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LIGHT-CONTROLLED ELECTROKINETIC 
ASSEMBLY OF PARTICLES NEAR SURFACES 

FIELD OF THE INVENTION 

[0001] The present invention generally relates to the ?eld 
of materials science and analytical chemistry. 

[0002] The present invention speci?cally relates to the 
realization of a complete, functionally integrated system for 
the implementation of biochemical analysis in a planar, 
miniaturized format on the surface of a conductive and/or 
photoconductive substrate, With applications in pharmaceu 
tical and agricultural drug discovery and in in-vitro or 
genomic diagnostics. In addition, the method and apparatus 
of the present invention may be used to create material 
surfaces exhibiting desirable topographical relief and chemi 
cal functionality, and to fabricate surface-mounted optical 
elements such as lens arrays. 

BACKGROUND OF THE INVENTION 

IiIons, Electric Fields and Fluid FloW: Field-induced For 
mation of Planar Bead Arrays 

[0003] Electrokinesis refers to a class of phenomena elic 
ited by the action of an electric ?eld on the mobile ions 
surrounding charged obj ects in an electrolyte solution. When 
an object of given surface charge is immersed in a solution 
containing ions, a diffuse ion cloud forms to screen the 
object’s surface charge. This arrangement of a layer of 
(immobile) charges associated With an immersed object and 
the screening cloud of (mobile) counterions in solution is 
referred to as a “double layer”. In this region of small but 
?nite thickness, the ?uid is not electroneutral. Consequently, 
electric ?elds acting on this region Will set in motion ions in 
the diffuse layer, and these Will in turn entrain the surround 
ing ?uid. The resulting ?oW ?elds re?ect the spatial distri 
bution of ionic current in the ?uid Electroosmosis represents 
the simplest example of an electrokinetic phenomenon. It 
arises When an electric ?eld is applied parallel to the surface 
of a sample container or electrode exhibiting ?xed surface 
charges, as in the case of a silicon oxide electrode (in the 
range of neutral pH). As counterions in the electrode double 
layer are accelerated by the electric ?eld, they drag along 
solvent molecules and set up bulk ?uid ?oW. This effect can 
be very substantial in narroW capillaries and may be used to 
advantage to devise ?uid pumping systems. 

[0004] Electrophoresis is a related phenomenon Which 
refers to the ?eld-induced transport of charged particles 
immersed in an electrolyte. As With electroosmosis, an 
electric ?eld accelerates mobile ions in the double layer of 
the particle. If, in contrast to the earlier case, the particle 
itself is mobile, it Will compensate for this ?eld-induced 
motion of ions (and the resulting ionic current) by moving 
in the opposite direction. Electrophoresis plays an important 
role in industrial coating processes and, along With elec 
troosmosis, it is of particular interest in connection With the 
development of capillary electrophoresis into a mainstay of 
modern bioanalytical separation technology. 

[0005] In con?ned geometries, such as that of a shalloW 
experimental chamber in the form of a “sandwich” of tWo 
planar electrodes, the surface charge distribution and topog 
raphy of the bounding electrode surfaces play a particularly 
important role in determining the nature and spatial structure 
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of electroosmotic ?oW. Such a “sandWich” electrochemical 
cell may be formed by a pair of electrodes separated by a 
shalloW gap. Typically, the bottom electrode Will be formed 
by an oxide-capped silicon Wafer, While the other electrode 
is formed by optically transparent, conducting indium tin 
oxide (ITO). The silicon (Si) Wafer represents a thin slice of 
a single crystal of silicon Which is doped to attain suitable 
levels of electrical conductivity and insulated from the 
electrolyte solution by a thin layer of silicon oxide (SiOx). 

[0006] The reversible aggregation of beads into planar 
aggregates adjacent to an electrode surface may be induced 
by a (DC or AC) electric ?eld that is applied normal to the 
electrode surface. While the phenomenon has been previ 
ously observed in a cell formed by a pair of conductive ITO 
electrodes (Richetti, Prost and Barois, J. Physique Lettr. 45, 
L-ll37 through L-ll43 (1984)), the contents of Which are 
incorporated herein by reference, it has been only recently 
demonstrated that the underlying attractive interaction 
betWeen beads is mediated by electrokinetic ?oW (Yeh, Seul 
and Shraiman, “Assembly of Ordered Colloidal Aggregates 
by Electric Field Induced Fluid FloW”, Nature 386, 57-59 
(1997), the contents of Which are incorporated herein by 
reference. This ?oW re?ects the action of lateral non 
uniforrnities in the spatial distribution of the current in the 
vicinity of the electrode. In the simplest case, such non 
uniforrnities are introduced by the very presence of a col 
loidal bead near the electrode as a result of the fact that each 
bead interferes With the motion of ions in the electrolyte. 
Thus, it has been observed that an individual bead, When 
placed near the electrode surface, generates a toroidal ?oW 
of ?uid centered on the bead. Spatial non-uniformities in the 
properties of the electrode can also be introduced deliber 
ately by several methods to produce lateral ?uid ?oW toWard 
regions of loW impedance. These methods are described in 
subsequent sections beloW. 

