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Effects of light size and intensity on photoconductive effect-based optically-induced dielectrophoresis for three-dimensional manipulation
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Abstract

In this paper, the effect of light size and intensity on photoconductive effect-based optically-induced dielectrophoresis (ODEP) for three-dimensional manipulation of cells is studied. The photoconductive effect-based ODEP enabled the three-dimensional manipulation of multiple cells, whether normal cells or cancer cells. When the light spot size is similar to the cell and the photoconductive layer resistance is about 150 MΩ, the spot repels other cells after manipulating a single cell. When the light spot size is much larger than the cell and the photoconductive layer resistance is about 120 MΩ, multiple cells are controlled inside the spot and distributes in the same plane. When the light intensity is increased and the photoconductive layer resistance is about 40 MΩ, the cells are manipulated in three-dimensions. Using a light spot similar in size to the cells to gather specific cells at different locations into a specific area, and then increasing the light intensity enabled three-dimensional manipulation. We find that the cells three-dimensional manipulation by ODEP is achieved only when the photoconductive effect induced by the light pattern reaches a higher intensity. The realization of ODEP-based three-dimensional manipulation is related to the spot size and the photoconductive layer resistance determined by light intensity.

1 Introduction

A cell is the basic unit of the structure and function of organisms, and also the basic unit of life activities. All organisms (except viruses) are composed of cells. Cells can be independent as life units, or many cells can form tissues and organs, and then all parts cooperate with each other to form systems and individuals. Therefore, the in-depth study of cells is the key to uncover the mysteries of life, transform life and conquer diseases. Cancer cell is a kind of mutated cells, which is the source of cancer. Compared with normal cells, cancer cells have the three features of infinite proliferation, transformability and easy metastasis. They can proliferate indefinitely and destroy normal cell tissues. Cell biology has become an extremely important cutting-edge discipline in contemporary biological science. 

There are many techniques for manipulating cells, such as microfluidics,[1-3] dielectrophoresis,[4-6] optical tweezers,[7, 8] or a combination of several techniques.[9, 10] Microfluidic technique needs to design different microchannels for different experiments, which cannot be changed after fabrication. Dielectrophoresis needs to design the microelectrode array in advance, and it cannot be changed after the production is completed. The electrode directly contacts the solution, which may contaminate the cells. Optical tweezers need extremely high optical power, have high requirements for equipment, and are easy to damage cells.

Optically induced dielectrophoresis (ODEP) is a technique for manipulating microscopic particles by inducing a non-uniform electric field with optically induced virtual electrodes based on the photoconductive effect of semiconductor materials.[11] The resistance and size of the optically-induced electrode are determined by the light pattern, so the electrode can be adjusted in real time by adjusting the light pattern. The solution is only in contact with the photoconductive material, there is no metal electrode, so it will not contaminate the cells. The light intensity required by the optically-induced electrode is low, and just a commercial projector or a low-power laser can meet the experimental requirements. Therefore, ODEP based on the photoconductive effect is a suitable technique for manipulating cells. The current research direction of ODEP is mainly focused on the transport and measurement of a single cell,[12, 13] or the separation and screening of many cells.[14, 15] There is basically no in-depth research on three-dimensional manipulation. This work explores the influence of photoconductive effect on three-dimensional manipulation based on ODEP.

2 Materials and Methods

2.1 Theory

A cell will be polarized in the electric field, and the positive and negative charges will accumulate on the two ends of the cell, so the polarized cells will repel each other. Only when another force greater than the repulsive force is applied to the cells, multiple cells can gather together. The ODEP force of spherical cell in the solution can be expressed as [16]
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 is the real part of the Clausius-Mossotti factor, which determines the sign of the force. When the force is positive, the cell is attracted by the attraction and moves to the area where the electric field gradient is large. When the force is negative, the cell receives a repulsive force and moves away from the area where the electric field gradient is large.

When the cell is manipulated in solution, the force is only related to the electric field gradient while keeping the external electric signal unchanged. The conductivity of semiconductor materials is positively correlated with light intensity, that is, the higher the light intensity, the greater the conductivity. When the size of the light pattern remains the same, increasing the light intensity increases the electric field gradient and thus the force on the cell.

2.2 Experimental System

In this work, the ODEP system consists of a light source, optical system, chip, signal generator, microscope, CCD and computer, as shown in Figure 1(a). The light sources used in the experiments are a projector (P150G, AMOOWA, China) and a low-power laser (532 nm, 10 mW, MSL-III, CNI, China), respectively. The light pattern is generated by the light source, which is simple in design and easy to change it. The corresponding optical system consists of two positive lenses and a 10X objective lens, as shown in Figure 1(b). The energy of the laser is much higher than that of the projector, but the light pattern is relatively simple. The corresponding optical system consists of a mirror and a 100x objective lens, as shown in Figure 1(c). The lens and objective lens are used to reduce the light pattern to the micron scale. The chip consists of upper, middle and lower parts. The upper part is an ITO glass layer, the middle part is a solution layer mixed with cells, and the lower part is an ITO glass coated with a hydrogenated amorphous silicon film (500 nm). Hydrogenated amorphous silicon is the photoconductive material used in the experiments. The chip is horizontally placed on the three-dimensional micron displacement platform to ensure the precise control of the chip's spatial position. The signal generator loads the alternating current signal on the two ITO glasses of the chip. The cells and light patterns are observed in real time by microscope and CCD in the experiments.
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Figure 1. Schematic diagram of the experimental system.
The light pattern passing through the two positive lenses has a light intensity distribution similar to a normal distribution, so the energy gradient in the center of the light pattern is the largest, and the cells will be attracted to the center of the pattern under the action of the positive ODEP force. 

