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ABSTRACT 
As important developments in the effort to create a low-power 
portable lab-on-a-chip system, we demonstrate the concentration of 
human CD8+ T-lymphocytes on an electrowetting-on-dielectric 
(EWOD) platform using antibody-conjugated magnetic beads 
(MB-Ab). This is an important step of the protocol used to monitor 
the risk of rejection in organ transplant patients. 

 
INTRODUCTION 
The ability to concentrate and separate specific cells is critical for 
cell-based biological assays and medical diagnostics. For instance, 
CD8+ cytotoxic T-lymphocytes play a critical role in transplant-
rejection by infiltrating the transplanted organs and releasing 
proteins that attract additional lymphocytes to destroy the 
transplant cells. If CD8+ lymphocytes could be isolated from other 
peripheral blood components and then lysed, the concentration of 
these cells and their associated proteins could be measured to 
diagnose rejection non-invasively [1, 2]. While this protocol is 
well-established at the UCLA Immunogenetics Center, the 
transplanted patients have to visit the center for the tests. A 
portable device performing the lab test would not only obviate the 
post-transplantation visits but also facilitate early diagnosis and 
timely treatment. With its simplicity and low power-consumption, 
electrowetting-on-dielectric (EWOD)-based digital microfluidics is 
promising for such a point-of-care device.  

In the quest to realize the entire lab protocol on a portable 
system, we report two main steps realized on the EWOD platform. 
First, we developed and quantitatively assessed binding of CD8+ 
cells to MB-Abs. Second, we developed the ability to separate 
CD8+ lymphocytes from a mixture of CD8+ and CD8- 
lymphocytes. While recent studies have shown concentration of 
MBs on EWOD platform is feasible in principle using simple 
water containing only the beads [3-5], this is the first report of 
success in advancing the concept to living cells. 

 
MATERIALS AND METHODS 
Cells Sample Preparation 
Lymphocytes were isolated from whole blood using standard 
hematological procedures. Peripheral blood mononuclear cells 
were separated over a Ficoll-Hypaque gradient. Lymphocytes were 
obtained after macrophage depletion by adherence to a plastic 
flask. CD8+ and CD8- lymphocytes were separated using anti-
CD8 MB-Ab (Dynabeads CD8 Positive Isolation Kit from 
Invitrogen, Inc., CA) before being detached from the MB’s. Before 
EWOD experiments, the cells were spun down and resuspended in 
serum-free buffer. For visualization, the CD8+ cells were stained 
with fluorescent dye (CFSE). 

 
EWOD Device Fabrication 
Typical UCLA EWOD fabrication processes [3] were used to 
prepare the device (Fig. 1). EWOD electrodes were defined on an 
Indium-Tin Oxide (ITO) (1400Ǻ) layer over a 700 µm-thick glass 
(“EWOD”) substrate (TechGophers Inc.). Cr/Au (~100/1000 Ǻ) 
was deposited and patterned to define the contact pads and 
electrode labels for easier visualization. Next, a Si3N4 layer (~1 

µm) was deposited using PECVD, and patterned to define the 
dielectric layer. A Cytop® (Asahi Inc.) layer (~1 µm) was spin-
coated on top, and annealed at 200 oC to make the surface 
hydrophobic. 1.1 mm-thick glass substrates coated with ITO (1400 
Ǻ) (Delta Technologies Inc.) were used to fabricate the 
“Reference” substrate. A thinner PECVD Si3N4 layer (~1000 Ǻ) 
was deposited and patterned on it to expose the ITO for electrical 
ground connection, followed by Cytop® spin-coating and 
annealing (~1000 Ǻ). A double-sided tape (~100 µm thick, 3M 
Inc.) was used as the spacer between the substrates.  
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Figure 1: Cross section of the EWOD device (not precisely to 
scale). EWOD actuation electrodes were patterned on the ITO 
layer of the “EWOD” substrate. Contact pads were formed with 
Cr/Au (not shown). Electrodes were coated with silicon nitride as 
dielectric and cytop as hydrophobic coating. Thinner silicon 
nitride and cytop layers were deposited over the ITO-coated 
“Reference” substrate, connected to ground. 
 
