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Abstract—We present the capabilities of the optoelectronic 
tweezers device (OET) as related to medical diagnostics. OET is 
capable of single-cell manipulation and discrimination. 
Furthermore, nanoscale structures can be manipulated with OET 
to create sensors and probes. 
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I.  INTRODUCTION 
Medical diagnostic techniques can be improved with 

manipulation and interrogation techniques at the single-cell 
level. Single-cell manipulation enables researchers to study 
cell-to-cell signaling and interactions, and can aid in drug 
screening and other assays. Diagnostics also benefits from 
improved sensor technology. Nanowire-based sensors offer 
high sensitivity, due to large surface area to volume ratios. In 
addition, nanowires can also be used as cellular probes, as in 
near-field scanning microscopy.  

Current tools for single-cell manipulation include optical 
tweezers [1] and dielectrophoresis [2]. Optical tweezers uses 
the gradient force of a highly-focused laser to trap objects. 
Optical tweezers provides dynamic single-cell control, but has 
limitations for parallel manipulation. In addition, the optical 
energy can affect or damage the cells under manipulation [3].  

Dielectrophoresis (DEP) is the low-frequency analog of 
optical tweezers. Dielectrophoretic force is induced when an 
induced dipole interacts with a non-uniform electric field. The 
electric fields are typically formed using microfabricated metal 
electrodes [2]. Thus, the manipulation patterns are not 
dynamic, and it can be difficult to simultaneously address 
objects on widely-varying length scales. 

Our research group has developed a tool called 
optoelectronic tweezers (OET) that complements optical 
tweezers and DEP devices [4]. OET can manipulate microscale 
objects, such as single cells, as well as nanoscale objects, such 
as nanowires. In this manner, single-cell behavior can be 
studied, while nanoscale objects can be positioned to further 
probe cellular behavior.  

Here, we present the operating principle of the OET device 
and potential applications in medical diagnostics. We 
demonstrate the OET capability of distinguishing between live 
and dead cells, and between different cell types. We also 
demonstrate cell manipulation in native cell culture media. 
Furthermore, we demonstrate OET manipulation of nanowires, 
which can be used to form sensors or cellular probes. 

II. OPTOELECTRONIC TWEEZERS 

A. Operating Principle 
The OET device relies on optically-induced DEP to impart 

a force on the particles under manipulation. The DEP force is 
controlled by optical patterns that are projected on the 
photosensitive surface of the devices. 

The optoelectronic tweezers device consists of two 
electrodes (Fig. 1). The upper planar electrode consists of a 
100-nm-thick layer of indium-tin-oxide (ITO), a transparent 
conductive material, on a glass substrate. The lower 
photosensitive electrode consists of featureless layers of ITO 
and amorphous silicon (a-Si) on a glass substrate. The two 
electrodes form a fluidic chamber that is typically 100 μm in 
height. An aqueous solution containing the cells or particles 
under manipulation is introduced into the chamber, and an 
electric field is created in the device by applying an ac bias 
across the top and bottom electrodes. 

 

Figure 1.  The OET device consists of a top transparent ITO electrode, and a 
bottom a-Si:H photosensitive electrode. A variety of optical sources, such as 
LEDs, halogen lamps, or lasers, are used to create dynamic optically-defined 
electrodes on the photosensitive surface 

The a-Si film has its conductivity modulated by the 
intensity of the light that is absorbed in the material. Under 
ambient light and a 5V bias, the a-Si film has a conductivity of 
0.9 x 10-6 S/m. However, when illuminated with light, the 
conductivity of the a-Si layer increases by a few orders of 
magnitude, to 1.7 x 10-2 S/m under an illumination intensity of 
145 W/cm2. The a-Si layer thus has two states; a low-
conductivity dark state, and high-conductivity illuminated state. 
Furthermore, the transition between these two states is confined 
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to the region under illumination, due to an ambipolar diffusion 
length of only 100 nm in amorphous silicon [5]. These two 
states allow the a-Si layer to act as an optically-controlled and 
optically-defined electrode. Thus, the voltage drop in the 
device is modulated between the a-Si layer (in the dark state) 
and the liquid layer (in the illuminated state). As a result, high 
electric fields are present in the illuminated areas, creating the 
electric field gradients necessary for DEP. 

