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Abstract—In this work, micromachining technologies are em- type of separation system, free-flow electrophoresis, which
ployed to develop a miniaturized electrical field- flow fractiona- ytilizes an electric field across a curtain of buffer between
tion (EFFF) separation system. EFFF systems are used to sepa,q closely spaced vertical plates, is a promising alternative

rate colloidal particles such as cells, liposomes, proteins, or other to th . v d ibed i t E fl
particulates, and to characterize emulsions and other mixtures 0 the previously described separation systems. rFree-liow

according to particle charge density. Macromachining techniques €lectrophoresis allows for continuous sample injection, but
have been used to develop existing EFFF technologies. At therequires discretization of the detection and collection systems
present time, the limiting factor in the development of higher and is limited by distortion in the fluid stream caused by
precision EFFF separation systems has been the manufacturing the parabolic flow profile [2]. Other methods of separating

approach. In this paper, the theory behind the operation and L. . .
resolution of a micron-sized EFFF -EFFF) system is described molecules and cells are then needed for applications in which

and the advantages to be gained from application of micro- these limitations preclude the use of existing systems. Field-
machining technologies are given, thus motivating the need for flow fractionation is the solution for some applications.
_furéher Irmmgtunzanortl_. A completz:ly fabdncat?jdthﬂ-EEE'; sys:em Field-flow fractionation (FFF) is a class of separation tech-
IS developed, separations are performed, an 2- system : - : . :
is compared to the theoretically predicted results as well as the niques .that rely on a field perpgndlcular t.o the. Q|rectlon of
results from current macro EFFF systems. separation to control the migration of particles injected into
Index Terms—Biocompatibility, colloid, emulsions, field-flow the system. Although the same types of fields are used in FFF
fractionation, microchannels, mlicrofluidlﬂow, micrémachined systems as In.the so-called “direct field mgthqu, the.re 's_ no
separation system. longer a requirement of complete resolution in the direction
of the field, so field strengths can be lower and run times
shorter. In addition to these advantages, FFF systems are
I. INTRODUCTION elution methods and allow the collection of fractions during a
CONSTANT in the field of bioinstrumentation is theseparation. Since the general theory for FFF systems is well

o X . developed, the elution volumes for a given sample can be
need for faster analysis with ever higher resolution. On .
(ﬁé?ctly related to a physical parameter of the sample such

category of analysis systems that represent a significant mar . o . .
gory Y Y P g electrophoretic mobility in the case of electrical field-flow

is separation systems. Numerous separation methods eX'St?rfsgcr:tionation (EFFF) [1].

urification of both small molecules and larger complexes 0 . . . . . .
b 9 b EFFF is a molecular separation technique first described in

molecules, such as organelles and cells. Molecular separatiigsjz when its feasibility was first demonstrated using various
are usually done in high yields using ion-exchange or rever ! y 9

phase chromatography which separate using chemical mej?rﬁ%ems [3].t_EFIt:F,ha§ menl;lotne(;lhprewlc_)usly, IS nolt atc_ilr(fa_ctl-d
or alternatively by gel-permeation or electrophoresis, whi [f'd separation technique, but rather relies on an electric e

separates samples due to differences in molecule size ot pendicglar to the direction of separation (pgrpendicular to
charge [1]. Cells and organelles are frequently purified usir w.d|rect|on) to perfqrm the separation fgnctmn as_shovyn
centrifugation, which separates based on the buoyant m 19 L -The separations are performed n a IO.W ~viscosity
of the cell. All of these methods have advantages in speci gwd (typically an agueous buffer solution) which is pgmped
applications, but also have characteristic limitations. Chemidafoudh the separation channel. The EFFF process is based

separation systems may denature proteins and electroph%é-gomro”'ng the relative velocity of injected particles by

sis systems often require very high field strengths. Anoth cing them towqrd the.\{vall of the channe!. Particles with
high electrophoretic mobility or¢-potential” will pack more

closely to the wall, while particles of lowef-potential will

Amoco Chemical Corp., and the Whitaker Foundatiémsterisk indicates . ’ ; . ) 3 :
corresponding author laminar and easily characterized i.e., parabolic, the particles
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and hormonal control(-potentials are discussed in further TL

detail in Section II. Sample Input X
EFFF has all the advantages of FFF systems, i.e., the ability - Top J

to perform separations on cells, large molecules, colloids, —l tox b+ 4 Flectrode + & 4+ 4 ;*;[—T

emulsions, and delicate structures such as liposomes: sepa-Fv "y , ! v ﬁﬂum

rations that cannot be performed by electrophoresis systems - - - - - - Electrode - - - -

[1]. Unlike the free-flow electrophoresis systems, elution in Bottom

FFF systems is zonal and proceeds through one exit pdty. 1. Diagram of EFFF function showing parabolic flow profile, configu-

it is, therefore, capable of significantly higher resolution dftion of electrodes, and sample input and output ports.

processed samples. EFFF separations can be done on particles

in either the “as is” condition or following surface modification .

with biological molecules. Therefore, anticipated applications Electric Velocity

of EFFF systems include: cell separations, characterization Field Profile_

of emulsions, liposomes, and other particulate vehicles for

intravenous drug administration with respect to size, charge, Diffusion 1 e [~~~ --

and stability, diagnostic tests for specific molecules in colloidal

Sample Output

+

[ -

suspensions, quick and accurate separations of molecules, °°o .o.
environmental water monitoring, tests for sample contam- 8 L
ination, and further research involving-potentials. EFFF &31:, °d °. L
systems also find application as sample pretreatment sys- 290000 CACN

tems by performing an initial separation on a sample that Compressed Diffuse  Channel
is later collected for further testing by another analysis sys- P:ir;'l‘:;e P;ir:::e Wall

tem.

