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Abstract 
 

Cryoprotective agents (CPAs) are used during cryopreservation of cells in order to 

protect them from freezing injuries and increase the viability post thaw. Dimethyl 

sulphoxide (DMSO) is the most commonly used and in this investigation we aim to 

understand the feasibility of using a two stream microfluidic device to introduce a 10% 

(v/v) solution of DMSO into a cell suspension. DMSO will change the  osmolarity of the 

solution and if preservation solutions containing DMSO are not added appropriately, cells 

may respond adversely.  We have developed a microfluidic device that can be used to add 

cryopreservation solutions in a gradual fashion and avoid cell damage.  

   

The two-stream microfluidic channel is operated in two different flow configurations, one 

with a DMSO rich heavy donor stream on the top of the cell stream and the other with the 

vice-versa arrangement, for a range of Reynolds numbers (0.7 < Re < 10) The effects of 

different initial donor stream concentrations (1% - 15%) and flow rate fractions (0.23 – 

0.77), on the transport of CPA molecules from one stream to another, is experimentally 

modeled for these configurations.  For the former flow configuration, convective motion 

is produced (along the depth of channel) due to the influence of gravity resulting in high 

outlet cell stream concentrations even for very low residence times within the channel. 

This behavior is directly contrasting to the observations in the alternate configuration 

where-in mass transport is dominated by diffusion.  

 

 Prior research on laminar flows in micro channels typically neglect effects of gravity and 

even if accounted, assumes the lack of other significant physical effects of viscosity or 

diffusion. The extent of mixing of two miscible fluids of different densities (DMSO and 

PBS) is characterized using Atwood number (At) as a modeling parameter. We have 

determined a range of  At (1.5x10
-3

 < At < 3x10
-3

) where in transition occurs from 

gravity driven advection to molecular diffusion based mixing in the  channel, for low 

residence times in the channel (Re > 2) and the highest effectiveness of mixing for a flow 

rate fraction of 
qf = 0.77.  

 

The ability to recover cells flowing through the device is critical so we monitored cell 

recovery and cell motion for specific  operating conditions of Pe = 2000, 4000, an initial 

donor stream concentration of 15% (v/v) and a flow rate fraction 
qf = 0.5. It was 

determined from the study that the effects of gravity is very important and needs to be 

accounted in both the flow configurations in the channel. It has been found that it is most 

beneficial to operate the device at flow conditions when equilibrium DMSO 
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concentration is achieved at the outlet of the device.  This equilibrium is attained for a 

faster cell stream processing rate in the flow configuration with the heavier donor stream 

on the top, keeping all other operating conditions to be exactly the same. The recovery of 

the cells from the device has been found out to be appreciably high for the tested 

operating conditions mentioned above, if both the streams are collected at the outlet. 
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Chapter 1 

Introduction: Background, objectives and overview 

1.1 Background: Cryopreservation of cells and its significance 

 

Biological cells are used for fundamental studies of physiological and pathological 

functions and for diagnostic, therapeutic, and epidemiologic purposes.  These cells need 

to be preserved and stored so that they can be used, whenever needed, for a variety of 

applications in medicine and biotechnology. Typically, cells are cryopreserved despite 

popular debates owing to the toxicity of  certain cryoprotective agents[1-3]. Due to 

freezing during cryopreservation, biochemical reactions that occur in the cells are 

drastically reduced. As the cell membrane in cells are effectively semi-permeable,  i.e. 

impermeable to many solutes but permeable to water, with freezing, the extracellular 

solution effectively starts to become more and more concentrated and water therefore 

leaves the cell until the gradient in chemical potential is neutralized to restore osmotic 

equilibrium. This movement of water molecules in addition to the ice crystal formation 

within the cells during freezing results in cell injuries, the minimization of which is an 

area of active research.  Effective methods of preserving cells typically require the use of 

cryoprotective agents (CPAs), molecules that act to protect cells from the stresses of 

freezing and thawing [4] .The most commonly used is  dimethyl sulphoxide (DMSO), a 

penetrating cryoprotective agent (CPA) that reduces ice formation in the cells by 

dehydrating the cell before freezing [5]. Cells respond to this change in environment with 

rapid changes in cell volume as water leaves the cell followed by penetration of the CPA.  

These volumetric excursions, if significant enough, can result in cell lysis. Conventional 

protocols for addition of CPAs into cell suspensions typically involve the use of step-

wise introduction or syringe pumps  designed to gradually increase the extracellular 

concentration and thereby minimize volumetric excursions and cell losses. Cell losses 

due to osmotic stresses can be observed both during introduction and removal of 

cryopreservation solution.   A study of the effects of CPA osmolality on sperm motility 

has been studied and the importance of optimal procedures for introduction and removal 
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of CPA into cells has been stressed by Guthrie in [6].  The target concentration of DMSO 

that needs to be introduced varies depending on the cell types, although most standard 

protocols suggest introducing 10% (v/v) DMSO[3]. Recent studies have shown the 

success of using different combinations and concentrations of CPAs for cryopreservation 

of cells such as Clapisson, who uses a mixture of  3% HES (hydroxyl ethyl starch) and 

5% DMSO for cryopreservation of peripheral blood stem cells (PBSC) [7] For the sake of 

this project, we set our target to introduce 10% DMSO in a cell suspension using a two-

stream microfluidic channel that was developed by Fleming, Mata, et. al [8, 9] 

1.2 Two stream microfluidic channel: Review and results from prior   

work 

The applications of microfluidic devices are widespread, especially in the medical device, 

industry, and are reviewed in detail by Beebe et. al [10] . Some of the established and 

well-known advantages of using micro-scale devices are the following: 

 

• Flexibility to processing small volumes of fluids 

• Low volume of manufacturing materials resulting in reduced costs. 

• Portability and easy integration of parts for automated control.  

 

Also, the physical phenomena that dominate at the microscale are very different from 

what would otherwise be observed for larger dimensions. We observe laminar flow 

patterns due to small sizes of the channel and an order of magnitude increase of surface 

area to volume ratio when going from macro to micro scale and hence heightened surface 

effects of viscosity and adhesion. It is hence challenging to explore new avenues of the 

governing physics to effectively control fluid and cell motion in a micro-channel.. 

 

Recently, we demonstrated the ability to use microfluidic channels for the effective 

removal of DMSO from a cell stream [8, 9, 11]. These studies demonstrated that Peclet 

number and flow rate fraction are   critical modeling/design factors in the removal of 

DMSO from a cell stream. These studies demonstrated our ability to characterize 

mathematically the transport of CPAs out of the cell stream and this behavior was 

validated experimentally [8, 9]. We also demonstrated our ability to control, characterize 
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and visualize cell motion in the channel [9]. Fleming’s dissertation addresses, in 

extensive detail, the following aspects and applications of the designed microfluidic 

channel: 

1.  Predictive numerical and computational models to determine the transfer of DMSO 

between the two streams in the channel, particularly focusing on extracting DMSO 

from the cell stream into a wash stream. Specifically, her models incorporate both 

intracellular and extracellular diffusion that takes place in the cell stream 

2. Experimental validation for the diffusion-based removal model for various flow 

conditions in the channel. [8, 9] 

3.  Theoretical models and experimental data for optimization of the design of the 

device in order to process clinical-scale volumes. [12] 

 

Although, the diffusion model in [8, 9] has been generally extended to understand the use 

of the device for introducing DMSO into the cell stream, the study is only preliminary 

and full - fledged experimental validation/characterization for various flow and operating 

conditions has not been done.  Based on the model results for introduction of DMSO, 

using the microfluidic device, two vital issues can be identified: 

1. To achieve the target 10% DMSO concentration at the outlet for the cell stream, in   the 

regular set up of having the heavier and richer donor stream flowing in the bottom  of the 

channel, we require high initial donor stream concentrations ( > 15%) if we are looking to 

process clinical scale volumes ( ~ 1 – 2.5 ml/min) in the designed channel. Such large 

donor stream concentrations are detrimental to the recovery of the cells [5] as well as 

reliable device behavior.  

2. Also, the effect of gravity has been neglected in Fleming’s [13] numerical and 

experimental removal models. For the purpose of introduction of DMSO, since the CPA 

molecules and the cells are in different streams, resulting in significant density contrasts 

(7x10
-4

 < At <7x10
-3

), it becomes imperative to incorporate the effects of gravity in 

understanding flow behavior and cell motion in the device.  

1.3 Objectives and Significance 

In this dissertation, it is intended to investigate the transfer of DMSO, from a donor 

stream that is rich in CPA concentration to a cell suspension, using the two-stream 

microfluidic device for two different flow configurations of the fluids within the device.  
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One configuration has the heavier donor stream in the bottom and the cell stream on the 

top and vice-versa for the alternate configuration.  Due to the differences in densities of 

the fluids in the channel, the role of gravity in mass transfer and cell motion cannot be 

undermined.  Consequently, another significant objective of my work is to understand the 

influence of gravity in mixing two miscible fluids of varying densities in a micro channel, 

with an externally imposed bulk flow in the transverse direction owing to the driving 

pressure gradient. It is intended to test if gravity can be used as an added 

potential/driving field to produce effective mass transfer of CPA molecules from the 

donor to the cell stream.  

A variety of methods have been used to introduce chemicals into a stream or mix two or 

more streams of different compositions using microfluidic devices. These methods 

include passive methods such as simple diffusion [14] or micromixing using obstructions 

[15]  and active methods such as mixers driven by electrosomotic flows [16], that takes 

advantage of electric field fluctuations to produce mixing ; acoustic attenuation induced 

body forces used by J.C. Rife et. al  in [17] ;  thermal  effects [18]; magnetic [19]and  

centrifugal forces to produce high  speed micromixing [20]. Excellent reviews of the 

main issues associated with mixing at the microscale and diverse methods to cause 

mixing are provided by Julio M. Ottino and Stephen Wiggins [21] and Elmabruk A. 

Mansur, YE Mingxing et. all [22].   All applications studied to date have either used 

dilute systems (e.g. the concentration of solute to be mixed is low)  and the different 

stream exhibited largely the same density. In contrast, Yoshiko Yamaguchi et. al [23] 

have studied the effects of gravity in a micro channel using numerical simulations and 

confocal microscopy of blood serum with a phosphate buffer solution. They use the 

interface tilt angle as a rough estimate of flow behavior in the system and establish its 

dependence on a dimensionless parameter, which is a function of density difference, 

average velocity, viscosity and geometry of the channel, assuming negligible diffusion 

effects. The novelty of this work is reflected in the fact that the effects of buoyancy and 

the physics of interactions of two miscible fluids of varying densities in a micro-channel, 

with a superimposed velocity perpendicular to the force of gravity, has not been 

understood and modeled so far.  
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Rayleigh-Taylor instabilities [24] can develop when a dense fluid overlies a lighter one.  

The stability of such an interface between two superposed fluids of different densities 

was studied by Rayleigh and Taylor [25] and further numerical analysis was done by 

Chandrasekhar[26]. Figure 1.1 shows the characteristic shape of R-T mixing of two 

miscible fluids (cold and warm water) in a water tunnel experiment, captured by planar 

laser induced fluorescence imaging, for a small Atwood number of 7.4 *10
-4

.  According 

to [27], the spikes of the heavy fluid and light bubble penetrate symmetrically at the 

density interface for small Atwood number scenarios. This is  relevant to  us as our 

experiments in the  channel fall in the category of At << 0.1. Gravity currents and flows 

driven by buoyant convection are important especially in relation to large physical 

systems such as, mixing of salt and fresh water in oceans, heat transfer from the ground 

to the atmosphere, etc. Quantitative numerical models of fluid motion have been 

developed typically for a vertical geometry where in flow direction is parallel to that of 

forces due to gravity,  such as plumes,  capillary tubes [28]. Also, these processes have 

been modeled for unconfined geometries [29], where in physical mechanisms  of 

viscosity and/or diffusivity, depending upon the configuration, have been neglected. In all 

of these problems, pertinent dimensionless constants such as the  Rayleigh number  [30], 

Graschof number [31], etc. serve as yardsticks to compare the relative significance of  

free convection due to buoyancy over any other forces that my act in the system. For 

instance, the importance of Atwood number (At)  in determining different flow regimes  

and an analysis of buoyancy driven front dynamics in tilted tubes has been presented  by 

Seon and his group [32]. They discuss the effectiveness of mixing in such flows 

depending on the viscosity of the fluids, Atwood number and the geometric configuration 

of the tube.  
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1
 

Figure 1.1 Shape of R-T mixing for small Atwood numbers 

In this work, we attempt to characterize dimensionless quantities such as  Atwood 

number (At) and Rayleigh number  (Ra), to classify the nature of flow and the 

effectiveness of mixing, insofar as possible by using a solution of  PBS (phosphate-

buffered saline) in conjunction with the donor stream, for the alternate flow 

configuration. (Configuration B) 

The broad objectives of this project can be summarized as below: 

• Use the already designed two-stream microfluidic channel to introduce a target DMSO 

concentration of 10% (v/v) in a cell suspension for two different flow configurations in 

the channel  

• Understand the effects of gravity for the flow configuration where the heavy donor 

stream flows on top of the lighter fluid in the channel. 

