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We have developed a microfluidic approach to study the sickling of red blood cells associated with

sickle cell anemia by rapidly varying the oxygen partial pressure within flowing microdroplets. By using

the perfluorinated carrier oil as a sink or source of oxygen, the oxygen level within the water droplets

quickly equilibrates through exchange with the surrounding oil. This provides control over the oxygen

partial pressure within an aqueous drop ranging from 1 kPa to ambient partial pressure, i.e. 21 kPa.

The dynamics of the oxygen exchange is characterized through fluorescence lifetime measurements of

a ruthenium compound dissolved in the aqueous phase. The gas exchange is shown to occur primarily

during and directly after droplet formation, in 0.1 to 0.5 s depending on the droplet diameter and speed.

The controlled deoxygenation is used to trigger the polymerization of hemoglobin within sickle red

blood cells, encapsulated in drops. This process is observed using polarization microscopy, which yields

a robust criterion to detect polymerization based on transmitted light intensity through crossed

polarizers.
Introduction

Sickle cell anemia is a genetic disease that affects millions

worldwide, particularly in sub-Saharan Africa and southern

Asia. Patients who suffer from this disease experience painful

crises, infections, or organ damage, leading to a shortened life-

span.1 The condition is due to a single mutation on the beta chain

of hemoglobin, the protein that is responsible for oxygen trans-

port in the body. After oxygen is released in the tissues,

a conformational change in mutant hemoglobin (HbS) exposes

a hydrophobic residue on the surface of the protein that

provokes hemoglobin polymerization. This in turn leads to red

blood cells taking a ‘‘sickle’’ shape, from which the name derives,

and greatly losing their deformability provoking vaso-

occlusions.

Even though the literature on sickle cell anemia is extensive,2–7

microfluidics provides a novel approach for the study of key

aspects of the disease which are not accessible by other tech-

niques. The study of single cells, or a small number of cells, can

be performed in microfluidic devices in an environment that

mimics physiological conditions, in terms of mechanical shear of

the cells,8,9 their interactions with the geometry,10 and chemical

and biochemical signals. Among experimental conditions,

oxygen partial pressure of the cell medium constitutes a key
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parameter that must be controlled in order to trigger cell sickling.

Existing techniques to provide such control use multi-layer

microfluidic devices, where exchange occurs over the scale of

seconds through a thin PDMS membrane separating flowing gas

channels and aqueous channels.11,12 This exchange speed can be

insufficient to study the dynamics of HbS polymerization in

red blood cells, which occurs in less than a second after

deoxygenation.13

The platform that we chose for performing the study uses

water drops in oil. This approach allows many independent

experiments to be performed in series, while providing a way for

the cells’ mechanical and biochemical environment to be

precisely controlled. Indeed, it has been shown that cells can be

encapsulated in aqueous drops that are only a few times their

size,14–16 and whose composition and size are carefully controlled.

Later, the drops can be sorted, fused, divided, or held in place

through passive17–20 or active21–25 techniques. Furthermore, since

a small number of cells can be enclosed in a droplet, this

approach can serve as a general system to isolate and quantify

the temporal behavior of single cells following changes in envi-

ronment or addition of a chemical or biochemical reagent,

especially in the case of non-adherent cells that need to remain

suspended.

Most droplet applications have used the carrier oil as a passive

transporter, with the primary function of forming and moving

droplets within the device. However, the oil can also serve to

extract or inject substrates,26 while the surfactant it carries can

catalyze a reaction at the drop–oil interface.27 In our approach,

the large surface to volume ratio of microfluidic drops provides

a powerful lever to enhance the transfer between the two phases,

aided by the convective flow that emerges from the presence of

the immiscible interface. Here, we take advantage of the effi-

ciency of the inter-phase transfer and present a novel method to

provoke a rapid change in oxygen concentration within

a microfluidic droplet, by using the oil phase as a source or sink
Lab Chip, 2010, 10, 2505–2512 | 2505
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Fig. 1 (A) Schematic of the experimental setup. (B) Photograph of the

