the concentration profiles will become „flat‟ with a mass fraction of THF ranging from 0.37 at 

FR = 1.5 to 0.08 at FR = 10. According to Fig. 9 (b), the mass fraction of THF on the central axis 

is approximately 0.83, while the highest concentration was found at FR = 3. At FR = 1.5, mixing 

is enhanced by vortices formed and the concentration of THF is lower on the central axis than 

that at higher flow rate ratios. 

Fig. 10 shows distribution of PCL within the device at different flow rate ratios. Clearly, 

PCL and THF show similar distribution patterns as mass transfer of both species is governed by 

similar factors. The total flux of PCL is the sum of diffusive and convective fluxes arising from 

concentration gradient and bulk fluid motion, respectively. As shown in Table 2, the mass 

transfer of PCL from the organic phase to the aqueous phase is convection-dominated, since the 

convective flux is 13 orders of magnitude higher than the diffusive flux. A maximum radial 

convective flux of 0.115 kg m
-2

 s
-1

 was found for PCL at the nozzle for FR = 1.5. This is caused 

by vortices formed near the nozzle causing the radial velocity to reach a maximum (Figs. 5 and 

6). It is also evident that the convective flux is 34 orders of magnitudes higher near the nozzle 

than that at the end of the computational domain, as the radial velocity is much greater near the 

nozzle compared to any downstream location. The diffusive flux of PCL follows the same trend 

with the maximum diffusion rate near the nozzle, due to the largest concentration gradient, as 

shown in Fig. 9. 

 

5.2.3 Distribution of dynamic viscosities in the co-flow capillary device 

Fig. 11 shows the variation of dynamic viscosity within the domain at 25 
o
C. Before 

mixing the organic phase has a viscosity of 0.559 mPa s (or 5.59 mP), while pure water has a 
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viscosity of 1 mPa s. The viscosity of the mixture is higher than that of the feed streams and is 

given by equation (7). A maximum viscosity of 2.1 mPa s occurs at 42 wt% THF while the 

viscosity at the cloud point is 1.14 and 1.63 mPa s for PCL and PLA, respectively. At FR = 1.5, 

radial mass flux near the nozzle is relatively high due to the vortices formed and thus, the 

viscosity of the mixture is higher in the vicinity of the nozzle than that observed for other flow 

rate ratios.  

 

5.3 Experimental validation 

 The video recordings of the process captured at Qaq = 5 ml h
-1 

and Qor of 0.7 and 3.3 ml h
-1 

 

(Figs. 12 a & b) are in good agreement with the presented numerical simulations. At low Qor 

value, the interface is hemispherical and corresponds to the high velocity region shown in Fig. 5 

(d). Although the equilibrium interfacial tension between water and THF is zero, a temporary 

interface is clearly visible, formed due to sharp differences in density and composition when the 

two liquids are suddenly brought into contact. The formed nanoparticles can be seen in the 

aqueous phase near the interface. As expected, nanoparticles are not visible between the two 

cloud point lines due to high THF concentration in this region. Self-assembly of PCL into 

nanoparticles is almost instantaneous near the nozzle due to high gradients of concentration and 

high fluxes of PCL, which results in high concentration of nanoparticles in that region. The 

formation of vortex flow at high Qor value can be seen in Fig. 12 (b), as predicted in Fig. 5 (a). 

The interface has a widening shape due to decreasing velocity of the organic phase, as predicted 

in Fig. 8 (a). As a result of vortex flow, the nanoparticles formed near the nozzle and forced into 

circular motion, which leads to much longer and non-uniform residence time of these particles 

compared to the ones formed farther downstream. As a consequence, a broader particle size 
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distribution and larger mean particle size was observed at the higher organic flow rate, e.g. at the 

lower Qaq/Qor value (Fig. 13a). Furthermore, the particle size distribution was more uniform for 

microfluidic mixing (Figure 13a) than for bulk mixing (Figure 13b).   

 Fig. 12 (c) confirms the presence of monodisperse spherical nanoparticles with uniform 

size distribution at Qaq/Qor = 10.0 by tracking individual particles in liquid dispersions. The 

spherical shape of produced PLA and PCL nanoparticles is clearly visible in the TEM images 

shown in Figure 14.  

 

6. Conclusions 

It was demonstrated that a 3-D co-flow microfluidic device constructed by inserting a 

round capillary inside a square capillary is suitable for fabrication of biodegradable polymeric 

nanoparticles through anti-solvent nanoprecipitation. Using a two-dimensional h  vs. v  graph, 

precipitation of PCL and PLA was found to start when the water content in the organic phase 

reaches 16 and 31 vol%, respectively. The organic phase was injected at higher velocities than 

the aqueous phase to induce radial flow, which led to a significant increase in mass transfer but 

also in the formation of vortices near the nozzle at the flow rate ratio of 3 or lower.      

