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Multiplexed fluidic plunger mechanism for the
measurement of red blood cell deformability†

Marie-Eve Myrand-Lapierre,a Xiaoyan Deng,a Richard R. Ang,a Kerryn Matthews,a

Aline T. Santosoa and Hongshen Ma*abc

The extraordinary deformability of red blood cells gives them the ability to repeatedly transit through the

microvasculature of the human body. The loss of this capability is part of the pathology of a wide range of

diseases including malaria, hemoglobinopathies, and micronutrient deficiencies. We report on a technique

for multiplexed measurements of the pressure required to deform individual red blood cell through

micrometer-scale constrictions. This measurement is performed by first infusing single red blood cells into

a parallel array of ~1.7 μm funnel-shaped constrictions. Next, a saw-tooth pressure waveform is applied

across the constrictions to squeeze each cell through its constriction. The threshold deformation pressure

is then determined by relating the pressure–time data with the video of the deformation process. Our key

innovation is a self-compensating fluidic network that ensures identical pressures are applied to each cell

regardless of its position, as well as the presence of cells in neighboring constrictions. These characteristics

ensure the consistency of the measurement process and robustness against blockages of the constrictions

by rigid cells and debris. We evaluate this technique using in vitro cultures of RBCs infected with

P. falciparum, the parasite that causes malaria, to demonstrate the ability to profile the deformability

signature of a heterogeneous sample.
Introduction

Red blood cells (RBCs) perform the critical function of trans-
porting oxygen and carbon dioxide between tissues in the
human body. This capability is enabled in part by their
extraordinary mechanical deformability where discoid-shaped
RBCs, 8 μm in diameter and 2 μm in thickness, can repeat-
edly deform through microcapillaries less than 2.5 μm in
diameter, as well as inter-endothelial clefts in the spleen rang-
ing from 0.5–1 μm.1 A loss of this extraordinary deformability
can result in microvascular occlusion and impairment of
blood flow, leading to tissue necrosis and ultimately, organ
failure.2 Not surprisingly, the loss of RBC deformability is
associated with the pathology of many diseases including
malaria,3–6 hemoglobinopathies,4–8 and micronutrient defi-
ciencies.9,10 Therefore, the analysis of RBC deformability pre-
sents a potential means to develop a biophysical signature for
rapidly analyzing disease status and severity. A key limitation
in the development of such biophysical signatures is that
pathological cells often comprises of only a small subset of
the overall cell population. Therefore, a large number of cells
need to be tested in order to ensure sufficient sampling
of the pathological cells.

Traditional technologies for characterizing RBC deform-
ability can be divided into bulk flow methods and single cell
methods. Bulk flow methods, such as ektacytometry11,12 and
micropore filtration,13,14 provide a measure of the average
deformability of thousands of cells, but obscure information
on subpopulations of diseased cells.15 Single cell techniques,
such as micropipette aspiration,16,17 optical tweezers,18–20 and
atomic force microscopy,21,22 measure single cells individually.
However, these methods typically require complex experiments
performed by trained personnel using expensive equipment,23

and therefore cannot provide sufficient throughput to measure
large populations of cells in which a subset are diseased cells.

Recent advances in microfluidic mechanisms for measur-
ing RBC deformability include approaches based on hydrody-
namic stretching,24 wedging in tapered constrictions,25,26

transit time through constrictions,27,28 and transit pressure
through constrictions (or the measurement of pressure
required to deform single cells through constrictions).29