• Investigate cell recovery,   number distribution and cell motion for both configurations in 

the channel.  

• Characterize and visualize cell motion for both these configurations within the channel to 

understand better the flow physics involved.   

1.4 Overview of dissertation 

As already stated, the overall goal of this project is to use the two-stream microfluidic 

channel to introduce a 10% (v/v) of dimethyl sulfoxide into a cell suspension while 

                                                 
1
 Adopted from the review on Small Atwood number Rayleigh-Taylor Experiments 27. Dalziel, 

M.J.A.a.S.B., Small Atwood number Rayleigh-Taylor experiments. Phil. Trans. R. Soc. A, 2010. 368: p. 1663-

1679. 
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understanding different flow configurations and buoyancy effects due to gravity in the 

channel. The flow of content in this document is briefed as below. The subsequent 

chapter introduces the reader to the numerical and computational modeling for 

determining the concentration of DMSO at the exit of the device and brings to light the 

changes that are made to incorporate the time delay in diffusion due to the presence of a 

membrane in the cells. Furthermore, the important dimensionless parameters such as 

Peclet number (Pe), flow rate fraction (fq), cell volume fraction (CVF), Atwood number 

(At)  and effectiveness of mass transfer (e*) have been discussed in depth in this chapter. 

Chapter 3 elaborates on the experimental set-up and the methods followed to conduct 

experiments for the different flow configurations, procedure to perform 

spectrophotometry for concentration analysis and discuss information about the 

visualization studies with the cells. The next chapter presents the results obtained, 

focusing on the concentration profiles at the outlet of the cell stream for different flow 

rates and flow rate fractions of the fluids in the channel. Again, this has been done for 

both the flow configurations and a detailed discussion supports why we observe different 

results in these configurations. In particular, a shift of the nature of the mass 

transfer/mixing mechanism has been identified based on the density contrasts for the 

alternate configuration in the channel. Selected results from the experimental trials with 

cells and a comparison study for the distribution of cells in the two streams has been 

included in this chapter. Finally, the last chapter summarizes the work that has been done 

in this project, the inferences and conclusions that can be made from the results obtained 

thus far and recommends directions for future work towards the goal of using 

microfluidic devices to effectively introduce DMSO into a cell suspension. A discussion 

about the limitations and scope of this dissertation work has been incorporated in this 

final chapter.  

 

Well, now let’s begin! 
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Chapter 2 

Numerical modeling and dimensional analysis  

 

As already discussed, the two-stream microfluidic device that was used by Fleming et. all 

[13] for the removal of DMSO, is used to introduce DMSO  into a given cell suspension 

in a gradual fashion along the length of the channel in order to minimize osmotic shock  

on the cells. The general schematic (Fig. 2.1a and Fig 2.1 b) of the device consists of two 

streams flowing in parallel allowing for the transport of DMSO molecules to the cell 

suspension. The terminology for the streams flowing in the device is as follows: 

(a) Donor stream , consisting of DMSO in phosphate buffered solution (PBS) and as a 

result heavier than just PBS solution 

(b) Cell stream, which is phosphate buffered solution (PBS) which may or may not contain 

cells. .  

 Two flow configurations of fluids in the device have been studied in this dissertation. 

Configuration A, where in the donor stream flows in the bottom and the cell stream is on 

the top (Figure 2.1a) and Configuration B (Figure 2.1b), which has it exactly reversed 

with the donor stream on the top. The relative depths of each of these streams can be 

chosen arbitrarily, the effects of which is discussed at a later section.  

 

Figure 2.1:  General flow schematic in a two-stream microfluidic device with two streams 

entering at the left with different volume flow rates (denoted by qc and qd) wherein (a) 

Configuration A with donor stream in the bottom (b) Configuration B with donor stream on the 

top 
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2.1 Configuration A: Numerical Model 

Mathematical modeling for the introduction of DMSO in this configuration has already 

been discussed by Fleming [13]. Let us first consider a case for which the cell stream 

doesn’t contain any cells and understand the essence of her modeling methods and 

parameters.  

2.1.1 Acellular modeling  

For flow configuration A, the transport of DMSO from the donor stream to the cell 

stream can be assumed to take place via diffusion and is modeled as: 

( ) 2D
C D C

Dt
= ∇                    … (2.1) 

where, 

C – concentration of DMSO (vol /vol) 

D – diffusion coefficient or diffusivity of DMSO in PBS 

The following assumptions have been made about the flows in the channel: 

1. Steady two-dimensional flow of the fluids.  

2. The variation in viscosity of the fluids has been neglected in the modeling.  

3. Due to the high value of Sc (Schmidt number, Sc
D

ν
= , 

3~ (10 )Sc O , where ν  - 

kinematic viscosity; D – diffusivity of  DMSO),  a fully developed velocity profile can be 

assumed.  

4. No effect of gravity in this configuration of flow in the channel.  

 

Appendix A.1 presents the derivation of the velocity profile based on the above 

assumptions by solving the Navier-Stokes equation for a constant pressure gradient in the 

X-direction. The high value of Sc implies that the Navier-Stokes equations can be 

decoupled from equation (1) and can be reduced to 

  

2 2

2 2
( )

C C C
u y D

x x y

 ∂ ∂ ∂
= + ∂ ∂ ∂ 

 ... (2.2) 
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where-in u(y)  is obtained from Navier-Stokes equations and is given by a parabolic 

profile (refer Appendix A.1) as follows 

( )2( )
2

g

d
u y P y yd

µ
= − −                  … (2.3) 

gP -Pressure gradient in X-direction; d – depth of the channel, µ - dynamic viscosity of 

the  fluids. Note that this equation is used when the cells aren’t present in the streams. 

When cells are introduced in the channel, we need to account for the diffusion of DMSO 

molecules from the extracellular solution to the intracellular solution, due to the presence 

of physical barrier in the form of a cell membrane.  A detailed time constant analysis, for 

diffusion across the cell membrane based on cell properties (membrane permeability P, 

membrane thickness Mth) and diffusion of DMSO in the extracellular space, has been 

presented by Fleming.  [13] 

2.1.2 Cellular modeling 

DMSO is a small enough molecule that it can diffuse inside the cell.  The rate equation 

for the transport of DMSO molecules across the thickness of the cell membrane is given 

by 

( )i
e i

dC
B C C

dt
= −          ... (2.4) 

Owing to steady flow assumptions, this equation now reduces to 

( ) ( )i
e i

C
u y B C C

x

∂
= −

∂
                                                                                               … (2.5) 

 The resulting modifications to equation 2.2 due to the presence of cells is presented 

below 

2 2

2 2
( )

( ) ( )

i
i e

t

V BC D C C
C C

x u y x y V u y

 ∂ ∂ ∂
= + + − ∂ ∂ ∂ 

                … (2.6) 

where the concentration Ce is the number of moles of extracellular DMSO per local 

extracellular volume, Ve, Ci is the number of moles of intracellular DMSO per 

intracellular volume, Vi, Vt is the total volume,  and B is the modeling membrane 

permeability to DMSO (calculated by dividing the cell membrane permeability, P,  by the 

thickness of the cell membrane, Mth: B = P/Mth).   2.5 and 2.6 need to be simultaneously 

solved to obtain the concentration distribution within (Ci) and outside (C) of the cells.  
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2.1.3 Scaling Analysis 

Equation 2.6 is scaled in order to obtain significant dimensionless parameters influencing 

the flow and concentration profile of the fluids in the channel. Using a mean velocity 

value - 
avgU , channel depth d, length L and an initial donor stream concentration of Co, 

the scaling equations can be written as: 

* * * * * *
; ; ; ; ;i e

i e

avg o o o

C Cu C x y
u C x y C C

U C L d C C
= = = = = =  

Applying this transformation to eqn. 2.2, we obtain 

2 2

2 2 2 2

* 1 * 1 *
*

* * *avg

C DL C C
u

x U L x d y

 ∂ ∂ ∂
= + ∂ ∂ ∂ 

 

Since L >>  d, the cross stream variations can be assumed to be much stronger than along 

the stream 
2 2

2 2

* *

* *

C C

y x

 ∂ ∂
>> ∂ ∂ 

 and the first term in R.H.S  can be neglected. Therefore, the 

equation above reduces to  

2

2 2

* *
*

* *avg

C DL C
u

x U d y

 ∂ ∂
=  ∂ ∂ 

                                                                                        

… (2.7) 

Using this result in 2.6 and scaling all length dimensions with respect to the channel 

depth, d, we get 

2

2

* *
( * *)

* *

i
i e

avg t avg

V BdC Dd C
C C

x U y VU

 ∂ ∂
= + − ∂ ∂ 

                … (2.8) 

The following dimensionless constants can be derived from the scaling analysis presented 

above.  

Peclet number 

This dimensionless parameter is a measure of relative importance of advection and 

diffusion in the channel.  Two different Peclet numbers can be defined for this problem, 

PeL (based on the length of the channel) and Ped, based on the depth of the channel. Ped is 

of more relevance and is evident from the scaling analysis above and will be referred to 

as Pe from here on.  
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avgU d

Pe
D

=                     … (2.9) 

Peclet number is relevant in our discussion for this configuration  due to convection and 

diffusion being the only dominating forces acting in the system.  

 

The coefficient of the diffusion term on the right hand side of the (2.7) is the ratio of time 

constants for convection ( convτ ) defined as 
conv

avg

L

U
τ =   and diffusion (

diffτ ), given as,

2

diff

d

D
τ = .  Higher this value, higher is the time constant for convection and hence more 

prominent diffusion effects in the channel. This coefficient can be thought of as a 

dimensionless length and given as 
1 L

Pe d

  
  
  

(2.10).   

*
avg

Bd
B

U
=  (2.11a) and 

t

i

V

V
(2.11b) are apparent dimensionless parameters from the scaled 

equation in 2.8.  Notice that the mean velocity 
avgU  may be expressed in terms of qt and 

the channel cross sectional area: 

t
avg

q
U

dw
=  

Flow rate fraction 

An independent parameter, 
d

δ
, resulting from the initial conditions of the relative depths 

occupied by the fluids in the channel and is related to the inlet flow rate fraction fq, which  

is defined as 

c
q

t

q
f

q
=                   … (2.12) 

where qt = qc + qw is the total volumetric flow rate through the channel.  Here, qc and qw 

are the cell stream and wash stream flow rates, respectively.  The flow rate fraction fq is 

related to δ /d, where δ is the depth of the channel occupied by the cell stream, as 
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2 3

3 2qf
d d

δ δ   = −   
   

                … (2.13) 

The above derivation is obtained based on a parabolic velocity profile of the fluid flow in 

the channel. The derivation of the same is presented in Appendix A2.  

 

The flow rate fraction directly affects the maximum attainable equilibrium concentration (

eqC ) at the outlet of the channel, which is given by 

 ( )1eq q oC f C= −                               … (2.14) 

Therefore the limit for the maximum attainable concentration of DMSO in the cell stream 

is the normalized equilibrium concentration and this limit is referred as the introduction 

limit.    

( )* 1
eq

eq q

o

C
C f

C
= = −                                                                                                 … (2.15) 

Reynolds number 

The Reynolds number is another dimensionless parameter, which represents the ratio of 

inertial and viscous forces for the fluid. For this system, the Reynolds number Re is 

defined as 

µ
ρUd

=Re                   … (2.16) 

where ρ is the density of the liquid and  µ  is the dynamic viscosity of the fluid. In our 

studies, the range of Reynolds number varies from 0.7 – 7,  and as a result flow in the 

channel could be considered creeping flow with viscous forces dominating the inertial 

forces. For the investigation in Configuration B, the inverse of the Reynolds number 

(1/Re) is representative of  a non-dimensional residence time for the fluid in the channel. 