[0007] Particles embedded in the electrokinetic ?oW are 
advected regardless of their speci?c chemical or biological 
nature, While simultaneously altering the ?oW ?eld. As a 
result, the electric ?eld-induced assembly of planar aggre 
gates and arrays applies to such diverse particles as: colloi 
dal polymer lattices (“latex beads”), lipid vesicles, Whole 
chromosomes, cells and biomolecules including proteins 
and DNA, as Well as metal or semiconductor colloids and 
clusters. 

[0008] Important for the applications to be described is the 
fact that the ?oW-mediated attractive interaction betWeen 
beads extends to distances far exceeding the characteristic 
bead dimension. Planar aggregates are formed in response to 
an externally applied electric ?eld and disassemble When the 
?eld is removed. The strength of the applied ?eld determines 
the strength of the attractive interaction that underlies the 
array assembly process and thereby selects the speci?c 
arrangement adopted by the beads Within the array. That is, 
as a function of increasing applied voltage, beads ?rst form 
planar aggregates in Which particles are mobile and loosely 
packed, then assume a tighter packing, and ?nally exhibit a 
spatial arrangement in the form of a crystalline, or ordered, 
array resembling a raft of bubbles. The sequence of transi 
tions betWeen states of increasing internal order is revers 
ible, including complete disassembly of planar aggregates 
When the applied voltage is removed. In another arrange 
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ment, at loW initial concentration, beads form small clusters 
Which in turn assume positions Within an ordered “super 
structure”. 

IIiPatterning of Silicon Oxide Electrode Surfaces 

[0009] Electrode patterning in accordance With a prede 
termined design facilitates the quasi-permanent modi?cation 
of the electrical impedance of the EIS (Electrolyte-Insulator 
Semiconductor) structure of interest here. By spatially 
modulating the EIS impedance, electrode-patteming deter 
mines the ionic current in the vicinity of the electrode. 
Depending on the frequency of the applied electric ?eld, 
beads either seek out, or avoid, regions of high ionic current. 
Spatial patterning therefore conveys explicit external control 
over the placement and shape of bead arrays. 

[0010] While patterning may be achieved in many Ways, 
tWo procedures o?fer particular advantages. First, UV-me 
diated re-groWth of a thin oxide layer on a properly prepared 
silicon surface is a convenient methodology that avoids 
photolithographic resist patterning and etching. In the pres 
ence of oxygen, UV illumination mediates the conversion of 
exposed silicon into oxide. Speci?cally, the thickness of the 
oxide layer depends on the exposure time and may thus be 
spatially modulated by placing patterned masks into the UV 
illumination path. This modulation in thickness, With typical 
variations of approximately 10 Angstroms, translates into 
spatial modulations in the impedance of the Si/SiOx inter 
face While leaving a ?at and chemically homogeneous top 
surface exposed to the electrolyte solution. Second, spatial 
modulations in the distribution of the electrode surface 
charge may be produced by UV-mediated photochemical 
oxidation of a suitable chemical species that is ?rst depos 
ited as a monolayer ?lm on the SiOx surface. This method 
permits ?ne control over local features of the electrode 
double layer and thus over the electrokinetic ?oW. 

[0011] A variation of this photochemical modulation is the 
creation of lateral gradients in the EIS impedance and hence 
in the current generated in Rinse to the applied electric ?eld. 
For example, this is readily accomplished by controlling the 
UV exposure so as to introduce a sloW lateral variation in the 
oxide thickness or in the surface charge density. As dis 
cussed beloW, control over lateral gradients serves to induce 
lateral bead transport and facilitates the implementation of 
such fundamental operations as capturing and channeling of 
beads to a predetermined de?ation along conduits in the 
form of impedance features embedded in the Si/SiOx inter 
face. Photochemical patterning of functionaliZed chemical 
overlayers also applies to other types of electrode surfaces 
including ITO. 

IIIiLight-Controlled Modulation of the Interfacial Imped 
ance 

[0012] The spatial and temporal modulation of the EIS 
impedance in accordance With a pattern of external illumi 
nation provides the basis to control the electrokinetic forces 
that mediate bead aggregation. The light-modulated electro 
kinetic assembly of planar colloidal arrays facilitates remote 
interactive control over the formation, placement and rear 
rangement of bead arrays in response to corresponding 
illumination patterns and thereby offers a Wide range of 
interactive manipulations of colloidal beads and biomol 
ecules. 

