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We present a driving method for on-chip hydrogel microactuators developed to be used for single-cell manipulations. The hydrogel actuator is composed of a temperature-responsive gel coated on a glass substrate with light-absorbing micropatterning. The actuator is driven by light irradiation, which increases its temperature. The advantage of this driving method is two-fold: allowing local heating of the actuator while decreasing heat dissipation to the substrate and its environment. The local heating induced by light irradiation improves the response characteristics of the hydrogel microactuator because the slight increase in environmental temperature aids cooling of the microactuator when the light is turned off. Furthermore, local heating enables multiple actuators to be located in close proximity without unintentionally actuating neighboring actuators through heat dissipation. In addition, the heating induced by the light irradiation does not require wiring on the chip. Therefore, the developed driving method enables the integration of a large number of actuators that can be independently driven on a single chip.
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1. INTRODUCTION

Recently, the demands of single-cell analysis have increased with the evolving requirements from fields including medicine, cell biology, and biomedical research. Single-cell manipulation techniques are essential when analyzing single cells. For example, single-cell isolation from a large number of cells is a mandatory first step in single-cell analysis (Lindström and Andersson-Svahn, 2010; Gross et al., 2015). Single-cell transportation and trapping are also essential when performing analyses in which a target cell is moved and then fixed for precise analysis (Tottori et al., 2012; Yasa et al., 2019). Furthermore, more complex single-cell manipulations, such as the mechanical stimulation of a single cell (Itabashi et al., 2012) or a single-cell pairing (Teshima et al., 2010), are needed for the development of new analysis methods and to obtain novel biological findings.

Various conventional methods for single-cell manipulation have been proposed. Mechanical micromanipulation is the most popular method to manipulate single cells (Yanagida et al., 1999). This approach uses a mechanical micromanipulator with multiple degrees of freedom (DOF) to achieve high positioning accuracy. Micromanipulators can be equipped with various end effectors such as glass capillaries with diameters of 100 nm to 100 μm that are connected to external pumps. A capillary enables target cells to be fixed, cut, or injected with DNA or RNA. Other types of end effectors, such as microelectromechanical sensors (Bell et al., 2005; Kim et al., 2006) and nanoneedles (Obataya et al., 2005), on micromanipulators allow mechanical or electrical characteristics of cells to be measured. Thus, mechanical micromanipulators can perform flexible and various single-cell manipulations. As a result, they are widely used in practical biomedical applications. However, mechanical micromanipulation requires expert operators. Thus, such manipulation tends to have low throughput and the results may often have low repeatability.

Another type of single-cell manipulation is on-chip cell manipulation, which uses a microfluidic chip as a platform for single-cell manipulation (Yeo et al., 2011). A microfluidic chip possesses a microchannel and may contain integrated sensors and/or actuators. In the microchannel, the DOF of target cells is decreased to one or two. In other words, the positions of target cells are confined in a 1D microchannel or 2D microchamber. The combination of confinement of the target cell position in microspace and the integration of actuators or sensors on the chip enable high-throughput and highly repeatable single-cell manipulations for single-cell analysis. Therefore, on-chip single-cell manipulations based on various principles such as electric (Fiedler et al., 1998; Gascoyne and Vykoukal, 2002), magnetic (Miltenyi et al., 1990; Jiang et al., 2006), optical (Ashkin et al., 1987; Onda and Arai, 2012), and acoustic (Shi et al., 2009; Ding et al., 2012) forces have been proposed.