 

Table 1 below lists the values of the various constants used in developing the numerical 

model for Configuration A.  
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Table 1: Assumed values for DMSO diffusion and cell properties 

Constants and Properties for �umerical Model 

Symbol Property Value 

 

D 

 

Diffusion Coefficient 

 

800 µ m
2
/sec 

µ  Dynamic viscosity 1.112E-3 kg/m-s 

P 
Membrane 

Permeability 
9.4 ( µ m/min) 

B 
Cell Modeling 

Permeability 
3-15 (1/s) 

V2 Cell Volume 2144 ( µ m
3
) 

dc Cell Diameter 16 ( µ m) 

A Cell Surface Area 805 ( µ m
2
) 

t Membrane thickness .01-.05 ( µ m) 

 

2.1.4 Computational method 

Finite difference method is used to solve the numerical equations (2.3,2.7) in MATLAB 

(Mathworks, MA). Fleming [13] has used a forward marching in X-direction and a 

central difference in Y-direction, explicit,  finite difference method in her approach to 

solve the equation. (Refer Appendix A3). The stability of an explicit finite difference 

formulation is questionable, especially for varying values of velocity (u(y)) in 2.7 (donor 

stream) and 2.8 (for the cell stream) is of a big concern at low velocity values [33]. 

Therefore, the grid spacing needs to be adjusted accordingly to obtain the results, 

especially for slower flow rates of the streams in the channel. To address this problem, a 

backward time central space, Laasonen finite difference method was developed for the 

acellular model which is consistently stable for any value of the average velocity in the 

channel and the algorithm and implementation of the code has been attached in Appendix 

A3.  
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As we are solving a parabolic equation, we need to list the initial and the boundary 

conditions that need to be specified to obtain a solution to the problem, i.e. determining 

the outlet concentration of the fluids for a given length of the channel.   

Initial Conditions  

• Concentration Field 

 

                     

• Velocity Field 

A uniform parabolic velocity profile for the fluids has been assumed and is given by 

( )
22

2
g

d y y
u y P

d dµ

    = − −         
               … (2.17) 

where 
gP is the constant pressure gradient in the X-direction offered by the  syringe pump 

driving the fluids in the channel.  The derivation of the relationship between 
gP   and

avgU , the average mean velocity of flow in the channel,  is given in Appendix A1 and 

can be written as 

12
; width  of channel

avg

g

U
P w

dw

µ
= −                             … (2.18) 

Boundary Conditions 

• Concentration Field 

There is no flux at the walls of the microfluidic channel and this condition is 

given as 

0    for 0,
C

y y d
y

∂
= = =

∂
 

• Velocity Field 

A no-slip boundary condition is imposed in the walls of the channel as the viscosity of 

the fluid is important. Hence, 

( ) 0  for 0,u y y y d= = =  

The mesh size needs to be chosen appropriately in order to obtain a good solution to the 

equation. The values of x∆ and y∆   are usually estimated based on a grid independence 

( )

o

0,    for 0

            0     for 

C  - initial donor stream concentration

oC y C y d

d y d

δ

δ

= < ≤ −

= − < ≤
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test and if the explicit method is used to solve 2.7, the stability criterion must also be 

satisfied [33].  This equation  is then solved for the concentration field at all the nodes 

and the final outlet concentration of the two streams at the outlet of the channel can be 

obtained for various flow rate values (Pe) and flow rate fractions (fq).  Concentration 

plots for the above developed theoretical model have been presented in Chapter 4 along 

with the other experimental results.  

2.2 Configuration B: Buoyancy Induced Flow 

In configuration B, the dense and the DMSO-rich donor stream lies on top of the cell 

stream resulting in density gradients along the depth of the channel in the Y-direction. 

Hence we need to account for effects of gravity in the flow patterns as well as the 

mechanism of DMSO exchange between the fluids since it is not only diffusion which 

acts to redistribute the concentration of DMSO molecules, but the buoyant forces can also 

potentially cause movement of these molecules owing to the density gradient in the 

channel. In such cases, when gravity acts in concurrence with density gradients, 

convection effects will be observed in a system. The study of influence of 

buoyancy/density stratification in horizontal/parallel  flows, especially produced by 

temperature differences, dates back to the classic problem of thermal natural convection 

to determine the nature of flow between horizontal plates uniformly heated from 

below[30].  Buoyancy effects in fluids and the stability analysis of inviscid plane flows 

have been analyzed by Drazin and Howard (1966).  

2.2.1 Introduction: Equilibrium and departures from it 

In general, buoyancy forces results from variations in density that can be caused due to 

inhomogeneities in temperature, concentration of chemical species, change of phase and 

many other effects. A body of homogenous, inviscid, incompressible fluid at rest in a 

state of neutral equilibrium since at every point, the weight of the fluid is balanced by the 

pressure exerted on it by the neighboring fluid. When ρ varies, either in the same fluid or 

due to density contrasts between different fluids, this equilibrium will be affected by the 

density distribution or stratification. The equilibrium will be stable when the heavy fluid 

lies below (Figure 2.2a), since the tilting of the density interface will produce a restoring 

force resulting in oscillatory motion. A pressure mismatch exists at the interface when the 
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heavier fluid is on top of the other, which acts to reorient the streams to restore the low 

potential energy configuration (Figure 2.2 b) 

2
 

Figure 2.2:  Displacements from equilibrium: (a) Stable (b) Unstable density distribution 

2.2.2 Flow model in Configuration B 

Configuration B in the channel, where in the heavier donor stream is on top of the lighter 

cell stream, presents a case of unstable density stratification of miscible fluids with an 

imposed pressure-driven mean flow in the X-direction.  

The following assumptions have been made to ease the complexity of the problem:  

• The two fluids are miscible and there is no distinct interface between the two streams 

resulting from interfacial free energy  

• We are interested in the flow properties and concentration field at the outlet of the device, 

which is more than hundreds of the diameter of the channel, i.e at late times and hence 

assume steady flow.  

• Since the Reynolds number is of O(10), we have assumed 2-D flow inside the channel.  

Driving potential  

In the microfluidic device, when being operated in the alternate configuration B, the 

concentration gradient (translates directly to a density gradient as density is a function of 

concentration as given in 3.4) between the solutions result in convection or flow, 

popularly referred to as free convection. In fact,  the net body force, B ( B gρ= ∆ ; ρ∆ - 

density difference of the fluids)  is  a driving force/potential acting on the miscible fluids 

flowing in the channel, like any other external (electric/magnetic/chemical) potential that 

may/may not enhance mixing of the fluids in the channel.  

                                                 
2
 Adopted from Turner’s notes on Pg. 30. J.S.Turner, Buoyancy Effects in Fluids. 1973.  
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Force Analysis 

In our channel in Configuration B, the following are the dominating forces that act to 

affect the fluid motion within the channel: 

• Driving force (B ~ gdρ∆ ) of buoyancy, B, as derived above, which would cause the 

heavy donor molecules to drop down into the lighter stream, 

• Viscous force (Fv

 
2

~
V

d

µ
) ,  , where V is the characteristic viscous(?) velocity in the Y-

direction.  Viscous forces are expected to  stabilize and retard the downward motion of 

the heavy DMSO molecules, 

• Diffusion (Fd 2
~

DV

d

ρ
) which will act to diminish the concentration gradient across the 

depth of the channel 

• Bulk convection (Fu
2~ avgUρ ) forces  that affect the overall residence time and hence 

influence the domination of one of the  above forces over the other.  

 

Figure 2.3 Directions of forces acting in flow configuration B 

 

Transport Equations and Boussinesq approximation  

The general transport equation for the fluids in the channel is given by Navier-Stokes 

equation with the specific difference of including the changing body force per unit 

volume as compared to the earlier model developed in the 2.1. This body force makes the 

flow field two dimensional and more complicated to adopt a direct solution methodology 

as  in the former scenario.  

The inlet density profile of the fluids is given as 
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( ) 1

2

  0 y

          

y

y d

ρ ρ δ

ρ δ

= ≤ ≤

= < ≤
 

where,
 2 1ρ ρ>

 

A linear relation exists between density and the concentration of DMSO in the stream 

(Section 3.1) implying that  

,  where k is an arbitrary constantk
c

ρ∂
=

∂  

Continuity 

. 0
D

V
Dt

ρ
ρ+ ∇ =

��

���� ��

          

Assuming steady-state, this equation reduces to 

( ). 0Vρ∇ =
�� ��

                  … (2.19) 

Momentum Transport 

2DV
p g V

Dt
ρ ρ µ= −∇ + + ∇

��

                           … (2.20) 

The local quantities in the above equations are explained in Nomenclature section. 

1 'ρ ρ ρ= +  

where 'ρ -  local density variations due to concentration differences.  

Therefore the maximum possible density variation is given as:  

2 1ρ ρ ρ∆ = −                                                                                                             … (2.21)  

The approximation introduced by Boussinesq (1903) consists of essentially neglecting 

variations of density in so far as they affect inertia, but retaining them in the buoyancy 

terms where they occur in combination with gravity (g).   

2

1 1 1 1

' '
1

DV p
g u

Dt

ρ ρ µ
ρ ρ ρ ρ

  ∇
+ = − + + ∇ 

 

��

                          … (2.22) 

Since 
1

'ρ
ρ

 

<< 1, the only term that changes from 2.21 is the term with the force due to 

gravity.  
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With direct pertinence to the model for the microfluidic device, the following 

assumptions can be made about the flow: 

• Flow is two dimensional; ( ) 0
z

∂
=

∂
 

• Steady flow  of the fluids in the channel and therefore ( ) 0
t

∂
=

∂
 

Therefore, expanding the above equations we have:  

2 2

2 2

1 1

2 2

2 2

1 1

0

1

'

u v

x y

u u p u u
u v

x y x x y

v v v v
u v g

x y x y

µ
ρ ρ

ρ µ
ρ ρ

∂ ∂
+ =

∂ ∂

 ∂ ∂ ∂ ∂ ∂
+ = − + + ∂ ∂ ∂ ∂ ∂ 

 ∂ ∂ ∂ ∂
+ = + + ∂ ∂ ∂ ∂                    

                                         

… (2.23) 

This two-dimensional flow field needs to be solved by using a pressure-

correction/vorticity-stream function method and would involve significant computational 

power to obtain fine mesh sizes to capture the physics of low Reynolds number flows. 

This can be done using a software based solver or an originally developed optimized code 

to solve the set of equations. In this project, these equations are not actually solved, but 

then, we obtain dimensionless or scaling constants that are helpful to compare the relative 

importance of the various forces driving the fluid motion and mass transfer of CPA in the 

channel. This doesn’t mean that the previously developed constants in the section 2.1.3 

don’t hold any significance but rather implies that we need to define other non-

dimensional quantities to characterize the extent of influence of gravity in the 

microfluidic channel. In the subsequent section, dimensionless constants typically used in 

natural convection (free convection due to buoyancy) have been discussed and the 

relevance of these constants in our problem has been eventually brought to light in 

Chapter 4.  

2.2.4 Non-dimensional constants 

It is to the benefit of modeling that a direct analogy can be set up between concentration 

and temperature fields for a given system. Although the fluid motion in Configuration B 
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cannot be deduced to a pure natural convection based mass transfer, it is a valuable 

exercise to understand the governing dimensional and scaling laws in natural convection 

induced by thermal gradients.  Some of the important dimensionless constants pertinent 

to natural convection problems are discussed below.  

Rayleigh number 

This investigation examines flow/transport driven by differences in density. The ratio of density 

driven flow divided by viscous forces is the Grashof number (Gr), given by 

3

2

gd
Gr

ρ
ρν

∆
= [31]. 

But, this assumes that there is no bulk motion of the fluid in the X-direction, i.e. 
avgU =0.  

Transport in the channel may also be influenced by diffusion and the Rayleigh number may also 

be relevant.  The Rayleigh number is defined as.   

