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Abstract: Arabidopsis thaliana (Arabidopsis), as a model for plant research, is widely used for various 

aspects of plant science. To provide a more sophisticated and microscopic environment for the 

germination and growth of Arabidopsis, we report a 384-well type plant array chip in which each 

Arabidopsis seed is independently seeded in a solid medium. The plant array chip is made of a 

poly(methyl methacrylate) (PMMA) acrylic material and is assembled with a home-made light 

gradient module to investigate the light effects that significantly affect the germination and growth 

of Arabidopsis. The light gradient module was used to observe the growth pattern of seedlings 

according to the intensity of the white light and to efficiently screen for the influence of the white 

light. To investigate the response to red light (600 nm), which stimulates seed germination, the light 

gradient module was also applied to the germination test. As a result, the germination results 

showed that the plant array chip can be used to simultaneously screen wild type seeds and 

phytochrome B mutant seeds on a single array chip according to the eight red light intensities.  

Keywords: 384-well type plant array chip; Arabidopsis thaliana; germination test; light gradient 

module 

 

1. Introduction 

The genetic diversity and viability of plants depend on the environmental factors that are 

applied to solid media, as well as the intrinsic factors of the seed. Because of the effects on complex 

environmental stimuli such as temperature, light, humidity, pressure, pH, and microorganisms [1], 

finding an optimal environment for plant seeding and culture has been recognized as one of the most 

important issues in the field of plant science. To date, Arabidopsis thaliana (Arabidopsis), which is a 

well-known model plant, has been used for the study of plant science and genetic engineering [2]. 

However, the seeds of Arabidopsis, typically up to several hundred micrometers in size, are difficult 

to handle by hand. Conventional seeding in a Petri dish also requires the continuous tracking of each 

object to observe its temporal variation, but it is difficult to observe the size and shape of the seeds 

because there are no physical partitions in an agarose growth environment [3]. Accordingly, as the 

number of seeds that are associated with several environmental factors increases, a more effective 

monitoring system is required to simultaneously observe the germination and growth rate of the 

plant. 

Factors that affect the growth of naturally grown plants can be classified into two broad 

categories. The first is external factors such as temperature [4], light [5] soil water treatment [6], and 
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pollutants [7]. The second is internal factors [8], including nutrients, genetic factors, and growth 

regulators. In particular, light is one of the most important factors for the survival of plants and has 

a direct influence on growth and development [9]. The plant contains blue light receptors [10] and 

red light receptors [11] in its light-sensing system. Phytochrome, a red light receptor, plays an 

important role in the germination of plants [12], and it is activated by 660 nm wavelength red light. 

When phytochrome is activated, the germination mechanism inside the seed is activated to create an 

internal condition that can start germination.  

Microfluidics has been applied to study the handling of Arabidopsis seeds for screening purposes 

[13–15]. By using microfluidic technology, small-sized Arabidopsis seeds can be easily trapped in each 

chamber one by one, effectively managing many seeds simultaneously. Additionally, a liquid 

medium, which is very easy to change or deliver into the chamber, has been used to provide all 

nutrients for growth. A fully automated miniature culture chamber that enables a supply of liquid 

medium and real-time environmental control has also been developed [16]. However, due to this 

culture chamber’s low versatility, the observation of a specific root phenotype is still limited [17–24]. 

Previously, we developed a poly(dimethylsiloxane) (PDMS)-based plant array chip for the 

germination and growth screening of plants under a variety of conditions [25]. Because the 

absorption and adsorption of hydrophobic small molecules is an intrinsic property of PDMS, there is 

a limitation to maintain each PDMS-based well in a completely independent environment, depending 

on the characteristics of the molecules within an agar medium. As an alternative, poly(methyl 

methacrylate) (PMMA) is suitable to overcome this limitation. A PMMA plate can be fabricated by 

laser machining, which is a more efficient fabrication method than soft lithography with PDMS. In 

addition, since the previous chip design had a linear channel shape, twenty seedlings in the same 

channel could affect each other. The volume of the agarose medium for one seed was also small 

compared to that of the conventional Petri dish, which resulted in the effective concentration of the 

molecules contained in the agarose medium being insufficient for the germination and growth of the 

seed. To clearly distinguish the variation between the seedlings, the cultivation must take place in an 

independent container.  

