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We show that coupled electrorotation (CER) of micro-
scopic particles using microfabricated electrodes can be
used for localized sensing and mixing. The effective use
of microelectromechanical systems and micro total analy-
sis systems requires many types of control. These include
the ability to (1) manipulate objects within microchannels
by noncontact means, (2) mix fluids, and (3) sense local
chemical parameters. Coupled electrorotation, in which
the interactions between induced electric dipoles of
adjacent particles lead to particle rotation, addresses
aspects of all three challenges simultaneously. CER is a
simple means of control l ing the rotation of dielectric
objects using homogeneous external radio frequency
electric fields. CER is sensitive to several chemical and
physical parameters such as the solution conductivity, pH,
and viscosity. As a step toward integrating CER devices
into microfluidic systems, a simple chip was designed to
induce local mixing and to detect local changes in salt
concentration, pH, and viscosity.

E lec tr ic fie lds h ave pro ven instrum ental fo r th e m anipulation
o f m ic ro sc ale objec ts. E lec trokinetic fo rc es on a die lec tr ic objec t
in an elec tr ic fie ld c an be c lassified as produc ing eith er transla-
tional o r ro tational m o tion.1 Translational m o tions c an be induc ed
by spatially h o m o g eneous o r inh o m o g eneous elec tr ic fie lds and
are respec tively term ed elec troph o resis and die lec troph o resis.
Ro tational m o tion is dependent on th e fo rm ation o f a dipo le in
th e objec t to be ro tated and th e applic ation o f a to rque to th at
dipo le by an elec tr ic fie ld. In elec tro ro tation, a ro tating elec tr ic
field bo th induc es dipo le m o m ents in partic les and ex erts a to rque
on th e induc ed dipo le m o m ents, c ausing th e partic les to ro tate.
In c oupled elec tro ro tation ( CE R) , th e ex ternally applied fie ld is
static and fix ed in spac e. D ipo les are induc ed in two o r m o re
adjac ent partic les. A tim e delay ex ists in th e buildup and dec ay
o f th e dipo le m o m ents. Consequent ly, th e elec tr ic fie ld h as in
g eneral two o sc illating c o m ponents o ffset in ph ase, one along th e
static fie ld direc tion and one perpendicular to it. Th e sum o f th e
two o sc illating elec tr ic fields g enerates a ro tating elec tr ic field th at
ac ts on eac h partic le. Th e interac tion between th e two dipo les is

akin to th e interac tion between two bar m agnets. In th e c ase th at
one o f th e objec ts c anno t ro tate, dipo les are still induc ed and
to rques are still applied but only to th e objec t th at is free to ro tate.
Th e latter o c curs wh en a m ic ro sph ere is adjac ent to a g lass o r
po lym er m ic ro struc ture, fo r ex am ple.

E lec troph o resis and die lec troph o resis h ave been th e subjec t
o f ex tensive study fo r th e m anipulation o f partic les in m ic ro elec -
tro m ec h anic al system s ( M E M S) devic es. Fo r ex am ple, elec tro -
ph o resis h as been used fo r elec tro o sm o tic pum ping 2 and c h em ic al
separations3 in M E M S devic es. D ielec troph o resis h as been used
to trap and m anipulate c ells,4,5 viruses,6 and D N A.7 Traveling wave
die lec troph o resis h as also been used to separate and m o ve
partic les in a m ic ro fluidic devic e.8

In c ontrast, th e applic ation o f elec tro ro tation to m ic ro fluidic
analysis is relatively new. H isto r ic ally, elec tro ro tation h as been
used to c h arac ter iz e th e properties o f c ells.9,10 E lec tro ro tation h as
also been used to assess th e viability o f c ells in real tim e, as it
pro vides a m easure o f m em brane integ r ity.11 M o re rec ent ly, th is
application h as been im plem ented in a M E M Sdevic e to c h arac ter-
iz e th e cytoplasm ic properties o f c ells.12 Sc h nelle et al. h ave
c o m bined elec tro ro tation in a quadrupo le fie ld with opt ic al
tweez ers,13 allo wing th e sim ultaneous trapping and m anipulation
( translational and ro tational) o f partic les.