3

*

    

Ra Gr Sc

gd

D

ρ
ρν

=

∆
=

                 

(2.24) 

where Sc is the Schmidt number and ρ  can be taken as the density of the  heavier fluid in 

the channel.  Therefore the Rayleigh number reflects the relative importance of buoyancy 

with respect to viscosity and diffusivity. Critical values of Ra for different flow situations 

and geometric configurations has been provided in the discussion on free convection by 

Cussler [34] which would help determine the  onset of free convection in the given 

system.  Such constants cannot be directly incorporated as threshold values in our system 

as  

Atwood number      

Atwood number is an estimate of the density differences between the two streams and is a key 

factor in  governing the growth rate of Rayleigh-Taylor instabilities [24].   Andrews and  Dalziel 

discuss its significance in directly affecting the effectiveness of mixing in a given system{Dalziel, 

2010 #59. The Atwood number is given by 

2 1

2 1

At 
ρ ρ
ρ ρ

−
=

+
                             

… (2.25) 
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Variance of cell stream concentration (e) and Effectiveness of mixing/mass transfer 

(e*) 

 

In view of being able to quantify the extent of mixing or the lack thereof for various flow 

conditions in Configuration B, we introduce a variance parameter e. There is a certain 

limit for the maximum attainable equilibrium concentration (
eqC ) for a given donor 

stream concentration and a flow rate fraction value and we have derived this 2.15.  

Ideally, we would like to reach the introduction limit for the cell stream at the outlet of 

the channel.  The deviation of the cell stream concentration from the equilibrium 

concentration is given by the variance parameter (e) has been defined and is given by 

( )2

c eqe C C= −
                             … (2.26)

 

A normalized dimensionless effectiveness coefficient of mass transfer/mixing (e*), is 

developed based on e, in the following fashion   

*

max

1
e

e
e

= −
                                

… (2.27)
 

where,  

( )2 2

min max0; 1 oe e fq C= = −

                           
… (2.28)

 
Here, mine is the minimum value of deviation from equilibrium and maxe is the maximum 

deviation possible in the concentration of the  cell stream. Therefore, higher the value of 

e*, lesser is the variance/deviation from the equilibrium concentration value and more 

effective is the equilibration of the two streams in the device. Taking into account, the 

average standard experimental errors (~5-8%), Cc* within 10%  (i.e, for Cc* = 0.9 Ceq*) 

of the value of Ceq* can still be considered as an equilibrium condition and this is backed 

by Fleming’s arguments well {Katie, 2008 #8}.   Hence we define a threshold value for 

effectiveness of mixing coefficient given by thε , i.e  the value above which mixing can 

be considered homogenous inside the channel. The derivation is as below for obtaining 

thε  

Substituting * *0.9c eqC C=  in Equation 2.26 we get,  
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( )2

0.1 eqe C=

      

                                             … (2.29)
 

From 2.27, we have,  

( )
2

max

1 q o eq

eq

f C C

e C

− =

⇒ =
                                                                                                      

… (2.30)
 

Combining 2.27, 2.29 and 2.30 we can compute the threshold value as 

thε =0.99                                                                         … (2.31)
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Chapter 3 

Experimental methods, DMSO concentration analysis, Cell 

motion and visualization 

 

The objective of this investigation is to use the designed microfluidic channel to 

introduce DMSO into a cell stream for two different flow configurations. We use this 

device to perform experiments for different flow conditions such as flow rates of the 

fluids in the channel, thereby, effectively changing the Peclet number and for various 

flow rate fraction values (fq). The concentration of the cell and the donor streams is 

measured at the outlet of the device by using a spectrophotometer. For trials with Jurkat 

cells, the number distributions of the cells, at the outlet of the device,  in both the streams 

is recorderd and cell recovery study has been done for selected flow conditions.  The 

results obtained from the above experiments can be used to validate the developed 

theoretical models  and also understand cell motion for the different flow configurations.  

3.1 Flow Device 

A two-stream microfluidic device was developed consisting of two streams flowing in 

parallel within a rectangular channel of constant cross sectional area as shown in Figure  

3.1a.  The structure and geometry of the device has been described in more detail 

previously by Mata  in [11]. The single stage device that was used in removal of DMSO 

by Fleming, Mata, et. all [8, 9, 11]has been used for  studying the introduction of DMSO 

into the cell suspensions.  

The  key component of the device is the rectangular channel section which is enclosed by 

two similar Lexan
TM 

polycarbonate pieces held together with a stainless steel screw and 

sealed with O-rings. Constant area adapters are located at each end of the channel. A 

glass microscope cover slip cut to length was placed at the inlet of the adapter to split the 

flows initially. This acts to prevent mixing of the fluids as they enter the channel. The 

adapter upstream in the flow has a constant cross-sectional area of 12.5 mm
2
 , 25 mm in 

length and feeds the fluids into the channel of depth d = 500 µ m, 25mm width and 160 

mm length. The splitter plate ends downstream of this adapter and a second constant area 
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adapter is used to  transition the flow from channel to rounded outlet ports. Length over 

which diffusion occurs from the tip of the splitter plate is 196 mm and to the exit port is 

232mm (Table 3.1). Fig. 3a shows the connections and working set up of the device 

where in the prototype is driven by a single syringe pump (Harvard Apparatus, Inc Model 

22). The fluids are contained in two individual syringes, the volume of which would be 

determined by the flow rate fraction.  There is a calibration chart (Appendix E)  that 

relates the volume of the syringe to  the plug diameter of the syringe. If  donorD  and cellD  

are the respective diameters of the donor and the cell stream syringes, then flow rate 

fraction is calculated as 

2

2 1

qc cell

d donor q

fq D

q D f
= =

−
 

 A third syringe, containing what we call as the wash stream, is connected to the draw out 

the donor stream at the outlet port of the channel.  This syringe helps to maintain a 

consistent flow rate for the fluids in the channel and it needs to be noted that this syringe 

needs to be of the same volume as that of the syringe used for the door stream. The fluids 

are separated at the outlet of the device and are then individually collected for further 

concentration analysis.  

 

Table 2 Significant dimensions of the two-stream microfluidic channel 

Dimension of the channel Value  in cm 

Length ( L) 23.2 

Width  (w) 2.5 

Depth  (d) 0.05 
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3.2 Fluids and flow configurations 

Two streams flow through the device:   

1) a cell stream that consists of phosphate buffered saline (PBS) solution (Lonza 

Walkersville, Inc, Walkersville, MD ) with or without Jurkat cells (ATCC 

TIB-1522, Manassas, VA) and,   

2) the donor stream consisting of PBS with dimethylsulfoxide (DMSO) (Sigma, 

St. Louis, MO).  

The volumetric flow rate of these solutions is directly related to the diameter of the syringes used 

for the fluids. Varying the diameter of the syringes will determine the relative volume flow rate of 

each of the  stream in the  channel. Flow rate fractions that were used in the study included 0.23, 

0.5 and 0.77. Volume flow rates for the cell stream ranged from 0.2 ml/min – 9.2 ml/min over the 

range of the above specified flow rate fractions. 

 

Two flow configurations were used in the studies.  The first configuration (Configuration A) 

consists of the donor stream on the bottom and the cell stream on the top (Fig. 3.3b).  

Configuration B consists of the donor stream on the top and the cell stream on the bottom (Fig. 

3.3c). For both of the configurations, the flow rate fraction is consistently defined to be as 

c

c d

q
fq

q q
=

+
 (refer section 2.1.3) where qc is the volume flow rate of the cell stream and qd is the 

flow rate of donor stream. All the tubing connections in the set up are primed (flushing PBS 

through the tubes to get rid of air bubbles that may be present) with the respective fluids and the 

connection junctions between the tubes from the syringe and the tubes leading to the prototype 

are filled with PBS to further avoid any air gaps.  For the cellular experiments, the cell suspension 

in PBS is stirred uniformly using a magnetic stirrer (to avoid settling and concentration of cells) 

and then filled into the syringe to be fed into the prototype.  
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Figure 3.1 (a) general experimental schematic; (b) flow configuration A consisting of the cell 

stream over the donor stream; (c) flow configuration B consisting of the donor stream over the 

cell stream. 

3.3 Estimation of DMSO concentration  

Quantifying the concentration of DMSO in the respective streams was performed using 

spectrophotometry using SpectraMax
TM

 Plus
384

, Molecular Devices.  Beer Lambert’s law 

states that the absorbance is directly proportional to the molar concentration of a given 

species at a specific wavelength for a given species. This law is given by 

 

A lcε=                                                                                                                       … (3.2)  

where A – absorbance or the  optical density (OD); ε is the molar absorptivity of  the 

species, l - distance the  light travels through the material, c – concentration of the 

species. The optical density or absorbance is calculated for a prepared set of diluted 

concentrations, for both the control and unknown sample, at a wavelength of 209 nm in 

order to obtain the concentration of DMSO in the unknown sample.  
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3.3.1 Choosing absorption wavelength 

A suitable wavelength of absorption needs to be chosen in order to use Lambert’s law of 

proportionality to determine the concentration of DMSO in the species. This number is 

selected based on spectra analysis for absorbance values of  the solution ,over a range of 

wavelengths,200 nm – 300 nm,  for different concentrations of DMSO in PBS, ranging 

from plain PBS (0% DMSO) to  a completely concentrated DMSO (100% DMSO).   

 

Figure 3.2 Absorbance as a function of wavelength for various concentrations of DMSO in PBS 

From the figure, it can be seen that, the signals for absorbance (magnitude of O.D) drops 

to very low values as the dilution of PBS increases. Also, at very high  DMSO 

concentrations, we saturate the detector and hence cannot be used at these concentrations. 

Since Lambert’s law of proportionality between concentration and absorbance is typically 

applicable only for dilute concentrations, we need to choose a wavelength at which we 

can obtain strong signals for absorbance even at dilute concentrations. This band of 

wavelength falls between 204-215 nm and we choose to use 209 nm consistently for our 

concentration measurements.  Mata’s previous studies show that there is a range of 

DMSO concentration (1*10
-4

 – 2*10
-4

 M) in which the concentration varies linearly with 

O.D, for a specified absorption wavelength of 209nm [8].  
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3.3.2 Calibration  

Two calibration curves, primary and secondary, have been used to predict the 

concentration of DMSO in the unknown solution.  

Primary Calibration 

A known concentration of DMSO in PBS, usually the donor stream concentration, was 

taken as the control to determine the unknown sample concentration. Serial dilutions ( 10
-

4 
M – 2M) of  this control solution  (usually using a 1/4

th 
 or a 1/5

th
  dilution) were 

prepared in the UV plates and scanned on the spectrophotometer to obtain the absorbance 

as a function of the known dilutions for the control. An example of a curve obtained for a 

quarter dilution scheme of a control solution of 10% DMSO has been presented in Fig. 

3.4(a). The curve in general follows a sigmoid shape and the linear relationship is 

restricted to concentrations in the range of 4 X 10
-4

 – 7 X 10
-3

 M 
3
. In this region the 

absorbance varies from 0.6 – 1.6.   A similar procedure of dilution is followed for the 

solution of unknown concentration.  Using the equation obtained for the control, the 

actual unknown concentration is calculated from a value that lies in the linear range.  

Secondary Calibration 

Stock solutions actually used in the experiments may vary in actual composition from the 

nominal (intended) concentration. In order to correct for errors associated with solution 

formulation, a secondary calibration curve is also performed for every donor 

stream/control solution is used in the prototype. Secondary calibration is obtained by 

making known concentrations (5cc) using the control solution and using the above 

mentioned method (primary calibration) for each of these solutions to obtain the 

measured concentration by spectrophotometry. For instance, if we are looking at 15% 

DMSO as a control, a batch of known solutions is made from this control by dilution with 

PBS. An example of the measured versus the actual concentration of the prepared 

solutions, ranging from 1% – 14% (% v/v of DMSO), using the 15%  control solution is 

presented below in Fig. 3.4(b) It can be seen that a linear relationship is observed with a 

reasonably high (R=0.9933) regression coefficient. After determining the unknown 

                                                 
3
 2ote that this range can vary depending on the control solutions used to obtain the curve  
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concentration of a sample using the primary calibration, the above equation is used to 

evaluate the corrected value of the measured concentration. Use of both the primary and 

secondary calibration procedures for determination of the concentration reduced mass 

balance errors 
4
for the experiments to an average value of ~10%  

  

3.4 Solution density 

The addition of DMSO to PBS modifies its density and may influence the introduction of 

DMSO should the density difference be great enough. DMSO solutions of a given 

composition were made.  The solution was transferred to a volumetric flask and the mass 

of solution measured.  Density measurements were repeated 6 times. Fitting a linear 

equation (Figure 3.3) to the data results in 

( ) 0.999 0.1369c cρ = +   

where c – vol of DMSO in ml/vol of PBS in ml; ρ -density of DMSO in g/ml 

(R
2
=0.9952) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Density v/s concentration of DMSO in PBS (vol/vol) 

                                                 
4
 Mass balance error -  
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Figure 3.4 (a) primary calibration curve for 10% DMSO plotting absorbance (O.D) v/s log C* 

,where C* is concentration of DMSO in PBS (v/v) (b) secondary calibration curve for 15% 

DMSO with a high regression coefficient, R
2
 = 0.99 

3.5 Cellular experiments and cell counts 

The objective is to introduce DMSO into a cell stream and the next phase of the 

experimentation involved evaluating the influence of cells on the outcome of the studies. 