[0013] To understand the principle of this methodology, it 
Will be helpful to brie?y revieW pertinent photoelectric 
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properties of semiconductors, or more speci?cally, those of 
the EIS structure formed by the Electrolyte solution (E), the 
Insulating SiOx layer (I) and the Semiconductor (S). The 
photoelectric characteristics of this structure are closely 
related to those of a standard Metal-Insulator-Semiconduc 
tor (MIS) or Metal-Oxide-Semiconductor (MOS) devices 
Which are described in S. M. SZe, “The Physics of Semi 
conductors”, 2nd Edition, Chapt. 7 (Wiley Interscience 
1981), the contents of Which are incorporated herein by 
reference. 

[0014] The interface betWeen the semiconductor and the 
insulating oxide layer deserves special attention. Crucial to 
the understanding of the e response of the MOS structure to 
light is the concept of a space charge region of small but 
?nite thickness that forms at the Si/SiOx interface in the 
presence of a bias potential. In the case of the EIS structure, 
an effective bias, in the form of a junction potential, is 
present under all but very special conditions. The space 
charge region forms in response to the distortion of the 
semiconductor’s valence and conduction bands (“band 
bending”) in the vicinity of the interface. This condition in 
turn re?ects the fact that, While there is a bias potential 
across the interface, there is ideally no charge transfer in the 
presence of the insulating oxide. That is, in electrochemical 
language, the EIS structure eliminates Faradaic e?fects. 
Instead, charges of opposite sign accumulate on either side 
of the insulating oxide layer and generate a ?nite polariza 
tion. 

[0015] In the presence of a reverse bias, the valence and 
conduction band edges of an n-doped semiconductor bend 
upWard near the Si/SiOx interface and electrons ?oW out of 
the interfacial region in response to the corresponding 
potential gradient. As a result, a majority carrier depletion 
layer is formed in the vicinity of the Si/SiOx interface. Light 
absorption in the semiconductor provides a mechanism to 
create electron-hole pairs Within this region. Provided that 
they do not instantaneously recombine, electron-hole pairs 
are split by the locally acting electric ?eld, and a corre 
sponding photocurrent ?oWs. It is this latter effect that 
a?fords control over the electrokinetic assembly of beads in 
the electrolyte solution. 

[0016] To understand in more detail the pertinent fre 
quency dependence of the light-induced modulation of the 
EIS impedance, tWo aspects of the equivalent circuit repre 
senting the EIS structure are noteworthy. First, there are 
close analogies betWeen the detailed electrical characteris 
tics of the electric double layer at the electrolyte-oxide 
interface, and the depletion layer at the interface betWeen the 
semiconductor and the insulator. As With the double layer, 
the depletion layer exhibits electrical characteristics similar 
to those of a capacitor With a voltage-dependent capacitance. 
As discussed, illumination serves to loWer the impedance of 
the depletion layer. Second, given its capacitive electrical 
response, the oxide layer Will pass current only above a 
characteristic (“threshold”) frequency. Consequently, pro 
vided that the frequency of the applied voltage exceeds the 
threshold, illumination can loWer the effective impedance of 
the entire EIS structure. 

[0017] This e?fective reduction of the EIS impedance also 
depends on the light intensity Which determines the rate of 
generation of electron-hole pairs. In the absence of signi? 
cant recombination, the majority of photogenerated elec 
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trons ?oW out of the depletion region and contribute to the 
photocurrent. The remaining hole charge accumulates near 
the Si/SiOx interface and screens the electric ?eld acting in 
the depletion region. As a result, the rate of recombination 
increases, and the efficiency of electron-hole separation, and 
hence the photocurrent, decreases. For given values of 
frequency and amplitude of the applied voltage, one there 
fore expects that as the illumination intensity increases, the 
current initially increases to a maximum level and then 
decreases. Similarly, the impedance initially decreases to a 
minimum value (at maximum current) and then decreases. 

[0018] This intensity dependence may be used to advan 
tage to induce the lateral displacement of beads betWeen 
fully exposed and partially masked regions of the interface. 
As the illumination intensity is increased, the fully exposed 
regions Will correspond to the regions of interface of loWest 
impedance, and hence of highest current, and beads Will be 
draWn into these regions. As the fully exposed regions reach 
the state of decreasing photocurrent, the effective EIS 
impedance in those regions may exceed that of partially 
masked regions, With a resulting inversion of the lateral 
gradient in current. Beads Will then be draWn out of the fully 
exposed regions. Additionally, time-varying changes in the 
illumination pattern may be used to effect bead motion. 