In the last several years, great progress has been madé&ign2. Representation of forces internal to EFFF systems showing how
the fabrication of microscale separation systems. A numt{%?fr;gogggﬁslidv‘;?gg%epf;g'fﬁ: move ahead of more-compressed fields due
of successful micromachined electrophoresis systems have '
been created [4]-[7] as well as micromachined free-flow
electrophoresis systems [8], [9]. Other liquid chromatographyn EFFF, an electric field is used to control the average
[10], gas chromatography [11]-[13], and hybrid [14] systemgelocity of the particles in the channel by controlling the
have been built using micromachining technologies. Numeroggerage distance that a group of particles protrudes into the
other publications show there are significant advantages{§y stream with respect to the top and bottom surfaces of the
be found in micromachining separation systems includingicrochannel. If the electric field is applied as shown in Fig. 1,
increased resolution, reduced separation times, smaller samplgicies with higherc-potentials or mobilities will migrate
sizes, and increased manufacturing precision. The ab|I|t|equ>6ser to the wall of the channel than particles with lower

EFFF systems also improve dramatically when scaled into tE’ﬁ)otential. They will protrude less into the flow stream and

micromachining domain. will, therefore, have a lower velocity than particles positioned

more toward the middle of the velocity stream. This concept

Il. THEORY is quantified using (1)-(4) and demonstrated graphically in

Fig. 2. The flux of particles toward the walls of the channel

| be opposed by dispersive effects in the channel such
bs diffusion. The diffusivity,D, can be calculated using the

In general, the theory behind FFF systems is well develop
[15]-[18]. An understanding of the theory behind EFFF is cri

ical in understanding the need to incorporate micromachini%qokes_Einstein equation given in (1) whéris the Boltzman

technology in developing improved EFFF systems. : . : .
The EFFE channel, as shown in Fig. 1, is a thin Channc?nstant,T is the absolute temperaturg,is the viscosity of

of rectangular cross-section with an aspect ratio (the ratiot buffer, andd is the pa.rtlck.e diameter. The d”fF veI.00|ty,_
width to thickness) over 100 (as needed to closely approxim %‘Wh'Ch Opposes the diffusion Qf the _s_ample 'S given in
two infinite, parallel plates [19], [20]). The flow through th 2 (vyhe.reu is the electrophoretic mob!l!ty.ano‘E is the
channel, except in very small regions near the sidewalls, aeﬁgctrlc field strength). Thereforfa, at equmbpum the average
proximates flow between infinite parallel plates. Flow betwedfickness of the particle group will be determined by a balance
parallel plates separated by small distances is laminar for #iween dispersive and electric forces. The rati®gt/ gives

flow velocities of interest. Laminar flow is characterized bft relative measure of the thickness of this exponential particle
a parabolic velocity distribution which implies that the fluiccloud. A dimensionless numbeh, which corresponds to a
velocity at the surface of the plates is zero, while it is at &@tio of zonal thickness to the distance between electrodes, as
maximum in the center of the channel. Thus, if a particle @ven in (3), can be related to the retention ratio, defined as
group of particles were to maintain an average distance fréhe time required for an unretained sample to exit the system
the wall different from another particle or group of particlesyy divided by the time required for the particles of interest
their velocities through the channel would be different ani exit ¢.. This relationship is given in (4) and expresses the
they would exit the channel at distinct times. relationship between the tangible parameters of the system
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and the physical separation [20] of an electric field [19]
kT 1 w?{v)

_ H, = ) 7

= Send (1) 105 D @
U=ukE (2) The resolution of the systemk,, is a measure of its

D kT 3 relative separation efficiency. The resolution can be measured

T Uw  3mnudEw (3) experimentally by comparing the width of two particle peaks
to with their separation distance. For example, a resolution of one
. =06A [Coth <2—> - 2)\}- (4) indicates two fully separated peaks. Values greater than one

indicate more than full separation while values less than one
A small digression here to discuss the parameters of rédicate overlapping peaks. The resolution of a generic FFF
olution and band broadening is in order. Both resolutiogystem is given in (8) wher§ is the size selectivity index for
and band broadening are intimately connected to the pldfe systemAd is the difference between the diameters of the
theory of chromatography. In plate theory, the length of &vo particles, and. is the channel length [1]. For EFFE, is
separation column can be broken down imb theoretical equal to one if the drift velocityl/, is independent of particle
plates of heighH . The plate heighH is a measure of variancesize and the sample selectivity is only due to the differences
created by the separation system while the band of particiesdiffusion coefficient, D [22]. Assuming the instrumental
being separated moves through the channel. The total plateadening to be small or minimized ad equal to one, the
height can be thought of as the sum of several contributifigsolution of the EFFF systef, can be found by replacing
factors. One group of factors known as instrumental factofs (8) with the right side of (6), approximating(\) as 243,
H; can be minimized by good instrument design and opdeplacingX with a form of (3), and rearranging terms to arrive
ation procedures. These factors include the structure of e(9), whereVeq is the effective voltage across the channel

instrument (wall roughness, section connections, etc.), sample VI\Ad/ S

plug length, and factors related to extra-column devices such R =—|= <_d> (8)
as detectors and tubing. Once the instrumental factors have 4 d \vH

been minimized, the largest contributor to band broadening 3173

will be the nonequilibrium effect#Z,,. These nonequilibrium Rs = (Ad)/(d) \ / L Ve“. 9)
effects are caused by the inherent distribution of the sample 8Dw 6{v)