Specifically, the recovery of cells from the channel (the number of cells leaving the 
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channel divided by the number of cells entering the channel). The experimental set-up 

and procedure is exactly similar to what has already been discussed.  Mata describes the 

set-up and procedure involved with using a cell-laden stream elaborately for flow rate 

fractions of 0.11 and 0.23 for various cell volume fractions (CVF) and flow conditions  in 

[11] For the sake of this project, cellular experiments have been done only for a flow rate 

fraction of 0.5 and for an average cell volume fraction (CVF ) of 1.5% for both the flow 

configurations. Cell counts at the outlet of the channel were performed using a 

hematocytometer (Hausser Scientific). DMSO concentration analysis was performed by 

centrifuging the cells out of the collected streams at the outlet and using the supernatant 

liquid.  When performing experimental analysis with cells, the residence time inside the 

tube containing the cells and within the channel plays a significant role in determining 

steady-state operation of the device [11]. Cell counts have been performed to ensure 

steady state operation of the device.  

3.4 Cell Visualization 

Additional studies were performed in order to observe cell motion in the streams in the 

channel for both flow configurations of the fluids within the channel using bright field 

microscopy.  It is intended to obtain still images of the distribution of cells  in the channel 

at different locations through the length of the channel and in the process acquire more 

perspective on how density differences and gravity affect cell motion within the channel. 

These imaging studies are very fundamental and only performed to aid the 

comprehension of fluid motion in the channel.  

3.4.1 Glass Channel 

In view of this, an entire glass channel was made by gluing (3M Scotch-Weld DP100) 

two microscope cover slides (Gold seal microscope slides), each of length 7.6 cm and 

0.93-1.05 mm thickness, to build the top and bottom surfaces of the channel. In order to 

enable side-view visualization of the cells inside the channel, which is especially 

significant in the alternate configuration B of the channel, where-in we’d like to observe 

how gravity affects the motion of the cells in the streams, the side walls of the channel 

have also been made out of cover-slip glass material.  For the ease of manufacturing, the 

rectangular adapters have been made out of ABS plastic and screwed on to the glass 
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slides using nylon screws of size 6”. This material was tested for alcohol tolerance and 

the integrity was confirmed. All the other dimensions of this channel match the former 

prototype described in 3.1.  These channels are alike construction wise, in terms of 

having a constant area adapter upstream in the flow and a splitter plate at the inlet to 

prevent mixing of the streams in the channel.   

3.4.2 Imaging cell motion 

In order to image and capture the cell motion and distribution within the channel for the different 

flow configurations. A CCD camera (Diagnostic Instruments Inc, 11.2 Color) is attached to a 

Leitz ® Laborlux D microscope and the only source of illumination in this set up is from the 

condenser of the microscope since we employ bright field microscopy to image the cells.   The 

motion of the cells as viewed in the microscope are captured as still images on  a computer, using 

the  SPOT software, at different instants of time and different positions through the length of the 

channel. 10X and 20X objectives have been used to obtain various images of the cells and are 

attached in the subsequent chapter.  
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Chapter 4 

Results and Discussion: Flow Configurations A and B and 

Cell motion 

 

Experiments were performed using the two-stream microfluidic channel for various 

operating flow conditions in the channel as described in Chapter 3. The concentration of 

DMSO at the  outlet of the channel in the cell stream is of prime importance in order to 

determine the feasibility of using such a device for the purpose of introduction of DMSO 

into a cell suspension. These experimental trials have been designed to understand the 

physics of fluids inside the channel for the two flow configurations A and B, with 

(cellular) and without (acellular) the  Jurkat cells. The underlying idea was to use cells in 

the device for select flow conditions that would suit clinical processing volume flow rates 

of the cells, based on the observed transport  behavior and outlet cell stream 

concentrations  for the acellular trials.  

4.1 Configuration A: Acellular Experiments 

4.1.1 Experimental results and model predictions  

The numerical model developed for this configuration of the channel, where in the donor 

stream is in the bottom and the cell stream is on the top, has been elaborated in 2.1. Based 

on our previous experiences with removal of DMSO [8, 13] , we expect  the DMSO 

molecules to gradually  to diffuse out of  the  donor stream into  the cell stream. The 

normalized concentrations, *

cC and *

dC   as a function of 
1 L

Pe d

  
  
  

 , for a single fq 

(0.23) and Co (15% vol/vol DMSO), for the numerical model and the experiments, is 

shown in Fig. 4.1 (a) and (b) . Here, * c
c

o

C
C

C
=  and * d

d

o

C
C

C
= , where Cc is the 

concentration of DMSO of the cell stream, Cd is the concentration of DMSO of the donor 

stream and Co is the initial concentration of the donor stream entering the device.  For the 

removal model, the concentration profiles are shown to  collapse for various initial donor 
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stream concentrations  when 
1

*
L

Pe d

 
 
 

is used as the  ordinate to plot the normalized cell 

stream concentration for a given flow rate fraction and different flow speeds of the fluids 

in the channel [9]. The importance of  this scaling has already been discussed in 2.1.3 and 

specifically about the ratio
1 L

Pe d

  
  
  

 which compares the diffusion and convection time 

constants in 2.10.  

 

The figure indicates that that Cc
* 

increases with (1/Pe)*(L/D) for a constant fq and Co. Cc
*
 

decreases when the mean velocity 
avgU  increases (all other variables held constant).  The 

faster the average flow, the less time there is for molecules of DMSO to diffuse from the 

donor stream to the cell stream.   The concentration for the donor stream ( dC ) and was 

also determined using spectrophotometry and Figure 4.1 (b) indicates that *

dC  decreases 

with increasing values of  
1 L

Pe d

  
  
  

 and thereby reflecting an inverse trend when 

compared to *

cC .  This is makes sense since the DMSO concentration will decrease to 

asymptotically attain the equilibrium limit for slower flow rates in the channel. The 

normalized stream concentrations for both the cell stream and the donor stream can be 

compared to the model predictions. The experimental values for Cc
* 

and
 
Cd

*
 model 

predictions for the same operating conditions (U and fq) and channel geometry (L, d, w) 

match well. (Standard error < 5%) Also given on the figure is the value of the 

introduction limit obtained for this flow rate fraction and this value can be found to be 

1 qf− , which is 0.77 from equation in 2.15.  

Multiple experiments were performed in this flow configuration of the device for 

different initial donor stream concentration values and flow rate fractions. The pertinent 

discussions from these experiments follow in the subsequent sections in this chapter.  
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Figure 4.1:  (a) Normalized cell stream concentration (
*

cC ) as a function of (1/Pe)*(L.d) for an 

initial donor stream concentration, Co = 15% and flow rate fraction fq = 0.23, Standard Error = 

3.1%; (b) Normalized donor stream concentration (
*Cd

) as a function of (1/Pe)*(L/d) for the 

same flow conditions as (a), Standard Error = 2.3% 
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4.1.2 Discussion on effects of initial donor stream concentration (Co) and flow rate 

fraction (fq) 

The concentration of the streams at the outlet of the channel is a function of Co  and 
qf  

(2.14) . The effect of each of these parameters on the outlet cell stream concentration is 

discussed below. The developed numerical model is shown to be appreciably accurate in 

determining the outlet concentration of the streams and can be used to evaluate the extent 

of diffusion in the channel for changes in the input variables of Co  and 
qf  

Initial donor stream concentration 

From the experimental results presented in Fig. 4.1 and Fig. 4.2, it can be seen that the 

normalized outlet concentration of the streams is independent of the initial donor stream 

concentration as diffusion is the only physical process that is acting to even out the 

concentration gradients in the channel. These experiments were performed for a given 

flow rate fraction of fq = 0.23 and initial donor stream concentrations of 10% and 15%  

and as expected the normalized concentration profiles were observed to collapse, as 

shown in Fig. 4.2.  

 

Figure 4.2 Normalized cell stream concentration (
*

cC ) v/s (1/Pe)*(L/d) for Co = 15%, 10% 

collapsing and coinciding with model predictions, for fq = 0.23. (Standard Error = 4.1% for Co = 

15% and 3.12% for Co = 10%) 
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But then, the initial donor stream concentration directly influences the final outlet DMSO 

concentration in the cell stream as given by 2.14. Since we would like to operate the 

channel to attain the equilibrium concentration limit (that being the maximum attainable 

concentration for a given flow rate fraction), higher the chosen value of oC , for a given 

flow rate fraction, higher is the outlet cell stream equilibrium concentration. In order to 

minimize osmotic stresses on the cells [35], we intend to restrict oC  < 20% (v/v) DMSO.    

Flow rate fraction 

The variation of *

cC  with (1/Pe) *(L/d) for different flow rate fraction values (fq) is 

presented in the figure below (Figure 4.3).  It can be seen that for a higher flow rate 

fraction  that which will  help to process more cell volume, we can have only a very 

limited range of initial donor stream concentrations that can be used to  attain the target 

cell stream concentration of 10% (v/v).  

Let’s consider a flow rate fraction of fq = 0.77. From 2.15, the introduction limit for this 

flow rate fraction is given by  

( )* 1

       = 0.23

eq qC f= −

 

This means that in order to achieve even 8% (v/v) DMSO concentration at the outlet, we 

need an initial donor stream concentration that is as high as 35% (v/v). Also, from Fig. 

4.3, it can be seen that if a flow rate fraction of 0.23 is used, with say, an initial donor 

stream concentration of 15%, an outlet equilibrium concentration of ~11% is reached for 

flow rate values as low as 0.552 ml/min for this length, L (20cm) of the channel. 

Therefore, the width of the channel needs to be altered accordingly in order to process 

higher volume flow rates.  From Fleming’s thesis [13] it can be inferred that typical 

processing flow rates at clinical scales range between 1- 25 ml/min. In order to obtain 

~10% (v/v) DMSO at the outlet, using a processing rate of 1ml/min, we need to increase 

the length of the channel to about 30 cm  to obtain the equilibrium outlet concentration 

with an initial donor stream concentration of about ~15% (v/v). For higher processing 

rates, higher Co values needs to be chosen, which is undesirable for the cell recovery.   
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Figure 4.3:  Normalized cell stream concentration (
*

cC ) v/s (1/Pe)*(L/d) for Co = 15%, 10% 

collapsing and coinciding with model predictions, for fq = 0.23. (Standard Error = 4.1% for Co = 

15% and 3.12% for Co = 10%) 

 

It also needs to be noted that higher the flow rate fraction, lower is the molar 

concentration of DMSO molecules that has to be redistributed/equilibrated between the 

two streams and this accordingly affects the rate at which the cell stream needs to be 

processed in the channel in order to attain  the equilibrium limit. For example, for a flow 

rate fraction of fq = 0.5, it takes a much slower flow rate (0.6 – 0.9 ml/min) of the streams 

in order to hit the equilibrium limit, as compared to the other two flow rate fractions 

(1.8ml/min – 2ml/min   for fq = 0.77 and about 0.5  - 1ml/min for fq = 0.23). These values 

have been obtained directly by transforming the dimensionless length given by 

(1/Pe)*(L/d) to the flow rate values of the cell stream in Figure 4.3. The table of values 

for the cell stream to attain at least 10% of  the equilibrium concentration is given in 

Table 4.  Fleming, et. all [12] elaborately discuss the significance of the flow rate fraction 

and Peclet numbers and the need for multiple staged models in order to be able to scale 

up the device for clinical processing rates of the fluids.  

 



 

 40 

For the purpose of introduction of DMSO into the cell stream using this configuration 

and a single stage device, the following can be ascertained from the above discussion: 

1. It is valuable to operate the device in the zone where a small change in Pe (flow speeds 

within the channel) doesn’t result in drastic changes in the outlet concentration of the  

streams. This directly implies that we are looking at operating conditions for the device 

where-in the introduction limit is attained for the streams in the given length of the 

channel.  