IViIntegration of Biochemical Analysis in a Miniaturized, 
Planar Format 

[0019] The implementation of assays in a planar array 
format, particularly in the context of biomolecular screening 
and medical diagnostics, has the advantage of a high degree 
of parallelity and automation so as to realize high throughput 
in complex, multi-step analytical protocols. Miniaturization 
Will result in a decrease in pertinent mixing times re?ecting 
the small spatial scale, as Well as in a reduction of requisite 
sample and reagent volumes as Well as poWer requirements. 
The integration of biochemical analytical techniques into a 
miniaturized system on the surface of a planar substrate 
(“chip”) Would yield substantial improvements in the per 
formance, and reduction in cost, of analytical and diagnostic 
procedures. 

[0020] Within the context of DNA manipulation and 
analysis, initial steps have been taken in this direction (i.e., 
miniaturization) by combining on a glass substrate, the 
restriction enzyme treatment of DNA and the subsequent 
separation of enzyme digests by capillary electrophoresis, 
see, for example, Ramsey, PCT Publication No. WO 
96/04547, the contents of Which are incorporated herein by 
reference, or the ampli?cation of DNA sequences by appli 
cation of the polymerase chain reaction (PCR) With subse 
quent electrophoretic separation, see, for example, US. Pat. 
Nos. 5,498,392 and 5,587,128 to Wilding et al., the contents 
of Which are incorporated herein by reference. 

[0021] While these standard laboratory processes have 
been demonstrated in a miniaturized format, they have not 
been used to form a complete system. A complete system 
Will require additional manipulation such as front-end 
sample processing, binding and functional assays and the 
detection of small signals folloWed by information process 
ing. The true challenge is that of complete functional inte 
gration because it is here that system architecture and design 
constraints on individual components Will manifest them 
selves. For example, a ?uidic process is required to concat 
enate analytical steps that require the spatial separation, and 
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subsequent transport to neW locations, of sets of analyte. 
Several possibilities have been considered including elec 
troosmotic pumping and transport of droplets by tempera 
ture-induced gradients in local surface tension. While fea 
sible in demonstration experiments, these techniques place 
rather severe requirements on the overall systems lay-out to 
handle the very considerable DC voltages required for 
ef?cient electroosmotic mixing or to restrict substrate heat 
ing When generating thermally generated surface tension 
gradients so as to avoid adverse effects on protein and other 
samples. 

SUMMARY OF THE INVENTION 

[0022] The present invention combines three separate 
functional elements to provide a method and apparatus 
facilitating the real-time, interactive spatial manipulation of 
colloidal particles (“beads”) and molecules at an interface 
betWeen a light sensitive electrode and an electrolyte solu 
tion. The three functional elements are: the electric ?eld 
induced assembly of planar particle arrays at an interface 
betWeen an insulating or a conductive electrode and an 
electrolyte solution; the spatial modulation of the interfacial 
impedance by means of UV-mediated oxide regroWth or 
surface- chemical patterning; and, ?nally, the real-time, 
interactive control over the state of the interfacial impedance 
by light. The capabilities of the present invention originate 
in the fact that the spatial distribution of ionic currents, and 
thus the ?uid ?oW mediating the array assembly, may be 
adjusted by external intervention. Of particular interest is the 
introduction of spatial non-uniformities in the properties of 
the pertinent EIS structure. As described herein, such inho 
mogeneities, either permanent or temporary in nature, may 
be produced by taking advantage of the physical and chemi 
cal properties of the EIS structure. 

[0023] The invention relates to the realization of a com 
plete, functionally integrated system for the implementation 
of biochemical analysis in a planar, miniaturized format on 
the surface of a silicon Wafer or similar substrate. In addi 
tion, the method and apparatus of the present invention may 
be used to create material surfaces exhibiting desirable 
topographical relief and chemical functionality, and to fab 
ricate surface-mounted optical elements such as lens arrays. 

[0024] The combination of three functional elements 
endoWs the present invention With a set of operational 
capabilities to manipulate beads and bead arrays in a planar 
geometry to alloW the implementation of biochemical ana 
lytical techniques. These fundamental operations apply to 
aggregates and arrays of particles such as: colloidal polymer 
lattices, vesicles, Whole chromosomes, cells and biomol 
ecules including proteins and DNA, as Well as metal or 
semiconductor colloids and clusters. 