Th e first dem onstration o f CE R ( two o r m o re objec ts c oupling
to eac h o th er) was m ade by Teix eira-Pinto et al.14 in wh ic h Euglena
and pseudopod frag m ents were observed to ro tate spontaneously
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in strong rf fie lds wh en adjac ent to a larg er am o eba. H o lz apfe l et
al.15 and M ah awo rasilpa et al.16 presented th eo retic al fo rm alism s
to treat CE R in an ac field. In rec ent wo rk, we h ave c o m bined
CE R with optic al trapping and ph o topatterning to quantify ro tation
o f subm ic ro m eter partic les, fabr ic ate m ic ro sc opic Òantig ears,Óand
dem onstrate th e po ssibility o f ex plo iting th e reg istry o f sph ere
ro tation rates in perfo rm ing lo c al sensing .17 H o wever, th e instru-
m entation we used fo r induc ing CE R in th is earlier wo rk, in wh ic h
m ic ro elec trodes were po sitioned using m ic ro m anipulato rs, was
no t ideally suited fo r direc t inc o rpo ration into m ic ro fluidic devic es.
In addit ion, we dem onstrated th at a sealed pipet tip c an induc e a
to rque on a m ic ro sph ere underg o ing CE R with ano th er m ic ro -
sph ere, but we h ad no t used a stationary objec t to induc e CE R in
a sing le m ic ro sph ere.

Addit ional m ec h anism s to affec t ro tation o f m ic ro sc opic
partic les inc lude all opt ic al m eth ods suc h as radiation pressure
on m ic ro fabric ated ro to rs,18 th e trapping o f birefr ing ent partic les,19

th e use o f Laguerre- Gaussian laser m odes,20 th e use o f opt ic ally
trapped m agnetic partic les in ro tating elec tro m agnetic fields,21 and
th e fabr ic ation o f elec tro static o r m agnetic m ic ro m o to rs.22 Advan-
tag es o f CE R o ver th ese m eth ods inc lude th e sim plic ity o f th e
system needed to establish CE R and th e num ber o f tasks th at
c an be ac c o m plish ed by CE R sim ultaneously.

In th is wo rk, CE R on a c h ip is dem onstrated using m ic ro fab-
r ic ated elec trodes and opt ic al tweez ers to induc e c ontro lled
ro tation in individual pairs o f m ic ro sc opic objec ts. Th e c oupled
elec tro ro tation rates o f po lystyrene m ic ro sph eres were m easured
as a func tion o f visc o sity, N aCl c onc entration, and pH . Th e results

c o m pared c lo sely with th eo retic al m odels. Th e c h ip struc tures
used to perfo rm th ese m easurem ents are well-suited fo r inc o rpo -
ration into m o re c o m plex m ic ro fabricated devic es. CE R is ac h ieved
between a m ic ro sph ere and an adjac ent im m obiliz ed po lym er
m ic ro struc ture. Applic ation o f CE R fo r m ic ro fluidic m ix ing and
sensing was also investig ated.

EXPERIMENTAL SECTION

Partic le ro tation m easurem ents were m ade using an apparatus
sim ilar to th at desc r ibed previously.17 B r iefly, im ag es were
acquired using a N ikon D iaph o t inverted m ic ro sc ope, c o llec ted
by a silic on-intensified targ et (SIT, H am am atsu C2400-08) c am era,
and rec o rded onto video tape. D ual opt ic al trapping was ac h ieved
using a 985-nm M O PA diode laser ( 1 W, SD L m odel 5762-A6)
split into its two po lar iz ation c o m ponents. E ac h trap c ould be
m anipulated independent ly. A dic h ro ic m irro r allo wed th e intro -
duc tion o f bo th th e opt ic al trapping beam s and th e 488-nm
ex c itation beam fro m an arg on ion laser ( Spec traPh ysic s Stabilite
2017. M ic ro c h ips ( see Figure 1) were c onstruc ted by sputter ing
g o ld ( H um m er V Go ld Sputter Co ater, Tec h nic s, Inc ., CA) onto
g lass c o verslips ( 24 ! 60 m m , N o . 1, VWR Sc ient ific , Inc ., West
Ch ester, PA) to a final th ickness o f " 100 nm . Ph o to lith o g raph y
was th en used to etc h a 10-µm g ap to separate th e sputtered reg ion
into two equal h alves, c reating two elec trodes o f roug h ly equal
siz e. Pr io r to sputter ing , th e g lass c o verslips were c leaned with
m eth ano l, 2-propano l, and ac etone.

