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The behaviour of droplets entering a microfluidic chamber designed to house microelectrode

detectors for real time analysis of clinical microdialysate is described. We have designed an

analysis chamber to collect the droplets produced by multiphase flows of oil and artificial cerebral

spinal fluid. The coalescence chamber creates a constant aqueous environment ideal for the

placement of microelectrodes avoiding the contamination of the microelectrode surface by oil.

A stream of alternating light and dark coloured droplets were filmed as they passed through the

chamber using a high speed camera. Image analysis of these videos shows the colour change

evolution at each point along the chamber length. The flow in the chamber was simulated using

the general solution for Poiseuille flow in a rectangular chamber. It is shown that on the centre

line the velocity profile is very close to parabolic, and an expression is presented for the ratio

between this centre line velocity and the mean flow velocity as a function of channel aspect ratio.

If this aspect ratio of width/height is 2, the ratio of flow velocities closely matches that of

Poiseuille flow in a circular tube, with implications for connections between microfluidic channels

and connection tubing. The droplets are well mixed as the surface tension at the interface with the

oil dominates the viscous forces. However once the droplet coalesces with the solution held in the

chamber, the no-slip condition at the walls allows Poiseuille flow to take over. The meniscus at

the back of the droplet continues to mix the droplet and acts as a piston until the meniscus stops

moving. We have found that the no-slip conditions at the walls of the chamber, create a banding

effect which records the history of previous drops. The optimal position for sensors is to be

placed at the plane of droplet coalescence ideally at the centre of the channel, where there is an

abrupt concentration change leading to a response time {16 ms, the compressed frame rate of

the video. Further away from this point the response time and sensitivity decrease due to

convective dispersion.

1. Introduction

Clinical microdialysis is a powerful tool for monitoring

the dynamic metabolic response of brain injury patients.1

Typically, an online rapid sampling microdialysis (rsMD)

assay records the level of glucose and lactate every 15–30 s.

Spreading depolarisations (SD), which occur spontaneously in

the injured human brain,2,3 are mass depolarisations of

neuronal and glial cells, which self-propagate along the cortex

surface like a wave. To recover from the depolarisation,

the initial intracellular/extracellular ionic gradients must be

reestablished using sodium potassium ATPase. This in turn

imposes a high demand for energy4 and hence challenges the

local delivery of glucose to the brain. We have previously

shown in clinical studies using rsMD that SD waves

dynamically drive the brain glucose concentration below the

viability threshold, potentially leading to secondary brain

injury.5 Whilst animal microdialysis studies only need a few

centimetres of low-volume connection tubing between the

implanted probe and assay, clinically 1 m is typically required

as the analysis trolley is kept behind the bed of the patient.

Analytically, this causes a time lag before analysis and

dispersive blurring of small sharp changes in metabolite

concentration.

Microfluidics have been widely used in chemical analysis

and biological studies such as PCR,6 cell studies7 and kinetic

measurements,8 due to the inherent advantages of very

small sample volumes and low cost. Generally, liquids in

microchannels flow in the laminar regime with a low Reynolds

number (less than 100), therefore mixing relies on molecular
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diffusion aided by convection in some circumstances.

Typically microfluidic devices have a large Peclet number

and large surface to volume ratio.9

By use of an immiscible fluid such as oil, aqueous solutions

can be segmented into discrete droplets due to the liquid–

liquid interfacial tension and shear force experienced at

the interface of the two phases. These compartments are

well-defined and reproducible and can act as reaction cells

from which kinetic parameters can be extracted.10 Multiphase

flows are most commonly generated by the use of T-junctions

and flow focusing geometries.11–14 The characteristics of the

droplets formed can be tightly controlled through relative flow

rates, viscosities, surface tension and geometry. The flow of

droplets is also highly controlled with methods allowing

moving, combining and mixing, followed by detection and

analysis on-chip.15,16

Segmented flow offers many advantages for microdialysis

users. Using a faster flowing oil stream, the aqueous dialysate

droplets can be quickly propelled down the connection tubing

reducing time lag. Hence the microdialysate flow rate through

the probe can be reduced achieving high analyte recovery,

without compromising on the transit time. As droplets

are segmented in oil, there is no mixing between successive

droplets and hence no smearing of sharp concentration changes

due to the Taylor dispersion seen in continuous flows.