[0025] Sets of colloidal particles may be captured, and 
arrays may be formed in designated areas on the electrode 
surface (FIGS. 1a, 1b and FIGS. 2a-d). Particles, and the 
arrays they form in response to the applied ?eld, may be 
channeled along conduits of any con?guration that are either 
embedded in the Si/SiOx interface by UV-oxide patterning 
or delineated by an external pattern of illumination. This 
channeling (FIGS. 10, 1d, 1e, FIGS. 30, 3d), in a direction 
normal to that of the applied electric ?eld, relies on lateral 
gradients in the impedance of the EIS structure and hence in 
the ?eld-induced current. As discussed herein, such gradi 
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ents may be introduced by appropriate patterns of illumina 
tion, and this provides the means to implement a gated 
version of translocation (FIG. 1e). The electrokinetic ?oW 
mediating the array assembly process may also be exploited 
for the alignment of elongated particles, such as DNA, near 
the surface of the electrode. In addition, the present inven 
tion permits the realiZation of methods to sort and separate 
particles. 
[0026] Arrays of colloidal particles may be placed in 
designated areas and con?ned there until released or disas 
sembled. The overall shape of the array may be delineated 
by UV-oxide patterning or, in real time, by shaping the 
pattern of illumination. This capability enables the de?nition 
of functionally distinct compartments, permanent or tempo 
rary, on the electrode surface. Arrays may be subjected to 
changes of shape imposed in real time, and they may be 
merged With other arrays (FIG. 1]) or split into tWo or more 
subarrays or clusters (FIG. 1g, FIGS. 4a, 4b). In addition, the 
local state of order of the array as Well as the lateral particle 
density may be reversibly adjusted by Way of the external 
electric ?eld or modi?ed by addition of a second, chemically 
inert bead component. 

[0027] The present invention also alloWs for the combi 
nation of fundamental operations to develop increasingly 
complex products and processes. Examples given herein 
describe the implementation of analytical procedures essen 
tial to a Wide range of problems in materials science, 
pharmaceutical drug discovery, genomic mapping and 
sequencing technology. Important to the integration of these 
and other functionalities in a planar geometry is the capa 
bility, provided by the present invention, to impose tempo 
rary or permanent compartmentaliZation in order to spatially 
isolate concurrent processes or sequential steps in a protocol 
and the ability to manipulate sets of particles in a manner 
permitting the concatenation of analytical procedures that 
are performed in different designated areas on the substrate 
surfaces. 

BRIEF DESCRIPTION OF DRAWINGS 

[0028] Other objects, features and advantages of the 
invention discussed in the above brief explanation Will be 
more clearly understood When taken together With the 
folloWing detailed description of an embodiment Which Will 
be understood as being illustrative only, and the accompa 
nying draWings re?ecting aspects of that embodiment, in 
Which: 

[0029] FIGS. la-h are illustrations of the fundamental 
operations for bead manipulation; 

[0030] FIGS. 2a and 2b are photographs illustrating the 
process of capturing particles in designated areas on the 
substrate surface; 

[0031] FIGS. 20 and 2d are photographs illustrating the 
process of excluding particles from designated areas on the 
substrate surface; 

[0032] FIGS. 3a and 3b are illustrations of the oxide 
pro?le of an Si/SiOx electrode; 

[0033] FIGS. 30 and 3d are photographs of the channeling 
of particles along conduits; 

[0034] FIGS. 4a and 4b are photographs of the splitting of 
an existing aggregate into small clusters; 
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[0035] FIG. 5 is a photograph of the lensing action of 
individual colloidal beads; 

[0036] FIGS. 6a-c are side vieW illustrations of a layout 
preserving transfer process from a microtiter plate to a 
planar cell; 

[0037] FIG. 7 is a photograph of the inclusion of spacer 
particles Within bead clusters; 

[0038] FIG. 8 is an illustration of binding assay variations; 

[0039] FIGS. 9a and 9b are illustrations of tWo mecha 
nisms of particle sorting; 

[0040] FIG. 10 is an illustration of a planar array of 
bead-anchored probe-target complexes; and 

[0041] FIG. 11 is an illustration of DNA stretching in 
accordance With the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0042] The three functional elements of the present inven 
tion may be combined so as to provide a set of fundamental 
operations for the interactive spatial manipulation of colloi 
dal particles and molecules, assembled into planar aggre 
gates adjacent to an electrode surface. In the folloWing 
description, fundamental operations in this “toolset” are 
described in order of increasing complexity. Speci?cally, it 
is useful to adopt a classi?cation scheme based on the total 
number of inputs and outputs, or “terminals”, involved in a 
given operation. For example, the merging of tWo separate 
arrays, or sets of particles, into one Would be a “three 
terminal” operation, involving tWo inputs and one output. 
The converse three-terminal operation, involving one input 
and tWo outputs, is the splitting of a given array into tWo 
subarrays. 