Th e c h ip was m ounted o ver th e o il im m ersion objec tive and a
droplet ( 14- 50 µL) o f 2-µm latex sph eres suspended in water was
plac ed on th e c h ip suc h th at th e drop was in c ontac t with bo th
g o ld elec trodes. Th e latex sph eres were Yello w-g reen c arbo x ylate
Fluo Sph eres ( M o lecular Probes, Eug ene, O R) fo r sensing ex peri-
m ents and Po lybead Carbo x ylate M ic ro sph eres (Po lysc ienc es,
Inc ., Warring ton, PA) fo r m ix ing ex periem ents. Th e latex sph eres
were diluted by a fac to r o f " 100. Th e latex sph eres fro m M o lecular
Probes are suspended in 2 m M sodium az ide. We did no t perfo rm
addit ional pur ific ation; th e latex sph ere so lut ion used in th e
sensing ex perim ents c ontained " 20 nM sodium az ide. To ac h ieve
c onsistent results, th e relative po sition o f th e m ic ro sph eres in th e
opt ic al traps was no t c h ang ed dur ing individual ex per im ents.
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Figure 1. Microfabricated chips used to apply an electric field to two adjacent microspheres (for sensing experiments, not shown in this figure)
or a microsphere adjacent to a PDMS corner (for mixing experiments). Wires connecting the function generator to the electrodes were attached
to the latter using conductive epoxy (ovals). For a description of chip manufacture see text.
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Ch ang es in th e distanc e between m ic ro sph eres results in signifi-
c ant c h ang es in ro tation rate.

Th e effec ts o f so lut ion c onduc tivity, pH , and visc o sity on CE R
were th en m easured. E x perim ental pro c edure was as fo llo ws: ( 1)
two m ic ro sph eres were im m obiliz ed in th e dual opt ic al trap with
one m ic ro sph ere ( M 1) po sitioned at th e fo c al po int o f th e
ex c itation laser, ( 2) M 1 was partially ph o to altered with fo cused
488-nm lig h t fo r 0.1 s, ( 3) a 500-kH z , 60 kV c m - 1 elec tr ic fie ld
sine wave was applied ac ro ss th e m ic ro sph ere pair ( see belo w)
after 3 m in h ad passed fro m th e tim e o f plac ing th e drop on th e
c h ip to ensure unifo rm and m inim al evapo ration between tr ials,
and ( 4) LIF m easurem ents were acquired fo r 1 m in with wide-
fie ld 488-nm ex c itation by passing th e ex c itation beam th roug h a
spinning disk diffuser. M ic ro sph ere ph o to alteration (bleac h ing )
allo wed visualiz ation o f ro tation.23 Th e bleac h ing tim e fo r beads
was selec ted to be less th an th e tim e required fo r th e m ic ro sph ere
to underg o ro tational diffusion by m o re th an a few deg rees. Th e
c h ip was rinsed th ree tim es with drops th e sam e siz e as th o se
used in th e ex perim ents. Rinsing was done with th e sam e so lution
used in th e fo llo wing tr ial. M ix ing ex per im ents were perfo rm ed
by replac ing one m ic ro sph ere with a po ly(dim eth ylsilo x ane)
(PD M S) wedg e m ounted between th e elec trodes. D rop siz es used
fo r th e ex per im ents were " 50 µL fo r m ix ing ex per im ents, 30 µL
fo r pH m easurem ents, and 14 µL fo r salt and visc o sity m easure-
m ents. E x per im ents taking long er th an a few m inutes to perfo rm
o r th o se invo lving pH m easurem ents were in g eneral done with
larg er drop vo lum es to m inim iz e effec ts fro m drop evapo ration.