Device Actuation and Image Capture 
Droplet actuation was achieved by application of voltage (~70 Vac 
1 kHz) to EWOD electrodes. Electronic control for the actuation 
sequence was controlled using LabVIEW (National Instruments 
Inc.) with the help of a digital I/O device (DAQPad 6507, National 
Instruments). Magnetic force was provided using a cylindrical 
permanent magnet (NdFeB, ½” dia. ½” thick) placed on top of the 
EWOD substrate (Fig. 1).  

The device was mounted on an inverted fluorescence 
microscope (Nikon TE-2000U) for visualization. A video camera 
(Panasonic KR-222) was used to capture the droplet actuation 
movies, while still optical and fluorescence images were taken 
using a cooled CCD camera (Photometrics Coolsnap EZ). 

 
RESULTS AND DISCUSSION 
Flow cytometry Experiments 
Before doing experiments on EWOD, the assay was verified using 
the conventional laboratory techniques. 
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Figure 2: Test of the protocol to bind CD8+ cells to MBs under EWOD conditions. Flow cytometry data obtained for lymphocyte 
distribution before and after magnetic separation. Upper right corner indicates CD8+ T-lymphocytes. (Left) Before separation. (Middle) 
after magnetic separation for MB-cell binding done at 40C as per protocol, (Right) after magnetic separation for MB-cell binding at RT in 
conditions similar to those during EWOD experiments. Collection efficiency is high (>95%) in both cases. 
 
 
Flow-cytometry measurements were performed to determine the 
isolation efficiency for cell separation according to protocol. To 
ensure that MB-cell binding will also occur on an EWOD device, 
cell separation was also performed for binding conditions similar 
to EWOD (e.g. room temperature instead of the prescribed 2-8ºC). 
Fig. 2 shows that CD8+ isolation efficiency was similarly high 
(>95%) under both conditions (Fig. 2 middle, right). 
 
Cell-MB Binding on EWOD 
The steps to evaluate CD8+ cells binding with MBs on the EWOD 
device are schematically described in Fig. 3 and demonstrated in 
Fig. 4. A droplet containing MB-Ab (~107/ml) and another 
containing fluorescently stained CD8+ cells (~105/ml) were 
merged using EWOD (Figs. 3(a, b), 4(a, b)). The combined droplet 
was moved repeatedly over a circular path of electrodes to allow 
MB-cell mixing. After about 8-10 minutes (Fig. 3(c, d), 4(c, d)), an 

NdFeB magnet was introduced (Fig. 3(e), 4(e)), attracting most 
MBs to the left-end of the droplet. (Earlier reports of MB 
separation on EWOD used meniscus-assistance [3], or performed 
separation immediately after sample introduction [4]. Although 
they are valid, a proprietary technique by Core Microolutions, Inc. 
(Los Angeles, CA) used here eliminates the need for either of 
these.) The droplet is subsequently cut to form the collected 
droplet (left) and the depleted droplet (right) (Fig. 5(a, b)).  

By manually counting the fluorescent cells in these droplets, 
the cell-collection efficiency is conservatively estimated to be 
>92% (Fig. 5(c-f)). (Some cells in the collected droplet may be 
hidden behind MBs.). This high efficiency is attributed to the high 
interaction between MBs and cells confined inside a circulating 
droplet, as compared to a flow-through channel-microfluidics 
system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Binding at 40C  Pre-separation Binding at Room Temperature

Figure 3: Schematic description of binding cells
to MBs and concentration of the cells on EWOD
platform. (a, b) A droplet containing MBs and
another containing cells are merged. (c, d)
Merged droplet is repeatedly moved around
using EWOD along a circular path to mix the
MBs and cells. (e) Magnet pulls MBs to the left
end, along with the bound cells. 