The most popular analysis technique of multiphase flow is

laser induced fluorescence (LIF).17 In LIF, low path length is

compensated for by high intensity illumination and high

sensitivity detection. Whilst there are many applications in

which LIF is appropriate, it is not technically possible in many

situations, such as online detection on a clinical ward or on a

wearable device.

Electrochemical flow cells are an attractive alternative due

to their high sensitivity, small size, low noise and simple

electronics. Electrodes were originally assembled into channel

electrodes where the fluid path was defined using a gasket.

Consideration of the convective-diffusion equation for these

systems initially allowed analytical descriptions (see ref. 18 and

19 for reviews) and more recently numerical descriptions19,20

of common electrochemical techniques coupled to homo-

geneous solution reactions. The use of fast flow rates

and the development of microelectrodes produced by

microlithographic techniques allowed the development of flow

cells to study ultra-fast kinetics.21,22

The development of microlithographic techniques allowed

the construction of microelectrodes in channels, in either

band or array23 formations. Recently developments in the

fabrication of microchannels, has allowed flexible control over

both the electrode size and channel dimensions and the

possibility of miniaturisation of systems for lower flow

velocities. Flow profiles within such microchannels have been

simulated.24 Theoretical descriptions for a microelectrode

array placed in a flow channel under steady state conditions

for flow and concentration, have been used to analyse

the effects of flow on coupling between electrodes25 and to

determine the flow profile.26 An analysis of the temporal

response of a microband electrode placed in the inlet of a

channel has been used to determine the dimensions of the

microchannel.27

Reports of microelectrodes analysing multiphase flows are

few. One report analyses electrochemical processes at a

continuous flowing phase boundary28 but others concentrate

on the incorporating electrodes for manipulation of droplets,29

electroporation,30 enzyme kinetics31 and electrophoretic

separations32 rather than analysis. A major problem for

analysis is that the carrier oil can coat the electrode surface

degrading the interface between the electrode and the droplet

sample. To solve this difficulty, we have created a microdroplet

coalescence chamber into which only the aqueous phase

enters. In this paper we consider the effect of the arrival of

an alternating sequence of uniform droplets in such a chamber

for multiphase flow.

2. Experimental

2.1 Fabrication of microfluidic chips

The microfluidic chips are constructed from polydimethyl-

siloxane (PDMS) using standard soft lithographic techniques.

PDMS base and curing agent (sylgard 184; Dow Corning,

Wiesbaden, Germany) were mixed in a 10 : 1 w/w ratio. This

was then degassed and poured over a SU8 master and cured

for 1 h at 65 1C. The PDMS layer was peeled off and inlet and

outlet holes punched through. The device was sealed to a

second layer of PDMS and cured overnight at 65 1C.

2.2 Data acquisition

FC-40 oil was used as the carrier fluid in all experiments and

was motivated using precision syringe pumps (PHD2000

Harvard Apparatus). A high-speed camera (Phantom V)

attached to an inverted microscope, was used for video

acquisition and Matlab and ImageJ were used to analyse the

recorded images. Fig. 1 shows the system setup.

2.3 Generation of droplets

A sequence of alternating droplets, four dark (water with

a dye moiety) and four light (water) were formed using a

programmable robotic head developed by one of our team

(XN) and recently made available (http://www.drop-tech.com).

These droplets were introduced to the analysis chamber, in a

Fig. 1 The experiments were conducted using an inverted microscope

coupled with a high speed CCD camera. Droplets were generated

using either a T-junction in a microfluidic chip or by sucking a

sequence of coloured aqueous droplets into the analysis chip by

controlling the robotic head.
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sequence of 4 droplets of each colour before switching. A CCD

camera (Phantom V) recorded the chamber as these droplets

passed through.

2.4 Data processing

The intensity profile along the centre line of the chamber was

analysed every 50 ms, as a stream of alternating coloured

droplets passed through the chamber. 0 mm indicates the

entrance of the chamber and the direction of flow is in the

positive x direction. The intensity of the dye was measured

as grayscale in ImageJ. The background was found to be

inhomogeneous along the chamber length due to a combination

of a point light source and shadows falling across the image.