Th e rf output fro m a Stanfo rd Researc h System s func tion
g enerato r was c oupled direc tly to th e m ic ro elec trodes. Wires were
attac h ed to th e elec trodes with c onduc tive epo x y ( Circuitwo rks
CW2400, Ch em tronic s, Kennesaw, GA) . Th e use o f 500 kH z
opt im iz ed sph ere ro tation and pro vided a slig h t die lec troph o retic
repulsion to m inim iz e inter ferenc e fro m stray m ic ro sph eres
flo ating into th e trapping reg ion. Consistent with previous
finding s,24- 26 iso lated, sing le sph eres did no t ro tate under th ese
c ondit ions, c onfirm ing th at elec tro o sm o tic flo w is unim po rtant in
th ese ex per im ents.

Ro tation rates did no t c h ang e signific antly o ver th e tim e sc ales
used fo r data acquisition ( i.e., a few m inutes o r less) . E vapo ration
o f th e droplet resulted in no tic eable c h ang es in th e ro tation rates
fo r long er tim es (between 15 m in to well o ver 3 h , depending on
th e droplet siz e) .

Visualiz ation o f lo c al m ix ing was ac h ieved by adding 500-nm
trac er partic les ( Yello w-g reen c arbo x ylate Fluo Sph eres, M o lecular
Probes) to an aqueous so lution o f 2-µm sph eres (desc ribed abo ve) .
In th is so lut ion, a 2-µm po lystyrene m ic ro sph ere is subjec t to a
500-kH z , 60 kV c m - 1 elec tr ic fie ld sine wave wh ile in c lo se
pro x im ity to a static PD M S struc ture. Th e PD M S struc ture was
a sh arp c o rner m ade by sim ply cutt ing a piec e o f PD M S with a
raz o r blade and plac ing th e c o rner on th e g ap between th e
elec trodes. Th e presenc e o f th is PD M S c o rner induc ed CE R in
m ic ro sph eres. Lo cal fluid flo w was visualiz ed by direc t observation
o f th e trajec to r ies o f individual trac er partic les.

THEORY
D EP and CE R fo rc es are princ ipally determ ined by c onduc tivity

in th e sur fac e layer o f a partic le.27- 29 Th is sur fac e layer desc r ibes
a th in th ree-dim ensional sh ell c ontaining th e c h arg ed g roups in
th e so lvent double layer, at th e partic le sur fac e, and with in a th in
layer belo w th e partic le surfac e th at is ac c essible to so lvent.30 U pon
applic ation o f a lo c ally h o m o g eneous rf elec tr ic fie ld, a dipo le is
c reated with in th e partic le.

D ielec troph o resis and elec tro ro tation are related by th e
respec tive real and im ag inary c o m ponents o f th e Claussius-
M o sso tti fac to r in th e equations desc r ibing th e fo rc es upon a
partic le. Fo r th e c ase o f an ideal sph ere, th e die lec tr ic fo rc e is31

Fo r elec tro ro tation, th e to rque is31

wh ere ! m is th e relative die lec tr ic c onstant o f th e suspension
m edium , ! 0 is th e perm ittivity o f free spac e, r is th e partic le radius,
E is th e am plitude o f th e dr iving field, and f( ! ) is th e Claussius-
M o sso tti fac to r, dependent on ! , th e angular frequency o f th e
fie ld.31

H ere ! p* and ! m * are th e effec tive relative c o m plex perm ittivities
o f th e partic le and th e m edium . An effec tive perm ittivity c an be
used to m odel th e properties o f a partic le as a h o m o g eneous
sph ere with equivalent die lec tr ic properties. A m o re ac curate
desc r ipt ion o f m ic ro sph ere properties sh ould use a sur fac e-layer
m odel o f m ic ro sph ere c onduc tivity and perm ittivity.30

Th e relative c o m plex perm ittivity is desc r ibed by

wh ere ! is th e real relative perm ittivity and " is th e m edium
c onduc tivity.