MBs Cells 

a        b 

c        d               e 

29



  

  
 
 
 

  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
S
F
in
p
(
M
F
 

  

  

   
  

Separation of C
Fig. 5 shows the
nitial sample 

preconjugated w
~105/ml total) (F

MB-CD8+cells 
Fluorescence can

a  

MBs 

c  

  F
lu

or
es

ec
en

ce
   

   
   

   
  B

ri
gh

t f
ie

ld
 

    Initial

f 

a  

c 

D8+ and CD8- 
e ability to sepa

contains fluo
with MBs, mix
Fig. 6(a), 7(a,e))
move to the le
n be observed w

 

Cells 

 

l Cell Sample (n

  

 

  

       

       

 

lymphocytes 
arate CD8+ from
orescently stain
xed with unlab
). On introductio
eft meniscus (F

where MBs are. T
 

        

        

no MBs)  

 

Collecte
droplet

       b 

 

m CD8- cells. T
ned CD8+ ce
beled CD8- ce
on of a magnet, 
Fig. 6(b), 7(b, 
The droplet is th

 b 

d 

Collec

g 

ed 
t 

Deple
drop

d 

 

The 
ells 
ells 
the 
f)). 
hen 

cut usin
CD8+ c

Sin
also be 
similar 
depleted
(Fig. 6(f

 

cted Droplet 

 

Fig
spli
col
fluo
mer
cou
Afte
cou
dro

eted 
plet 

 

 

      

ng EWOD (Fig.
ells are now col

nce they are not
collected. How
steps as above 
d, leaving mostl
f)). 

              e 

Figure 
lymphocy
Droplets 
(c, d) Dr
EWOD (f
path. (e) 
with the b

M
agnet 

h 

gure 5: Assessme
it after binding. 
llected in the lef
orescence imag
rging with MB
unted. 
er binding, (d, 
unted (Some may
oplet: < 2 stained

e 

 6(c, d), 7(c, d)
lected in the left
t actively remov
ever, by adding
(Fig. 6(d,e)), CD
y CD8+ cells in

4: Image-sequ
ytes binding to 

containing MB
roplet is repeate
(for 8-10 minute

Magnet pulls M
bound CD8+ T-l

Depleted Dro

ent of binding ef
Most CD8+ ce

ft droplet, as se
ges. (c, f) Ini
B-containing dro

g) Collected d
y be hidden beh
d cells counted. 

 

)), so that most
t droplet.  
ved, some CD8

g wash buffer an
D8- cells can be
n the final colle

uence for CD
MBs on EWOD

Bs and cells are
edly moved arou
s here), along a

MBs to the left e
lymphocytes. 

oplet 

fficiency. (a, b) D
lls are bound to
en in the bright
tial cell samp
oplet: ~88 stai

droplet: ~81 sta
ind MBs.) (e, h)

t MB-bound 

8- cells may 
nd repeating 
e eventually 
cted droplet 

CD8+ T-
D. (a, b)
e merged.
und using
a circular
end, along

Droplet is 
o MBs and 
t-field and 
le before 
ined cells 

ained cells 
) Depleted 

30



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
(
c
(d
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C
W
m
a
u
f
th
c
th
p

th
p
la
C
th

A
T
M
S
th
 

Fl
B

i
ht

fi
ld

Figure 6: Schem
(orange) preconj
collected at left m
(d-f) Remaining C

CONCLUSIO
We have dem
magnetic beads w
also showed the 
unbound CD8- 
former. Improve
hrough serial di

concentrated CD
he lysate analyz

per protocol.  
Future work

he MB-CD8+ 
processed blood 
aboratory proto

Cell-lysis and pr
he complete diag

 
ACKNOWLE
This work is s
Mimetic for Sp
Southwest RCE 
he UCLA Depar

   
   

Fl
uo

re
sc

en
ce

   
 

B
ri

gh
t 

fie
ld

(a, e) Ini
a  

e  

d  

a  

Colle
drop

Buffer 

matic description
jugated with M
meniscus. (c, d) 
CD8- cells in the

N 
onstrated the 
with CD8+ lymp
separation of M
lymphocytes, a
ment in concen
lution, using EW

D8+ cells can the
zed for monitori

k will be toward
cell binding o
derivatives as sa

ocol used to mo
rotein detection 
gnostic device. 