In general, mass transfer in microfluidic devices is dominated by diffusion. However, for 

the investigated geometry and operating conditions, it was found that the convective flux of PCL 

at the cloud point was 1-3 orders of magnitude higher than the diffusive flux in the radial 

direction. In addition, convective flux of the polymer was 3-4 orders of magnitudes higher near 

the nozzle compared to the downstream end of the computational domain, which reflects the fact 

that mixing predominantly occurs in the vicinity of the nozzle. The diffusive flux of the polymer 

followed the same trend with the maximum rate of molecular diffusion observed near the nozzle 

due to high concentration gradients. The experimental results are in good agreement with the 
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CFD simulation results showing hemispherical interface at low organic phase flow rate and 

widening jet at high organic phase flow rate. A broader particle size distribution with larger 

mean particle size was found at higher organic phase flow rate due to longer residence time of 

nanoparticles as a result of vortex flow.  
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Table 1. The partial solubility parameters (δd, δp, δh, and δv) of water, tetrahydrofuran (THF), 

polylactide (PLA), and poly-ɛ-caprolactone (PCL). 

 

Solubility parameters (J cm
-3

)
1/2

 Water 
a
 THF 

a
 PLA 

b
 PCL 

c
 

δd 12.28 16.77 17.62 17.00 

δp 31.30 5.71 9.70 4.80 

δh 34.17 7.96 11.77 8.30 

δv 33.62 17.72 20.11 17.66 

 
a
 The partial solubility parameters of the solvents taken from Jain [54].  

b
 The partial solubility parameters of PLA calculated based on the classical method for 

Hansen solubility parameters [55]. 

c
 The partial solubility parameters of PCL calculated based on the classical method for 

Hansen solubility parameters [47]. 

δ solubility parameter, subscripts d, contribution of the dispersion forces; p, polar 

contribution; h, hydrogen bonding contribution; v, dispersion and polar contribution.  

 

Table 1



Table 2. The radial component of diffusive and convective fluxes of PCL on the cloud line 

just after the nozzle (z  0) and at the end of the computational domain (z = zmax) for two 

different flow rate ratios (FR=1.5 and 10). 

 

FR 
Diffusive mass flux of PCL  /  kg m

-2
 s

-1
 

Convective mass flux of PCL  /  kg m
-2

 

s
-1

 

z = 0 z = zmax z = 0 z = zmax 

1.5 37 × 10
-5

 0.27 × 10
-5

 11500 × 10
-5

 37 × 10
-5

 

10 25 × 10
-5

 0.047 × 10
-5

 1800 × 10
-5

 0.11 × 10
-5
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Fig. 1. Schematic diagram of the top and cross-sectional view of planar (2D) and 

axisymmetric (3D) co-flow device (- - - = cross-sectional line). 
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Fig. 2. Geometry of the glass capillary device modelled in this work: (a) A photograph of the 

experimental equipment; (b) A schematic top view showing coaxial assembly of glass capillaries 

glued onto a microscope slide. The magnified image is a tapered section of the inner capillary 

with 60 m diameter orifice; (c) A schematic cross-sectional view showing round inner capillary 

and square outer capillary. All dimensions are in μm. 
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Fig. 3. The model  geometry (3-D) of the co-flow microfluidic device. 
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Fig. 4. Bagley’s two-dimensional graphs of partial solubility parameters for pure THF, water, 

and various water-THF mixtures with respect to: (a) PCL; (b) PLA. The solubility circle 

shown by the red dotted line (
…

) has a radius of 5  -units and the coordinates of its centre 

are 6617.v   and 804.p   for PCL and 1120.v   and 709.p   for PLA. Liquids 

outside the solubility circle are non-solvents.  




40


h

(J
 c

m
-3

)1
/2

35

30

25

20

15

10

5

0
0 5 10 15 20 25 30 35 40

v=(δp
2+δd

2)1/2 (J cm-3)1/2

THF
water
PCL

92vol%THF+8vol%water

84vol%THF+16vol%water



 50vol%THF+50vol%water

Non-solvents for PCL

Solvents 

for PCL



40


h

(J
 c

m
-3

)1
/2

35

30

25

20

15

10

5

0
0 5 10 15 20 25 30 35 40

v=(δp
2+δd

2)1/2 (J cm-3)1/2







Non-solvents for PLA



THF
water
PLA

92vol%THF+8vol%water

84vol%THF+16vol%water

 50vol%THF+50vol%water



 69vol%THF+31vol%water

Solvents 

for PLA

(a) 

(b) 

Figure 4



 