[0043] Experimental conditions yielding the phenomena 
depicted in the various photographs included herein are as 
folloWs. An electrochemical cell is formed by a pair of 
planar ITO electrodes, composed of an ITO layer deposited 
on a glass substrate, or by a Si/SiOx electrode on the bottom 
and an ITO electrode on the top, separated by a typical gap 
of 50 microns or less. Given its dependence on the photo 
electric properties of the Si/SiOx interface, light control is 
predicated on the use of a Si/SiOx electrode. Leads, in the 
form of platinum Wires, are attached to the ITO and to the 
silicon electrode, Which is ?rst etched to remove the insu 
lating oxide in the contact region, by means of silver epoxy. 
The cell is ?rst assembled and then ?lled, relying on 
capillary action, With a suspension of colloidal beads, l or 2 
microns in diameter, at a typical concentration of 0.1% 
solids in 0.1 mM aZide solution, corresponding to approxi 
mately 2x10” 8 particles per milliliter. The number is chosen 
so as to yield betWeen 1/2 and 1 full monolayer of particles 
on the electrode surface. Anionic (e.g., carboxylated poly 
styrene, silica), cationic (e.g., aminated polystyrene) or 
nominally neutral (e.g., polystyrene) have all been used to 
demonstrate the basic phenomena underlying the three func 
tional elements of the present invention. The silicon elec 
trode Was fabricated from a l inch-square portion of a Si 
(100) Wafer, typically 200-250 microns thick, n-doped to 
typically 0.01 Ohm cm resistivity, and capped With a thin 
oxide of typically 30-40 Angstroms thickness. A thick oxide 
layer of typically 6000-8000 Angstrom thickness, groWn 
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under standard conditions in a furnace at 950 degrees C., 
may be etched by standard photolithography to de?ne the 
structures of interest. Alternatively, a thin oxide layer may be 
regroWn on a previously stripped surface of (l00)-orienta 
tion under UV illumination. Given its ease of implementa 
tion and execution, UV-mediated oxide regrowth is the 
preferable technique: it provides the means to pattern the 
surface by placing a quartz mask representing the desired 
pattern in the path of UV illumination and it leaves a 
chemically homogeneous, topographically ?at top surface. 
To avoid non-speci?c particle adsorption to the electrode 
surface, stringent conditions of cleanliness should be fol 
loWed, such as those set forth in the General Experimental 
Conditions beloW. 

[0044] The fundamental one-terminal operation is a “cap 
ture-and-hold” operation (FIG. 1a) Which forms an array of 
particles in a designated area of arbitrary outline on the 
surface that is delineated by UV-mediated oxide patterning 
or by a corresponding pattern of illumination projected on an 
otherWise uniform Si/SiOx substrate surface. FIGS. 2a and 
2b illustrate bead capture on a surface characterized by a 
very thin oxide region 22 (approximately 20-30 Angstroms 
in thickness) and correspondingly loW impedance, While the 
remaining surface is covered With the original, thick oxide 
With correspondingly high impedance. In FIG. 211, there is 
no applied ?eld, and hence, no bead capture. In contrast, in 
FIG. 2b; an electric ?eld is applied (10 Vp-p source, 1 kHz) 
and bead capture occurs Within the thin oxide region 22. 
Under these conditions, an array starts to groW Within less 
than a second and continues to groW over the next approxi 
mately 10 seconds as beads arrive from increasingly larger 
distances to add to the outWard groWing perimeter of region 
22. GroWth stops When the array approaches the outer limit 
of the delineated target area, i.e., the area de?ned by the thin 
oxide having a loW impedance. The internal state of order of 
the captured aggregate of beads is determined by the 
strength of the applied voltage, higher values favoring 
increasingly denser packing of beads and the eventual 
formation of ordered arrays displaying a hexagonally crys 
talline con?guration in the form of a bubble raft. The array 
remains in place as long as the applied voltage is present. 
Removal of the applied voltage results in the disassembly of 
the array. 

[0045] The “capture-and-hold” operation may also be 
implemented under illumination With visible or infrared 
light, for example by simply projecting a mask patterned 
With the desired layout onto the Si/SiOx electrode. Aregular 
100 W quartz microscope illuminator has been used for this 
purpose on a Zeiss UEM microscope, With apertures or 
masks inserted in the intermediate image plane to provide 
the required shape in the plane of the electrode (When 
focused properly under conditions of Koehler illumination). 
Alternatively, an IR laser diode With output of 3 mW at 
650-680 nm also has been used. The use of external illumi 
nation rather than oxide patterning for the spatial con?ne 
ment of particles alloWs the con?nement pattern to be easily 
modi?ed. 