Assum ing a Stokes- E instein m odel o f th e so lut ion visc o sity,
th e angular velo c ity ! fo r one partic le in a pair o f identical partic les
subjec t to CE R c an be desc r ibed by16

H ere, # is th e visc o sity o f th e so lut ion m edium , E is th e applied
alternating ex ternal elec tr ic fie ld, and $ is th e ang le between th e
applied fie ld and th e vec to r c onnec ting th e c enters o f th e two
partic les.
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Fo r th e c ase o f two different sph eres, th e ratio o f angular
velo c ities bec o m es17

wh ere R is th e radius o f th e sph ere, r is th e distanc e between th e
sph eres, and A and B are subsc r ipts th at deno te th e two different
sph eres.

D esc r ibing th e two partic les in term s o f equivalent h o m o g e-
neous sph eres, and in th e case o f identical partic les with frequency
independent perm ittivities and c onduc tivities, th e real and im ag i-
nary parts o f th e Claussius- M o sso tti fac to r bec o m e

Th ese equations fo llo w fro m th e th eo ry o f Lam pa,32 desc ribing
th e to rque ex erted by a ro tating field on a sph ere as desc r ibed in
th e review o f Arno ld and Zim m erm an.31 We substitute eqs 7 and
8 into eq 5 to predic t th e variation in ro tation rate with visc o sity
and salt c onc entration.

RESULTS AND DISCUSSION
Th e variation o f m ic ro sph ere angular velo c ity with so lut ion

visc o sity is sh o wn in Figure 2. Th e ex pec ted 1/ # dependenc e o f
ro tation rate is observed. Th e so lid line in Figure 2 c o rresponds
to a nonlinear least-squares fit o f th e data to a m odel desc r ibing
CE R in term s o f two equivalent h o m o g eneous sph eres. B o th th e
variation in so lut ion c onduc tivity and die lec tr ic perm ittivity are
taken into ac c ount.33 Ch ang es in perm ittivity are assum ed to fo llo w
th e Rayleig h m odel fo r th e m ix ing o f a two -c o m ponent, one-ph ase
system o f die lec tr ic m ater ials;

wh ere ! m is th e die lec tr ic c onstant o f th e m ix ture; ! 1, ! 2, " 1, and
" 2 are respec tively th e die lec tr ic c onstant and vo lum e frac tion o f
th e two c o m ponents. U nder th e c ondit ions used fo r th ese
ex per im ents, a c h ang e in visc o sity o f 5 ! 10- 4 kg m - 1 s- 1 is
detec ted as eth ylene g lyc o l is added to th e aqueous so lut ion unt il
roug h ly one-quarter o f th e so lution is eth ylene g lyc o l. Th e ro tation
rate c ontinues to fall, but th e ability to detec t c h ang es in visc o sity
falls o ff dram atic ally. Thus, th e dynam ic rang e fo r th ese m easure-
m ents wh en used as a visc o m eter is with in " 40% o f th e visc o sity
o f water. Ch ang ing th e ex perim ental c ondit ions, suc h as inc reas-
ing th e elec tr ic fie ld streng th , would inc rease th e abso lute CE R
ro tation rate, th ereby inc reasing th e dynam ic rang e o ver wh ic h
visc o sity c an be m easured.

Figure 3 sh o ws th e dependenc e o f ro tation rate on th e
c onc entration o f N aCl. Ag ain, th e so lid line c o rresponds to a
nonlinear least-squares fit using a m odel desc ribing CE R in term s
o f two equivalent sph eres. So lut ion visc o sity and die lec tr ic
perm ittivity are assum ed c onstant. U nder th e c ondit ions used fo r
th ese ex perim ents, c h ang es in N aCl c onc entration o f 40 nM were
detec ted with a dynam ic rang e o f 0- 200 nM in added salt
c o rresponding to a c onduc tivity rang e between 6 and 29 µS c m - 1.