Fig. 5. The distribution of velocity magnitudes at: (a) Qaq/Qor = 1.5, Qaq = 5.0 ml h
-1

, Qor = 

3.3 ml h
-1

; (b) Qaq/Qor = 3, Qaq = 5.0 ml h
-1

, Qor = 1.7 ml h
-1

; (c) Qaq/Qor = 4.5, Qaq = 5.0 ml h
-

1
, Qor = 1.1 ml h

-1
; (d) Qaq/Qor = 7, Qaq = 5.0 ml h

-1
, Qor = 0.7 ml h

-1
; (e) Qaq/Qor = 10, Qaq = 

5.0 ml h
-1

, Qor = 0.5 ml h
-1

. Surface: normalised velocity magnitude. Black contours: stream 

lines. Solid red lines and yellow dashed lines are the cloud point lines for PLA and PCL, 

respectively. Vertical green lines in (a) are sections considered in Figures 6 and 7.  
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Fig. 6. (a) Axial velocity profiles and (b) radial (along x-axis) velocity profiles at one nozzle 

diameter downstream of the nozzle for five different flow rate ratios, FR, of the aqueous to 

organic phase. 
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Fig. 7. (a) Axial velocity profiles (along z-axis) and (b) radial velocity profiles (along x-axis) 

at 12 nozzle diameters downstream the nozzle for five different flow rate ratios (FR). 
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Figure 8. Distribution of mass fraction of THF at: (a) Qaq/Qor = 1.5, Qaq = 5.0 ml h

-1
, Qor = 3.3 

ml h
-1

; (b) Qaq/Qor = 3, Qaq = 5.0 ml h
-1

, Qor = 1.7 ml h
-1

; (c) Qaq/Qor = 4.5, Qaq = 5.0 ml h
-1

, Qor 

= 1.1 ml h
-1

; (d) Qaq/Qor = 7, Qaq = 5.0 ml h
-1

, Qor = 0.7 ml h
-1

; (e) Qaq/Qor = 10, Qaq = 5.0 ml h
-1

, 

Qor = 0.5 ml h
-1

. Contours: Mass fractions of THF at 0.1 increment (0.1, 0.2, …., 0.9). Vertical 

green line is a section considered in Figure 9 (a).  
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Fig. 9. Profiles of mass fraction of THF for various flow rate ratios (FR) at a cross section 

located: (a) DN downstream from the nozzle; (b) 5.5W downstream from the nozzle (DN = 

internal diameter of the nozzle, W = width of the square capillary, and FR = Qaq/Qor).  
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Fig. 10. Distribution of mass fraction of PCL at: (a) Qaq/Qor = 1.5, Qaq = 5.0 ml h
-1

, Qor = 3.3 

ml h
-1

; (b) Qaq/Qor = 3, Qaq = 5.0 ml h
-1

, Qor = 1.7 ml h
-1

; (c) Qaq/Qor = 4.5, Qaq = 5.0 ml h
-1

, 

Qor = 1.1 ml h
-1

; (d) Qaq/Qor = 7, Qaq = 5.0 ml h
-1

, Qor = 0.7 ml h
-1

; (e) Qaq/Qor = 10, Qaq = 5.0 

ml h
-1

, Qor = 0.5 ml h
-1

. Black lines: precipitation (cloud point) lines for PCL.  
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Fig. 11. Surface and contours of dynamic viscosity (in milipoise) at: (a) Qaq/Qor = 1.5, Qaq = 

5.0 ml h
-1

, Qor = 3.3 ml h
-1

; (b) Qaq/Qor = 3, Qaq = 5.0 ml h
-1

, Qor = 1.7 ml h
-1

; (c) Qaq/Qor = 

4.5, Qaq = 5.0 ml h
-1

, Qor = 1.1 ml h
-1

; (d) Qaq/Qor = 7, Qaq = 5.0 ml h
-1

, Qor = 0.7 ml h
-1

; (e) 

Qaq/Qor = 10, Qaq = 5.0 ml h
-1

, Qor = 0.5 ml h
-1

. 
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Fig.12. The flow patterns observed in the micromixer at different aqueous to organic phase 

volume ratios, Qaq/Qor: (a) 7.0; (b) 1.5 and (c) size distribution from NTA measurement of 

mixtures of monodisperse PCL nanoparticles with the corresponding video frame at Qaq/Qor = 

10.0. The internal diameter of the nozzle was 60 m.      
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Fig. 13. Particle size distributions of PCL particles prepared at various flow rate ratios by two 

different mixing strategies: (a) rapid mixing in co-flow device and (b) bulk mixing. Each 

measurement was repeated for three times. The internal diameter of the nozzle was 60 m.    
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Fig. 14. TEM images of nanoparticles composed of: (a) PCL; (b) PLA. 
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