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We present a sheath flow-driven multiple micro-mixer for biological, pharmacological,
and biochemical analyses. The glass capillary-based multiple micro-mixer was designed,
fabricated, and tested to improve molecular diffusion. Rhodamine B solution (2.0 mol/m®),
Brilliant blue solution (2.0 mol/m?), and deionized water (0 mol/m® were infused into
inlets. The experimental results were identical to those obtained from the simulations in
that deionized water as a sheath flow could control the transport of Rhodamine B and
Brilliant blue by diffusion, resulting in an improvement in the multiple micro-mixing at
the nano scale.
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1. Introduction

Mixing is performed at the microscale to transport molecules through at least two different
phases of liquids, solids, or gases. Micro-mixing is an essential function that is required to
effectively control micro- or nano-liter fluids for biological, pharmacological, and biochemical
analysis due to the ability to provide a (1) very small mixing volume, (2) fast reaction time, and (3)
homogenous mixing [1, 2].

Micro-mixing can be incorporated with microfluidic devices that provide a significant
increase in performance for mixing. Microfluidics are defined as methods to manipulate fluid
flows in the micro-sized length scale and their applicability has expanded to various areas in drug
chemistry, biology, physics, and biomedical engineering [3-5]. This favorable attention toward
microfluidics is a result of their (1) portability to conduct point-of-care diagnosis, (2) low
fabrication cost for devices, (3) rapid development of biological manipulation devices on the scale
of cells, (4) very small reagent consumption, and (5) quick integration of different microfluidic
devices for multiple functionalities [3, 6].

Micro-mixing can be mainly categorized as active and passive mixing depending on the
application of external forces. Active micro-mixing provides fast and homogenized mixing using
electrokinetic-displaced stirring, acoustic-driven shaking, electrical field-based time-pulsing flow,
and electrowetting-based oscillation [7-9]. In contrast, passive mixing does not require the use of
any external forces but can nevertheless provide a homogeneous mixing through the use of
specially-designed configurations. The key principle of passive micro-mixing is to increase the
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contact area and time between fluids using microfluidic techniques, such as twisted channels,
embedded channels, zigzag channels, lamination, a three-dimensional serpentine structure, and
surface chemistry technology [6, 7, 10]. When compared to active micro-mixing, passive micro-
mixing has advantages in that it provides for cost-effective, simple fabrication of disposable
platforms since it requires no additional devices to provide external force or to input energy.

In this study, a very simple and effective passive micro-mixer was introduced to conduct
sheath flow-driven multiple micro-mixing to enhance molecular diffusion. A glass capillary-based
microfluidic mixer could generate truly three-dimensional co-axial flows that enhance the efficacy
of micro-mixing relative to two-dimensional microfluidic devices [11]. A computer-aided
microfluidic simulation was performed to estimate the mixing performance of the micro-mixer as
well as its chemical stability, and the precise control of multiple diffusion was demonstrated as a
function of the sheath flow rate, and the results were visualized using two different dyes in water.

2. Experimental
2.1 Materials

A three-dimensional sheath flow-driven multiple micro-mixer was investigated using two
dyes — Rhodamine B (MW = 479.01 g/mol; Sigma Aldrich, MO, USA) and Brilliant Blue G-250
(MW = 854.02 g/mol; Sigma Aldrich, MO, USA) — to visualize the micro-mixing process. 20.0 mg
of Rhodamine B (RB) were mixed with 20 ml of deionized (DI) water to prepare Rhodamine B
(RB) solution at a 2.0 mol/m® concentration. For the 2.0 mol/m® concentration of Brilliant Blue G-
250 (BB) solution, 34.2 mg of Brilliant Blue G-250 were dissolved in 20 ml of deionized water.
The two solutions were then filtered.

2.2 Design optimization of the micro-mixer

Fig. 1 shows a schematic of the sheath flow-driven multiple micro-mixer. We used the
Comsol Multiphysics software to optimize the design and study the parameters prior to fabricating
the micro-mixer. The simplified two-dimensional geometry of the multiple micro-mixer was
modeled to conduct a finite-element-based analysis. The finite-element model consisted of three
inlets and one outlet that used a glass capillary, as shown in Fig 1. For the microfluidic flow, two
core inlet flows were generated by using RB and BB solutions infused by syringe pumps while the
sheath flow with DI water was introduced into one large inlet.