To take account of this, in the initial condition when the

chamber was full of light solution, a background reading was

taken at each pixel along the centre line. This was converted

into absorbance and hence reported as concentration C0. All

images were normalised to this background reading. Images

were converted into false colour, using ImageJ, to aid

visualisation. The analysis techniques are shown in Fig. 2.

The flow dynamics through the chamber was analysed with the

help of a mathematical model.

3. Results and discussion

3.1 Collection chamber

The collection chamber was 100 mm high and had a total

volume of 68 nL. Droplets with a volume less than 68 nL

will have some interaction within the chamber. Under our

experimental conditions, a sequence of 12 nL droplets passed

through the chamber. As each droplet enters the chamber, the

solution already present, is displaced and a droplet of the same

volume is released from the other side of the collection

chamber. Fig. 3 shows a droplet entering the chamber. When

the oil is being removed from between the droplets, the

solution in the chamber remains stationary. At this point

there is only diffusional mixing of the solution, which is

minimal on these subsecond timescales.

3.2 A step change in concentration

The Reynolds (Re) number of the aqueous solution in the

microfluidic channels was calculated to be 0.4 placing the fluid

flow in the laminar regime. This also allows us to estimate the

entrance length, xL, for the establishment of a steady-state

flow profile using21,33

xL/2h = 0.04Re + 0.5

where h = height. For our system xL is 100 mm, which can be

compared with the droplet length of 600 mm in Fig. 3. The

chamber was filled with alternating sequence of four dark and

four light droplets. The midline of the chamber was analysed

to avoid the effects of flow complexities which occur in the

corners of the chamber. The complete length of the chamber

was analysed (1360 mm). If we analyse along the midline

shown in Fig. 2 at different time points, the same change

in concentration can be observed as it moves through the

chamber. Fig. 4 displays the change from a light filled chamber

to dark, with the midline analysed every 50 ms. It is clear how

dispersion affects time resolution by smearing out the step

change in concentration, displayed here as the change in the

gradient of the rising slope. Before the arrival of the next

droplet, while the oil is being removed, the solution in the

chamber is stationary, seen on Fig. 4 by the overlapping of

traces. The change from dark to light is clearly seen at the

entrance of the chamber and occurs over 121 mm. Whereas the

same step change, 0.75 s later, occurs over 740 mm.

3.3 Mathematical model

In developing a model, we assume that the chamber is

rectangular and that the concentration of the dye inside the

inlet droplet is uniform at the start of the chamber x = 0. It is

also assumed that inertial effects are so small that the velocity

profile within the chamber is either zero when the oil is being

removed or instantaneously fully developed when the

approaching droplet first coalesces. It also assumes that the

pattern of dark and light droplets is symmetrical. Results of

the simulations are shown for the first 21 cycles of alternating

droplets.

Fig. 2 (A) A single frame of a high speed video of the microfluidic

chamber where droplets coalesce. An analysis line was drawn with

ImageJ and the greyscale values measured (using 8-bit conversion)

Distance measured from 0 mm to 1360 mm, left to right. (B) Plot profile

of the grayscale values measured along the line. (C) For some images

the grayscale was converted to false colour images (generated by

ImageJ.

Fig. 3 Selected frames showing a dark droplet moving into the

chamber. Note how the incoming droplet pushes against the chamber

solution creating a flattened interface before they coalesce. The

incoming droplet is 600 mm in length.
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The analysis uses the general solution for Poiseuille flow in a

rectangular chamber given by Mortensen et al. (2005).34

Assume that the channel has width w with y ¼ ½�w
2;

w
2� and

height h with z = [0,h]. The distance along the channel is x.

The velocity distribution across the (y,z) cross-section is

uðy; zÞ ¼ 4h2Dp
p3L

X1
n¼1;3;...

1

n3
1�

cosh
npx
2

� �
cosh

npw
2h

� �
0
B@

1
CA sin

npy
h

� �

where Dp
L
is the pressure gradient along the channel and Z is the

coefficient of viscosity of the fluid. For our purposes, it is most

convenient to express the velocity distribution either in terms

of the maximum velocity, u0, which occurs in the centre of the

channel,

u0 ¼ u 0;
h

2

� �
¼ 4h2Dp

p3L

X1
n¼1;3;...