2. To achieve a 10% (v/v) DMSO outlet concentration using a small flow rate fraction 

(0.23<fq<0.5), results in increased proportion of donor stream that will have to be used 

for a given volume of cell stream and also the processing volumes for the cell stream is 

on the  low ranges of 0.5 – 1 ml/min.   

3. Larger flow rate fractions, say fq = 0.77,  proves to be beneficial towards the cause of 

both decreasing the required volume of donor stream  and  achieving equilibrium 

concentration for cell stream processing volumes as high as 1.5 – 2ml/min.  But then, it 

suffers from the disadvantage of requiring a high initial donor stream concentration (Co > 

35% (v/v)) to reach the target DMSO concentration at the outlet of the device. This turns 

out to be a problem owing to the toxic effects of DMSO.  

4.3 Configuration B: Acellular Experiments 

Another flow configuration involves flowing the cell stream on the bottom and a donor 

stream containing higher concentrations of DMSO on the top.  Again, we have a set of 

aceullar experiments that were performed for a range of flow conditions and some select 

runs have been done for this configuration with cells.  

4.3.1 Experimental results 

Firstly, this configuration is used for the sample donor stream concentration and flow rate 

fraction as that described previously (Co-15% v/v, fq=0.23). We choose to plot the  

concentration profile graphs v/s (1/Re) in this configuration. Re is a function of the 

average velocity in the channel which is the only parameter that is varied over a range of 

values for a given flow rate fraction and an initial donor stream concentration.  The 

residence time, given by 
avg

L

U
,  directly relates with (1/Re).  As 1/Re increases, the 

residence time for the fluids within the channel also increases.  
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The cell stream DMSO concentration is  zero at the inlet of the device and we would 

expect it to exhibit a slowly rising concentration with residence time in the channel but 

instead Figure 4.4 exhibits a high cell stream concentration ( *

cC ~1) for short residence 

times (1/Re < 0.5).  As the residence time increases, the concentration of the cell stream 

approaches equilibrium.   

 

This outcome suggests that the DMSO molecules from the heavier donor stream drops 

down into the lower stream and then with time, diffuses back into the upper stream.  The 

concentration of the donor stream drops rapidly for low residence times in the device 

(1/Re) and does not deviate much from equilibrium. Such a trend is inverse to that of 

what we observed in 4.1,  where in the concentration of DMSO in the cell stream 

gradually increases with more residence time in the  channel. The variation in outlet 

concentration for different initial donor stream (Co = 1%, 2.5%, 5%, 10%, 15%) 

concentrations and various flow rate fractions 
qf = 0.23, 0.5, 0.77 for selected values of 

Co (10%, 15%) over the usual range of mean flow rates in the channel has been 

determined. Both these factors significantly influence the outlet concentration of DMSO 

in the streams in the channel.  



 

 42 

 

Figure 4.4 (a)  Cc* vs (1/Re) for an initial donor stream concentration of Co = 15% vol/vol and 

flow rate fraction of fq = 0.23 for the  flow configuration A, in which the donor stream is on top 

of the cell stream. 

4.3.2 Initial Donor stream concentration 

The initial donor stream concentration (Co) was found to strongly influence the 

normalized cell stream outlet concentration significantly especially for lower residence 

times in the channel (1/Re). Cc* was determined for a range of initial donor stream 

concentrations and graphed as a function of (1/Re) and a specified flow rate fraction of fq 

= 0.5.  For low donor stream concentrations (1 and 2.5 % vol/vol), concentration of cell 

stream at the device outlet increased gradually with increasing residence time in the 

channel (1/Re) suggesting that DMSO diffuses from the donor stream on top to the cell 

stream on the bottom.  For donor stream concentrations ≥  5% v/v, the concentration of 

the cell stream at the device outlet is very high for small residence times (1/Re) and 

decreases with increasing residence time, in contrast to what is observed for the lower 

initial donor stream concentrations.  
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Figure 4.5: Cc* as a function of (1/Re) for different donor stream concentrations (% vol/vol) 

using flow configuration B; fq = 0.5 

 

These results suggest that for the smaller values of Co, transport of DMSO from top 

stream to the bottom stream is dominated by diffusion (similar to that observed for 

configuration A) which is corroborated by the trend of the concentration profile following 

suit with Figure 4.1.  As the density of the top stream increases, gravity causes the 

heavier stream to drop down and displace the fluid in the bottom stream to restore low 

energy stable density stratification for the fluids in the channel. Such 

displacement/convection of the fluids due to density differences can be referred to as 

buoyancy induced flow.  With increasing residence time in the channel, the displaced 

DMSO molecules diffuse back into the top stream.  

 

The scenario is different when the fluids have more residence time in the channel (slower 

flow rates and thereby higher values of 1/Re) as there is enough time for molecular 

diffusion to even out concentration gradients and result in thorough mixing of the  fluids 

in the channel. This is also why we see that for 1/Re > 0.6, equilibrium concentration of  
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Cc*= 0.5 (given by 1-fq, which is the introduction limit) has been reached for all the 

values of initial donor  stream concentrations. 

4.3.3 Flow rate fraction 

As with our previous studies [8, 13], fq plays an important role in the outlet concentration of 

streams leaving the device.  The normalized cells stream concentration at the outlet as a function 

of 1/Re for different fq (0.23, 0.5, 0.77) and Co (10, 15 % vol/vol) are given in Figure 4.5 for the 

two different Co values.  

 

From Figure 4.5, it is evident that similar trends are observed for the dependence of the 

outlet cell stream concentration on the flow rate fraction for the two Co values. Here 

again, we notice the trend of consistently reaching the equilibrium concentration  for slow 

flow rates of the fluids (1/Re > 0.6) in the channel, as there is ample time for macroscopic 

diffusion to cause effective mixing of the two fluids. For configuration B of the channel, 

it is interesting to note that for a flow rate fraction of 0.77, the outlet cell stream 

concentration attains the introduction limit for almost all flow rates of the streams in the 

channel.Also, it can visibly be seen that the extent of deviation from the introduction 

limit is the highest for a flow rate fraction of 0.5 when compared to the other two. This 

observation in particular led us to define a variance parameter, e, as defined in 2.2.3 to 

quantify the magnitude of deviation. Detailed discussion based on the results obtained 

follows in the subsequent sections 
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Figure 4.6: Cc* vs (1/Re) for different flow rate fraction values of fq = 0.23, 0.5, 0.77 in configuration B 

of the channel for a set of flow speeds for (a) Co = 15%, (b) Co = 10% 

4.3.3 Discussion on effects of Co and fq for Configuration B 

There is a definite dependence of the outlet concentrations of DMSO on the initial donor 

stream concentration and the flow rate fraction. We employ the already developed 

dimensionless constants from section 2.2.3 to better understand how the relative 

magnitudes of the forces vary in the system depending upon the changes in the operating 

and flow conditions.  

Initial Donor stream concentration 

The changes in the initial donor stream concentration directly affect the magnitude of 

density contrasts between the two streams flowing in the channel. One method of 

describing the driving force for density driven flow is  the Atwood number (2.25) At. 

(Therefore, the driving potential for gravity driven flow, given by ghρ∆  in the channel 

also correspondingly changes with the density differences and which is why it becomes 

important to characterize  the Atwood number (At).  At is a variable that changes with the 

different values of the initial donor stream concentration. Table 4 lists the range of At to 
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vary between 3.116 *10
-3

 - 7.17*10
-3

 for the range of Co values that were used in the 

experiments.  

 

Let us now understand the physical forces that are driving the motion of DMSO 

molecules in this configuration of the channel. The inertial forces causing the dropping 

down of heavier DMSO molecules into the cell stream is due to gravity and a rough 

estimate of the average velocity bV  due to gravity induced motion can be given by 4.1 

based on a balance between the pressure forces due to density differences and the inertial 

motion.  

( ) ( )2

1 2 2 1bV gdρ ρ ρ ρ+ = −                   … (4.1) 

Combining 4.1 and 2.25 it can be derived that 

bV Atgd=           …(4.2) 

Now, a time scale ( bτ  ) for this vertical displacement of the fluids in the channel as: 

~b

b

d

V
τ  

~b

d

Atg
τ

                    

… (4.3) 

Let’s test the following limiting cases for the derived time constant 

2 1

2 1

1. 0  

2. 0  

At

At

ρ ρ

ρ ρ

→ ⇒ =

< ⇒ <
 

For the first case by applying the equation in 4.3  it can be determined that bτ → ∞ , 

which makes sense, as identical densities of the fluids in the channel will result in 

infinitely slow rather an impossible situation of  buoyant flow due the lack of the driving 

potential.  When At < 0, bτ cannot be defined for such a system as the heavier fluid lies in 

the bottom and it is a case of stable stratification and this is indeed what we observe in 

Configuration A.   

 

Such fluid motion resulting due to these inertial forces can be referred to as convection as 

it involves bulk movement of the fluid elements in the channel due to gravity. From the 

above set of experiments we have effectively predicted that there is shift of flow regime 
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from gravity-driven inertial dropping of DMSO molecules to molecular diffusion based 

mixing in the channel for some At in the range given by  1.411*10
-3 

< At < 3.116*10
-3

 

corresponding to an initial donor stream concentration range of 2.5% < Co < 5%.  

 

Rayleigh number is a form of Reynolds number that compares the inertial forces due to 

gravity currents to the dispersive forces of diffusion and viscosity and typically used to 

characterize free convection fluid motion.  The  Rayleigh number has been calculated as 

a function of  the density difference between the two streams. The experimental results 

described in Fig. 4.5, demonstrates that the behavior or the streams in the channel 

changes dramatically for DMSO concentrations > 2.5 %, which corresponds to an 

Atwood number of 3.116x10-3 and a Rayleigh number of 8.7.  It is noteworthy that this 

value of a critical Ra is considerably lower than The transition of the  flow pattern is 

observed for Rayleigh numbers in the range of 8.7  - 18.5 which is much different from 

the predicted critical value of 1708 for stratified fluid flow in a horizontal channel. [34] 

with no bulk flow in the X-direction.  

 

Table 3 Atwood (At) and Rayleigh (Ra) numbers for various donor stream concentration values 

Co(v/v) Atwood number Rayleigh  number 

15% 0.010173 27.8111 

10% 0.006805 18.2617 

5% 0.003414 8.7123 

2.5% 0.00171 3.93764 

1% 0.0006805 1.07282 

Flow rate fraction 

By varying the flow rate fraction, we are effectively varying the mass fraction of the 

donor and the cell streams in the two stream microfluidic channel. When molecular 

diffusion dominates, as in configuration A, we notice similar trends for normalized 

concentration values at the outlet for the channel for the flow rate fractions of fq = 0.23 

and fq = 0.77. This can be justified with Fleming’s arguments [13] on how the diffusion 

time constant is a function of both the relative depth of the channel occupied by the donor 
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stream and the total molar concentration of DMSO molecules that needs to be 

redistributed in the channel.  

 

Whereas, in configuration B, it is interesting to note that the introduction limit is attained 

even for the low residence times in the channel for a flow rate fraction of fq = 0.77. This 

is proof for us to believe that in this configuration of flows in the channel, gravity plays a 

significant role in transport of fluids in the channel.   

 

In order to normalize the differences caused due to flow rate fraction in the representation 

of how close the outlet concentration is to the equilibrium introduction limit, we  resort to 

using the scaling parameter e* to compare the effects of flow rate fraction in mixing of 

the fluids in the channel.  

Effect of flow rate fraction and initial donor stream concentration on e* 

Figure 4.6 shows how e* varies with residence time in the channel for different flow rate 

fractions. We have assumed that a value of e*=0.99 represents uniformly mixed streams. 

We have included this threshold value on graphs. All the data points above the line reflect 

experimental conditions in which thorough mixing of the fluids in the channel is 

observed.  It is noteworthy that all of the experimental conditions in which fq=0.77 are 

well mixed. For the low Re values (and long residence times in the channel), uniform 

mixing of the stream is also observed for all three flow rate fractions evaluated. For low 

residence times in the channel,  the values of the e* are the lowest for a flow rate fraction 

of 0.5 and highest for 0.77.  
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Figure 4.6: e* v/s (1/Re) for different flow rate fraction values of fq = 0.23, 0.5 and 0.77 for 

Configuration B.  

 

This behavior of heightened mixing for an increased flow rate fraction can be due a 

combination of  reasons.  