gas exchange vials and the microfluidic device positioned above the

microscope objective. (C) Close-up of the flow focuser and the aqueous

droplet formation in the device (bright-field transmission image). By

controlling the oxygen level of the incoming oil and aqueous phase,

a change in the droplet oxygen concentration is obtained.
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of oxygen. This is achieved through the use of perfluorinated oils

which have been shown to be biocompatible16,28,29 and which

have 10–20 times greater oxygen solubility than water.30

The oxygen concentration of the oil and aqueous phases in our

device are adjusted separately before entering the microchannel.

To ensure that the oxygen transfer occurs solely within the

microsystem, the device is made from a gas impermeable mate-

rial, the photocurable glue NOA81,31 rather than a material such

as PDMS that has high oxygen permeability and solubility.32

After the formation of droplets, the oxygen partial pressures of

the two phases quickly equilibrate near the value for the oil,

which has much greater capacity than water and is present in

larger volumes, as in most droplet studies. By measuring the rates

of oxygen transfer between the drops and the surrounding

environment, we thus demonstrate that the carrier fluid can be

a used as a chemical reservoir in which the concentrations can be

precisely varied. This should lead to the ability to perform

sequential analysis of flowing droplets which contain red blood

cells and should offer a method for quickly varying experimental

conditions to explore therapeutics that inhibit cell sickling.

In this manuscript, we first describe the components required

for oxygen control on the chip. This is followed by a character-

ization of the oxygen change for a droplet as a function of

position and time using an oxygen sensing fluorescent probe. The

time required to deoxygenate a droplet and the magnitude of the

change are determined as a function of droplet size and speed.

Finally, the device is used to provoke the polymerization of

hemoglobin in red blood cells and show how the polymerized

fibers can be detected, within the droplets, using polarized light

microscopy.
Materials and methods

Microfluidic device fabrication

The microfluidic devices were made of photocurable glue

following the protocol described by Bartolo et al.31 Briefly,

a patterned PDMS stamp is made using standard soft lithog-

raphy techniques.33 The stamp is pressed over a drop of Norland

Optical Adhesive 81 (NOA 81, Thorlabs) on a glass coverslide

before exposure to a UV lamp (exposure for 40 s at an intensity

of 7 mW cm�2). A thin layer of glue remains uncured on the

surface due to the presence of oxygen, which allows the device to

be sealed with a glass slide with a second exposure to a UV source

(exposure for 40 s at an intensity of 7 mW cm�2). To render the

internal channel surface hydrophobic, a glass treatment

chemical (Aquapel, PPG Industries) is flowed briefly through the

microchannel.

Two different chip geometries were used that had similar

channel layout but different channel widths. The two geometries,

henceforth referred to as narrow and wide, had channel widths of

120 and 250 mm, respectively, in the channels upstream of the

droplet formation, and a channel width of 200 and 400 mm,

respectively, downstream of drop formation (Fig. 1C). At

a distance of 5 mm downstream of the flow focuser, the channel

widens to 1 mm for the narrow channel and 2 mm for the wide

channel. This widening was used to slow down the droplet flow

speed to facilitate the observation of individual cells. The channel

height was constant at 38 mm.
2506 | Lab Chip, 2010, 10, 2505–2512
Experimental setup