Hydrodynamic stretching requires precise lateral cell align-
ment in a flow stream, which is difficult to achieve for
RBCs.24 Furthermore, cell deformability is quantified by
Lab Chip
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Fig. 1 The fluidic plunger mechanism. (A) When a cell is not trapped
in a constriction, the applied pressure ĲP2–P1) is distributed across the
deformation microchannel; (B) when a cell is trapped in a constriction,
the applied pressure focuses across the cell.
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observing the stretched cells using a high-speed camera and
specialized microscopy equipment, and as a result, exclude
this technique from many point-of-care applications. Wedg-
ing in tapered constrictions relies on optical measurements
of the position of compressed RBCs with micrometer accu-
racy and therefore has limited sensitivity.25 Transit time
through constrictions measures the relaxation of the RBC
membrane in response to bending.27 Transit pressure
through constrictions mimics the physiological transport of
RBCs through the microvasculature, as well as the mecha-
nism of splenic clearance, and is therefore potentially highly
sensitive to disease pathologies.29 Both transit time and tran-
sit pressure techniques, however, rely on pushing multiple
RBCs through a single micro-meter scale constriction and are
therefore limited by rigid cells obstructing the constriction.
This problem is especially pronounced in the analysis of
RBCs infected with malaria, where increased rigidity and
cytoadherence of the parasitized RBCs greatly increase the
potential for obstructing the constriction. Furthermore, a key
issue for all three constriction-based methods (wedging, tran-
sit time, and transit pressure) is the need to multiplex the
measurement process in order to achieve sufficient through-
put to profile heterogeneous RBC samples where pathological
cells comprise of a small subpopulation. However, previous
multiplexing mechanisms have not been able to ensure that
consistent deformation pressures are applied uniformly to
each constriction, and therefore limiting their ability to dis-
tinguish healthy and pathological red cells.30

To address the need for populational single-cell profiling
of RBC deformability, we developed the Multiplexed Fluidic
Plunger (MFP) mechanism, which deforms multiple single
RBCs simultaneously through a linear array of micrometer
scale funnel-shaped constrictions using a saw-tooth pressure
waveform. Our key innovation is the ability to ensure each
cell is deformed using an identical pressure, which is
achieved through a self-compensating fluidic network
that delivers a consistent pressure simultaneously to an array
of constrictions irrespective of position in the array and the
presence of cells in the constrictions. We apply this mecha-
nism to determine the deformability profile of in vitro
samples of RBCs infected with Plasmodium falciparum,
the parasite that causes malaria, to demonstrate the potential
to detect a pathological subpopulation in a heterogeneous
cell sample.

Results and discussion
Mechanism principles

The principle of transit pressure measurements can be
understood by considering the infusion of a single cell into a
microchannel containing a constriction with a cross-section
smaller than the diameter of the cell. Before the cell reaches
the constriction, the applied pressure is distributed across
the microchannel. Once the cell flows into the constriction, it
forms a temporary seal with the constriction to block the
flow of liquid. Consequently, the applied pressure focuses
Lab Chip
across the cell, effectively acting as a fluidic plunger to
remotely push on the cell (Fig. 1). Varying the applied pres-
sure while observing the position of the cell enables the mea-
surement of the pressure required to push the cell through
the constriction. The cross-section of the constriction is
selected to allow the cell to establish a temporary seal
against the constriction. For RBCs, a 1.5–2.0 μm wide con-
striction with a thickness of 3.0–3.7 μm was found to be
appropriate.1,29,31

To multiplex and automate this process, RBCs are
deformed in a parallel array of deformation microchannels
using a saw-tooth pressure waveform (Fig. 2A–B). The defor-
mation microchannels each contains a funnel-shaped con-
striction at its entrance and is collectively fed by a loading
microchannel. At the start of the measurement process, sin-
gle RBCs are loaded into the mouth of each constriction at a
modest pressure that is insufficient for them to transit. The
presence of this cell blocks fluid flow into its residing defor-
mation microchannel and prevents other cells from loading
into the constriction. In rare instances, two RBCs are simulta-
neously loaded into the same deformation microchannel and
are excluded from measurement during the data analysis.
Once the majority of the constrictions are loaded with cells, a
saw-tooth pressure waveform is applied while simultaneously
recording a video of the deformation process (ESI† Video S1).
The threshold transit pressure is then determined by relating
the position of the cells with the pressure–time data of the
saw-tooth waveform.