On-chip single-cell manipulations can be categorized into contact and non-contact. Contact manipulation uses the direct contact of mechanical structures with target cells, similar to a mechanical micromanipulator. For on-chip cell manipulations, on-chip actuators and microrobots driven by magnetic (Sakuma et al., 2009; Hagiwara et al., 2011; Nakahara et al., 2015), optical (Onda and Arai, 2012), and piezoelectric (Ito et al., 2016; Sakuma et al., 2019) forces have been used. Such actuators and microrobots enable cell manipulation with high positioning accuracy through strong forces. For example, Sakuma et al. realized the continuous measurement of the mechanical characteristics of cell spheroids using a silicon-based on-chip actuator (Sakuma et al., 2019). However, contact manipulation has the problem of cell adhesion to the mechanical structures, which may cause mechanical damage when the target cells and mechanical structures are in contact. In contrast, non-contact manipulation has less risk of mechanical damage and cell adhesion. Therefore, non-contact manipulation based on fluidic, electrical, optical, or acoustic forces has been used for trapping (Ashkin et al., 1987; Onda and Arai, 2012), patterning (Shi et al., 2009), separation (Yang et al., 1999), and rotation (Benhal et al., 2014) of single cells. However, the force involved in non-contact manipulation is generally weak. Therefore, applications of non-contact manipulations are limited.

To overcome these problems, contact manipulation of single cells based on soft microactuators has been studied. Soft materials such as hydrogels have a softness (≈10 kPa; Matzelle et al., 2002; Harmon et al., 2003) more similar to that of cells (≈1 kPa; Cross et al., 2008; Faria et al., 2008) than other materials used for contact manipulations, such as a silicon (≈ GPa) or photoresists (≈ MPa). Thus, contact manipulation with soft actuators may protect subject target cells from mechanical damage. Furthermore, the surfaces of hydrogels mitigate cell adhesion because of their hydrophilic characteristics. Therefore, single-cell manipulations using a hydrogel microactuator fabricated on a microfluidic chip have been intensively researched (Arai et al., 2003, 2005; Ichikawa et al., 2005; Yokoyama et al., 2011; Hayakawa et al., 2014; Ito et al., 2014).

Hydrogel microactuators are commonly constructed from poly(N-isopropylacrylamide) (PNIPAAm). PNIPAAm is a thermo-responsive gel that swells by absorbing water when the temperature is lower than its transition temperature (≲ 32°C). Conversely, PNIPAAm shrinks when its temperature is higher than this transition temperature, as shown in Figure 1A. Thus, by controlling the temperature of PNIPAAm, we can use the induced volumetric change as the displacement of an actuator. The conventional driving method of a PNIPAAm-based microactuator uses an integrated microheater (Arai et al., 2005; Hayakawa et al., 2014; Ito et al., 2014), as shown in Figure 1B. By applying an electric voltage to a patterned microheater located under a gel actuator, the temperature of the gel actuator can be increased through Joule heating. Natural heat dissipation to the environment is used to cool and thereby swell the actuator. Using an on-chip gel actuator driven by a microheater, single cells can be fixed, transported, sorted, and trapped (Arai et al., 2005; Hayakawa et al., 2014; Ito et al., 2014).


[image: Figure 1]
FIGURE 1. On-chip hydrogel microactuator: (A) working principle, (B) conventional drive method, and (C) a problem of conventional drive method due to heat dissipation when the actuators are integrated in short distances.


However, when using a microheater, environmental temperature is inevitably increased because of temperature increases in the electrode wiring. Subsequently, a neighboring actuator is heated slightly even if its microheater is turned off, as shown in Figure 1C. Thus, to realize independent driving, sufficient separation between multiple actuators is required, which limits the number of actuators that can be integrated on one chip. Furthermore, it is difficult to integrate a large number of actuators on one chip because each actuator needs its own microheater, which should be isolated when patterned. Currently, the integration of up to 10 actuators is possible, but the integration of 100 to 1,000 or more actuators with microheaters is very difficult in practice. Therefore, a new driving method for on-chip gel actuators is strongly desired to achieve large-scale integration of actuators and independent actuation.