In this study, we report a 384-well type plant array chip that is suitable for setting laboratory 

environmental conditions. The plant array chip is made of a PMMA acrylic material and is assembled 

with a light gradient module to investigate light effects that significantly affect the germination and 

growth of Arabidopsis. If the seeds germinated by red light are exposed to darkness, the seedlings are 

etiolated, in which the elongation of hypocotyl is dominant, and the etiolated seedlings are yellowish-

white due to a lack of chlorophyll [26]. Because of this mechanism, the ratio of red light to far-red 

light plays a very important role in seed germination [27]. For this reason, red or far-red light-emitting 

diodes (LEDs) were used independently or independently with the light of two wavelengths for the 

phytochrome study [28]. Accordingly, the ratio of light or the intensity of light is a very important 

experimental factor. In this study, a light gradient module was exploited to create various light 

intensity conditions in a 384-well type plant array on a single chip, which can be used for screening 

of germination and growth by light. By using a light gradient module, we demonstrate a highly 

efficient tool for changing germination conditions and controlling the germination process in a plant 

array chip. 

2. Materials and Methods 

2.1. Design and Concept 

To develop a plant culture platform that can apply various media conditions to one chip for 

highly efficient screening, a partitioning section for multiple seeding is required on a single plant 

chip. By integrating multiple channels as a fluidic module into a plant chip, each seed could be 

screened without affecting any others. First, we designed a 384-well type plant array chip (127  85  

10 mm) with the same dimensions (24 columns  16 rows) as a conventional, standardized multi-well 

plate, which was engraved with numeric digits (1–24) and alphabetic letters (A–P) for each column 

and row, respectively (Figure 1a). The plant array chip had two functional structures that included 
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384 well arrays with a hole in the bottom in each well and 40 connecting ports. The connecting ports 

served to supply 24 wells in the row direction and 16 wells in the column direction with nutrient- or 

substance-containing liquids, thereby enabling a variety of microfluidic modules to be attached to 

the bottom of the plant array chip. In addition, the cross-section of the single well became narrower 

through the z-axis from the top. This shape prevented the agarose block from exiting from a single 

well (Figure 1b).  

 

Figure 1. Configuration of a 384-well type plant array chip that was fabricated by laser machining 

with an acrylic poly(methyl methacrylate) (PMMA) plate. (a) Schematic top and side views of a 384-

well type plant array chip. (b) The dimensions of each well that was fabricated in a 384-well type 

plant array chip. (c) Photograph of the fabricated plant array chip compatible with a conventional 

well plate (127  85  10 mm). (d) A home-made micro-vacuum seeder for a high efficiency of seeding 

on a 384-well type plant array chip. There were 16 needles in the seeder head.  

2.2. Fabrication of a 384-Well Type Plant Array Chip 

A 384-well type plant array chip was fabricated by using an acrylic PMMA plate, which was 

processed by both laser engraving and laser cutting on the surface of a PMMA plate with a thickness 

of 1 cm (Figure 1c). The plant array chip was filled with an agarose medium precursor. A high-

temperature sterilized medium was poured into a container (about 70 mL), and the plant array chip 

was immersed in the container. When each well was filled with liquid agarose, the plant array chip 

remained in a clean bench until the agarose solidifies. The detailed fabrication procedures of a 384-

well type plant array chip and agarose solidification are shown in Supporting Figure S1. Prior to 

conducting all experiments, the fabricated array chip was soaked in 70% ethanol for 1 h to sterilize it.  

To facilitate the multiple seeding process on the 384-well structure, a homemade micro-vacuum 

seeder, in which a needle array consisting of 16 needles (27 G, I.D. 210 μm) was used to catch each 

seed one by one, was exploited to plant the 384 seeds (Figure 1d; Video S1). The head of the seeder 

was fabricated with an acrylic PMMA plate by laser machining. Consequently, the sterilized seeds 

(with an average diameter of 500 μm) were transferred to a seed bath that was filled with distilled 

water. It was possible to capture 16 seeds at the same time. In this way, the captured seeds were 

immediately transferred to the plant array chip. Accordingly, the seeding time was reduced from 40 

to 5 min compared to the conventional manual process. 
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2.3. Integration of a Light Gradient Module 