Brilliant Blue
G-250 solution

Rhodamine B
solution

Fig. 1. (a) Schematic of the sheath flow-driven multiple micro-mixer (ID = 100 gm).

The multiple micro-mixing was analyzed by formulating a mathematical coupling of the
fluid velocity field between the laminar flow model and the transport model of the diluted species.
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The conservation of momentum and mass for the incompressible and laminar flow analyses were
represented using Navier-Stokes and continuity equations, respectively, as follows.

pZ+u-Vu= —Vp+ pv?u+F (1)
L4V (pu)=0 )

where p is the density (kg/m®), u is the velocity (m/s), p is the pressure (Pa), p is the dynamic
viscosity (Pa-s), and F is the volume force (N/m®). Equations (1) and (2) were solved with the inlet
boundary conditions (RB flow rate =500 ul/h; BB flow rate = 500 ul/h; DI water flow rate = 500 —
6,000 pl/h) and zero pressure at the outlet. The no-slip condition was applied on the wall, and the
viscosities of the RB solution, BB solution, and DI water were considered to be equivalent.

The transport of diluted RB and BB via diffusion was studied using the chemical mass
balance equation, accounting for diffusive interactions between the diluted species and the solvent
(i.e., DI water):

V:(~=DVc)+ u-Vc=R 3)

where ¢ denotes the concentration of the diluted species (mol/m®), D is the diffusion coefficient
(m?/s), u is the velocity vector (m/s), and R indicates the reaction rate for species [mol/(m®s)]. The
diffusion equation (3) was solved with the inlet boundary conditions (RB concentration = 2.0
mol/m?; BB concentration = 2.0 mol/m*; DI water concentration = 0 mol/m®). The symmetry wall
was assumed to be insulated, and the diffusion coefficients of RB and BB into water were 3.6 x 10
% and 2.8 x 10° m?s, respectively [12, 13]. A physics-controlled mesh was optimally generated
for the micro-mixing geometry to solve the coupled laminar flow and chemical transport model.
The solutions were then properly post-processed to visualize the controlled multiple micro-mixing
by diffusion.

2.3 Fabrication of co-axial multiple micro-mixer

The optimally-designed sheath flow-driven microfluidic device was fabricated with three
inlets (RB, BB, and DI water) and one outlet. Fig. 1 shows two small inlets for RB and BB
solutions made by bending 100-um-ID glass capillaries (World Precision Instruments, Inc., FL,
USA). Here, the 100-um-ID glass capillaries were manually drawn (from ID = 580 um down to ID
=100 pm) under a thermal process, and two small inlets were inserted into the main glass capillary
(ID = 1,000 um) to generate a three-dimensional co-axial flow. The other inlet was prepared for DI
water by using a pipette tip (10 — 100 pl) that was vertically aligned to the connection with the
main glass capillary. Three glass capillaries and one pipette tip were permanently fixed on a slide
glass (25 x 75 mm) using epoxy resin, and all the three inlets were connected to syringe pumps
(Genie Touch, Kent Scientific, Inc., CT, USA) to provide a constant infusion. Three glass syringes
(RB=3 ml, BB=3 ml, and DI water=5 ml) were then installed in the syringe pumps.

2.4 Experiment of co-axial multiple micro-mixing

The multiple micro-mixer that was fabricated tested by varying the flow rates of the DI
water as sheath flow. The DI water was perfused into the main channel at flow rates ranging from
500 to 6,000 pl/h while the RB and BB solutions were introduced into the micro-mixer at a
constant flow rate of 500 pl/h. The temperature of the experimental environment was maintained
at 21 = 1.0 °C to eliminate the effect of the temperature variation on the diffusion. The multiple
micro-mixing of RB, BB, and DI water were observed under an inverted optical microscope
(Olympus, Tokyo, Japan).
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3. Results and discussion

A finite element-aided simulation was used to design a sheath flow-driven multiple micro-
mixer. Three different fluids (RB solution, BB solution, and DI water) were introduced into the
micro-mixer through their respective inlets, and then the fluids were united in the main channel.
The simulated model could maintain stable laminar streams at the inlets without any initial mixing,
and therefore, DI water with zero molecular concentration stayed in its own stream while the RB
and BB molecules with a 2.0 mol/m® molecular concentration could be transported via diffusion.