A key challenge to obtain consistent threshold pressure
measurements is the application of a consistent pressure
across multiple deformation microchannels when different
numbers of funnel constrictions are occupied with cells. This
phenomenon can be understood by considering fluid flow in
the following two situations: 1) when the constrictions con-
tain no cells, streamlines in the loading microchannels are
evenly distributed across the deformation microchannels
(Fig. 2C). 2) When one or more of the funnel constrictions
are occupied with cells that block fluid flow in that channel,
streamlines in the loading microchannel are skewed to feed
fluid into the remaining unblocked deformation micro-
channels (Fig. 2D). The difference in the combined loading
and deformation microchannel hydrodynamic resistances
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Cell loading and pressure measurement process. (A) To measure the threshold deformation pressure, single cells are first loaded into the
funnel constrictions at a modest pressure; (B) a saw-tooth pressure waveform is then applied and the threshold deformation pressure is deter-
mined by relating the position of the cell with the pressure–time waveform; (C–D) a key challenge is the multiplexing error caused by variation in
the streamlines of the loading microchannel with constriction occupancy, which results in an inconsistency in PD.
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between these two situations causes an inconsistency in the
resulting pressure across deformation microchannels (PD).

To estimate the potential error in the magnitude of PD for
a device with N deformation microchannels, we consider the
worst-case pressure error, which occurs between when the
deformation microchannels are occupied with only a single
cell and when the deformation microchannels are completely
filled with cells. The pressures measured across the deforma-
tion microchannels in these two situations can be estimated
as follows:

1) Deformation microchannels occupied with a single cell:

P P R
R N RD CD

D

D L
,1 1


  








 (1)

2) Deformation microchannels completely occupied:

PD,N = PCD (2)

where N is the number of parallel deformation micro-
channels, PCD is the pressure drop across the loading and
deformation microchannels and RD and RL are the hydrody-
namic resistance of the deformation and loading micro-
channels, respectively. The resulting multiplexing error can
therefore be estimated as,

Multiplexing error D,

D,1

L

D

    
P
P

N R
R

N 1 1 (3)
This journal is © The Royal Society of Chemistry 2014
Therefore, maximizing RD/RL based on a desired number
of parallel deformation microchannels minimizes the
multiplexing error. Since significant natural variability exists
for most biological systems, a multiplexing error of less than
3% is considered to be sufficient to observe most pathologi-
cal effects.
Device design

The multiplexed fluidic plunger device is a single layer PDMS
microfluidic device consisting of parallel deformation micro-
channels, bypass microchannels, loading microchannels, and
inlet microchannels, where the geometries of these micro-
channels are designed to ensure that a consistent and pre-
cisely controlled pressure is simultaneously applied to all
deformation microchannels (Fig. 3 and 4).

As discussed in the previous section, the deformation
microchannel consists of a single constriction in a much lon-
ger microchannel. The length of the microchannel is selected
to maximize its hydrodynamic resistance relative to the load-
ing microchannel in order to minimize multiplexing error
according to eqn (3). The geometry of the deformation micro-
channel is also selected to match the intended cell sample.
For RBCs, the thickness of the deformation microchannels is
selected to be similar to the thickness of the RBCs to orien-
tate the cells into the planar configuration as they deform
through the constrictions (Fig. 3E, F). Indeed, if the deforma-
tion microchannel is too thick, the RBCs would rotate to a
perpendicular orientation to the plane of the microchannel
and could transit through the funnel constriction without
creating a temporary seal required for the fluidic plunger
Lab Chip
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Fig. 3 Design of the Multiplex Fluidic Plunger (MFP) device. (A) Equivalent hydrodynamic circuit of the MFP device, where α is the pressure divider
ration, PD is the deformation pressure, RA, RB, RL and RD are the hydrodynamic resistance of the pressure attenuator, bypass, loading and
deformation microchannels respectively; (B) structure of the MFP device; (C) magnified view of the microchannel array showing the deformation,
loading and bypass microchannels; (D) pressure in the two Loading microchannels (PL) as a function of position. The difference between these
pressure profiles is the pressure across the deformation microchannel (PD), which remains constant; (E) 3D model of the loading and deformation
microchannels showing the RBC in the planar position inside the deformation microchannel; (F) schematic of the front and side view of a loaded
constriction; (G) Micrograph of deformation microchannels at the opening of the constrictions (scale bar = 20 μm).