over a number of volume elements and the slow movementggyera] important points are raised when (9) is examined
of particles between volume elements. The plate heidht cjosely. The resolution is inversely proportional to the separa-
is then given in (5). When the retention parameferis tjon distance of the electrodes; thus, the smaller the distance
increased/,, becomes progressively smaller due to the highetween the channel walls, the higher the resolution between
compaction of the banddi,, can be found using (6) whereyyo distinct particles, making EFFF an ideal application for
(v) is the average buffer velocity ang(}) is a coefficient sing micromachining techniques. The resolution increases
relating nonequilibrium plate heights to the other parametefgih the square root of length, so the longer the channel the
[15]. x(A) quickly approaches 24° as retention increases [1]petter the resolution, but the time required for the improved
resolution increases which is not generally desirable. The
resolution depends on the effective voltage drop across the
. . . channel to the 3/2 power. Thus, increasing the applied voltage
Experimentally, band. broadening and plate heighitzan will have a positive effect on the resolution. Unfortunately,
be measur_ed and (_asumates HE”_ anc_i H; can be made sli<nce the buffer is an aqueous solution, applied voltages above
by measuring the width and elut|on_ ime of a Sar_“p'e PERKZ v/ wil provide a large enough electric field across the fluid-
for a series of flow rates [2.1]' Using (6) to estimate Fh ubstrate interface to cause significant electrolysis and bubble
nonequilibrium band broadening effects, a plot of plate heig rmation. Since the EFFF system relies heavily on a stable

H versus flow velocny@ can bg made. The intercept of th.'sﬂow system and bubbles cause serious flow abnormalities,
plot at Z€ro flow velocf[y s the mstrl_JmentaI band broadeni ectrolysis must be avoided. High flow velocities can limit
Hi, wh|le the plate _h_elght above_ th'.s value at all other ﬂo‘%e formation of bubbles and allow voltages above 1.7 V,
rates is the nonequilibrium contributiol,, but the available voltage is still small. Thus bubble formation
Y(\)w?(v) ©) becqmes a limiting factor in determination of an appropriate
D applied voltage. - o _
Another voltage related difficulty is in calculating or even
In EFFF systems, the instrumental band broadening is typeasuring the effective field in the channel. Even though the
ically found by injecting acetone samples into the separatiapplied voltage is easily measured and the applied field is
channel and measuring the plate height for a series of fleguivalent to the applied voltage divided by the electrode
velocities. The nonequilibrium contribution to plate height separation distancev, the resulting effective electric field
is found using a modified version of (6) as given in (¥§1) is will not be constant in the channel due to the effects of
approximately 1/105 for acetone and other unretained sampliesjic particle build up at the electrode—buffer interface. The
since the acetone is nonpolar and unaffected by the presedoable layer of ions that builds up at the interface will cause

H=H,+H,. 5)

H, =
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The parabolic flow profile might also be expected to exist in
the transverse direction of the channel. A parabolic distribution
- in this direction would serve to increase band broadening and

Particle reduce the resolution of EFFF systems. Thus a high aspect-
in EFFF ratio channel is required to remove this effect. Past results
indicate that aspect ratios over 100 closely approximate two
infinite parallel plates, effectively eliminating this transverse
parabolic flow profile [19]. There is only a slight disruption
of this approximation at the edges. The infinite parallel plate
Fig. 3. Diagram of double-layer formation around charged particles @pproximation can be improved by increasing the aspect ratio
aqueous solution creatingapotential due to the shear plane. and optimizing the edge surface using precise manufacturing
processes. Micromachining is ideal for both increasing the

most of the voltage drop to occur very close to the chanr@$Pect ratio and creating precise, smooth sidewalls.
walls and will shield most of the channel from the applied Another fluid-flow-related concern with the EFFF system
voltage. Therefore, the effective field available to perform tHgé the predictability of fluid-flow parameters at the small
separation function of the EFFF system is greatly reducedimensions found in the-EFFF system. Much research has
Previously reported data [22] and results from our own |dpeen conducted recently in the area of microfluidics to indicate
indicate that the effective field across the channel is in th@at macro-scale flow theory is generally applicable in the
range of 0.25%-1% of the applied field depending on tfBicro domain, at least in terms of flow profiles [25], [26].
composition of the buffer. Though this double-layer effecthus, potential unrecognized scaling considerations are likely
greatly reduces the capabilities of the EFFF system, the systéhfave little impact on the operation of theEFFF system,
still has proven to be effective in performing separatiorf§ough a recognition that different dynamic forces dominate
quickly. at low Reynolds’ numbers is required.

¢-potentials are another ion double-layer effect. ChargedA related concern that can be of critical importance in
particles in the buffer solution will attract ions of opposité:-EFFF systems is Joule heating of the buffer due to the
charge as shown in Fig. 3. The ions will shield the particiPplied electric field. Temperature is an important parameter
from the field to some extent as mentioned previously. Thebe EFFF systems and significant heating can corrupt the
shields will also cause the particle to “appear” larger than it f§sults, especially if the heating is not consistent and uniform.
in reality. In effect, a shear plane is created at some distarfegnerally it is best to minimize the heating of the buffer.
from the particle. The location of this shear plane will varyhe amount of heat generated is directly related to the power
with the charge of the particle and the concentration of iof@Put. Assuming a uniform field and a constant current, the
in the buffer solution. The-potential is the effective chargeheat-generate is the product of the power and the amount
of the particle at this shear plane and is related to the voluffigtime the buffer is in the field and can be derived from basic
enclosed by the shear plane [23], [24]. Thigotential is the €duations as shown in (11), wheseis the aspect ratioy” is

factor that determines the behavior of the particle when it {8€ applied voltage, and. is the electrical resistivity of the
placed in an EFFF system. buffer. Assuming all the heat generated is held in the buffer