Fig. 2 describes the effect of the sheath flow of DI water in terms of the improvement in
molecular diffusion. Figs. 2(a) to (d) show a simulated concentration distribution of RB and BB
solutions by changing the sheath flow rates from 500 pl/h to 6,000 pl/h at constant flow rates of
RB and BB (500 pl/h). In Fig. 2(c), as the sheath flow rate decreased below 4,000 pl/h, a three
dimensional co-axial defocusing flow was generated. The defocusing flows that were generated
were laterally propagated along the flow direction. In contrast, in Fig. 2(d), as the sheath flow rate
increased above 4,000 pl/h, the focusing flow was apparently developed, resulting in no significant
internal or external diffusions. Interestingly, the sheath flow could control the performance of the
multiple mixing as well as the flow stability at the micro scale.

2
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0

Fig. 2. Surface concentration distributions of Rhodamine B (RB; 2.0 mol/m®) and Brilliant

blue (BB; 2.0 mol/m®) according to the sheath flow rates. The flow rates of the RB and BB

solutions were constant at 500 g/h. RB and BB concentration distributions at sheath flow
rates of (a) 500 l/h, (b) 2,000 g/h, (c) 4,000 w/h, and (d) 6,000 wl/h, respectively.
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Fig. 3 describes the cross-sectional concentration profiles for RB and BB along the flow
direction. The co-axial defocusing flow caused by the sheath flow accelerated the net flux of
molecules, resulting in a concentration gradient along the flow direction [Fig. 3(b)]. The
concentration gradient was inversely proportional to the sheath flow rate, and different molecular
diffusion coefficients between RB and BB caused an asymmetric distribution in the concentration.
The higher BB diffusion coefficient indicated a greater transport of molecules than the lower RB
diffusion coefficient.
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Fig. 3. Characterization of the molecular diffusion of RB and BB solutions as a function of

the sheath flow rate. The cross-sectional concentration profiles of RB and BB solutions

according to a distance of 0 zm, 1,000 zm, 2,000 zm, 3,000 zm, and 4,000 zm from the

inlet at a sheath flow rate of (a) 500 wl/h, (b) 2,000 l/h, (c) 4,000 zd/h, and (d) 6,000 wl/h,
respectively.

In Fig. 4, the sheath flow-driven multiple micro-mixer was fabricated and tested. DI water
could be located as the sheath flow in the shell region of the co-axial flow while both the RB and
BB flows were placed in the core region. By controlling the sheath flow rate from 500 pl/h to
6,000 pl/h, the transition between flow focusing and defocusing was observed as was predicted by
the computer-aided simulation.
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Fig. 4. Experimental images of the molecular diffusion enhanced by the sheath flow-driven

effect. A defocusing flow was generated below a sheath flow rate of 4,000 g/h, showing an

improvement in molecular diffusion. Above a sheath flow rate of 4,000 ¢d/h, the sheath
flow caused a focusing flow, resulting in less molecule transport through diffusion.

Multiple micro-mixing of the RB solution, BB solution, and DI water were characterized
according to the controllable sheath flow rate. The red and blue areas indicate the RB and BB
streams with different diffusion coefficients of 3.6 x 10" and 2.8 x 10° m?/s, respectively. The
boundary profile between the two streams represents the degree of diffusion, and a critical
situation was observed at a sheath flow rate of 4,000 ul/h. Below the critical sheath flow rate, the
lateral profile was biased towards the RB area, and the width of the lateral bias was inversely
proportional to the sheath flow rate. However, no bias was observed above 4,000 ul/h. The above-
mentioned experimental results therefore indicate that the sheath flow could be closely correlated
to the diffusive transport of different molecules for multiple micro-mixing.

4. Conclusion

A sheath flow-driven multiple micro-mixer was successfully designed, fabricated, and
tested. A computer-aided simulation was performed in order to predict the performance of the
micro-mixer, and the micro-mixer was then fabricated using micro glass capillaries. The micro-
mixer was tested using an RB solution, BB solution, and DI water to visualize the molecular
diffusion, and the results of the experiment are identical to those obtained from simulations to
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show that the sheath flow could control and improve molecular diffusion for the multiple micro-
mixing. The proposed sheath flow-driven multiple micro-mixer can be a promising tool for use
with biological, pharmacological, and biochemical analyses with Lab-On-Chip devices and micro
Total Analysis Systems.
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