Fig. 4 (A) 3D model of the MFP device. (B) Cross section of the device showing the geometry of the bypass and deformation microchannels. (C)
Detailed design of the deformation microchannel.

Table 1 Design parameters of the MFP device containing 34 parallel
deformation microchannels

Microchannel Parameter Value Unit

Loading RL 5.70E + 12 Pa s m−3

Bypass RB 3.60E + 11 Pa s m−3

Deformation RD 7.80E + 15 Pa s m−3

N 34
N RB/RD 0.20%
RL/RD 0.07%
Multiplexing error 2.42%

Lab on a ChipPaper

Pu
bl

is
he

d 
on

 1
7 

O
ct

ob
er

 2
01

4.
 D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
B

ri
tis

h 
C

ol
um

bi
a 

L
ib

ra
ry

 o
n 

17
/1

0/
20

14
 1

7:
12

:2
3.

 
View Article Online
effect. In our studies, normal human RBCs are tested using a
microchannel thickness of 3.0 μm. While a deformation
microchannel thickness of 3.7 μm was used for RBCs parasit-
ized by P. falciparum, which may contain altered membranes
and irregular bulges.32 The maximum number of deforma-
tion microchannels is limited by the field of view of the
microscopy equipment since all the deformation micro-
channels must be simultaneously visualized in order to iden-
tify the threshold pressure of each individual RBC. For the
purposes of the experimental validation, a prototype
containing 34 channels was developed.

The purpose of the bypass microchannel is to provide a
microchannel parallel to the deformation microchannels
with significantly smaller hydrodynamic resistance in order
to dictate the pressure applied across the deformation
Lab Chip
microchannels (Fig. 3A). Specifically, we selected the hydrody-
namic resistance of the bypass microchannels to be ~0.002
times the combined hydrodynamic resistance of the deforma-
tion microchannels (Table 1). Additionally, the bypass
This journal is © The Royal Society of Chemistry 2014
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microchannel combines with the inlet microchannels to
attenuate pressure applied from an external source. Typical
pressures required to deform single RBCs through a 1.5 to
2 μm funnel-shaped constriction range between 1 to 25 Pa.31

Such small pressures are extremely difficult to generate reli-
ably using external instrumentation and therefore require
additional fluidic circuitry to produce the necessary pressure
on-chip. The pressure divider fluidic circuit, used previously
by others,33,34 produces an attenuated pressure from an exter-
nal source using a segment of a long microchannel. For this
device, the long microchannel is the inlet microchannel
while the segment is the bypass microchannel (Fig. 3A).
Therefore, the attenuation factor (α) is the ratio of the hydro-
dynamic resistances of the bypass microchannel (RB) and
inlet microchannels (RA) as

   
R
R

R
R

A

B

A

B

1 (4)

The purpose of the loading microchannel is to infuse
RBCs into the mouth of the deformation microchannels
(Fig. 3G). As discussed in the previous section, the magnitude
of the multiplexing error is determined by the ratio of the
hydrodynamic resistance of the loading microchannel and
the deformation microchannels. Therefore, it is desirable to
decrease the resistance of the loading microchannels as
much as practically feasible. However, if the resistance of the
loading microchannel is too small, then the relative fluid
flow into the deformation microchannel will be too small
and the time to load the deformation microchannels with
RBCs will be unreasonably long. In practice, for a device with
34 parallel deformation channels, we found that a RL/RD ratio
of 0.0007 reduced the multiplexing error to <3% (eqn (3),
Table 1) and allowed for RBCs to be loaded into the deforma-
tion microchannel in a reasonable amount of time.