ð�1Þ
n�1
2

n3
1� 1

cosh
npw
2h

� �
0
B@

1
CA

or the mean velocity U

U ¼ 1

wh

Zw=2
�w=2

Zh
0

uðy; zÞdzdy

¼ 4h2Dp
p3L

2

p

X1
n¼1;3;...

1

n4
1� 2h

npw
tanh

npw
2h

� �� �

The ratio of the maximum velocity and the mean velocity is

u0

U
¼

p
P1

n¼1;3;...

ð�1Þ
n�1
2

n3
1� 1

cosh npw
2h

� �
 !

2
P1

n¼1;3;...

1
n4

1� 2h
npw tanh

npw
2h

� �� �

This is shown in Fig. 5 as a function of the aspect ratio of the

cross-sectional area g ¼ w
h
. For Poiseuille flow in a circular

tube, this ratio is 2 and in 2D channel flow (g - N), the ratio

is 3/2. Note that for the aspect ratio of the microfluidic

channels used, g = 2, the ratio is very close to 2. This is a

factor which must be considered when connecting square

channels to circular tubing.

The velocity profile for Poiseuille flow in a channel is

parabolic and comparison of the centre line profiles for finite

aspect ratios shows that the centre line velocity profile is very

close to parabolic for g as small as 2 (Fig. 6. That is,

uð0; zÞ � 4u0
z
h
ð1� z

h
Þ. The effect of the aspect ratio is

predominantly on u0, not the shape of the centre-line profile.

We now consider the effect of this velocity distribution on a

change in colour introduced into the coalescence chamber by

the arrival of a dark drop.

3.4 Flow dynamics in the droplets and the chamber

The main difference between flow in a droplet approaching the

coalescence chamber and flow in the chamber is the effect of

surface tension in the meniscus at the front and back of the

droplet. At the interfaces between the oil, water and wall,

the surface tension dominates the viscous forces that lead to

the no-slip condition in single phase flow. Within the droplet,

the no-slip condition holds at the walls whereas at the

interfaces, the velocity at the wall is equal to the convective

velocity of the droplet. This difference in boundary conditions

results in a flux of fluid away from the wall at the back of the

droplet and toward the wall at the front. This establishes a

strong circulatory, secondary flow within the droplet which

results in rapid mixing of the tracer within the drop leading to

the homogeneous concentration profiles measured in the

drops approaching the coalescence chamber. Once the front

meniscus of a drop coalesces with the meniscus at the front of

the chamber, the no-slip condition requires that the velocity at

the top and the bottom of the chamber is zero. The resulting

velocity profile causes convective dispersion of the tracer. The

vertical dispersion on the centre line of the chamber is

illustrated in Fig. 7.

The concentration measured in these optical experiments is

the average concentration across the depth of the chamber. It

is clear that the average concentration will vary with time

along the length of the chamber in a way that is rather

Fig. 4 Initially the chamber was filled with light drops, giving the

horizontal lines at C/C0 = 1. At 0 s, a dark droplet starts to enter the

chamber. 50 ms later, C/C0 was evaluated at all points along the midline

giving the curve on the left hand side of the Figure. This was repeated

every 50 ms to give the complete Figure. Thicker curves are due to the

flow being stationary before the next dark droplet enters the chamber.

Note that the coalescence of incoming droplets is not synchronised to

the data collection rate, hence the spacing is not always even.

Fig. 5 The ratio of centre-line velocity u0 to mean velocity U as a

function of the aspect ratio of the rectangular channel g.
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complex. Close to the inlet of the chamber, the concentration

will change rapidly as the bands of tracer are predominently

vertical. Further from the inlet the bands become more angled

and the fronts of tracer become more diffuse. Close to the

upper and lower walls, the bands are nearly horizontal and the

contribution of these bands to the average concentration

provides a history effect. Close to the wall there is some

tracer from all of the droplets that have preceded the

current droplet. Over time this leads to Taylor dispersion

where the concentration gradients in the vertical direction

due to the nearly horizontal bands becomes important, leading

to diffusive dispersion in the vertical direction. This dispersion,

coupled with the parabolic velocity profile, leads to an axial

concentration gradient that is approximately Gaussian.