B. Dielectrophoresis (DEP) 
The electric field gradients in the OET device results in an 

optically-induced DEP force. This DEP force results from the 
interaction of a non-uniform electric field and the induced 
dipole of a particle within the electric field. This force can be 
described by the following equation, assuming the particle is a 
homogeneous dielectric sphere: 

 23 )](Re[2 rmsmDEP EKrF ∇= ωεπ  (1) 

where r is the particle radius, εm is the permittivity of the 
medium surrounding the particle, Erms is the root-mean-square 
electric field strength, and Re[K(ω)] is the real part of the 
Clausius-Mossotti factor, given by:  
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where ε is the permittivity of the particle or medium (denoted 
by a subscript p or m), σ is the conductivity of the particle or 
medium, and ω is the angular frequency of the electric field [6]. 
Positive values of Re[K(ω)] result in particle attraction to 
electric field maxima (positive DEP). For negative values of 
Re[K(ω)], particles are repelled from field maxima (negative 
DEP). Many cell types are uniquely distinguishable by the real 
part of the Clausius-Mossotti factor. This enables the 
separation of different cell types using DEP force. 

III. CELL TRAPPING AND DISCRIMINATION 
As different cell types exhibit dissimilar electrical 

properties, DEP can be used to sort between cell types, or even 
between widely varying cells of the same type [7-9]. This 
property is useful for cellular manipulation, in which 
heterogeneous mixtures of cells are common. We use this 
capability to selectively concentrate live human B cells from 
dead B cells, and to spatially discriminate a mixed population 
of Jurkat and HeLa cells. 

In a live cell, the semi-permeable phospholipid membrane 
allows a cell to maintain an ion differential between its interior 
and the surrounding liquid medium. In these OET experiments, 
cells are suspended in a low-conductivity isotonic buffer (8.5% 
sucrose and 0.3% dextrose), so the cells have internal 
conductivities greater than the liquid. However, once a cell 
dies, the ion differential is no longer maintained, and the 
conductivity of the cell interior becomes the same as the 
surrounding liquid. This means that the Clausius-Mossotti 
factor is different for live and dead cells (Fig. 2). The simulated 
results predict that for applied frequencies greater than 
approximately 60 kHz, live B cells will experience a positive 
DEP force, while dead B cells will experience a negative DEP 
force. 

 

Figure 2.  Real part of the Clausius-Mossotti factor for live and dead B cells. 

The difference in DEP response between live and dead B 
cells is used to selectively concentrate live B cells at an applied 
frequency of 120 kHz [4]. The selective collection pattern is a 
series of broken concentric rings (Fig. 3). As the concentric 
rings shrink, the live cells are focused to the center of the 
pattern by positive DEP. In contrast, the dead cells experience 
negative DEP, and slip through the gaps in the ring patterns. 
Trypan blue dye identifies live and dead cells; live cells 
exclude the dye, and appear clear. The dead cells, which have a 
permeable membrane, absorb the dye, and appear dark.  

 

Figure 3.  Selective concentration of live B cells from dead B cells. (a) The 
initial positions of live (clear) and dead (dark) B cells. (b, c) A broken 
concentric ring pattern is used to transport the live cells to the center of the 
field of view while leaving the dead cells behind. (d) The live cells have been 
concentrated to the central region of the optical pattern. From [4]. 

In addition to differentiating between live and dead cells, 
OET force can be used to discriminate between different cell 
types, such as HeLa and Jurkat cells. In order to spatially 
separate the HeLa and Jurkat cells, a scanning line optical 
pattern is used to exploit the differences in OET force on the 
cells [10]. A 15-μm-wide leading line and a 23-μm-wide 
trailing line are separated by ~40 μm, and are simultaneously 
scanned at a rate of 13 μm/s. The leading line produces a 
weaker OET force than the thicker trailing line. Thus, as the 
two lines are scanned across the OET device, the Jurkat cells, 
which experience a stronger OET force, are held by the leading 
line. The leading line does not produce sufficient force to 
transport the HeLa cells against the viscous drag, which are 
subsequently attracted to and transported by the trailing line. 
After the scan is completed, the cells retain a spatial separation 
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equal to the spacing of the two scanning lines. The results of 
the optical line scanning on a mixed population of Jurkat and 
HeLa cells are shown in Figure 4.  

 

Figure 4.  OET-enabled spatial discrimination of live Jurkat and HeLa cells. 
(a) The initial cell positions before the optical pattern is scanned from right to 
left across the field-of-view. (b) The cells are attracted to the leading line. The 
HeLa cell is starting to lag the scanning line. (c) The cells after the scan is 
completed, showing spatial separation. An additional HeLa cell has moved 
into the field-of-view during the scan. (d) Fluorescent image of the cells in (c), 
verifying that the leading cells are the fluorescent-labeled Jurkat cells. From 
[10]. 