DGEMENT 
supported by N
ace Exploration
(grant AI06535

rtment of Urolog

tial Cell Sample
 

 

 

 

ected 
plet 

D

 of magnetic con
MBs (red), and u

Droplet is cut in
e collected drop

binding of an
phocytes on an E

MB bound CD8+ 
as a technique t
tration efficienc

WOD microfluid
en be lysed, and
ng of organ tran

ds demonstrating
on EWOD, and
amples, so as to 
onitor organ tr
will also need t

NASA through 
n (CMISE), NIH
59), and Intramu
gy. 

e     (b, f) MB
             b 

 f 

M
agnet

M
agnet

  

  

Depleted 
droplet 

ncentration of C
unlabeled CD8-
nto collected dro
let can be remov

ntibody-conjuga
EWOD device. W
lymphocytes fro

to concentrate 
cy can be achiev
dic operations. T
d the proteins fro
nsplant patients,

g the specificity
d using less p
move closer to 
ansplant rejecti
o be integrated 

Institute for C
H through Paci
ural Seed Grant

B-bound cells co

M
agnet

M
agnet

e 

b 

CD8+ cells. (a) I
 cells (blue, gre
oplet, containing
ved by diluting i

ated 
We 
om 
the 
ved 
The 
om 
, as 

y of 
pre-
the 
on. 
for 

Cell 
ific 
t of 

REFER
[1] A K

Gab
Exp
Tran
38, p

[2] J L
Anti
Ren
777-

[3] G J 
Mag
for 
Fran

[4] Y Z
Con
Tran

[5] Y Z
of 
Mic
2148

ollected at left 
        

Initial droplet c
een). (b) On in
g the MB-CD8+
t with a buffer d

RENCES 
K Cashion, O M
ber, "Serial Perip
pression Measu
nsplant Rejection
pp. 3676-3677.
 Veale et al., 
ibody-Mediated 

nal Allografts," 
-786. 
Shah, E Pierst

gnetic Bead Trap
Specific Protein

nce, June 2007, p
Z Wang, Y Zha
ncentration and S
nsducers, Lyon, 

Z Wang, Y Zhao
Magnetic Par

cromechanics an
8-2156. 

Figure 7: Conc
Initial cell samp
preconjugated w
Magnet is introd
MB-bound fluor
(c) Droplet pul
collected MB-bo

   c  

 

 

containing fluore
troducing magn
cells, and deplet

droplet and repea

M Sabek, C J D
pheral Blood Cy
urements for 
n," Transplantat

"Noninvasive D
Rejection by P
Human Immun

torff, D Ho, C-J
pping on Ewod-B
n Localization,"
pp. 707-710. 
ao, S K Cho, "I
Separation for D
France, June 20
, S K Cho, "Effi
rticles for D
nd Microengine

centration of C
ple with fluores
with MB’s, and 
duced from left 
rescent cells to 
lled to left, and
ound cells from 

           

M
agnet

M
agnet

f 

c 

Coll
dro

escently stained 
net, MB-bound 
ted droplet with 
ating the process

Driscoll, L W G
ytotoxic Lymph

Prediction of
tion Proceedings

Diagnosis of C
erforin and Gra

nology, 2006, v

J Kim, "Menisc
Based Digital M
" Proc. Transdu

In-Droplet Magn
Digital Microflui
07, pp. 711-714

ficient in-Droplet
Digital Microfl
eering, 2007, v

CD8+ T-lympho
scently stained 
unlabeled CD8-
(not in view), co
the left menisc

d (d) split to s
the CD8-deplete

d 

lected 
oplet 

CD8+ cells 
CD8+ cells 
CD8- cells. 

s. 

Gaber, A O 
hocyte Gene 
f Pancreas 
s, 2006, vol. 

Cellular and 
anzyme B in 
vol. 67, pp. 

cus-Assisted 
Microfluidics 
ucers, Lyon, 

netic Beads 
idics," Proc. 
. 
t Separation 
uidics," J. 

vol. 17, pp. 

ocytes: (a,e) 
CD8+ cells 
- cells. (b, f) 
ollecting the 
us (f inset). 
eparate the 

ed droplet. 

31


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print