The bifurcation of the sample flow in the loading and
bypass microchannels around the deformation micro-
channels also performs the important function of ensuring
that an identical pressure is applied simultaneously to all
deformation microchannels. Specifically, since the inlet of
the deformation microchannels are spatially separated along
the loading microchannels, the pressure at these inlet points
will vary along the loading microchannel as shown in
Fig. 3D. However, since the outlet of the deformation micro-
channel is also distributed along another loading micro-
channel with matched geometry, the pressure difference
across all of the deformation microchannels are kept at a
constant value of PD. The pressure distribution in the loading
and bypass microchannels has been modeled using a finite
element model, which confirmed the consistency of the pres-
sure difference across the deformation microchannels (ESI†
Fig. S1 and S2).

In summary, the deformation microchannels are designed
to constrain the RBCs and deform them through a constric-
tion. The bypass and the inlet microchannels are designed to
This journal is © The Royal Society of Chemistry 2014
attenuate an external pressure and apply it across the defor-
mation microchannels. The loading microchannels are
designed to minimize multiplexing error and allow RBCs to
be loaded into the entrance of the deformation micro-
channels. Finally, bifurcation flow around the deformation
microchannels ensures that a consistent pressure is applied
across the deformation microchannels irrespective of the
position of the deformation microchannel. The detailed
geometries of these microchannels are shown in Fig. 4 while
key design parameters are summarized in Table 1.
Measurement process and data processing

Threshold deformation pressure measurements involve ini-
tially filling the device with buffer fluid by pressurizing the
outlet reservoir. Once the device is filled, the sample is
pipetted into the inlet reservoir. Next, a small pressure, insuf-
ficient for the RBCs to transit the constrictions, is applied to
load the cells into the entrance of the constriction. Once
most of the constrictions are occupied by RBCs, the applied
pressure is incrementally increased while recording a video
of the deformation process. The experimental setup requires
<10 minutes, while the process of infusing RBCs in to the 34
deformation channels and then applying the deformation
pressure requires ~1 minute.

The threshold deformation pressure is determined from
the recorded video and pressure–time data. Video analysis
software was developed to perform threshold pressure mea-
surements in a semi-automated fashion by converting the
recorded videos of the deformation process into a rapidly
human readable format. To reliably detect the deformation
of single cells through the constrictions, the position of the
constrictions must be first detected to accommodate small
variations in the position and angle within the camera's field
of view. To register the position of the funnel constrictions,
the boundaries of the device are detected using the distinct
lines of the device to create a smaller area for refined device
position registration. To achieve acceptable alignment with
the expected cell transit region, small alignment markers on
either side of the deformation microchannels are detected. In
the event that these side markers are not visible due to poor
focus the user can also manually align the device. To gener-
ate the human readable view, the critical points in each fun-
nel are converted into their respective intensity values and
graphed on a color graded chart representing the intensity
over time (ESI† Fig. S1). Because cells transiting the constric-
tion create an abnormality in the intensity of the constric-
tion, the transit of a cell is very apparent. Additionally, this
process helps to identify when cells become too rigid to
deform and are stuck at the funnel constriction. Coupled
with the displayed graph is a cursor-driven live-updating
video viewer, which dynamically focuses a near zoomed
field of view and allows the user to quickly look through
the video in search of the point where each RBC transits
through the constriction to record the corresponding
applied pressure.
Lab Chip
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Mechanism evaluation

To experimentally validate the ability of the MFP mechanism
to eliminate the multiplexing error, we measured the threshold
deformation pressures from nearly empty (defined as ≤10%
funnels occupied) and nearly full (defined as ≥80% funnels
occupied) funnel arrays using identical fresh RBC samples.
The distributions of the threshold pressures from these two
cases are statistically identical ( p = 0.45, Fig. 5A), which con-
firms the elimination of the multiplexing error.