In this work, we propose using light irradiation as a driving method for an on-chip hydrogel microactuator. This method enables highly localized heating of an on-chip microactuator without any wiring. Additionally, this approach decreases the heat dissipation from an actuated part to the local environment because of its high thermal localization. Such heat localization enables multiple actuators to be integrated on a small area of a chip while still allowing each actuator to be driven independently. Furthermore, this driving method improves the response characteristics of the actuator. In the next section, we describe the concept of this driving method and explain its underlying principle. We evaluate the response characteristics of a light-driven actuator and compare them with those of a microheater-driven actuator. We then confirm the independent actuation of the actuators with short distance when driven by light irradiation. Finally, we demonstrate the massive integration of microactuators that function independently, and examples of cell manipulations.



2. CONCEPT

Our driving method for on-chip gel actuators uses light irradiation. By fabricating light-absorbing patterns under the gel actuators and then irradiating an actuator with light, local heating of a gel actuator is achieved, as shown in Figure 2a. Using focused light, this driving method induces highly localized heating of individual actuators. Thus, multiple actuators can be integrated with separation distances that are shorter than those of microheater-driven actuators and with less heat dispersed into the local environment. Furthermore, because there is no complex wiring, a large number of actuators can be integrated on a single chip, as illustrated in Figure 2b. Therefore, various cell manipulations can be realized by integrating multiple actuators on a chip and independently driving them, as shown in Figure 2c. In this study, as examples of single-cell manipulations, we integrated gel actuators in a square array and demonstrated trapping and applied mechanical stimulations of single motile cells.


[image: Figure 2]
FIGURE 2. Proposed concept of using light irradiation as a driving method for a gel actuator: (a) principle, (b) actuation of a single hydrogel actuator in an assembly of multiple actuators, and (c) examples of various single-cell manipulations using the proposed method.




3. EXPERIMENTS


3.1. Experimental System

An infrared (IR) laser (LuxX 1060-150, Omicron-Laserage Laserprodukte GmbH, Rodgau-Dudenhofen, Germany; wavelength: 1,060 nm, maximum power: 150 mW) was used as the light source to drive the gel actuators, as shown in Figure 3. The IR laser was focused using an objective lens (Plan N 10x/0.25na, Olympus, Tokyo, Japan). Microscopic images were recorded using a charge-coupled device camera (BFS-U3-32S4, FLIR Systems Japan K.K., Tokyo, Japan). To evaluate the frequency response of the actuator, we input a square wave of 0.1–10 Hz to the laser controller. With this input signal, the IR laser was switched ON/OFF at a rate equal to the input frequency.


[image: Figure 3]
FIGURE 3. Experimental setup of the light-driven gel actuator system.


We also evaluated the characteristics of a microheater-driven actuator as a reference. Similar to light-driven irradiation, we applied a square-wave electric voltage of various frequencies to the microheater. The input signal was generated using a digital to analog converter board (PEX-340416, Interface Co. Ltd., Hiroshima, Japan) installed in the control PC.



3.2. Fabrication Process of the Actuator

We fabricated the actuator using the following process (Figure 4):

(a) Chromium (Cr) and gold (Au) or Cr are deposited on glass substrate by using vapor deposition.

(b) OFPR (OFPR-800, Tokyo Ohka Kogyo Co. Ltd., Kanagawa, Japan) is patterned on a Cr/ Au layer as an etching mask.

(c) Cr/ Au or Cr layers are etched.

(d) OFPR is removed.

(e) PNIPAAm is spin coated.

(f) PNIPAAm is patterned.

We fabricated hydrogel microactuators that could be driven by both a microheater and light irradiation to aid comparison of their actuation characteristics. The microheater was fabricated from Cr/ Au to provide low electrical resistance. We used only Cr rather than Cr/Au for the light-absorbing patterns because only a good light-absorbing material such as Cr is required in the light-driven method. For patterning of PNIPAAm, we used photo-processable PNIPAAm (Bioresist, Nissan Chemical Corporation, Tokyo, Japan).


[image: Figure 4]
FIGURE 4. Fabrication process of the gel microactuator. (A) Chromium (Cr) and gold (Au) or Cr are deposited on glass substrate by using vapor deposition. (B) OFPR (OFPR-800, Tokyo Ohka Kogyo Co. Ltd., Kanagawa, Japan) is patterned on a Cr/Au layer as an etching mask. (C) Cr/Au or Cr layers are etched. (D) OFPR is removed. (E) PNIPAAm is spin coated. (F) PNIPAAm is patterned.