• Firstly, for a higher flow rate fraction, there is lower volume of the heavy donor stream 

and thereby a reduced mass fraction of the donor stream as compared to the cell stream in 

the channel. As a result, the inertial force causing the displacement (upturn) of the fluid 

layers  is reduced as a relatively small volume of the heavy fluid will have to displace a 

larger volume of the lighter cell stream in the channel.  Although the exact fluid 

dynamics that takes place in the channel is hard to comment on with the above results, 

the resulting in reduced advection/convection due to gravity.  

• Another reason behind this observation can be attributed to the average distance that the  

heavy DMSO molecules would have to travel to mix in the cell stream under the action of 

forces due  to gravity. For a higher flow rate fraction, it  is possible that the time constant 

(as derived in 4.3) for the vertical displacement under the influence of gravity increases. 
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This can lead to  bτ  being comparable with that of diffusion time constant, dτ ,  and 

hence causing an equilibrium distribution of concentration of the DMSO molecules 

inside the channel. 

 

 Such a hypothesis cannot be verified unless we perform visualization studies on the cells 

or may be simulate this 3-D model in a computational software.   

4.4 Cellular Experiments, recovery and cell counts 

All the results presented in the earlier sections were based on experiments in the channel 

without cells in the device. We determine suitable operating conditions based on the 

results for the acellular models and run cells in the device for those specific conditions 

for the sake of convenience.  

For the case of  introducing DMSO is the fact that the cells and the DMSO molecules are 

in different streams as compared to the former removal case, where both cells and DMSO 

molecules were concentrated in the same stream. The important aspect that needs to be 

noted for experiments with cells is the added concentration gradient of the number of 

cells between the two streams that exists in a direction opposite to that of the DMSO 

concentration gradient, at the inlet of the channel.  Consequently, Mata’s observations 

[11] about hardly spotting any cells in the wash stream in the removal model cannot be 

assumed here. Hence we need to understand how this additional number gradient will 

affect the distribution of cells, its motion and the concentration of DMSO in the streams 

at the outlet.  

 

We perform specific experiments with the cells for both the configurations of flow in the 

channel, at an average CVF ~ 1 – 2%   using a flow rate fraction of fq = 0.5 and an initial 

donor stream concentration of 15%. Two flow rates of the cell stream of qc = 1.2 ml/min 

and qc = 2.4 ml/min have been used for this study.     
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The rationale behind choosing these operating conditions is explained as below: 

 

• A flow rate fraction of 0.5 is chosen for the cell stream in order to maintain symmetry of 

flow conditions which was observed to reduce measurement and mass balance errors in 

the system. Also, a flow rate fraction of 0.5 is a trade-off to circumvent the issues that 

were already discussed for  the  lower and higher values of flow rate fractions. 

• At the chosen flow rate of 1.2 ml/min (Pe = 2000, Re = 1.45), the introduction limit is 

attained for a flow rate fraction of 0.5 in the acellular case for both the configurations and 

the other flow rate is chosen as clinical  processing volumes of the cell stream are usually 

at least 2.5 ml/min (Pe = 4000, Re = 2.912) and the problems associated with cell 

aggregation/accumulation is low for faster flow rates in the channel.  

• A CVF of 2% is shown by Mata [11] to produce the best results in terms of recovery of 

the number of cells at the outlet of the device for the flow rate fractions that she used. 

• Finally, Co =15% is used in order to attain an outlet cell stream concentration of 7.5% (1-

fq) at equilibrium.   

 

Experiments were repeated twice for each of the Peclet numbers and the cell counts were 

obtained at the inlet and outlet of the device. Cell counts are reported at time instants 

where in the rate of outflow of cells reasonably (at least 85%) matches the rate of inflow 

to reflect steady-state operation of the device. This results in a total of eight trials in all 

for two different flow rates in two different configurations of the device. Since we are 

interested in finding out the number distribution of the cells at the outlet in the cell and 

the waste streams and we calculate the ratio cell

waste out

CVF

CVF

 
 
 

 and also the ratio out

in

CVF

CVF
 for 

each of these trials. Viability studies of the cells were not performed on these set of 

experiments, i.e all cells, living and dead, were taken into account for these trials.  The 

procedure for calculation of CVF has already been explained in Chapter 2.   
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4.4.1 Cell counts and distribution for Configuration A and B 

 

The results for cell counts and the above mentioned ratios of CVF for the different flow 

rates of 1.2 ml/min and 2.4 ml/min has been presented in the table below for both the 

configurations. The numbers are expressed as mean ± S.D, where S.D – standard 

deviation.  

 

Table 4 Number density of the cells in the streams at the outlet of the channel for a fq = 0.5, Co = 

15% for configurations A and B 

Flow conditions       Configuration A       Configuration B 

qc 

(ml/min) 

Pe Re 
out

in

CVF

CVF
 cell

waste out

CVF

CVF

 
 
 

 
out

in

CVF

CVF
 cell

waste out

CVF

CVF

 
 
 

 

1.2 2000 1.45 0.82 ± 0.08 1.11 ± 0.03 1.18 ± 0.01 0.92 ± 0.02 

2.4 4000 2.91 1.05 ± 0.01 3.04 ± 0.86 0.85 ± 0.03 0.36 ± 0.05 

 

From the results presented in the table above, the following can be concluded: 

• The recovery of the cells, represented by the ratio out

in

CVF

CVF
 is very appreciable ( > 85%) 

for all the trials in the device which validates the fact that the measurements for the cell 

counts reflect the dynamics at more or less a steady state of operation inside the device.  

• For a flow rate of 1.2 ml/min, Pe = 2000, both the configurations of flow in the channel 

have the cells equally distributing themselves between the two streams at the outlet of the 

channel. This indicates a steady state (both cell and DMSO concentration is equal for 

both the streams) operation for the device and concentration analysis for DMSO that was 

done in this flow condition indicates that Cc* is in the range of 0.4 – 0.5 for  this flow 

condition. ( i.e –  a final outlet DMSO concentration of  ~7% - 8% (v/v) DMSO at the 

outlet for both the streams) 

• For the flow rate of 2.4 ml/min, Pe = 4000, interesting behavior of the cell distribution 

has been observed in the streams at the outlet for the two configurations. For the flow 

configuration A, it can be seen that almost 1/4
th
 of the cells (the ratio cell

waste out

CVF

CVF

 
 
 

 = 3) 

drop down to the donor stream, due to gravity acting on the cells in the device. In the 
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alternate configuration, this ratio is much lower than what was obtained for Configuration 

A, as the heavy donor stream drops down and displaces the cell stream up.  
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Chapter 5 

Summary, conclusions and future recommendations 

 

5.1 Summary 

 

A detailed investigation was done to evaluate the possibility of using a two-stream 

microfluidic device for the introduction of 10% (v/v) DMSO into a cell suspension. Two 

different flow configurations A and B were used in the study of outlet DMSO 

concentrations for the following combinations of operating flow conditions: 

 

•  1000 <  Pe  < 10000 i.e. variation of the flow rates of the fluids in the channel 

• Co  = 1%, 2.5%, 5%, 10% and 15% v/v of DMSO 

• fq = 0.23, 0.5 and 0.77 

 

Experimental results correlate very well with the developed numerical model for the 

configuration A when the cell stream contains only PBS. The normalized outlet cell 

stream concentration Cc* is independent of the initial donor stream concentration and 

exhibits an expected dependence on the Peclet number (Pe).  As the Pe number increases, 

the time available for diffusion of molecules in the channel decreases resulting in 

reduced transport of DMSO molecules into the cell stream.  The outlet concentration is 

influenced by the flow rate fraction (fq) due to the dependence of the diffusion time 

constant on the depth of the channel occupied by the donor stream and the total molar 

concentration of DMSO that needs to diffuse.  The target concentration of DMSO can be 

achieved in this configuration by using  relatively small values of flow rate fractions 

(preferably fq = 0.23) and moderate flow speeds of 0.5 ml/min – 1 ml/min for the cell 

stream.  
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The alternate configuration presents a situation of miscible fluids flowing in a horizontal 

channel with the heavy fluid one top of the lighter PBS solution for  highly laminar flows 

in the  channel. ( 0.7 < Re < 7).  Density varies linearly with concentration for DMSO 

and the density difference in this configuration, results gravity-driven 

displacement/convection of the fluids. For the low overall residence times in the channel, 

we believe that due to the gravitational forces acting in the same direction as that of the 

concentration gradient, the heavy molecules merely just drop down  into the  other  

stream.  Atwood number, At has been used to characterize the density contrasts between 

the fluid streams  and is identified to be a significant parameter to determine the relative 

importance of diffusion and buoyancy effects in the channel. Indeed, in the range of we 

observe an evident shift in the mode of mass transport from buoyancy driven 

displacement/convection  ( At  >    ) to a molecular diffusion-based transport  of CPAs. 

(At >)  The effectiveness of the  extent of mixing (e*) of the two streams has been 

quantified by normalizing the variance/deviation (e) of the outlet cell stream 

concentration from the equilibrium concentration. Homogenous mixing of the streams is 

observed for a high flow rate fraction of fq =  0.77 due to a decreased mass fraction of 

the  heavier stream.  

 

Select flow conditions were tested for a flow rate fraction  of fq = 0.5 and Co = 15% with 

2%  CVF  Jurkat cells in the device for  both  the configurations.  The additional 

opposing  gradient due to  the number of cells in the channel on top of the concentration 

gradient between the streams results in  the distribution of cells between the two streams. 

For a flow rate of  1.2 mL/min, i.e  Pe  2000, the ratio given by cell

waste out

CVF

CVF

 
 
 

 predicts 

that the cells are equally distributed in both the streams at the outlet of  the  channel for 

both the configurations thereby indicating a complete steady state where in the 

concentration of DMSO and the number of cells is the same for both the streams. For  Pe 

= 4000 the value of the ratio for one configuration of the channel is almost an  inverse of  

the value for the other.  In configuration B, it is observed that only some cells are present 

in the wash stream at the outlet of the device and for configuration B,  the  majority of 

the cells  come out through the wash stream at  the outlet. This observation confirms the 
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hypothesis of convective displacement of fluids in the channel under the presence of 

gravity, the effect of which is heightened for the situation which had the heavier DMSO 

stream on top as compared to having the  cell stream on the top.  

5.2 Conclusions and Inferences 

Some of the significant inferences and conclusions that can be drawn from this work is 

listed herewith: 

• The effect of gravity cannot be neglected at any cost when using a two-stream 

microfluidic channel for introducing DMSO into the cell suspensions.  

• In order to recover all the cells, irrespective of the flow configuration, the entire outlet 

stream (wash + cell) needs to be collected and accordingly operating flow conditions 

needs to be chosen.  

• Through this work, it is established that a final concentration of 7% - 8% (v/v) DMSO 

can be obtained by operating the device by using a 15% v/v initial donor stream 

concentration, a flow rate fraction of 0.5, in either of the two flow configurations and 

by collecting the outlet streams together. The same result can be achieved for faster 

flow rates in the device for the configuration B.  

5.3 Future work and recommendations 

This project provides scope for ample future work, modifications and experimental trials 

before acquiring complete confidence about characterizing the two-stream  

microfluidic channel for the purpose of introduction of DMSO into the cell suspensions. 

It is only appropriate to discuss the limitations and scope of this project at this juncture 

• More experimental tests need to be performed with Jurkat cells in the device with the 

addition of cell viability studies on these cells. This would allow us to conclusively 

decided about what the optimum conditions of  flow rate fraction and initial donor stream 

concentration values for the operation of the device to achieve the final goal of 

introduction 10% (v/v) DMSO concentration into the device.  

• Although acellular studies on the flow configuration have been exhaustively performed 

for the flow configuration B, it will be of significant value to perform these experiments 

with a CPA having a different value of viscosity and diffusivity, say glycerol, in order to 

predict if  the flow regime shifts  in the predicted range of dimensionless constants of At 

and Ra.  
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• Three dimensional computational models with appropriate modeling constants can help 

to a large extent to predict the influences of gravity  in the system and also in order to 

validate experimental results. 