A schematic of the experimental setup is shown in Fig. 1A. The

aqueous phase and the oil (FC-40, graciously donated by 3M) are

pushed at constant flow rates using glass syringes and syringe

pumps. Flow rates ranged from 0.25 to 2 mL min�1 for the

aqueous phase and 2 to 16 mL min�1 for the oil phase. To vary the

oxygen concentration of the phases, the oil and aqueous solu-

tions are first flowed through approximately 50 cm of gas

permeable silicone tubing (0.5 mm internal diameter and 2.1 mm

outer diameter, Cole-Parmer) in a vial with a controlled oxygen

atmosphere. The residence time of the fluids in the exchange vials

ranged from 6 min for the fastest flow rates (16 mL min�1) to over

400 min for the slowest (0.25 mL min�1). By varying the relative

flow rates of nitrogen gas and air into each of the vials, the

oxygen concentration in the vials could be adjusted from 0% to

21% oxygen (atmospheric oxygen percentage) i.e. from 0 to

21 kPa oxygen partial pressure (pO2). Through gas exchange, the

flowing fluids equilibrated with the oxygen partial pressure in the

vials. After the gas exchange vials, it is important to maintain

a virtually gas-tight environment. Therefore low gas permeability

tubing made of polyether ether ketone (PEEK, Upchurch) was

used to connect the vial to the NanoPort (Upchurch) inlets of the

microfluidic device (Fig. 1B).

Figure 1C shows a photo of the flow-focusing junction where

the oil and water meet and form droplets. Droplet size ranged

from 130 to 190 mm for the narrow chip geometry and from 200

to 350 mm for the wide chip geometry. Two different

initial conditions were characterized, ‘‘deoxygenation’’, which

corresponds to deoxygenated oil meeting an aqueous phase at

ambient oxygen partial pressure, and ‘‘oxygenation’’ where

ambient oxygen oil meets a deoxygenated aqueous phase. Here,
This journal is ª The Royal Society of Chemistry 2010
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the terms oxygenation and deoxygenation refer to the change

imposed to the aqueous droplet.
Determination of on-chip oxygen concentration

The on-chip oxygen concentration in the aqueous phase and in

individual microdroplets was determined through the use of

a probe, ruthenium tris(-dipyridyl) dichloride hexahydrate

(RTDP) (Sigma-Aldrich), whose fluorescence intensity and life-

time vary with the oxygen concentration.34 The fluorescence

lifetime was monitored using a commercial frequency-domain

set-up (Ocean Optics FOXY) coupled directly to an inverted

microscope (Zeiss AxioObserver). The system uses a bifurcated

optical fiber to both output the excitation light and collect fluo-

rescence. The excitation pulse at 470 nm, produced by a LED, was

coupled into the microscope’s epi-fluorescence path, where it was

focused onto a small drop (for the calibration curve) or a micro-

fluidic channel by a 100� objective (NA 1.4). The circular area of

illumination had a diameter of approximately 200 mm. The

resulting fluorescence, peaked at around 620 nm, was collected

back into the fiber and analyzed by a multi-frequency phase

fluorometer to determine the fluorescence lifetime.

The quenching of fluorescence by a collisional quencher such

as oxygen is described by a first-order Stern–Volmer equation,

I0/I ¼ 1 + KSV[O2] ¼ 1 + K0SV pO2, where I0 is the fluorescence

intensity with no quencher (0% oxygen), KSV is the Stern–Volmer

constant and [O2] and pO2 are the concentration and partial

pressure of oxygen, respectively.35 In the case of a mono-expo-

nential fluorescence decay in time, as is the case for RTDP, the

fluorescence lifetime can be substituted into the Stern–Volmer
Fig. 2 Oxygen partial pressure (pO2) as determined by RTDP fluorescence

a stream of deoxygenated oil. The flow rate is 0.5 mL min�1 for the aqueous ph

a deoxygenated aqueous phase entering a stream of oil. The flow rate is 2 mL m

data as (A) and (B), respectively, with respect to time. Zero position and time a

at the bottom part of (A) and (B). An exponential fit to the data as shown in

This journal is ª The Royal Society of Chemistry 2010
equation: s0/s ¼ 1 + K0SV pO2, where s0 is now the fluorescence

lifetime with no quencher.