3.3. Design of Microheater and Light-Absorbing Pattern

Using the design of the microheater and light-absorbing patterns in Figure 5, we measured and then compared the driving characteristics of the actuators driven by the microheater and light irradiation. We applied the same amount of heat to both actuators.


[image: Figure 5]
FIGURE 5. Design of the microheater and light-absorbing pattern for the gel microactuator.


The width and length of each microheater were 10 and 963 μm, respectively. The light-absorbing pattern consisted of a ring with inner and outer diameters of 100 and 180 μm, respectively. Using a laser power meter (3A-P, Ophir Optronics Solutions Ltd., Jerusalem, Israel), we also determined the light absorption rate of a Cr layer by measuring the laser power before and after transmission through the Cr layer. The light absorption rate of the fabricated Cr layer was approximately 98%. Therefore, the absorbed light energy Q on the Cr pattern was calculated to be

[image: image]

where D is the diameter of the focused laser beam, W is energy density, and A is the light absorption rate. We assumed that Q was the total amount of heat generated. We provided both microheater- and light irradiation-driven actuators with the same amount of heat to compare their driving characteristics. We set the applied voltage of the microheater to 3.3 V and the laser power to 150 mW. Under these conditions, approximately 51 mW of heat was applied to both types of actuators.

We patterned PNIPAAm in the form of a ring with inner and outer diameters of 30 and 220 μm, respectively, to form the gel actuator. This shape is intended to be used as a single-cell catcher, similar to previous work (Hayakawa et al., 2014). To evaluate response characteristics, we measured the size of the inner hole of the ring as the displacement of the actuator, which is explained in detail below.




4. RESULTS


4.1. Evaluation of Drive Characteristics

First, we confirmed that the patterned actuator was driven by light irradiation (Figure 6). The fabricated ring pattern of PNIPAAm was swollen at room temperature and then shrunk upon irradiation with light. Hereafter, we define the displacement ratio of the actuators as

[image: image]

and use this ratio for comparison of the actuator drive characteristics. Here, dH(f) and dL(f) are the diameters of the hole in the PNIPAAm at high and low temperatures, respectively, at the frequency of the irradiated light or applied voltage f. In addition, dmax and dmin are the maximum and minimum diameters, respectively, of the hole of the actuator when driven by each actuation method at 0.1 Hz.


[image: Figure 6]
FIGURE 6. Microscopic image of a driven microactuator.


We evaluated the step response of the actuators, as shown in Figure 7A. In this evaluation, we measured the responses of three different samples for each driving method. For a single ON/OFF step of the voltage or light irradiation, the actuators driven by both actuation methods displayed similar response characteristics. Both actuators shrunk for approximately 0.3 s after switching on the microheater or light irradiation and swelled for approximately 1.2 s after switching the microheater or light irradiation off.


[image: Figure 7]
FIGURE 7. Actuation characteristics of the actuators: (A) step response and (B) frequency response.


We also evaluated the frequency response from 0.1 to 10 Hz for both actuation methods, as presented in Figure 7B. These results reveal that the light-driven actuator has better response characteristics than those of the microheater-driven actuator at most frequencies. This is because the heat dissipation from the microheater to the local environment is thought to be larger than that from light irradiation, as explained in section 1.

Here, we note that the displacement of the microheater-driven actuator exceeds 100% at lower frequencies, i.e., long ON times. This is thought to be due to overheating of the microheater, which did not cool sufficiently for the water to allow swelling of the actuator.