( 32) Lam pa, A. Wien. Ber . 2a 1906, 115, 1659- 1690.
( 33) Tsierkez o s, N . G.; M o linou, I. E . J. Chem . Eng. Data 1998, 43, 989- 993.

! A

! B
=

Im [ fA( ! ) ]

Im [ fB ( ! ) ] ( Im [ fB ( ! ) ] + ( RA/ r) 3Im [ fA( ! ) fB ( ! ) ]

Im [ fA( ! ) ] + ( RB / r ) 3 Im [ fA( ! ) fB ( ! ) ] ) ( 6)

Re[ f( ! ) ] )
" p

2 + " p" m - 2" m
2 + ! 2( ! p - ! m ) ( ! p - 2! p)

( " p + 2" m ) 2 + ! 2( ! p + 2! m ) 2

( 7)

Im [ f( ! ) ] )
3! ( ! m " p - ! p" m )

( " p + 2" m ) 2 + ! 2( ! p + 2! m ) 2
( 8)

! 12 - 1

! 12 + 2
) " 1

! 1 - 1

! 1 + 2
+ " 2

! 2 - 1

! 2 + 2
( 9)

Figure 2. Variation of microsphere angular velocity with solution
viscosity. The solid line corresponds to a nonlinear least-squares fit
of the data to a model describing CER in terms of two equivalent
homogeneous spheres. Variations in both solution conductivity and
dielectric permittivity are taken into account. Fitting parameters: E
) V m- 1, $ ) %/4, ! ) 3.14 ! 106 rad s- 1, and " m ) 2.5 ! 10- 4 S
m- 1. A Rayleigh model of dielectric mixtures is used to describe the
changes in solution permittivity. The fitted effective microsphere
conductivity and relative permittivity are " p ) 6.2 ! 10 - 4S m- 1 and
! p ) 18.8, respectively.

Figure 3. Variation of microsphere angular velocity with solution
NaCl concentration. The solid line corresponds to a nonlinear least-
squares fit of the data to a model describing CER in terms of two
equivalent homogeneous spheres. Fitting parameters: E ) 105 V m- 1,
$ ) %/4, ! ) 3.14 ! 106 rad s- 1, and # ) 8.57 ! 10- 4 kg m- 1 s- 1.
The fitted effective microsphere conductivity and relative permittivity
are " p ) 3.5 ! 10- 4 S m- 1 and ! p ) 2.2, respectively.
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M easurable elec tro ro tation and CE R o f po lym er beads is no t
ex pec ted to o c cur under ph ysio lo g ical c onditions using reasonable
fie ld streng th s. N everth eless, elec tro ro tation9- 12 and CE R14,15 o f
c ells h ave been ac c o m plish ed using sug ar ( o r sug ar alc o h o l)
so lut ions o f lo w ionic streng th .

Figure 4 depic ts th e variation in ro tation rate with so lution pH .
Th e value o f th e pH was varied by addit ion o f 0.25 M N aO H to a
5-m L unbuffered so lut ion o f m ic ro sph eres wh o se init ial pH was
set at 3.9 by th e addit ion o f " 0.1 µL o f 37% H Cl to a 225-m L sto ck
so lut ion. Th e c onduc tivities fo r so lut ions sim ilar to th o se used in
th e CE R pH ex per im ents were 55 µS c m - 1 fo r pH 3.7, 29 µS c m - 1