A calibration curve to relate fluorescence intensity to oxygen

partial pressure was obtained by exposing a 1–2 mL droplet of

RTDP solution (1–2 mg mL�1 in deionized water) to an oxygen

percentage from 0% to 21% (ambient oxygen percentage). A

calibration curve was recorded before each experiment. The cali-

bration curve was well described by the first-order Stern–Volmer

equation (r2 of the fit > 0.999). The RTDP fluorescence lifetime in

aqueous solution ranged from 600 ns for 0% oxygen to 380 ns for

21% oxygen. The experimental KSV was determined to be 2.1 �
10�3 mM�1, similar to literature values of 2.7 � 10�3 mM�1.36,37

For the on-chip measurements, the aqueous phase consisted of

RTDP solution (1–2 mg mL�1 in deionized water) and the oil

phase was FC-40 with 2% w/w of surfactant. Measurements of

fluorescence lifetime were made at discrete positions along the

length of the microfluidic channel, both on the incoming aqueous

stream and further downstream on aqueous droplets. The time-

resolved fluorescence system has two modes of operation, inter-

mittent and continuous. Most measurements were performed in

intermittent mode where measurements were taken every 2 s with

an integration time of 0.5 s. This integration represents the passage

of several drops, from 2 to 25 drops depending on the specific flow

conditions used in the experiment. In continuous mode, the

excitation source is on at all times and the lifetime is determined

every 0.1 s. This was found to be more accurate for the slowest

droplet flow speeds although care must be taken to exclude data of

low fluorescence when no droplets are present in the focal spot.

The measurements taken as a function of position were con-

verted to measurements as a function of time. Upstream of the
lifetime. (A) pO2 with respect to position for an aqueous phase entering

ase and 2 mL min�1 for the oil phase. (B) pO2 with respect to position for

in�1 for the aqueous phase and 4 mL min�1 for the oil phase. (C, D) Same

re defined to be at the center of the flow focuser as indicated in the images

(C) is used to determine the deoxygenation time displayed in Fig. 3.

Lab Chip, 2010, 10, 2505–2512 | 2507
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flow focuser, the corresponding time was calculated using the

channel dimensions and the aqueous flow rate as imposed by the

syringe pump. Given the parabolic flow profile in microfluidic

channels, this corresponds to an average value. Downstream of

the flow focuser where droplets flow in oil, video sequences were

used to determine the time to position correspondence. The rate

of deoxygenation was determined by fitting the oxygen concen-

tration as a function of time to a single exponential decay with

a variable offset. Only the section downstream of the flow focuser

(position > 0 mm in Fig. 2A) and before the channel widening

(position < 5 mm) was fitted.

Droplet diameter and speed were determined from image

sequences. Droplets were fit to an ellipse and the diameter was

taken as the average of the two ellipse axes. This procedure was

chosen instead of a simple fit to a circle since larger droplets take

on a slightly elongated shape in the oil flow. However, even in

these cases, the two ellipse axes determined differed by less than

5%. The droplet speed was calculated by the displacement from

successive image sequences. The droplet speed was sometimes

slower immediately after the flow focuser, in which case the speed

further downstream was used.
Sickling of red blood cells

Blood samples were obtained from untreated sickle cell patients

(Tenon Hospital, Paris) and stored at 4 �C using sodium citrate

as an anti-coagulant. Blood extracted from the authors was used

in control experiments. Samples were used within a week after

extraction. For static experiments on red blood cells, blood was

diluted 200–500 fold in PBS buffer (137 mM NaCl, 2.7 mM KCl,

8.0 mM Na2HPO4, 1.5 mM KH2PO4, 5.5 mM glucose, 2 mM

CaCl2, pH 7.4). Three methods were used to deoxygenate at

different rates the solution to provoke HbS polymerization. For

slow deoxygenation, the atmosphere of a bell jar containing the

diluted blood was exchanged over the course of several minutes

with nitrogen gas. For deoxygenation in a few seconds, the

oxygen was depleted enzymatically by adding glucose oxidase

and catalase (Sigma-Aldrich) to diluted blood to final concen-

trations of 0.2 mg mL�1 and 0.035 mg mL�1, respectively.38 To

achieve deoxygenation in under a second, a small amount of

sodium dithionite powder, which reacts efficiently with dissolved

oxygen, was added directly to the diluted blood.