The establishment of equilibrium in the channel is natnd not transferred to the surrounding materials, the change in
instantaneous and requires a relaxation timequal to the temperature of the buffer can be found using (12), whege
time required for a particle to migrate from one electrode § the specific heat capacitp\T" is the temperature change,
the other in the presence of the applied electric potential.@fd o is the density of the buffer. The temperature change
the drift velocity U is constant, the relaxation time will be©f the buffer can be found by inserting (11) into (12) with
found using (10). In the:-EFFF systems, the relaxation time(13) as the result
typically is less than 3 s, but in larger EFFF systems may be

2 52
over 5 min Q=L (11)
pe (V)
w? Q
= Al = —7—— 12
= Ve (10) CmeOéUIQL (12)
AT = VL 13
One concern that arises when examining the mechanism of r= Copmw?pe(v) (13)

separation in EFFF systems is the fact that it is the parabolic

flow profile that performs the separation function. Indeed, The predicted temperature change found from these equa-
particles with equal and oppositepotential will elute at the tions is well below any point of concern. With typical voltages
same time from the channel. This can be a problem in samptdsl.5 V and using the physical parameters of waigy, &
containing both positively and negatively charged particles000 kg/m?, C,, = 4.2 kJ/kg-K) which is the principal
Most samples, though, and especially biological samples, aanstituent of most buffer solutions, the expected temperature
of a uniform charge type. Biological samples contain primarilghange can easily be calculated. Using az20-NHHCO;
negatively charged particles (at least the particles of interebt)ffer solution as an example with an empirically measured
and so any possibly ambiguous results are minimized. resistivity, p. of 110 K2-m, a very slow flow velocity of
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the biological material passing through the channels in any
consequential way. Only the channel surfaces will come in
contact with the fluid in the channels, so they are the materials
that will need to be proven biocompatible. The materials
used to make up the channels in theEFFF system are
photosensitive polyimide, titanium, and gold. The titanium and
gold will be used to form the top and bottom portions of the
channel and will also serve as electrodes. The polyimide will
‘ be used to form the sidewalls of the channel. All of these
0 50 100 150 200 . . . . . . .
Channel Thickness (micrometers) materials fit in nicely with the technologies associated with
Fig. 4. Theoretical representation of the separation time for 44- and 63-mlcromaChmmg' . Lo . Lo
particles at discrete values of resolution and channel thickness. 1) Photosensitive Polyimides?hotosensitive polyimides
have been used by the microelectronics industry for over
a decade now and have proven to be very useful materials
ecause of their low dielectric constant, excellent mechanical
%perties, high thermal stability, low water absorption, and
|ﬂ1ographic sensitivity. The main uses of photosensitive
yimides include service as a dielectric or insulator, as
material for encapsulation of microelectronic components
8], micromolds [29], and many others. Considering that
. ) Glyimides are already a major component of microelectronic
conservative a;sumptlon thgt no heat transfer occurs betw & ices, polyimides would be an ideal material to use as
the buffer and its surroundings. an encapsulant or to serve as channel walls if they were

. Appl!catlon. of mu;rpmac;hmmg tgchnolog|e§ (ie., arbiocompatible. Photosensitive polyimides would prove even
isotropic etching of silicon in potassium hydroxide (KOH)more valuable since precise dimensional control can be

thick polyimide _m|cromold|ng, wafer to waf_er bonding) WIIIachieved by use of photolithographic techniques. Initial
allow for great improvements to be made n EFFF syste jocompatibility testing of polyimides is positive to date
By using (10) as Fh? model for the resolution of an EFF nd indications are that it will serve nicely as a material in
system, several distinct advantages become apparent whe ) -EFFF system [30]—[34]. Note that in the EFEF system,

m|ctromalgh|n|ng te(;,hnologlest_ arelgsed t(;)2p5r20duce a}n tEFo ly physical separation of biomaterials is required. There
Syi em. -or egamp E,I:T:erara tlng .ﬂ; ar;] l'?]m. phot ysf )érgar}g no chemical reactions occurring that could be affected by
SPheres in a o-cr- system with channet heignt o e channel materials such as would be a concern in a micro
#m and a flow rate of 0.25 cm/s would yield a resolution of 5. olymerase chain reaction (PCR) system

D .

and a run time Of. about 5 min. (A resqlutlon of one indicat Since photosensitive polyimides appear ideal for use in the
complete separation of the two populations.) To equal the sam

EFF system, the main question to answer is how biocompati-
resolution using the current EFFF technology with the san y ! g b

. . . fe is the material. Unfortunately, none of the previously refer-
applied voltage (with a channel thickness of 18, a channel nced studies dealt specifically with photosensitive polyimides.

width of 2 cm, and a length of 64 cm) would require a run ol?’hotosensitive polyimides have unique characteristics such as

390 min or 6.5 h—nearly two orders of magnitude larger! A ! . .

: n added photoreactive agent which starts the polymerization
#~EFFF runs could be performed using much smaller sample_ . . ,
reaction. These photoreactive groups are not released until

sizes (0.1uL compared to 5:L). Several additional advantages final cure is done at high temperatures. Unfortunately,

for the micromachined system are found when compared with . :
. ; o uring the high-temperature cure loss of water, solvent, and
the macroscopic system including: reduced system costs, ease . - )
- . . ; the leaving group (containing the photoreactive component)
of batch fabrication, disposability, opportunity for systems S ! .
. . ; . cause the polyimide to shrink by as much as 40% making
with multiple separation channels for parallel processin o ) . . : e
- . ) L tediction of the final material dimensions difficult [28].
and the possibility of integrating sensors and circuitry for L ! : .
. e roblems with sidewall profiles and film stresses can also arise
smart” micro EFFF system. - S
. . . . as the polyimide cures. However, the large aspect ratios in the
Fig. 4 is a graphical representation of (9) and shows thé . L
. . . ; -EFFF systems are designed to minimize edge effects so the
separation time drops at a given resolution as the chan

. ) Erinking is not a problem. One biocompatibility concern is the
thickness decreases. Model results have been conﬂrmecf in . - )
) . arge amount of the material existing as small molecules (i.e.,
testing of the fabricategh-EFFF system. .
unreacted monomer, solvent, leaving groups) among the much
larger polymer matrix. Outgassing of solvents and other small
molecules are known to cause biocompatibility problems. The
If the u-EFFF system is to be implemented in testinpest way around this problem is to cure the polyimide at
biological fluids, materials will need to be used that ara high temperature for a long period of time to force any
both biocompatible and micromachinable. Silicon, the masmall particles out of the polymer matrix. A long enough cure
component of most micromachining systems is known whould allow the photosensitive polyimide to mimic normal

be reasonably biocompatible [27], but should not contapblyimides in terms of biocompatibility.