IV. CELL MANIPULATION IN CELL CULTURE MEDIA 
Although OET has been used to manipulate a variety of cell 

types, including red and white blood cells [11], it is limited by 
the a-Si photoconductive material. The photoconductivity of a-
Si allows efficient OET operation only in low-conductivity 
solutions (less than 0.1 S/m). Thus, low-conductivity isotonic 
solutions are necessary to facilitate cell manipulation in an 
OET device. These low-conductivity media are non-
physiological, and eventually reduce cell viability. The usage 
of non-physiological media also limits the use of some 
reagents, and is undesirable for some biological applications. 
Thus, we have developed a phototransistor-based OET (Ph-
OET) device that enables the manipulation of cells in highly-
conductive solutions, such as physiological buffers and cell 
culture media (Fig. 5) [12]. 

 

Figure 5.  Schematic of phototransistor-based OET device (Ph-OET) 

In the Ph-OET device, the a-Si photoconductive layer is 
replaced by a layer of single-crystalline silicon bipolar 
phototransistors. Each phototransistor consists of a heavily n-
doped emitter (N= 1020 cm-3), a p-doped base (P= 1016 cm-3), 

and a lightly n-doped collector (N= 6x1014 cm-3). Each vertical 
phototransistor structure forms 10 µm x 10 µm square pixels. 
The pixels are isolated by deep-reactive-ion-etched 2-µm-wide 
trenches. The trenches are filled with an insulating material to 
avoid direct contact between the liquid and the base area.  

The phototransistors offer much higher photoconductivity 
than the a-Si photoconductor used in conventional OET, thanks 
to the high carrier mobility and the large current gain (Fig. 6). 
The phototransistors exhibit a photoconductivity more than 2 
orders of magnitude higher than that of a-Si at an optical power 
density of 1 W/cm2. To operate the OET in physiological 
solutions with a conductivity of 1.5 S/m, the photoconductivity 
should be greater than 1.5 S/cm2, assuming a liquid layer 
thickness of 100 µm. This is satisfied in a Ph-OET device with 
a light intensity of less than 0.3W/cm2, while a-Si-based OET 
devices require greater than 50W/cm2. The low optical power 
requirement of Ph-OET reduces heating and avoids photo-
damage of biological samples.  

HeLa and Jurkat cells have been successfully manipulated 
in phosphate-buffered saline (PBS) and Dulbecco’s Modified 
Eagle Medium (DMEM) solutions using the Ph-OET device 
(Fig. 7). Both solutions have a conductivity of 1.5 S/m. The 
average cell velocities observed in PBS and DMEM are similar 
due to their identical conductivity. 

 

Figure 6.  Photoconductivity comparison between the phototransistor and 
amorphous silicon OET devices 

 

Figure 7.  Cell velocity as a function of optical intensity. Cells are suspended 
in PBS and manipulated using the Ph-OET device. 
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V. NANOWIRE PATTERNING AND ASSEMBLY 
OET forces are also capable of acting on nanoscale 

structures, such as nanowires. Elongated structures such as 
nanowires experience a torque in addition to the DEP force, 
which aligns the dipole of the nanowire so that it is parallel to 
the electric field. Thus, the major axis of nanowires in the OET 
device is perpendicular to the surface of the OET device. (Fig. 
8a) [13]. Maximum trapping speeds for an individual silicon 
nanowire with 100 nm diameter and 5 μm length approach 135 
μm/s using an ac bias 20 Vpp at 100 kHz.  This is 
approximately 4 times the maximum speed achievable by 
optical tweezers [14], and is reached with 5 to 6 orders of 
magnitude less optical intensity than with optical tweezers.  

 

Figure 8.  (a)Trapping of an individual silicon nanowire using a laser spot. 
(Top) No voltage is applied across the device, and the nanowire undergoes 
Brownian motion. (Middle) voltage is applied, the long-axis of the nanowire 
aligns with the electric field and the nanowire moves into the trap. (Bottom) 
The nanowire follows the laser trap position. (b) In-situ trapping and 
immobilization of an individual silver nanowire in a a poly(ethylene glycol) 
diacrylate (PEGDA) photocurable polymer solution. Once the nanowire is 
positioned at the desired location, the manipulation area is exposed to a UV 
source, polymerizing the hydrogel solution and fixing the wire in place.  After 
polymerization, the nanowire’s position and orientation remain stable. From 
[13]. 

It is possible to preserve the position and orientation of the 
wires trapped with OET using a photocurable polymer solution 
such as PEGDA (Fig. 8b) [15]. This enables subsequent post-
processing steps, such as the deposition of metallic contacts for 
the formation of nanowire sensors.  

VI. CONCLUSION 
Optoelectronic tweezers is a versatile platform that enables 

single-cell manipulation and nanowire assembly on the same 
platform. OET manipulation can aid cellular-level diagnostics 
by positioning, sorting, and patterning cells at the single-cell 
level. In addition, OET also enables the assembly of nanowire 

sensors, and allows the controlled positioning of single 
nanowires for use as cellular probes. 
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