4.2. Evaluation of Heat Dissipation

To understand the difference in the response characteristics of the two actuators, we confirmed details of their displacements at 0.5 Hz. We plotted the displacements of each actuator for the initial ten steps from the start of the voltage or light application (Figure 8). In this evaluation, we also measured the responses of three different samples for each driving method. For the light-driven actuator, almost the same maximum displacement was observed during every ON phase. In addition, the displacement decreased to around 30% of the maximum displacement in every OFF phase. In contrast, for the microheater-driven actuator, the difference between the maximum and minimum displacement gradually diminished with increasing ON/OFF cycle number. This behavior indicates that the microheater-driven actuator did not cool sufficiently during the OFF phase of the 0.5-Hz heating cycle.


[image: Figure 8]
FIGURE 8. Initial ten cycles of actuators driven by both methods.


We also confirmed the thermal dissipation of the microheater and light irradiation using thermography (TiX560, Fluke South East Asia Pte Ltd, Clementi Loop, Singapore). We recorded the temperatures around both actuators (Figure 9) while applying the electric voltage or light irradiation for 1.0 s. For the microheater, the temperature of a large area around the microheater increased after 1.0 s and then rose further after turning off the microheater at 1.1 s (Figure 9a). In contrast, the temperature of a small area around the light-absorbing pattern increased after 1.0 s of light irradiation and then the temperature rapidly decreased after turning off the light irradiation at 1.1 s (Figure 9b). All frames recorded at 9 fps by the thermographic camera are available in Supplementary Data Sheet 1. These results showed that our driving method using light irradiation achieved more localized heating than the conventional method using a microheater. Furthermore, the decrease in temperature after turning the light irradiation off was much faster than that after switching off the microheater. This is the reason for the low frequency response of the microheater-driven actuator. These results indicate that it should be possible to integrate light-driven actuators with small separation distances without interfering operations from neighboring actuators.


[image: Figure 9]
FIGURE 9. Thermographic images of actuators driven by (a) a microheater and (b) light irradiation.




4.3. Independent Driving of Actuators With a Short Separation Distance

Next, we confirmed the thermal transfer between two actuators separated by a short distance using both driving methods. The separation distance was 250 μm in both cases (Figure 1). We applied either an electric voltage or light irradiation to one actuator for 1.0 s and then observed the displacement of the other. The microheater-driven actuator was affected by its neighboring actuator, as shown in Figure 10a. In contrast, the light-driven actuator was affected less by its neighboring actuator than was the case for the microheater-driven actuator, as shown in Figure 10b. A video of this experimental evaluation is available in Supplementary Video 1. The different behavior of the actuators driven by the two methods is thought to be caused by the difference between the areas of thermal dissipation of the microheater and light irradiation (Figure 9). These results show that light-driven actuators can be integrated with shorter separation distances than those required for microheater-driven actuators. Overall, the favorable response characteristics and short integration distance obtained using our actuation method indicate that light irradiation provides more localized heating and better driving characteristics than those achieved using a conventional microheater.


[image: Figure 10]
FIGURE 10. Integrability of two (a) microheater-driven and (b) light-driven actuators with a short separation distance.





5. DISCUSSION


5.1. Evaluation of Cell Damage

One concern of the proposed method using light-driven gel actuators for cell manipulation is cell damage. Two types of cell damages may be caused by the proposed method. One is cell toxicity caused by materials such as Cr and the other is thermal damage to the cell caused by laser irradiation. Thus, we evaluated the occurrence of these two types of damage in the cells exposed to light-driven gel actuators. Details of the evaluation method and results are provided in Supplementary Data Sheet 2. Our results confirmed that the proposed method does not cause significant cell damages during normal use.

To minimize cell toxicity of Cr, we can coat the surface of the Cr layer with a noble metal such as Au or platinum (Pt). Additionally, we can also minimize thermal damage by applying an appropriate quantity of heat. That is, by using a lower laser power and shorter time, thermal damage should be suppressed. However, the response characteristics of the actuator are thought to be weakened when we use a lower laser power. And also, some applications such as long time trapping or culture might need laser irradiation for long time. Thus, designs of actuator shapes and/or conditions of laser irradiation should be properly determined for specific applications and target cell species.