Time (min

0.01 cm/s, a channel 6-cm long, 2@m in height, and
(13) to calculate the temperature change in the channel,
temperature change is much less than 1 K (0.73 K), whi
has almost no effect on the EFFF system and is much |
than typical room-temperature variations. Thus, Joule heatihg
is not expected to be a significant problemu#EFFF system, 2
especially when we remember this calculation makes tg

Ill. M ATERIALS AND BIOCOMPATIBILITY CONSIDERATIONS
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Another potential problem with polyimide is swelling due IV. EXPERIMENTAL
to water absorption. The polyimide channels as envisioned inc|,rent macro scale EEFE systems are constructed using

the »-EFFF system will be in direct contact with the buffet,, gjap conductors with a thin, patterned mylar sheet between
solution which in most cases is an aqueous solution. Since {he, [22]. The mylar acts as a dielectric spacer and defines

channel thickngsa; Is su_ch a critical parameter in the EI:':Fthe separation channel. Typical macro systems have a length
system, any slight swelling could cause significant trouble 30-60 cm, a thickness of no less than 158 and a width

collecting and interpreting data. Measurements in this areaWld .ot 2 cm. As mentioned previously, the resolution is

need to be made to ensure the swelling is either minimized iﬂ(lersely proportional to the height of the channel when all

well characterized. : -
o ) N . other parameters are kept constant. Micromachining can be
2) Titanium and Gold: Gold and Titanium will be used as ed to increase the resolution by decreasing channel thickness

the electrodes of the micromachined EFFF system and Wﬁgas small as 1@m (possibly even smaller). Additionally, the

therefor_e, serve as the top and bottom of th_e E'.:FF channa Iility to precisely define the channel and electrodes improves
Gold will be used for several reasons including its excellen . . )
resolution by reducing band broadening [1].

electrical properties, superb corrosion resistance, and hig _ .
biocompatibility. Electrically, gold is almost ideal. Electrodes everal prototypeu-EFFF systems have been fabricated

formed with gold yield consistent electric fields and havgo 9 micromachining technologies as outlined in Fig. 5 [38].

L2 S . Gsing 3-in (76 mm)(100) single-side polished silicon wafers
extremely low resistivity [35], [36]. Gold’s intrinsic corr05|onWée deposited 2500k of SisN, with a plasma enhanced-
e

_re3|stance helps r_nak_e it a hlghly blocompanl_ale ma_lterlal ara mical vapor deposition (PE-CVD) device. Thel§j was

ideal for our application in which the gold will be in closeh it d usi hot ist K on both sid fth
proximity to salt solutions and biological materials. Titaniunﬁ efn patterne u?ngfp ?<gﬁs'st re]l_sarr;as on both sides ot the
is necessary since the gold does not adhere well to silicéﬁ’frf1 erin preparation for etching. 1-mm-square openings

but does adhere well to titanium. Titanium is similar to goléfvere made in the N4 on the unpolished side of the wafer

in that it is highly biocompatible and is used regularly as ah @ CF, plasma. Bulk anisotropic etching in a 20% KOH

implant material [35], [36] solution at 56°C for 24 h [39] was then used to define the
3) Preliminary Biocompatibility TestingSince separations MPUt and output ports as demonstrated in Fig. 5(a). The KOH

of cells and cellular components is of general interest in FEECNING process left a thin $i; membrane about 1000- to
systems [37], hemolysis testing was performed usingthe ZQOOA thick on the front side of the wafer. Accountln_g for th_e
EFFF devices, the photosensitive polyimide, and the silicofigi€Wall profile of the etch, the openings on the polished side

used in the interface design. This testing involved placing 2] the wafer were about 400m square. 100G of titanium
of crushedu-EFFF devices [about one-half of a 3-in (76_mmjollowed by 1500A of gold were sputtered on the polished side
wafer] into a test tube with 10-mL of PB®.6 g NaCl + of the wafer. The metals were patterned to form the channel