[0046] Related to “capture-and-hold” is the one-terminal 
operation of “exclude-and-hold” (FIG. 1b) Which clears 
particles from a designated area on the surface. Increasing 
the frequency of the applied voltage to approximately 100 
kHz leads to an inversion in the preference of particles 
Which assemble in the thin-oxide portion of the surface (e.g., 
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region 22, FIG. 2b) and instead form structures decorating 
the outside of the target area perimeter. Rather than relying 
on this effect, the exclusion of particles from the desired 
areas is also accomplished, in analogy to the original “cap 
ture-and-hold” operations, by simply embedding the corre 
sponding structure in the Si/SiOx interface by UV-mediated 
oxide regroWth. In the example of FIGS. 20 and 2d, this is 
achieved, under conditions otherWise identical to those 
described above, With respect to FIGS. 2a and 2b, by 
applying 20V (pp) at 10 kHz. While the oxide thickness in 
the non designated areas 24 is approximately 30 Angstroms, 
the value in the designated square areas 26 is approximately 
40 Angstroms, implying a correspondingly higher imped 
ance at the applied frequency. 

[0047] The “capture-and-hold” operation enables the spa 
tial compartmentalization of the substrate surface into func 
tionally distinct regions. For example, particles of distinct 
chemical type, introduced into the electrochemical cell at 
different times or injected in different locations, can be kept 
in spatially isolated locations by utilizing this operation. 

[0048] The fundamental tWo-terminal operation is trans 
location (FIG. 10), or the controlled transport of a set of 
particles from location 0 to location F on the surface; here, 
0 and F are target areas to Which the above-described 
one-terminal operations may be applied. The one-dimen 
sional, lateral bead transport used in translocation is 
achieved by imposing a lateral current along a conduit 
connecting areas 0 and F, as shoWn in FIGS. 3a and 3b or 
by projecting a corresponding linear pattern of illumination. 
In this channeling operation, beads move in the direction of 
loWer impedance in the direction of the arroW shoWn in 
FIGS. 3a and 3b, in accordance With the underlying elec 
trokinetic How. 

[0049] Oxide patterning may be utilized in tWo Ways to 
create a lateral current along the Si/SiOx interface. The 
simplest method is depicted in FIG. 30 and shoWs a large 
open holding area 32 fed by three narroW conduits 34 
de?ned by etching a thermal oxide. Beads move to the 
holding area 32 along the narroW conduits 34 to form a bead 
array. FIG. 3d is a large scale vieW of the array of FIG. 30. 
The principle invoked in creating transport is that of chang 
ing the aspect ratio (narroW conduit connected to Wide 
holding area) of the embedded pattern With constant values 
of thin oxide thickness inside and thick oxide outside, as 
illustrated in FIG. 3a. In FIGS. 30 and 3d, the applied 
voltage Was 10V (pp) at 10 kHz. An alternative approach for 
creating bead transport, enabled by UV-mediated oxide 
regroWth, is to va" the oxide thickness along the conduit in 
a controlled fashion. This is readily accomplished by UV 
exposure through a graduated ?lter. Differences in the oxide 
thickness between 0 and F of as little as 5-10 Angstroms 
suf?ce to effect lateral transport. In this situation, the aspect 
ratio of the conduit and holding areas need not be altered. 
This is illustrated in FIG. 3b. 

[0050] The use of external illumination to de?ne conduits, 
by varying the illumination intensity along the conduit to 
create the requisite impedance gradient, has the advantage 
that the conduit is only a temporary structure, and that the 
direction of motion may be modi?ed or reversed if so 
desired. The present invention provides for mechanisms of 
light-mediated active linear transport of planar aggregates of 
beads under interactive control. This is achieved by adjust 
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ing an external pattern of illumination in real time, either by 
moving the pattern across the substrate surface in such a Way 
as to entrain the illuminated bead array or by electronically 
modulating the shape of the pattern to induce motion of 
particles. 

[0051] TWo modes of light-mediated, active transport are: 

[0052] i) Direct Translocation (“tractor beam”) Which is a 
method of translocating arrays and of delineating their 
overall shape by adjusting parameters so as to favor particle 
assembly Within illuminated areas of the surface, as 
described herein. Arrays simply folloW the imposed pattern. 
The rate of motion is limited by the mobility of particles in 
the ?uid and thus depends on particle diameter and ?uid 
viscosity. 

[0053] ii) Transverse Array Constriction is a bead trans 
port mechanism related to peristaltic pumping of ?uids 
through ?exible tubing. The light-control component of the 
present invention may be used for a simple implementation 
of this very general concept. A multi-component planar 
aggregate of beads is con?ned to a rectangular channel, by 
UV-patteming if so desired, or simply by light. Beads are 
free to move along the channel by diffusion (in either 
direction). An illumination pattern matching the transverse 
channel dimension is set up and is then varied in time so as 
to produce a transverse constriction Wave that travels in one 
direction along the channel. Such a constriction Wave may 
be set up in several Ways. A conceptually simple method is 
to project a constricting mask onto the sample and move the 
projected mask pattern in the desired fashion. This method 
also may be implemented electronically by controlling the 
illumination pattern of a suitable array of light sources, thus 
obviating the need for moving parts in the optical train. 