For on-chip experiments, the aqueous phase consisted of blood

diluted 100–200 fold in D-PBS buffer (137 mM NaCl, 2.7 mM

KCl, 8.0 mM Na2HPO4, 1.5 mM KH2PO4, 0.9 mM CaCl2, 0.5

mM MgCl2, pH 7.4, Invitrogen) and 35% v/v Optiprep (Sigma) to

prevent cell sedimentation. Biocompatible surfactant, 0.5%

dimorpholinophosphate-PFPE (DMP-PFPE)16 in FC-40, was

added to the oil. The microfluidic chip was heated to 30 �C using

a heater plate, thus approaching physiological temperatures.

Birefringence images were obtained with two crossed thin-film

linear polarizers placed in the optical path of the microscope

before and after the sample. The illumination source for the

transmission measurements was a 100 W tungsten-halogen lamp

(Zeiss) set to maximum luminosity with a blue-bandpass filter

inserted directly after the light source, centered at 437 nm with a 40

nm full width at half maximum. Images were recorded with a CCD

camera (Retiga-4000R, QImaging, 2048 � 2048 pixels, 20 MHz).
2508 | Lab Chip, 2010, 10, 2505–2512
Results and discussion

Characterization of on-chip oxygen concentration

The oxygen concentration of the aqueous phase and water

droplets was characterized by the oxygen-induced fluorescence

quenching of RTDP. This approach is well-suited for measure-

ments in a microchannel12,39 as it requires small volumes, does

not consume oxygen and is biocompatible to the extent that it

has even been used to image oxygen levels in live cells.40 The use

of a commercial frequency-domain set-up for the lifetime

measurements offers an inexpensive and accurate way to

measure oxygen within flowing microdroplets. Measurements of

fluorescence lifetime, instead of intensity, are used since they are

much more robust; they are unaffected by photobleaching,

inhomogeneous illumination or changes in excitation intensity.35

The oxygen concentration as a function of the position in the

channel was charted by scanning the longitudinal direction of the

channel, under droplet deoxygenating conditions (Fig. 2A) and

droplet oxygenating conditions (Fig. 2B). In the former case, the

degassed oil acts as an oxygen sink, in the latter as an oxygen

donor. In both the deoxygenation and oxygenation cases, the

curves have a sigmoidal shape and display a large magnitude of

oxygen change. In deoxygenation conditions, the final droplet

partial pressure is less than 1.5 kPa, a reduction of 20 kPa from

its initial value. In oxygenation conditions, the final oxygen

concentration of the droplet approaches the ambient value. The

solubility of oxygen in the FC-40 and water under standard

laboratory pressure (100 kPa) and temperature (25 �C) is 3.2 mM

and 0.26 mM, respectively.41 Therefore, at equilibrium, oxygen

will preferentially partition into the oil phase. This combines with

the typical excess in volume of oil compared to water used in

droplet experiments to ensure a dramatic change in oxygen

concentration in the aqueous droplet.

It is helpful to divide the position axis of Fig. 2A and B into

three zones that have very different interfaces for exchange: the

incoming aqueous stream, the droplet formation area and, lastly,

the droplet flow in the carrier oil. Little oxygen transfer takes

place in the incoming stream, as much as 50% of the transfer in

the droplet formation area, the remaining transfer occurring

soon after droplet formation. The droplets equilibrate with the

surrounding oil within a few droplet diameters of the flow

focuser.

Understanding the dynamics of the transfers in detail is

complex because each zone presents a distinct advection/diffu-

sion ratio. This ratio is given by the Peclet number, which is

defined as Pe ¼ UL/D, where U is a characteristic velocity, L is

a characteristic length scale, and D is the diffusion coefficient of

oxygen (2 � 10�5 cm2 s�1 in both water and FC-40).42 The small

amount of oxygen transfer upstream of the drop formation can

be understood by calculating the characteristic length at

which diffusion equilibrates with advection for oxygen, by

setting Pe ¼ 1. For our experimental velocities, this yields length

scales of less than 1 mm, indicating that diffusion is inefficient in

transporting oxygen molecules upstream. In contrast, a large

amount of oxygen variation occurs during droplet formation.