0.2 g NaHPO,H,O +0.47 g NaHPQ, [anhydrous] in 1-L electrodes using a photoresist mgsk and a mixture of 400-g
H,O, adjusted to pH 7.4 with NaOH). Two-gram samples df!: 100-g I, and 400-mL HO (lodine etch) to etch the gold
cured polyimide and silicone rubber were also run separatelydgd & 1% hydrofluoric acid (HF) solution to etch the titanium
determine if there was any hemolysis caused by these materfiisShown in Fig. 5(b). Thick photosensitive polyimide micro
in a higher concentration. A positive (detergent) and negatif@°!ding (using Amoco Ultradel 7505) was used to define the
(glass) control were also prepared in a similar manner. ~ Micro-flow channels (10-4G:m in height) as indicated in
The sheep blood samples were prepared by placing 0.5 fg- 5(¢) [29]. The polyimide was spun on to the wafers and
of blood in a 5-mL test tube and adding PBS until the tube w4en placed on a leveling plate for 15 min to ensure an even
about one-third full. A blood sample for each test was preparégat and eliminate any potential thickness irregularities. After
in this manner. Each sample was centrifuged three times\Y Patterning and development, the photosensitive polyimide
low speed until the cells were separated. The supernatant W& completely cured in an oven at 350 for 6 h. The thin
drawn off after each spin down with additional PBS bein§isN+ membrane was then removed using a, @&active ion
added between each spin down to wash the cells. After t@&€h (RIE) [see Fig. 5(d)]. 1008 of titanium and 1500A of
final run in the centrifuge, 0.2 mL of blood cells were takefold were then sputtered on the unpolished side of the wafer
and added to each of the material samples prepared earlielsee Fig. 5(e)]. Because of the presence of the etched input and
Each of the mixtures was then incubated in a water badtput ports, there was now an electrical connection between
at 37 °C for 1 h. The supernatant was then drawn frorihe front side electrodes and the backside of the wafer. These
each sample and 5 mL test tubes were filled about thredectric feedthroughs made it poss;ible to make good contact
quarters full. The supernatant was then centrifuged at higtith the front side electrodes. 1000 of titanium and 1500
speed for about 5 min or until the blood cell bodies werd of gold were then sputtered on a glass substrate that had
completely removed. The amount of absorbance at 520 nm figen cut to fit over a group gi-EFFF channels [Fig. 5(f)].
each sample was then measured using the spectrophotoméler titanium and gold were subsequently patterned to form
that was zeroed using a blank (PBS in test tube). The perc#imt second electrode using the same titanium and gold etches
hemolysis for each sample was then calculated by dividing theentioned previously. This top electrode must be patterned
difference between the test sample and the negative controldugh that it can be contacted during operation of the system.
the difference between the positive control and the negati@are must be taken during the patterning process to place
control. photoresist on the sidewall of the glass substrate at the point
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EFFF Channel

Injection .1 1L

(a) [/ N\___ Silicon & |

Au

Ti
Lo ;% Silicon FRaservol Bectsn
Polyi mide )
Fig. 6. Schematic of entire EFFF analysis system showing the fluid and
(c) L | electrical connections as well as other components required for system
A Silicon 4 operation.
o DN ~
+\ ilicon Y *
(e) g \\\ Silicon @
Au/

(f) H[ G lass ‘

Au} \

G lass J’

Silicon //g

(g9)

(b)
_ ' Fig. 7. (a) Photograph of silicon substrate with patterned titanium and gold

(h)

electrodes and patterned polyimide channels. (b) Photograph of glass substrate
with patterned titanium and gold electrodes.

Completed Cross Section

Fig. 5. Process flow diagram for theEFFF system. (a) Etching of input  In order to perform separations using theEFFF devices,
and output ports in silicon. (b) Deposition and patterning of titanium andne entrance of a T connector is attached to the steel tubing

gold electrode. (c) Application and patterning of polyimide. (d) Removal : : :
Sl; N4 membranes. (e) Deposition of backside titanium and gold electrodes. | ile another entrance is covered with a septum for sample

Deposition and patterning of titanium and gold on glass substrate. (g) Bondifjection. The sample is injected through the septum and into
of glass and silicon substrate. (h) Cross section of compjetB&#FF system. the T using a 1Q:L Hamilton syringe containing the sample

plug. The other opening on the T connector is linked to

where the electrode reaches the edge. The glass and silifoffiN9e pump using 10 cm of Teflon tubing with a 0.8-
substrates were finally bonded together using a UV curabf@M outer dlametzr and "’}_ 330m inner d|an;)etert.3 The Ostp”t
biocompatible adhesive (3341 Medical Device Adhesive fro prt Is connected to a linear UV-106 absorbance detector

Loctite, Hartford, CT) [Fig. 5(g)]. The glass substrate was. onitoring extinction at 254 nm) using 3 cm of 3R inner

pressed against the silicon substrate with the electrodes alig éadneter Teflon tubing. The fluid outpgt f“’”." the detector can
€ connected to a fraction collector if desired. The detector

while the UV adhesive was dispensed near the polyimide-glass . . . .
. IS _electrically connected to a recording device (either a PC
interface and allowed to flow between the substrates due 10~ . :

I strip chart recorder) which collects the data output from

capillary action. Once the adhesive had completely surrount%% detector as well as the measured current and the applied

the channel, it was cured using a UV lamp. A cross SeCtion\%ltage. The power to the top and bottom electrodes is

this point is show_n in Fig. 5(h). A conductive adhesive w rovided by an Hewlett Packard 6128C DC power supply.
used to bond a wire to the contact pad on the glass substrate

allowing a lead to be easily attached. Steel tubing with an inner

diameter of 125um was attached to the silicon substrate over

the input and output ports using a ferrule bonded to the silicon V. RESULTS

substrate. The:-EFFF devices created using this process are A number of u-EFFF channels have been fabricated with

4 and 6 cm in length with aspect ratios between 20-400. a wide range of dimensions. The channel thickness ranges
It should be noted that the micromachined€FFF systems petween 20-3Q:m, the lengths vary from 4-6 cm and the

are only part of a larger analysis system that includes a punepannel widths are from 0.4-8 mm. A picture of the silicon

flow-rate controller, detector, recorder, and fraction collectosubstrate with polyimide channels and the Au/Ti electrodes is

A schematic of the connections for these parts is shown shown in Fig. 7(a). A picture of the glass substrate with the

Fig. 6. patterned Au/Ti electrodes is shown in Fig. 7(b).
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TABLE |
ResuLTs oFPoLYIMIDE (AMoco ULTRADEL 7505) SVELLING TESTS INDI WATER
Uncured Cured " Soaked in :
Shrinkage Swellin

(um) (12m) 9 H,0 (um) 9

9.1 5.0 45% 5.0 0%

16.3 115 30% 11.9 3.0%

27.5 15.5 44% 15.9 2.9%

57 28.0 51% 28.4 1.4%

60 29.0 52% 30.0 3.4%

66 345 48% 35.3 2.3%

Average — 45% — 2.2%
TABLE I
RESULTS OF HEMOLYSIS TESTING ON THE MATERIALS
UseD TO FABRICATE THE p-EFFF SSTEM
Sample Absorbance % Hemolysis Fig. 8. Photograph of both a-EFFF system and a previous generations of
macro EFFF systems.