[0054] The control of lateral bead transport by changing or 
moving patterns of illumination has the advantage that it 
may be applied Whenever and Wherever (on a given sub 
strate surface) required, Without the need to impose gradi 
ents in impedance by prede?ned UV patterning. On the other 
hand, a prede?ned impedance pattern can provide additional 
capabilities in conjunction With light-control. For example, 
it may be desirable to transport beads against a substrate 
embedded impedance gradient to separate beads on the basis 
of mobility. 

[0055] Conduits connecting O and F need not be straight: 
as With tracks directing the motion of trains, conduits may 
be shaped in any desirable fashion (FIG. 1d). A gated version 
of translocation (FIG. 1e) permits the transport of particles 
from O to F only after the conduit is opened (or formed in 
real time) by a gating signal. This operation utiliZes UV 
oxide patterning to establish tWo holding areas, 0 and F, and 
also light control to temporarily establish a conduit connect 
ing 0 and F. An alternative implementation is based on an 
oxide embedded impedance gradient. A Zone along the 
conduit is illuminated With su?iciently high intensity to keep 
out particles, thereby blocking the passage. Removal (or 
reduction in intensity) of the illumination opens the conduit. 
In the former case, light enables the transport of beads, While 
in the latter case, light prevents the transport of beads. 

[0056] The fundamental three-terminal operations are the 
merging and splitting of sets or arrays of beads (FIGS. If and 
1g). The merging of tWo arrays (FIG. 1]) involves the 
previous tWo fundamental operations of “capture-and-hold”, 
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applied to tWo spatially isolated sets of beads in locations O1 
and O2, and their respective channeling along merging 
conduits into a common target area, and their eventual 
channeling, subsequent to mixing, or a chemical reaction, 
into the ?nal destination, a third holding area, F. This is 
accomplished, under the conditions stated above, by invok 
ing one-terminal and gated tWo-terminal operations. 
[0057] The splitting of an array into tWo subarrays (FIG. 
1g) is a special case of a generally more complex sorting 
operation. Sorting involves the classi?cation of beads in a 
given set or array into one of tWo subsets, for example 
according to their ?uorescence intensity. In the simpler 
special case, a given array, held in area 0, is to be split into 
tWo subarrays along a demarcation line, and subarrays are to 
be moved to target areas F1 and F2. Under the conditions 
stated above, this is accomplished by applying the “capture 
and-hold” operation to the array in O. Conduits connect 0 
to F1 and F2. High intensity illumination along a narroWly 
focused line serves to divide the array in a de?ned fashion, 
again relying on gated translocation to control transport 
along conduits aWay from the holding area 0. An even 
simpler version, termed indiscriminate splitting, randomly 
assigns particles into F1 and F2 by gated translocation of the 
array in 0 into F1 and F2 after conduits are opened as 
described above. 

[0058] FIGS. 4a and 4b shoW a variant in Which beads in 
region 0 (FIG. 4a) are split into multiple regions F1, F2, . 
. . Fn (FIG. 4b). This reversible splitting of an aggregate or 
array into n subarrays, or clusters, is accomplished, for 
carboxylated polystyrene spheres of 2 micron diameter at a 
concentration corresponding to an electrode coverage of a 
small fraction of a monolayer, at a frequency of 500 HZ, by 
raising the applied voltage from typically 5V (pp) to 20V 
(pp). This fragmentation of an array into smaller clusters 
re?ects the effect of a ?eld-induced particle polarization. 
The splitting is useful to distribute particles in an array over 
a Wider area of substrate for presentation to possible analytes 
in solution, and for subsequent scanning of the individual 
clusters With analytical instruments to make individual read 
ings. 
[0059] The three functional elements of the present inven 
tion described herein may be also combined to yield addi 
tional fundamental operations to control the orientation of 
anisotropic objects embedded in the electroosmotic ?oW 
created by the applied electric ?eld at the electrode surface. 
The direction of the ?oW, in the plane of the substrate, is 
controlled by gradients in the impedance that are shaped in 
the manner described in connection With the channeling 
operation. This is used to controllably align anisotropic 
objects as illustrated in FIG. 1h, and may be applied to 
stretch out and align biomolecules, such as DNA. 

[0060] An additional fundamental operation that comple 
ments the previous set is that of permanently anchoring an 
array to the substrate. This is best accomplished by invoking 
anchoring chemistries analogous to those relying on hetero 
bifunctional cross-linking agents invoked to anchor proteins 
via amide bond formation. Molecular recognition, for 
example betWeen biotinylated particles and surface-an 
chored streptavdin, provides another class of coupling 
chemistries for permanent anchoring. 
General Experimental Conditions 
[0061] The functional elements, namely the electric-?eld 
induced assembly of planar particle arrays, the spatial modu 






