5.2. Massive Integration of Gel Actuators

We demonstrated the massive integration of on-chip light-driven gel actuators and the mutual independence of actuators, as shown in Figure 11. We fabricated 25 × 25 = 625 actuators on a chip, as depicted in Figure 11a. The actuators were square in shape with a side length of 50 μm. The separation distance between actuators in the shrunken state was 20 μm. Upon immersing the actuators in water, the separation distance between them was filled by the swollen actuators. Thus, the side length of the swollen actuators was approximately 70 μm. We succeeded in driving just one actuator independently of all the other light-driven actuators on the chip, as shown in Figure 11b. A video of this experimental demonstration is available in Supplementary Video 2.


[image: Figure 11]
FIGURE 11. Massive integration of gel actuators: (a) overall view and (b) enlarged view.


Such massive integration with independent actuation is quite difficult using conventional microheater-driven actuators. These results reveal that our method is suitable for massive integration and independent actuation of on-chip hydrogel microactuators.



5.3. Demonstration of Cell Manipulation

Finally, we demonstrated single-cell manipulation using the light-driven integrated gel actuators. The trapping of motile cells was achieved, as shown in Figure 12. By exposing the array of actuators covered with glass to targeted laser irradiation, we were able to trap a motile cell in the gap between the actuators when we turned off the laser, as illustrated in Figures 12A–C. We then irradiated the actuators with the laser again to confirm the movement of the trapped cell to check its viability, as depicted in Figure 12D. We used Euglena as target motile cells. Additionally, we used the laser with larger spot size than the single actuator to get a larger trap area with multiple actuators, as shown in Figure 12.


[image: Figure 12]
FIGURE 12. Trapping and mechanical stimulation of a single motile cell using integrated hydrogel actuators. (A) A motile Euglena cell, (B) trapping of a Euglena cell by turning on the laser, (C) trapping and mechanical stimulation of the cell by turning off the laser, and (D) release of the Euglena cell induced by turning on the laser.


Figure 13 shows microscopic images of the actual manipulation of Euglena cells. Euglena cells moved above the shrunken actuators, as shown in Figures 13a,b. We turned off the laser when a Euglena cell passed between the shrunken actuators, as shown in Figure 13c. In the absence of light irradiation, the actuators swelled and a Euglena cell was trapped between the actuators. We then turned the laser on and the actuators shrunk again, as shown in Figure 13d. The trapped Euglena cell was released and still moved. After its release, the Euglena cell exhibited peristaltic movement. This motion is known as euglenoid movement and is caused by mechanical stimulation (Mikolajczyk and Kuznicki, 1981). A video of the trapping and release of the Euglena cell is available in Supplementary Video 3.


[image: Figure 13]
FIGURE 13. Experimental images of trapping and mechanical stimulation of a Euglena cell. (a) A motile Euglena cell, (b) trapping of the Euglena cell by turning on the laser, (c) trapping and mechanical stimulation of the cell induced by turning off the laser, and (d) release of the Euglena cell by turning on the laser.


These results reveal that we successfully trapped a single motile cell using the proposed actuation method.




6. CONCLUSIONS

We proposed a light irradiation-based driving method for on-chip microactuators made of a thermo-responsive gel for cell manipulations. The actuator was patterned on a glass chip with a light-absorbing pattern and was driven by irradiating the pattern with focused light. This driving method enabled highly localized heating of the microactuator and improved the response characteristics and integrability of the actuators on the chip compared with the case for conventional actuators driven by a microheater. We evaluated the drive characteristics and thermal dissipation of actuators exposed to light irradiation. We also demonstrated the integration of numerous actuators and the independent driving of a targeted actuator among them. Furthermore, we trapped a single motile cell as an example of cell manipulation using the proposed method. The irradiation of massively integrated gel actuators by patterned light to achieve parallel manipulation of single cells and the practical applications of such actuators in high-throughput single-cell analysis will be reported in the future.
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