Detergent 4 Control) 1.35 100
Glass € Control) 025 0 Fig. 8 shows a photograph of theEFFF system and two
Grushedu-EFFF devices .025 0 . .
Polyimide o1 0 macro-scale EFFF systems for comparison along with some
Silicone Rubber 04 1.14 of the pump and detector equipment used. The macro EFFF

systems are both single-channel systems, one with a length of
64 cm and the other with a length of 30 cm and both are similar

The channels have been tested for mechanical integrity toysystems now in the midst of commercial development. There
forcing flows with velocities as high as 4 cm/s through thare tenu-EFFF devices on the wafer pictured. Notice that the
channels and checking for leaks (normal operating flows gueEFFF devices are less than 0.5 cm in overall thickness while
typically 1 cm/s and lower). the macro channels are well over 10-cm thick.

The amount of potential polyimide swelling was found by The electrical connections have been tested by measuring
spinning the photosensitive polyimide on six wafers at a serigg resistance through the system. The resistance of the elec-
of thicknesses (estimated), patterning the polyimide in thede system connecting the front to the back (through the
same manner as for theEFFF devices, curing the polyimideinput and output ports) of silicon wafer is less thafi?5The
for 24 h at 285 C, and then soaking the polyimide in deionizedesistance in connecting to the front side of the glass substrate
(DI) water for 24 h at room temperature. The results of thege also less than 5. The measured resistance across channel
tests are shown in Table |. Examination of Table | reveals thatwith a 20u:M solution filling the channel is about 400k
polyimide swelling in water is potentially significant. Sincewhich at 1.7 V yields currents of about 4. These numbers
the channel thickness is of critical importance jirEFFF for current and voltage confirm the theoretical prediction that
systems, a variation in channel thickness can have a ripgleule heating would not be a concern in the system since
effect through the system and cause results that vary frahe maximum expected temperature change is less thiad 1
the expected. The 2.2% swelling measured is small enougkjng these numbers with flow rates as low as 0.01 cm/s. As
though, to not cause significant differences, especially wheiill be discussed, these measured currents are somewhat lower
considering that the amount of swelling in the actual devicéisan expected, but even with increased currents Joule heating
will be much less. Only the polyimide that makes up thappears insignificant.
sidewalls of the channel will be exposed to the buffer solution To perform the plate height calculations 100 nL samples of
in the u-EFFF devices; its height is typically on the order oficetone were injected into the system for a series of flow rates.
20 pm. Thus, a much smaller surface area will be exposed The plate height calculations were done using the equations
the buffer solution in practice than in these tests. In additiogiven previously and the results were plotted to determine the
the glass substrate bonded to the top side of the polyimideinstrumental component of the plate height.
bonded in areas far from the location of the buffer solution The results of the plate height calculations for th&FFF
and will likely prevent any significant swelling in the areasystem are shown in Fig. 9. For comparison, the results are
close to the buffer solution. Thus, swelling of the polyimidshown with typical plate height calculations for current macro
is unlikely to significantly affect the operation of theEFFF FFF systems and an earlier reported micromachined system
devices. from our lab [38]. As can be seen in the graph, the measured

The results of the hemolysis tests are shown in Table ihstrumental plate height for the-EFFF system is very close
Examining these results, we concluded that very little, if anyo that of the best macro systems, about 46@ Theoretically,
hemolysis had taken place, since the measured absorbanceherband broadening of the-EFFF system should be much
all samples of interest was very close to the negative contreimaller than that of the other systems for all ranges of flow
Therefore, it appears that the materials chosen are reasonablecities. The fact that it is not at the lowest flow velocities
for use in separating cells and cellular components, at leastndicates that the band broadening due to the instrument
the area of cell lysis. (i.e., connections between the channels, injection system, and
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05 —&— Current system 35 _
0.45 —a&— Early Micro-EFFF (20 micrometer) 3 130 nm
0.4 —%— 127 micrometers 2 25 204 nm
E 0.35 —%— 254 micrometers § '2
£ 03 2 .
2025 & 5| Void Peak 44 nm
T 02 8 1
[\ . o
& 0.15 4 0 05 /\/\
o
0.1 0 ‘ ‘ ‘ . . " . -
0.05 0 2 4 6 8 10 12 14 16
| Time (min)

0 02 FIOAV locit 0'6/ 0.8 1 Fig. 10. Example of a separation performeq#EFFF system. The separa-
ow Velocity (cm/s) tion was performed by injecting a 0k mixture of 44-, 130-, and 261-nm

polystyrene particles into a 28m channel with an applied voltage of 1.9 V,

a current of 165:A, a flow velocity of 0.08 cm/s, a DI water buffer, and a

channel length of 6 cm.