This large exchange can be explained by the flow focusing

geometry which leads to high velocities and velocity gradients in

the nozzle region, thus enhancing the molecular transport there.
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Deoxygenation time as a function of (A) droplet diameter and (B)

droplet speed. Two different geometries of chips were used and are

labeled ‘‘narrow’’ and ‘‘wide’’. Specifications on exact chip geometries are

given in the Materials and methods section.

Fig. 4 (A) Correlation of sickle red blood cell shape with deoxygenation

rate observed with static experiments. Top, slow deoxygenation (several

minutes) by the exchange with nitrogen atmosphere. Middle, interme-

diate deoxygenation rate (several seconds) by the enzymatic oxygen

consumption by glucose oxidase. Bottom, fast deoxygenation (sub-

second) by addition of sodium dithionite directly to the sickle red blood

cell solution. Images were taken with a 40� objective. (B) Sickle red

blood cells observed with polarization microscopy. Directly to the right

of the images is a schematic of the intracellular fiber orientation. The

relative orientation of the crossed polarizers, is shown above the images.

Images were taken with a 10� objective.
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In addition to this enhanced transport, the neck connecting the

droplet to the water inlet presents a long and slender shape that is

favorable to rapid exchange through transverse diffusion. These

different mechanisms add to the large diffusion coefficient of

oxygen to produce rapid transfer of oxygen between the water

and oil phases during the drop formation. Once the droplet

forms, the high surface to volume ratio of the focused stream and

droplet facilitates the exchange between the two phases, in

addition to the further enhancement by the external and internal

mixing flows.

In Fig. 2C and D the data with respect to position has been

converted to time with the procedure detailed in the Materials

and methods section. The data maintains an overall sigmoidal

shape after the conversion to a time axis. In the examples of

Fig. 2, the complete deoxygenation occurs in 0.4 s while the

oxygenation takes 0.2 s because the droplets in the oxygenation

example are smaller and faster than in the deoxygenation case.

Under similar droplet conditions, oxygenation and deoxygen-

ation show similar time dynamics (see supplementary Fig. 1C†).

The oxygen concentration as a function of time, after droplet

formation (i.e. time > 0) was fit to a single exponential decay for

different droplet sizes and speeds. The data were well fit by this

function as shown by the example in Fig. 2C, thus yielding

a characteristic time scale for the oxygen concentration variation.
This journal is ª The Royal Society of Chemistry 2010
The times thus obtained are shown in Fig. 3A and B, as a func-

tion of droplet diameter and speed, respectively. The values that

we measure are in the range of 50 to 200 ms. The plot includes

data obtained from two different chip geometries but the results

are contiguous. The time for deoxygenation decreases for smaller

and faster drops.

Molecular transport in microfluidic devices is often limited by

diffusion, as previously reported in devices for oxygen control,10–12,39

where gas channels equilibrate with aqueous channels across thin

PDMS membranes. Oxygen variations in these devices take place

on the scale of seconds or more, determined by the diffusion of

the oxygen molecules across the PDMS membrane and across
Lab Chip, 2010, 10, 2505–2512 | 2509
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the height of the aqueous channel. In contrast, the oil in our

devices, which acts as a gas reservoir, has a direct interface for

exchange with the droplet. Therefore, the transport is expected to

be much faster. Indeed, the relevant diffusion time in our system

is given by sD ¼ h2/D, where the height of the channels (h) gives

the smallest droplet dimension. This would yield a value of 0.7 s

for our microchannel geometry, independent of drop diameter or

velocity.

The actual exchange times that we experimentally measure can

be several times faster than this purely diffusive exchange time.