In the experiment, a microscope light source is needed to illuminate the chip to observe the distribution of the cells, but the light will change the conductivity of the photoconductive layer of the chip and affect the manipulation of the cells. The intensity of the microscope light source needs to be controlled to a low intensity level at which the cell outlines can be seen. The resistance of the chip under this light intensity is > 1 GΩ.

2.3 Cell Culture

After recovery of HL-7702 cells (human liver normal cells) and SMMC-7721 cells (human liver cancer cells), the cells obtained in the first 3 passages are not in a good condition, and only a few can be manipulated. Most of the cells can be manipulated after 3 passages, and better experimental results can be obtained after 5 passages. For different cells, continuous attempts are needed to determine how many passages will obtain good experimental results.

Due to the complex composition and high conductivity of the culture medium, it is bad for the manipulation, and the photoconductive material film of the chip is easily damaged. In the experiment, the cells were placed in the 8.5% (w/v) sucrose deionized aqueous solution. The cells maintained a good shape in the solution for at least three hours, which was enough to ensure the completion of the experiment.

3 Results
In the experiment, the alternating current signal was 10 Vpp at 200 kHz. Cells were subjected to a positive ODEP force, and it had a good experimental effect on the HL-7702 cells and SMMC-7721 cells.

The projector was used to generate a light spot to manipulate SMMC-7721 cells. When the size of the light spot is similar to that of the cell and the light intensity was weak with the chip resistance of about 150 MΩ at the center of the light spot, cell 1 was attracted to the center of the light spot. The chip was slowly moved to make the light spot with cell 1 close to cell 2. It was found that the two cells were mutually exclusive, as shown in Figures 2(a-c). The electrical signal was turned off, the light spot was moved near cell 2 to attract it to the center of the light spot, and then cell 1 was approached to find that cell 1 was repelled, as shown in Figures 2(d, e). Under the action of polarization, the repulsive force between the two cells was large, and the controllable area generated by spot irradiation was basically completely occupied by a single cell, so the other cell that should have been attracted was repelled. The electrical signal was turned off and the light spot was placed between the two cells. It was found that cell 1 was attracted and cell 2 was rejected, as shown in Figures 2(e, f). Although the two cells received the gravitational effect of the positive ODEP force during the manipulation, the force was not the same due to the differences in the cells themselves, and the force on cell 1 was greater. When the projector generated a larger spot, the resistance in the center of the spot was about 50 MΩ, and the two cells and the cells near the spot were attracted to it, as shown in Figures 2(g, h). As the size of the light spot was increased, the area in which the photoconductive effect occurred became larger in the semiconductor material, creating a space large enough that multiple cells were able to be controlled in the same light spot even if there were repulsive forces between them.
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Figure 2. A small light spot manipulated a single cell and repelled other cells. Scale bar: 50 μm.
Taking the projector as the light source, the spot size was kept much larger than the cell, and different brightness values used for three-dimensional manipulation of cells. First, the cells were randomly distributed in the solution, as shown in Figure 3(a). The light source and the signal generator were turned on. The resistance at the center of the light spot was about 120 MΩ when the light intensity was weak, as shown in Figure 3(b). Moving the chip caused multiple cells to be attracted to the inside of the light spot. The cells filled in the entire light spot but there was no contact between the cells, as shown in Figure 3(c). The cells were polarized under the action of electric field, and then repelled each other due to the same charge. Therefore, the cells were not manipulated in three-dimensions when the ODEP force was small. A light spot of the same size was applied with greater intensity and the chip resistance of about 40 MΩ at the center of the spot), and the cells were gathered together and manipulated in three-dimensions, as shown in Figures 3(d-f). The higher intensity light spot generated a larger electric field gradient, resulting in a larger ODEP force, thereby overcoming the repulsive force between the cells to realize the three-dimensional manipulation.
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Figure 3. Three-dimensional manipulation of cells with the light spots of the same size and different intensities. Scale bar: 100 μm.