fo r pH 4.4, and 32 µS c m - 1 at pH 9.8. Th e c onduc tivity was 24 µS
c m - 1 fo r pH 5.2, 6.5, 7.3, and 8.6. Th e so lid line in Figure 3
desc r ibes a sig m o id fit to th e pH c h ang es belo w pH 8. Th is fit
desc r ibes a sim ple m ass balanc e between disso c iation o f pro tons
fro m sur fac e-bound c arbo x yl g roups into th e so lut ion. Th e pKa o f
th is reac tion is init ially 5.5 ( 0.2. Th is m odel do es no t take into
ac c ount any dispersion in sur fac e c h arg e c onc entration. As th e
c arbo x y g roups on th e sur fac e o f th e m ic ro sph ere depro tonate,
th e inc reasing sur fac e c h arg e resists fur th er depro tonation. Th e
final c arbo x y g roups to depro tonate h ave a pKa o f " 10. Th e
dec rease in ro tation rate at h ig h pH is c aused by th e c h ang e in
so lut ion c onduc tivity as th e ionic streng th o f th e so lut ion in-
c reases. Th e h ig h so lut ion c onduc tivities present wh en buffers
are used to c ontro l pH reduc e th e ro tation rate ( sim ilar to wh at
is observed in Figure 3) . H enc e, buffers c ould no t be used to
stabiliz e th e pH fo r th ese ex per im ents and th is m ay h ave
c ontr ibuted to th e erro r in th ese m easurem ents.

Th e ability to sense lo c al variations in pH , c onduc tivity, o r salt
c onc entration m ig h t be useful in wo rk th at requires spec ific
c ondit ions to func tion effec tively. M aintaining opt im um so lubility
o f spec ific c h em ic al spec ies, opt im iz ing c h em ic al separation
c onditions, o r ensuring th at proper reac tion c onditions ex ist with in
a m ic ro fluidic system would be fac ilitated by im pro ved lo c al
sensing c apabilit ies. In addit ion, lo c al sensing c ould pro vide
im pro ved info rm ation on h o w spec ific m aterials o r surfac es with in
m ic ro fluidic devic es alter th e so lut ion c h em istry with in th e

c h annels th ey c ontain ( suc h as by leac h ing , adso rpt ion, o r
abso rpt ion) . Lo c al sensing c ould also be an indic ato r fo r th e
effec tiveness o f c leaning o r flush ing pro c esses. Th e sim plic ity o f
a CE R m ic ro fluidic senso r also sug g ests th at it m ig h t be used in
a parallel m anner to detec t g radients in so lut ion properties. Suc h
a m odific ation would only require th e use o f m ultiple optic al traps.

Th e results depic ted in Figure 5 dem onstrate th at CE R c an
be used to affec t m ass transpo rt and m ix ing at m ic ro sc opic leng th
sc ales, sug g esting direc t applic ations fo r m ix ing devic es in c h ips.
Fluid flo w with in a m ic ro fluidic devic e is in th e lo w Reyno lds
num ber reg im e.34,35 As visc ous rath er th an inertial effec ts c ontro l
th e fluid m o tion in th is reg im e, m ix ing is do m inated by diffusion.
Th e ability to o verc o m e th e lim itations o f diffusional m ix ing and
produc e lo c al turbulenc e is a key h urdle in th e suc c essful
im plem entation o f m ic ro fluidic devic es. Alternative m eth ods
current ly used to produc e lo c al m ic ro fluidic m ix ing inc lude th e
use o f c h arg ed sur fac es,36 t-junc tions,37 pulsatile flo w,38 ac ousto -
fluidic s,39 opt ic ally dr iven m ic ro fabr ic ated ro to rs,40 o r relief
struc tures on th e inner walls o f th e m ic ro c h annel ( e.g ., r idg es41

o r h elic al struc tures42) . CE R m ay h ave several distinc t advantag es
o ver m any o f th ese m eth ods. Fo r ex am ple, CE R c an be used to
m ix a lo c aliz ed reg ion o f fluid with dim ensions sm aller th an 1
µm . Ph ysic al c ontac t is no t needed between th e m ix ing devic e
and th e c h ip as it is with m ic ro fabr ic ated ro to rs. N o spec ial