The sensitivity of the MFP mechanism was established by
measuring the deformability profiles of RBC samples treated
with small amounts of glutaraldehyde (GTA). GTA is a com-
mon fixative agent, which induces cross-linking and stabiliza-
tion of proteins in the red blood cell membrane and thus
artificially reduces their deformability in a concentration
dependent manner.35,36 Control and GTA treated-RBCs were
measured using the same device. The RBC deformability pat-
terns obtained (Fig. 5B) using the MFP device can reliably
differentiate between control and 0.0005% GTA-treated RBCs
(p < 0.005), which is similar to or better than the sensitivities
of ektacytometry and other microfluidic methods.12,27,31

Deformability profiling of RBCs parasitized by P. falciparum
from in vitro cultures

The key strength of the MFP mechanism is its ability to mea-
sure multiple single cells simultaneously to perform a robust,
high-throughput profiling of a RBC population. This capabil-
ity enables the detection and analysis of subsets of pathologic
cells, which is precisely the situation in malaria, where para-
sitized RBCs typically account for a fraction of the overall
population. We initially verified the reduced deformability of
infected RBCs (iRBCs) grown in vitro by separately testing the
uninfected and infected RBC sample. Purified iRBCs were
obtained using magnetic separation, which preferentially
selects for the advanced stages (trophozoite and schizont) of
infection. Expectedly, these iRBCs were significantly less
deformable than control RBCs ( p < 0.0001) obtained from
the same donor (Fig. 6A).
Lab Chip

Fig. 5 MFP mechanism validation. (A) Distribution of measured deformation
and nearly full (>80% occupancy, N = 864), which show no distinction
treatment of RBCs. Measured values are normalized to the median of the con
To investigate the potential to use multiplexed single-cell
deformability profiling to detect malaria infection in vitro,
the deformability profiles of iRBC samples were tested at vari-
ous parasitemia levels. The deformability profile for a typical
iRBC sample at 12 ± 1% parasitemia is shown relative to con-
trol in Fig. 6B–D. The control sample is the unexposed red
cells used to feed the parasite culture. The iRBC distribution
is clearly distinguishable from control ( p < 0.0001) with a
greater median pressure and wider distribution. The control
deformability profile appears to be a balanced normal distri-
bution while the iRBC profile appears to also be approxi-
mately normal with a rightward skew because of the presence
of rigidified RBCs from infection. Subtracting the iRBC pro-
file from the control profile shows the rigidified RBCs com-
prises of greater than the fraction of cells expected from the
12% parasitemia sample, which suggest that uninfected RBCs
have also been rigidified by the iRBCs. This biophysical mod-
ification has been previously observed by others and likely
arises from the release of free heme into the culture as schiz-
onts rupture, which induces oxidative stress on the RBC
membrane.37–40

At <10% parasitemia, the deformability profile between
iRBC and control becomes more similar and the rigidifica-
tion of uninfected RBCs becomes an increasingly larger
confounding factor. Consequently, simple statistical parame-
ters, such as mean and median of the overall population are
less likely to be affected by the presence of the subpopulation
of iRBCs. To detect the presence of iRBCs in these situations,
the Deformability Score (DS) parameter is created to evaluate
the more rigid segment of the measured cells. Specifically,
DS is defined as follows,

DS
Median

M

M


  

N P

P
P P
P
1 2.