Furthermore, ODEP was used to perform three-dimensional manipulation of specific cells. The HL-7702 cells were manipulated with a laser, and the intensity of the spot was adjusted through an adjustable attenuator. First, a light spot that of about the same size as the cell was used and had a lower energy, where the resistance at the center of the spot was about 150 MΩ, to select specific cells in turn, and transported them to the designated location, as shown in Figures 4(a, b). In the process of manipulating a single cell, some surrounding cells were repelled and others were attracted. For the attracted cells, since they were subjected to a larger force in the center of the light spot, the moving speed of the light spot was accelerated to get rid of the interfering cells. Then the light intensity was increased for three-dimensional manipulation, and the resistance at the center of the spot was about 20 MΩ, as shown in Figures 4(c, d). The lens converged the light intensity so that the energy was mainly concentrated in the center, and the photoconductive material had a strong absorption effect on light, so increasing the light intensity made the observed spot larger.
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Figure 4. Three-dimensional manipulation of specific cells. Scale bar: 100 μm.

4 Discussion
When the semiconductor material is illuminated, the absorption of photons by the material changes the internal carrier concentration and the electrical conductivity of the material, which is called the photoconductive effect. If the photon energy is greater than the forbidden band width of the material, the electrons in the valence band are excited to the conduction band, leaving free holes in the valence band, thereby causing a change in the conductivity of the material, which is called the intrinsic photoconductive effect, as shown in Figure 5(a). In impurity semiconductor materials, after the unexcited carriers bound to the impurity level absorb photon energy, the transition of electrons from the donor level to the conduction band or from the valence band to the acceptor level, resulting in photogenerated free electrons or holes and the change of the conductivity of the material, which is called impurity photoconductive effect, as shown in Figure 5(b). Semiconductor materials change their conductivity under light, and the change of conductivity is related to light intensity. After the incident light disappears, the electron-hole pairs generated by photon excitation recombine, and the conductivity of the semiconductor returns to its original value. 
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Figure 5. Schematic diagram of photoconductive effect.
The ODEP chip contains a layer of semiconductor material film, which is used to receive light patterns and generate corresponding optically-induced electrodes, thereby forming a corresponding non-uniform electric field in the solution to manipulate the target. Therefore, ODEP utilizes the photoconductive effect of semiconductor materials to realize micro-nano manipulation.

When an alternating current signal is applied between the two layers of ITO, an electric field is generated inside the solution, and the cells are polarized under the action of the electric field. The relative displacement of the positive and negative charges in the cells generates electric dipoles. Because the cells are in the same electric field and the positive and negative poles of the cells polarized are the same, they will repel each other under the action of the same charge repulsion. When the light pattern irradiates the hydrogenated amorphous silicon film, the conductance of the irradiated area increases sharply, creating an uneven electric field in the solution, and the cells are subjected to ODEP forces. If the positive ODEP force is greater than the repulsive force between the cells, multiple cells will be controlled in the area illuminated by the light pattern, as shown in Figure 6.
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Figure 6. Force diagram of three-dimensional manipulation of cells in the chip.
The ODEP force received by the cells in the solution is mainly determined by the gradient of the electric field strength, and the greater the gradient, the greater the force. The gradient is determined by the conductivity of the photoconductive material, which is related to the light pattern. Therefore, the optical power distribution of the light pattern determines the electric field gradient. It should be noted that for a light pattern with uniform energy distribution, the edge is the position with the largest gradient. The height of the solution layer in the chip limits the space for three-dimensional manipulation. An excessively high solution layer will weaken the electric field strength and reduce the ODEP force. 

5 Conclusion

The influences of different spot sizes and resistances of hydrogenated amorphous silicon layers under different illuminations on the ODEP three-dimensional manipulation of HL-7702 cells and SMMC-7721 cells were investigated using a projector and a low-power laser. The alternating current signal was 10 Vpp at 200 kHz, and the cells were subjected to a positive ODEP force in the 8.5% (w/v) sucrose deionized aqueous solution. After the light spot passed through the positive lens, the energy was distributed normally, and the energy gradient at the center was the largest, so the cells were attracted to the inside of the light spot. 

When the size of the light spot was similar to that of the cell and the resistance in the center of the light spot was about 150 MΩ, the light spot controlled a single cell inside and repelled other cells. ODEP was used to selectively manipulate specific cells. Increasing the light intensity made the resistance at the center of the spot about 20 MΩ, which manipulated cells in three-dimensions. 

When the size of the light spot was much larger than the cell and the resistance in the center of the light spot was about 120 MΩ, multiple cells kept a certain distance from each other and gathered on the same plane inside the light spot. The spot size was kept unchanged and the light intensity was increased to make the resistance in the center of the spot about 40 MΩ. The cells were manipulated in three-dimensions.

We found that the photoconductive effect of semiconductor materials induced by light patterns was strong enough to realize three-dimensional manipulation of cells using ODEP. The stronger the light intensity, the smaller the resistance of the photoconductive material, and the more obvious the manipulation effect. However, it should be noted that strong light may damage the cell and photoconductive material film. 

This work provides an experimental basis for the influence of photoconductive effect on ODEP-based three-dimensional manipulation of cells. For both normal cells and cancer cells, ODEP can perform three-dimensional manipulation on multiple cells while maintaining cell viability.
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