It is better, therefore to place the sensor as close as possible

to the point of coalescence, where the bands are vertical. This

is at the entrance of the chamber. Further away from the point

of coalescence, the bands become increasingly horizontal,

lowering the sensitivity of the assay. In a microfluidic device,

the easiest and the most common place to fabricate an

electrode, is on the wall of the channel, but Fig. 7 shows that

this is not ideal due to the build up of previous droplets

creating a history effect. If, however, the no-slip condition at

the wall was broken or baffles were introduced to the walls,

convective mixing within the chamber would occur and

stop the bands from forming. If the microelectrodes were

to be placed further into the chamber, away from the

point of coalescence, then ideally the microelectrodes

should be located in the middle of the chamber, away from

the walls, as here the bands are vertical. In this position, the

sensor would potentially disrupt the flow, inducing additional

convection in the chamber. An alternative solution for

multiple sensors is to have several smaller detection chambers

placed in series, rather than expanding one chamber to

house multiple sensors, as each microelectrode can be

positioned at the optimal location at the point of coalescence

in each chamber to achieve the highest time resolution and

sensitivity.

3.5 Comparing dispersion in continuous and droplet based

flows

To simulate clinical microdialysis conditions, a step change in

concentration (from dark to light) was transported over 1 m of

low volume connection tubing in both the continuous and

droplet flow regimes at a flow rate of 4 mL min�1. Videos

documenting the identical step change in concentration

after 1 m of tubing in the two flow regimes were analysed.

Measurements in droplet flow were taken where micro-

electrodes would be positioned i.e. at the point of coalescence.

The continuous flow regime has a response time t90% of 19.1 s.

However, in droplet flow, the t90% is dramatically reduced to

{16 ms, the frame rate of the video analysed, Fig. 8. This is a

>100-fold increase in time resolution which provides a

paradigm shift for microdialysis users by allowing the

measurement of small sharp changes in the concentration on

a sub-second timescale. The inset shows the importance of

measurement at the point of coalescence as 30 mm into the

chamber the t90% is 200 ms. Work is on-going to place

chemical sensors and biosensors in the chamber at the point

of coalescence and hence incorporate the microfluidic system

to a new real-time clinical online microdialysis system.

4. Conclusions

We have shown that, following passage over 1 m of low

volume connection tubing, the introduction of digital micro-

fluidics can conserve sharp changes in concentration and

increase time resolution >100 fold when compared to

continuous flow. We have demonstrated, using optical

methods, that the optimal placement of microelectrodes

is at the entrance of the chamber, at the point of droplet

coalescence. This is due to the fluid dynamics in droplets

ensuring that a well-mixed solution enters the chamber.

Fig. 6 The velocity distribution u/u0 in a rectangular channel with

g= 2. The thicker line indicates the velocity profile in the centre of the

channel across which the concentration of tracer was measured.

Fig. 7 This Figure shows a simulation of the dispersion along the

centerline of the coalescence chamber as a function of z, the vertical

axis, due to the parabolic flow profile. It is assumed that the droplets

are well mixed due to the meniscus at the back of the droplet until it

merges with the meniscus at the origin of the chamber, x = 0. When

there is convection in the chamber, the no-slip condition at the top and

bottom walls applies and the flow profile is parabolic. The sequence of

droplets alternates between four dark and four light.
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However, once coalesced, continuous fluidic dynamics take

over in the chamber, and bands from previous droplets can

build up, decreasing the detection sensitivity, especially when

the sensor is placed away from the inlet of the chamber. The

no-slip boundary condition in the chamber also indicates that

fabrication of electrodes on the walls of the channel is not

ideal. We discuss effective ways of running the chamber to

achieve optimal time resolution and sensitivity of sensors

which can be applied to any droplet catching analysis

chamber. We are now using these chambers with optimised

electrode placements to analyse microdialysis streams from

head injury patients, and in experimental studies of the role of

spreading depolarisations in the development of secondary

brain injury.
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Fig. 8 Comparison of continuous and droplet flow regimes upon

dispersion over a 1 m tubing. Data was collected from high speed

videos. Total flow rate 4 ml min�1. Insert compares droplet data

collected at different positions in the channel. Continuous flow

indicated by a red line, the blue line indicates data collected from just

inside the meniscus, the green line 30 mm into the chamber.
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