(5)

where NĲP) is the distribution of the measured pressures and
PM is the median of N(P) calculated using
This journal is © The Royal Society of Chemistry 2014

pressures with the funnel array nearly empty (<10% occupancy, N = 196)
(P = 0.45); (B) sensitivity of MFP device tested using glutaraldehyde
trol with N ≥ 335 at each test condition.

http://dx.doi.org/10.1039/c4lc01100g


Fig. 6 Deformability profiles of RBCs parasitized by P. falciparum from
in vitro cultures. (A) Bar graph showing a decrease of deformability of
purified iRBCs relative to fresh RBCs from healthy donors (N = 177 for
control, N = 300 for purified iRBC, p < 0.0001). (B) Histogram, (C) Box
plot and (D) Cumulative histogram for iRBCs (12% parasitemia) and
control red blood cells used for the parasite culture (N = 1609 for 12%
iRBCs, N = 622 for control, p < 0.0001). In each case, the measured
pressures are normalized to the median of the control. (E)
Deformability score as a function of parasitemia for iRBCs (N ≥ 527)
and control samples (N ≥ 301). Control samples are uninfected red
blood cells used to culture each iRBC sample. These results indicate a
DS = 1.415 detects malaria infections with 82% specificity at 1.8%
minimum detectable parasitemia.
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PM = Median(N(P)|P=∞P=0 ) (6)

The relationship between DS and parasitemia for infected
and control samples are shown in Fig. 6E. The control sam-
ples are unexposed red cells used in each iRBC culture and
tested on the same day. These results show a reasonable sep-
aration between infected and uninfected samples with DS = 1.415
This journal is © The Royal Society of Chemistry 2014
corresponding to a detection specificity of 82% and a mini-
mum detectable parasitemia at 1.8%. While this detection
threshold is at a higher parasitemia than clinical malaria
cases, which often have parasitemia levels less than 1%, the
ability to profile iRBC samples at this parasitemia is none-
theless useful for assessing the properties of in vitro malaria
samples, as well as the their response to antimalarial drugs.
Future improvements to our measurement methodology and
device design aim to further increase measurement through-
put in order to reach clinically relevant parasitemia levels.

Conclusions

We described the multiplexed fluidic plunger mechanism for
measuring the mechanical deformability of individual red
blood cells. The key innovation of this work is the ability to
apply a precisely controlled pressure to multiple single red
blood cells simultaneously in order to squeeze them
through micrometer-scale constrictions to measure their
deformability. This capability enables the profiling of a
heterogeneous cell sample where pathological cells comprise
of a small subpopulation of the overall sample, and thus pro-
vide a promising approach for establishing the biophysical
signature for diseases that affect the deformability of RBCs
and other cells.

Methods
Microfabrication

Molds for the microfluidic devices were fabricated on silicon
wafer substrates using photolithography of two different
thicknesses of SU8 photoresist. The deformation microchannels
were fabricated using SU-8 3005 photoresist (MicroChem)
thinned with cyclopentanone at a ratio of 2 : 1 by volume. The
remaining microstructures were fabricated using SU-8 3025
with alignment marks first created using SU-8 2015. The pat-
terns for the microstructures were drawn using DraftSight.
After fabrication, the thicknesses of the microstructures are
confirmed using a profilometer (Alpha Step 200).

Soft-lithography

Microfluidic devices were made using replica molding of
Polydimethylsiloxane (PDMS) silicon. Replicas of the micro-
fabricated silicon wafers were first made using a
polyurethane-based plastic (Smooth-Cast ONYX, Smooth-On)
as described by Desai et al.41 Holes were punched for the
fluidic reservoirs into the PDMS master using a 6 mm hole
punch (Technical Innovations). Sylgard-184 PDMS (Ellsworth
Adhesives), mixed at a ratio of 10 : 1 (w/w) base to hardener,
was poured into the mold to fabricate the microfluidic
device. The pre-cured PDMS was degassed in a vacuum desic-
cator for 15 minutes prior to baking for 2 hours at 65 °C.