Fig. 9. Measured plate heights for the currenEFFF channel, an earlier
reportedu-EFFF system, a 254-EFFF channel, and a 12¢m EFFF channel.

detector) needs to be reduced. The slope of the plate height TABLE Il

line is largely influenced by the thickness of the channel. Thus, COMPARISON OF THE DIMENSIONS AND PERFORMANCE

the band broadening seen in tpeEFFF channel at higher OF THE yi-EFFF S/'STEM wiTH MACRO EFFF S/STEMS

flow rates is lower than for the larger channels. These plate Parameter Macro -EFFF
height results may also be caused by difficulty in producing

a small sample volume. Scaling from macro systems, tHg@annel Length 37.cm 4-6 cm

: hannel Thickness 12{m 20-30pm
sample volume should be on the order of 50 nL while ouxspect Ratio 100 Up 10 400

typical samples volumes are no smaller than 100 nL. Work s,

laxation Time 45 s 15s
continuing in both of these areas. Potential improvement mayeasured Number of Plates 925 150
also be found if a less concentrated sample is used, but thigoretical Plates 31000 31200
approach reduces detectability. Sample Size HiL 0.1puL
The results of the acetone runs used to perform the barﬁﬁmr' Channels Gglor.'e 1519
broadening calculations allowed us to also calculate the deg Td S'rtr:gigths with 1.7 V 95 \n;llcnm 850”:}7%

volume in the system. The dead volume is the volume of the
tubes, connectors, and injection system that are not directly a
part of theu-EFFF channels. This dead volume causes delépm the void peak and from each other. A resolution similar
in the transport of buffer and the injected sample from the this in the current macro systems would take about 1 h to
injection point to the channel and from the channel to treccomplish. While the resolution between the 130- and 204-
detector. This delay must be accounted for if the mathematicath particles is not high, the separation parameters were not
model of the EFFF system is to be applied accurately. The daddal for separating these particles from each other and the
volume was estimated to be about 1318 At a volume flow resolution can be improved for separations in this size range.
rate of 1 mL/h (0.174 cm/s in the channel) this causes a deldging a curve fit of previously collected data from macro
of about 50 s in our channel. Again these values indicate tHaEFF systems to estimate the effective field in the channel
the connections between the micro and macro worlds needatothis current, the predicted elution time using (3) and (4)
be improved. is 3.0 min for the 44-nm patrticles, 8.1 min for the 130-nm
Separations are performed in theEFFF system by inject- particles, and 12.5 min for the 204-nm particles. If the void
ing samples as small as 100 nL into the system while the fldine of 65 s and the delay time at this flow rate of 80 s
is on. After a few seconds (depending on the flow velocitig taken into account, the results obtained are in fairly good
in use to allow the sample to just enter theEFFF channel) agreement with theory. The 44-nm particles elute slightly later
the flow is stopped for a short time (less than 10 s) to allotkan expected, while the 204-nm particles are somewhat early.
the sample in the channel to equilibrate. The flow is agairhis variation during the run may be explained by a slowing
started and the separation is then performed. The voltage andpping current (and by association the effective voltage) in
current are continuously monitored during the separation tioe channel as the run progresses. Our setup does not insure
ensure that consistent fields are found in the channel. a constant current and our measured current for the run is an
A typical separation run through the-EFFF system is average for the run. Additionally, little is known about how
shown in Fig. 10. This run was performed using a fL1- the effective voltage will vary in the channel as compared to
mixture of 44, 130, and 261 nm polystyrene particles (frommacro systems. The measured effective voltage for this run is
Bangs Laboratories, Fishers, IN) and had an applied voltagely 0.5% of the applied voltage which is somewhat lower than
of 1.9 V, a current of 165uA, a flow velocity of 0.08 that for macro systems. This effect will be further examined
cm/s, a buffer of DI water, a channel length of 6 cm, and ia future communications.
channel thickness of 28m. A 10-s relaxation period was used Table Ill gives a comparison of the parameters for typi-
after allowing 30 s for the sample plug to reach iMFFF cal macro EFFF systems compared to fdEFFF system
channel. Note that all of the particles are clearly separatddmonstrated here. Note the great improvements in system
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size, aspect ratio, relaxation time, sample size, run times, ang A. T. Woolley and R. A. Mathies, “Ultra-high-speed DNA sequenc-
parallel operation. The reduction in system size should allow
for the possibility of portable EFFF systems and a decreasg

in the laboratory space required for the current systems. T

increased aspect ratio should lessen the impact of edge effe

o

in the system and thereby reduce plate heights. The reduct
in relaxation times and run times should speed analysis in t

he

he

laboratory. The reduction in sample sizes alleviates the needd
greatly multiply a sample before analysis (as is done in DNA

amplification by PCR) or to reduce the effort needed to colleitl]
a sample large enough for analysis. The parallel channels allow
for multiple tests to be run at the same time. The batch fabyiy)
cation methods inherent in micromachining technologies will

also allow for the design of disposable systems eliminating tf‘h%
need for cleaning the systems after every use. By improving
the macro/micro interfaces, implementing an on-chip detection

system, and reducing sample sizes even further utid-FF

[14]

systems will become even more powerful, faster, and reliable

as a chemical and biological analysis tool.

VI. CONCLUSION

[15]
[16]

[17]

In this work, micromachining technologies were used iﬁg]

the development of the next generation of precisieBFFF

separation systems. Micromachining technologies were used
e ) . 19
to overcome some of the difficulties associated with macr&—
scale EFFF systems. EFFF systems have several advantgg@sM. E. Hovingh, G. H. Thompson, and J. C. Giddings, “Column
when compared to other separation systems including a gentle parameters in thermal field-flow fractionationthal. Chem.vol. 42,
separation field that allows for separation of delicate particlgsy;
and a separation field perpendicular to the flow direction which
reduces the reliance of resolution on field strength. EFR2]
theory predicts that a reduction in channel height will improve

the resolution. This theory was demonstrated using ;the
EFFF system. A method of fabrication using micromachinin

(23]
g

technologies for:-EFFF system construction was describedpy)

The u-EFFF system was tested and compared favorably
the current macro EFFF systems, especially in the areas

the design, interfaces, and assembly of th&EFFF devices

to
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