The enhanced transfer can be understood by considering the

presence of recirculation zones, inside and outside the drops, that

are produced by the presence of the immiscible interface. This

enhanced transport was recently studied in detail by Mary et al.26

who found that droplet advection and shear enhanced diffusion

significantly reduce exchange times with respect to simple diffu-

sion, for values of the Peclet number similar to ours. In this

context, the trends seen in Fig. 3 provide benchmarks to tune

droplet size and speed to achieve a desired deoxygenation rate

and point to ways of further optimizing the system.

Although multilayer devices may be more suitable for certain

applications, such as the study of adherent cells, our system is

well adapted to induce fast gas exchanges in drops and can be

used in conjunction with the emerging technologies to sort,

split, fuse and hold droplets.17–19,21–25 The results provided here

show exchange times that are at least an order of magnitude

faster than two-layer systems and can be further reduced if

necessary. Below, we show how this control can be used to

provoke HbS polymerization in droplet encapsulated red blood

cells.
Fig. 5 (A–C) Bright-field transmission images taken at the flow focuser (A)

biconcave red blood cells are indicated with white arrows while black arrows in

and (B) and (C) with a 40� objective. (D–F) Polarization microscopy image

blood cells (D), an oxygenated (E) and a deoxygenated (F) droplet containin

white. The scale bar represents 50 mm in all images.

2510 | Lab Chip, 2010, 10, 2505–2512
Sickling of red blood cells in a microfluidic device

This device was used to study the sickling of red blood cells by

using the oil as an oxygen sink to perform the deoxygenation of

the drops. In order to know what to expect in the droplet

experiments, however, we first performed imaging of sickle cells

under static conditions. The oxygen content of the cell medium

was varied using gas exchange, enzymatic, or chemical deoxy-

genation, each corresponding to a different rate of deoxygen-

ation. The typical change in cell morphology is shown in Fig. 4A,

for the different experiments.

The rate of deoxygenation is a primary determinant of the cell

shape upon sickling.13 For slow deoxygenation (over several

minutes), the hemoglobin S forms unidirectional fibers that are

of the length or longer than the size of the cell, leading to a drastic

deformation of the cell (Fig. 4A, top). For a fast deoxygenation,

in less than a second as occurs in our device, the hemoglobin in

most cells will polymerize with a delay time of a few hundred

milliseconds with almost no change in cell shape.13 It is only at

high optical resolution (at least numerical aperture ¼ 0.75) that

an internal cobblestone appearance, indicative of small oriented

polymer domains, is detected (Fig. 4A, bottom). These small

polymer domains are very difficult to detect on-chip by bright

field illumination due to the limited resolution and the tumbling

motion of red blood cells within flowing drops.

Polarization microscopy offers a sensitive measure of poly-

mer formation43 that is compatible with imaging inside the

microfluidic device. Sickle red blood cells are placed between

crossed polarizers and illuminated with light whose wavelength is

centered near the strong absorption of the Soret band of
, for an oxygenated droplet (B), and a deoxygenated droplet (C). A few

dicate deformed red blood cells. Image (A) was taken with a 20� objective

s with a 10� objective of a deoxygenated droplet containing normal red

g sickle red blood cells. A few red blood cells in each image are circled in

This journal is ª The Royal Society of Chemistry 2010
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hemoglobin (415 nm). The heme molecule, a planar molecule

responsible for oxygen binding in hemoglobin, absorbs prefer-

entially light polarized along its plane resulting in a linear

dichroism and concomitant linear birefringence.44 Therefore,

aligned hemes, as found in hemoglobin S fibers, are birefringent

and can induce a polarization rotation. In contrast, dissolved

hemoglobin is found in random orientations and does not

produce a polarization rotation. Therefore, a cell containing no

fibers appears dark when placed between crossed polarizers

(Fig. 4B, top left). However, once hemoglobin S fibers are formed

within the cell, a polarization rotation is induced. This gives rise

to a signal transmitted through the crossed polarizers which is

most intense for fibers oriented at 45� to the polarizers.

Furthermore, the signal is indicative of the intracellular fiber

orientation such as radial, linear or in domains (Fig. 4B).