To prevent RBCs from sticking to the glass slide, the
device was bonded onto a thin PDMS surface, made by spin-
coating RTV615 PDMS (Momentive Performance Material) at
Lab Chip
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a ratio of 10 : 1 (w/w) base to hardener, onto a blank wafer.
The layer was baked at 65 °C for 1 hour. The device and the
PDMS coated wafer were then exposed to oxygen plasma
(Model PDC-001, Harrick Plasma) for 75 s and then joined to
create a permanent covalent bond between them. To
strengthen the bond, the device was further baked for
15 minutes at 65 °C, after which, the resulting device was
peeled off and bonded onto a standard microscope slide
(Fisher Scientific) using the same process.
Cell sample preparation

Whole blood was collected into 6 ml BD EDTA vacutainer
tubes from healthy donors with informed consent. In some
cases, a droplet of whole blood was collected using a
finger-prick lancet (Unistik 3, Owen Mumford, Fisher).
Blood was diluted to 30% (vol/vol) in Phosphate Buffered
Saline (PBS, Gibco) with 0.2% (wt/vol) Pluronic F127 solu-
tion (Sigma).

For device sensitivity experiments, whole blood from a sin-
gle donor was first diluted to 5% (vol/vol) in PBS. Glutaralde-
hyde was added at concentrations of 0.0005, 0.001, 0.002 and
0.003% (vol/vol) and incubated for 30 minutes.

In vitro cultures of Plasmodium falciparum were prepared
as described by Radfar, et al.42 Briefly, RBCs were washed,
infected with P. falciparum (3D7 strain) and incubated in a
hypoxic incubator (5% O2 and 6% CO2) at 37 °C. The culture
was maintained by adding RBC and RPMI-1640 culture media
(Invitrogen) implemented with 25 mM HEPES (Sigma), 0.5%
(wt/vol) AlbuMAX I (Life Technologies), 100 μM hypoxanthine
(Sigma), 12.5 μg ml−1 gentamicin (Sigma) and 1.77 mM
sodium bicarbonate (Sigma) on alternating days. RBCs for
culturing were obtained from donors (8 in total) with
informed consent by the Canadian Blood Services’s
Networked Centre for Applied Development and stored in a
standard blood bag. To create samples with very low para-
sitemia, infected blood samples were diluted using
uninfected blood.

Parasitemia was measured using Giemsa staining (Sigma-
Aldrich).43 Briefly, blood samples were spread onto a micro-
scope slide, fixed using methanol, and washed using DI
water. Giemsa staining and PBS were mixed in a 1 : 5 volume
ratio and applied on the RBCs for 20 minutes. The stain was
removed and the slide was washed with DI water. The
parasitemia was determined by counting ~1000 cells using a
100× oil immersion objective (Nikon).

To obtain purified infected RBCs (iRBCs), P. falciparum
cultures were first washed using culture media and then
added to a LS column (Miltenyl Biotec) surrounded by Neo-
dymium Super Magnets (Applied Magnets).44 The late-stage
iRBCs, i.e. the late-trophozoites and schizonts, were held in
the column due to the presence of hemozoin (iron-containing
by-product of the hemoglobin produced by the parasite).45

Next, the magnets were removed and the remaining cells are
extracted from the column using a syringe and added to
buffer prior to deformability measurements.
Lab Chip
Experimental apparatus and protocol

Inlet and outlet areas of the microfluidic device are punched
with 6 mm diameter holes to serve as sample and buffer res-
ervoirs. Female luer-lock connectors are inserted into these
reservoirs to form a water and airtight seal. The reservoirs are
pressured using the MFCS-2C (Fluigent SA) pneumatic pres-
sure control system through 0.5 mm ID flexible Tygon tubing
(Cole-Parmer). This pressure control system is capable of
generating precise pressure with a resolution of 0.25 mbar
(25 Pa) and a range of 1000 mbar. Pressure measurements
are performed with the microfluidic device mounted on an
inverted microscope (Nikon Ti-U) while observed using a 20×
objective and a 1.45 megapixel Digital CCD camera
ĲQIClick-F-M-12, QImaging). An in-house data acquisition
software was developed in which the field of view of the
microscope and the applied pressures of the different ports
are simultaneously visualized.
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