• Visualization and imaging studies with the help of fluorescence microscopy and high 

speed cameras will help us understand the flow physics in the presence of gravity much 

more clearly.  
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Appendix A1 

Derivation of velocity profile and flow rate fraction for 

Configuration A in a two-stream microfluidic channel 
 

 
   Assumptions 

1. Steady flow ( ) 0
t

∂
⇒ =

∂
 

2. 2-D Flow  ( ) 0
z

∂
⇒ =

∂
 

3. Flow is fully developed ( ) 0
x

∂
⇒ =

∂
 

4. No slip conditions at the wall ( )( ), 0 for 0,u y v y y y d⇒ = = =  

5. Both the streams have uniform viscosity and density values as given in Table 1. 

 

Continuity Equation 

 

0
u v

x y

∂ ∂
+ =

∂ ∂
 

 

Applying assumptions 3 and 4 to the above equation, we have 

 

( ) 0 yv y C= = ∀            … (1) 

 

Expanding the N-S momentum equations in the three directions, we have: 
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(2b)   
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Applying assumptions 1-5, we have 

 

(2a)   
2

2
0

p u

x y
µ

 ∂ ∂
= − +  ∂ ∂ 

 

 

(2b)  0
p

y

∂
=

∂
 

 

(2c)   0 = 0 

 

Due to u being a function of y only and p being a function of x only, Equation 2a 

becomes 
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Integrating the above equation twice: 
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Applying boundary conditions given by assumption 4, we have 
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To determine total volume flow rate through the channel 

 

( ) ( )
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Using the mean velocity (
avgU ), we can solve for the pressure gradient Pg 

 

31
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12
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d
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Finally, combining 3 and 4 we have 
2

( ) 6 avg

y y
u y U

d d

    = −         
         … (5) 

 

For determining the flow rate fraction 
qf in the channel, we need to calculate the 

individual volume flow rates of the cell stream.  
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           … (6) 

From 4 and 6,  
2 3

3 2c
q

q
f

Q d d

δ δ   ∴ = = −   
   

 

where δ - depth occupied by the cell stream in the channel.  
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Appendix A2 

Finite difference explicit method: Configuration A5 
 
clear all; 
clc; 
fq = input('flow rate fraction'); 
r  = input('ratio of del/D'); 
co = input('Input initial concentration of DMSO in donor stream'); 
  
%Relationship between r and fq-  
%3r^2-2r^3=fq 

 
f  = 3*(r^2)-2*(r^3); 
Pe = linspace(1000,20000,20); 
q=1;                                        %Counter for Pe 
while q<=length(Pe) 
%   r=0.5; co=0.2; 
L = 20*10^4;                          %Length of the channel in micro-m 
d = 500;                              %Depth of the channel in micro-m 
D  = 800;                       %Diffusivity of DMSO in (micro-m)^2/sec 
delx = 2; dely = 10;Uavg = Pe(q)*(D/d);%Average Velocity in micro-m/sec 
E  = (D*delx*d)/(6*Uavg*(dely^2)); 
N = (L/delx) + 1;                         %No. of nodes along the 
length of the channel 
M = (d/dely) + 1;                         %No. of nodes along the depth 
of the channel 
c = zeros(M,N);                           %Initial concentrations set 
to ZERO 
Q = floor((r*d/dely)+1);                  %Calculation of the node 
number for given fq 
R = floor(((1-r)*d/dely)+1); 
  
%Set initial concentrations of the donor stream to co   
 
for i=1:1:R 
c(i,1)= co; 
end 
   
  for j=2:1:N 
    for i=2:1:M-1     
        y=dely*(i-1); 
        c(i,j)=c(i,j-1) + (E/(y-(y^2/d)))*(c(i-1,j-1)+c(i+1,j-1)-
(2*c(i,j-1))); 
    end 
    c(1,j)=c(2,j);         %No flux bundary condition at the walls           
    c(M,j)=c(M-1,j);       %No flux bundary condition at the walls 
  end 
   

                                                 
5
 Modified version of Katie’s code in 13. Katie, F., Numerical Modeling of Diffusion Based-Extraction of 

DMSO from a Cell Suspension in a Microfluidic Channel. 2008.; different values of delx,dely for stability in 

low Pe ranges and convenience for plotting graphs. 
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 %Average Outlet cell concentration for different Pe 
 cell_sum(q) = sum(c(R+1:M,N)); 
 donor_sum(q) = sum(c(1:R,N)); 
 cell_avg(q) = cell_sum(q)/Q; 
 donor_avg(q)= donor_sum(q)/R; 
 overall_avg(q) = sum(c(1:M,N))/M; 
 P(q)        = L/(d*Pe(q));               %P = (1/Pe)*(L/d) 
  
 q=q+1; 
end 

 
int_limit = (1-fq)*(ones(1,length(Pe))); 
plot(P,cell_avg/co,'m'); 
P_cellavg = [P' (cell_avg/co)']; 
hold on; 
plot(P,int_limit,'--r'); 
hold on; 
P_donoravg = [P' (donor_avg/co)']; 
plot(P,donor_avg/co,'b'); 
xlabel('(1/Pe)*(L/d)'); 
ylabel('C/Co'); 
title('C/Co vs (1/Pe)*(L/d)'); 
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Appendix A3 

Finite difference implicit method: Configuration A 
 
%f - ratio delta/d 
%Pe -Peclet Number 
%Co - Initial Donor stream concentration 
  
% Repeat for different values of Pe 
  
f  = input('ratio of del/D'); 
Co = input('Input initial concentration of DMSO in donor stream'); 
Pe = input('Peclet Number'); 
L = 23.2*10^4;              % length in micro meters 
d = 500;                    % depth in micro-meters 
D = 800;                    % Diffusivity 
IMAX = 251;                 % No. of nodes along the depth direction 
dely = d/(IMAX-1);          %  
delx = 5*dely;            % lets assume delx 
JMAX = (L/(delx)) + 1; 
Uavg = Pe*(D/d); 
alpha = (delx*D)/((dely)^2); 
err = 1;  
j=1; 
  
R = floor(((1-f)*d/dely)+1); 
C = zeros(IMAX); 
  
for i=1:1:R                             %Set initial concentrations of 
the donor stream to co 
    C(i)= Co; 
end 
  
for p=2:1:IMAX-1 
    y(p) = ((dely)*(p-1))/d ; 
    u(p) = 6*Uavg *(y(p) - (y(p)^2)); 
    beta(p) = alpha/(u(p)); 
end 
  
while j <= JMAX 
for q=1:1:IMAX-2 
          d(q) = -C(q+1); 
          a(q) = beta(q+1); 
          c(q) = beta(q+1); 
          b(q) = -(1+ (2* beta(q+1))); 
end 
a(1) = 0; 
b(1) = beta(2)+b(1); 
b(IMAX-2) = b(1); 
c(IMAX-2) = 0; 
r = triDiagonal(a,b,c,d,IMAX-2); 
r = [r(1); r';r(IMAX-2)]; 
C = r; 
j=j+1; 
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end 
  
%Average Outlet cell concentration for different Pe 
  
 cell_sum       = sum(C(R+1:IMAX)); 
 donor_sum      = sum(C(1:R)); 
 cell_avg       = cell_sum/(IMAX-R); 
 donor_avg      = donor_sum/R; 
 cell_avg_norm  = cell_avg/Co; 
 donor_avg_norm = donor_avg/Co; 
 
 

Subfunction for solving Tridiagonal matrix 

 
function u=triDiagonal(a,b,c,d,N) 
e = 1e-5; 
for k=2:1:N 
    m = a(k)/b(k-1); 
    b(k) = b(k) - m*c(k-1); 
    d(k) = d(k) - m*d(k-1); 
    if b(k) ==0 
        b(k) = b(k) + e; 
    else 
        u(k) = d(k)/b(k); 
    end 
end 
  
for j=1:1:N-1 
    i=N-j; 
    u(i) = (d(i)-(c(i)*u(i+1)))/(b(i)); 
end 
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Appendix B 

Protocol for using the UV spectrophotometer for DMSO 

concentration analysis 
 

The following are the instructions for using the spectrophotometer for measuring 

concentration of DMSO of the unknown sample. In general, I have used a 1/4
th

 dilution 

scheme for the control as well as the unknown sample solution and 3 sets of wells in the 

plate for each of the solution.  

 

• Turn on spectrophotometer and  allow the machine to calibrate. (Give  it at least 15 

minutes of warm-up time) 

•  Open Plate Reader software. 

• Click the Setup button. 

- Under options, click on Blanking.  Uncheck Pre-Read Plate.  

- Still in setup, under options, click wavelengths.  Set desired wavelength, for DMSO        

use 209 nm.   

- Uncheck preread plate.  Press okay.  Remove reduced number.   

•   Click template button.   

- Mark row A as blank, row B-H columns 1-3 and control, and the rest of the wells as 

samples and  press Okay.   

- Using a standard 96 well UV plate, fill rows B-H with 150 microns of PBS each.  

Leave row A empty the entire procedure, as blank wells will be needed for 

calibration.  Add 50 microns of the control solution (known concentration) to 

columns 1-3, row B.  Mix the content of these three wells thoroughly by drawing the 

solution from the wells into the pipet tips and flushing back out, repeat this 10-12 

times.  Remove all solution from pipet tips.  Then draw 50 microns from the mixed 

solution to the next row down, row C column 1-3. Repeat this procedure down all 

rows.  Repeat procedure for columns 4-6, 7-9, and 10-12 using  samples for which 

the concentration is unknown 

• Place UV plate in the drawer of the spectrophotometer.  In software interface, press Read 

in top right of screen.       

• The obtained values can be exported into a text file for further processing.  
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Appendix C 

Protocol for culturing Jurkat cells 
 

1. Firstly, the cells that are stored in a vial, are taken out of the freezer and thawed out in the 

warm bath only until all the ice melts and clear liquid solution is formed.  

2. Immediately, these cells are suspended in about 5-8 cc of Jurkat media
6
 and centrifuged 

for 10 mins at a speed of 1000 rpm, to extract the DMSO from the cells.  

3. Once this is done, the supernatant is discarded, the cells are re-suspended in 5-8cc of 

culture. media. 

4. Now, transfer this solution to a T-75 flask  and  leave it inside the incubator for the cells 

to grow.  

5. Subsequently, fresh media is  constantly added to the maintain the  sample of cells at a 

concentration  of 0.5 – 1 X 10
6 
cells/ cc.  

Preparing the Jurkat culture media 

• The following components are required to make 500cc of culture media for the Jurkat 

cells: 

RPMI 1640 (429 cc), 10% FBS (50cc), 2mM L-Glutamine (5cc), 2mM Sodium 

Pyruvate (10cc), 2mM HEPES (5cc) and Primocin (1cc) 

• Firstly, thaw out RPMI 1640 (usually, a  500 cc bottle) , 50 cc of FBS, L-Glutamine, 

Sodium Pyruvate and the 1cc vial of primocin in the warm water bath.  

• L-Glutamine, Sodium Pyruvate and HEPES solutions are diluted with DI water to attain 

the target concentration as mentioned in the list above inside a sterile hood. (Note the  

concentration specified on the bottle for these components and use the calculation based 

on molarity,1M is the number of moles of  the component in 1000 cc of the solution) 

• Mix the above components to obtain 20 cc of a solution and sterile filter it into a 

centrifuge tube using a syringe and 0.2 µm syringe filters.  

• Wipe the other bottles taken from the water bath thoroughly with alcohol before placing 

them inside the hood.  

                                                 
6
 2ote that the recipe for making this Jurkat media was given by folks in Modiano Lab as the 

current stock of cells were obtained from them.  
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• Add the FBS and primocin into the RPMI 1640 bottle. It needs to be noted here that,  

usually RPMI bottle comes in a volume of 500cc and we require only 429 cc of  the 

solution. 

• Now add the components contained in the centrifuge tube to this bottle and filter all of 

these components using a vacuum pump and a filter (Stericup) into an autoclaved 500 cc 

bottle if the filter doesn’t already have a sterile cup.  

• The media is now ready to be used to grow the Jurkat cells.  

Notes on sterile techniques 

It is vital to possess meticulous sterile techniques in order to keep the cells in the culture 

from getting contaminated. Some of  the most important things to note are: 

• Spray alcohol inside the hood, wipe it down, turn on the blower and wait for at least ten 

minutes for the laminar flow to set in, before starting  any work inside the hood. 

• Always remember to spray and wipe down things (bottles, pipettes, reagents, etc) with 

alcohol before taking it inside the hood.  

• Autoclave glassware as much as possible to help the sterility of storage.  

• Spray the inside surfaces of the incubator with alcohol on a regular basis. 

• Replace the water inside the incubator on a regular basis and ensure the lack of growth of 

any contaminants in the stored water for the incubator.  

• Spray the insides of the hood with alcohol after the work is complete and turn on the UV 

lamp when done for the day.  
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Appendix D 
 

Calibration chart for the syringes 

 
 

 