( 34) Purc ell, E . M . Am . J. Phys. 1977, 45, 3- 11.
( 35) B rody, J. P.; Yag er, P.; Go ldstein, R. E .; Austin, R. H . Biophys. J. 1996, 71,

3430- 3441.
( 36) Kuksenok, O .; Yeo m ans, J. M .; B alaz s, A. C. Langm uir 2001, 17, 7186-

7190.
( 37) Jo h nson, T. J.; Ro ss, D .; Lo c asc io , L. E . Anal. Chem . 2002, 74, 45- 51.
( 38) Lee, B . S.; Kang , I. S.; Lim , H . C. Int. J. H eat MassTransfer 1999, 42, 2571-

2581.
( 39) Rife, J. C.; B ell, M . I.; H o rwitz , J. S.; Kabler, M . N .; Auyeung , R. C. Y.; Kim ,

W. J. Sens. Actuators, A 2000, 86, 135- 140.
( 40) U kita, H .; Kaneh ira, M . IE E E J. Sel. Top. Quantum E lectron. 2002, 8, 111-

117.
( 41) Stro o ck, A. D .; D erting er, S. K. W.; Ajdari, A.; M ez ic , I.; Stone, H . A.;

Wh itesides, G. M . Science 2002, 295, 647- 651.
(42) Liu, R. H .; Strem ler, M . A.; Sh arp, K. V.; O lsen, M . G.; Santiag o , J. G.; Adrian,

R. J.; Aref, H .; B eebe, D . J. J. M icroelectrom ech. Syst. 2000, 9, 190- 197.

Figure 4. Variation of microsphere angular velocity with solution
pH. The solid line corresponds to a nonlinear least-squares fit of the
data to a sigmoid below pH 8. The pKa of this fit is 5.5. The decrease
in rotation rate at pH greater than 8 is caused by the change in
conductivity as the ionic strength of the solution increases.

Figure 5. Visualization of local mixing around a polystyrene sphere
in close proximity to a PDMS microstructure. Nine sample trajectories
of fluorescent tracer particles are shown, demonstrating the local fluid
flow around the rotating microsphere. Each vector represents a time
interval of 33.3 ms. Bar is 2 µm.
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pro c essing is needed to c reate a m ic ro sc opic m ix er, and po lym er
beads are readily available and easily used. M ix ing c an also be
turned on and o ff as required, as oppo sed to th e m ix ing ac h ieved
by a static struc ture. Th e po sitioning o f th e m ic ro sph ere( s) is
readily adjustable, depending on th e g eo m etry o f th e applied
elec tric field and th e rang e o f m o vem ent o f th e optical trap h o lding
th e m ic ro sph ere( s) . Th is flex ibility allo ws so m e level o f c ontro l
o f th e reg ion to be m ix ed. A m o re quant itative investig ation o f
CE R-induc ed lo c al m ix ing c ould be ac h ieved using partic le im ag e
velo c im etry.

In sum m ary, we h ave developed a m ic ro c h ip to opt im iz e th e
use o f CE R fo r sensing lo c al c h ang es in salt c onc entration,
visc o sity, and pH ( th e th ree param eters th at h ave th e g reatest
im pac t on th e effic iency o f CE R) . Ch ang es in th e rates o f
m ic ro sph ere CE R were used to detec t 40 nM c h ang es in salt
c onc entration, 5 ! 10- 4 kg m - 1 s- 1 c h ang es in visc o sity, and 0.2
pH unit c h ang es in th e reg ion o f th e pKa o f th e m ic ro sph ere. Th e
m ic ro c h ip was also used to dem onstrate m ic ro fluidic m ix ing

induc ed by CE R between a m ic ro sph ere and a PD M S m ic ro struc -
ture. Taken to g eth er, CE R is a versatile and sim ple to o l th at
sim ultaneously allo ws fo r th e sensitive c ontro l o f partic le ro tation
and m ic ro fluidic m ix ing and h as applic ations in c h em ic al sensing
with in m ic ro fluidic system s. Its m ajo r drawback, at present, is th e
need to operate CE R at lo w ionic streng th .
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