The observation of sickle cells on-chip is shown in Fig. 5.

Figures 5A–C show bright field transmission images of sickle

red blood cells at different positions within the channel. The

image in Fig. 5A is taken at the flow focuser, as the aqueous

stream is pinched off into droplets. The characteristic biconcave

shape of individual red blood cells is clearly visible (see white

arrows). Figures 5B and C show droplets observed at a fixed

position downstream, corresponding to about 6 s after droplet

formation. In Fig. 5B, both the droplet and oil were at ambient

oxygen partial pressure and the red blood cells maintain their

normal shape. In contrast, the droplet in Fig. 5C was deoxy-

genated by the carrier oil. The deoxygenation should provoke

hemoglobin S polymerization in most cells and deformed cells

can be discerned (see black arrows). However, several cells keep

their normal shape while many are difficult to classify as sickle

or normal from a static image. These images highlight some of

the difficulties of determining sickling based solely on

morphology in flowing droplets, in particular since a normal

shape may appear sickled in certain orientations, for example if

the cell is seen side-on. The analysis is also complicated by

a small percentage of irreversibly sickle cells that remain

deformed regardless of the oxygen partial pressure. However,

the most serious obstacle is the aforementioned issue that most

cells show only slight changes in cellular morphology upon

rapid deoxygenation. Therefore, we expect that many of the

cells shown in Fig. 5C contain hemoglobin S polymers but this

cannot be discerned from the cell morphology.

These images are to be compared with the images obtained

through polarization microscopy, shown in Fig. 5D–F. Again,

these images are taken at a downstream position corresponding

to 6 s after drop production, a long time compared with the time

required to equilibrate oxygen with the surrounding oil. For

a deoxygenated droplet containing normal red blood cells

(Fig. 5D), the cells appear as dark spots over the dark gray

background. The cells are also dark in the case of an oxygenated

droplet containing sickle cells (Fig. 5E). In contrast, the sickle red

blood cells in the deoxygenated drop appear as bright spots over

the dark background (Fig. 5F), which yields a clear indication of

the polymerization of the hemoglobin S molecule. These images

demonstrate an easy way to distinguish cells containing poly-

merized vs. unpolymerized hemoglobin.

As a control experiment, the oil was cycled between an

oxygenated and deoxygenated state, by changing the vial

contents upstream of the microchannel, with all other
This journal is ª The Royal Society of Chemistry 2010
experimental conditions held constant (supplementary Movie

1†). By observing a steady stream of droplets at a fixed location,

downstream of the flow focuser, the sickle red blood cells alter-

nated between dark and bright with the oxygen partial pressure

of the oil phase.

The objective classification criterion, dark versus bright cells,

combined with the droplet deoxygenation strategy, provide

a framework for a microfluidic device to study the red blood cell

sickling under varying experimental and biochemical conditions.
Conclusions

We have demonstrated a single-layer system that can change the

oxygen concentration of a flowing microdroplet using differen-

tial concentrations between the water and carrier oil phase. This

device can provoke a drastic change in oxygen partial pressure in

a microdroplet in less than 100 milliseconds, a time that can be

further reduced by optimizing the channel geometry or by

reducing the droplet size. We focused here on complete deoxy-

genation of the droplet, however intermediate oxygen concen-

trations can easily be achieved by controlling the initial oxygen

level of the incoming oil.

The device was used to provoke the polymerization of hemo-

globin S in red blood cells which was readily detected using

polarization microscopy. This opens the way to studies on the

parameters important for sickling of red blood cells, especially

with regards to therapeutic agents that may inhibit hemoglobin S

polymerization. Perfluorinated oils are known to dissolve a large

collection of gases and therefore our device offers a general

approach for gas exchange in droplets and can be used to inject

a gaseous reactant to initiate a chemical reaction or biological

process within a nanolitre droplet. Oil–droplet gas exchange thus

provides a supplementary control of droplet content that can be

combined with existing droplet technologies.
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