In order to observe the effect of the light intensity difference on a single chip, only the light in 

the vertical direction should affect the seeds. In addition, in order to investigate the desired light 

intensity in each well, the light in the other wells should not be affected by each other. For this 

purpose, we designed a light gradient module that consisted of a cover case with a gradient film that 

was attached to the partition walls and a water bath plate. By using the light gradient module, the 

plant array chip was divided into eight compartments, and the 48 (= 16 × 3) seeds that were contained 

in each compartment were exposed to the same intensity. To control the transmittance of light, a 

gradient film was designed to have eight transmissivities on a transparent film (Figure 2a). Because 

all control experiments were carried out within the transparent plastic Petri dish, the effective light 

intensity of the modules was reduced compared to control groups. When the transmittance of the 

clear region (non-achromatic-dye region) of the overhead projector (OHP) film was measured, it was 

confirmed that the intensity decreased by 10%. To express this situation, the maximum transmittance 

of the module was assumed to be 90%. By adjusting an RGB (red, green, and blue) color value on an 

OHP film by using a laser printer, achromatic dyes of different brightness levels were deposited on 

a transparent film. The RGB color value indicated the intensity in red, green, and blue intensity, with 

each color intensity having integer values from 0 to 255. The printed film then adhered to the printed 

side down on the cover case (Figure 2b). The cover case was fabricated with a fused deposition 

modeling (FDM) 3D printer (3DISON Multi; Rokit, Seoul, Korea) by using a black colored polylactic 

acid filament (Figure 2b,c). Finally, the printed film was attached on the top surface of the cover case 

to provide eight compartments, and the bottom of each partition wall was completely in contact with 

the plant array chip so that no interference occurred. The detailed assembly procedure of the light 

gradient module with the plant array chip is shown in Supporting Figure S2. 

 

Figure 2. A light gradient module and the integration of a plant array chip. (a) Schematic of a laser-

printed light gradient film with eight different light transmittances. % T indicates the transmittance 

expressed as a fraction of 100. (b) Assembly of a 384-well type plant array chip in a light gradient 

module. (c) Schematic of a 3D printed light gradient module case. (d) Photograph of a light gradient 

module and a 384-well type plant array chip. 

2.4. Incubation of Arabidopsis in a 384-Well Type Plant Array Chip 

Arabidopsis was kindly obtained from Professor Giltsu Choi at the Department of Biological 

Sciences, KAIST. All plants were the Columbia-0 (Col-0) background. The water bath plate was filled 

with 10 mL of distilled water, and then a fully seeded array chip was put on the water bath plate. The 

plant array chip was then covered with a light gradient module. The light gradient module that 
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contained the array chip was sealed with a micropore paper tape at the joint. An incubator (MI-20A; 

S.N.T. Co., Ltd, Jinju, Korea) was used to adjust the temperature of the environment and the 

wavelength of the light source. The humidity inside the incubator was maintained at 70% to 80%, and 

an on/off system of the red LEDs was equipped inside the incubator. After the cold treatment at 4 °C 

for 48 h (in the dark), the plant array chip was immediately exposed to red light in an incubator at 23 

°C for 5 min. Then, it was kept in the dark for 66 or 72 h, depending on the experimental condition, 

to maintain the darkness state. To observe the growth by white light intensity, the assembled plant 

array chip, after 5 min exposure to the same red light followed by the cold treatment, was transferred 

to an incubator at 23 °C for 72 h in the dark before being exposed to white light. 

The germination rate indicates the ratio of the germinated seed number within a certain period 

as compared to the number of seeds in the plant array chip. The seed germination on the plant array 

chip was observed by measuring the radical length by using an image processing program (ImageJ, 

https://imagej.nih.gov/ij/) based on the photograph by a stereomicroscope (Nikon; Japan) [25].  

3. Results and Discussion 

3.1. Germination and Growth Assay on a 384-Well Type Plant Array Chip 

To demonstrate a 384-well type plant array chip, the germination and growth of the seed were 

observed at a 1/25 Murashige and Skoog (MS) media condition. As shown in Figure 3a, the seeds 

could be observed without interfering because of the transparent acrylic PMMA plate. Compared to 

the previous study, interferences between seedlings were reduced because the dimensions of the well 

were larger than the existing array chip, with an area assigned to a single seedling [25]. By a simple 

demonstration, we confirmed that the basic environmental function was well-controlled on the 384-

plant array chip. The germination rate was plotted over time (Figure 3b). It was confirmed that the 

germination rate increased with time, and after about 46 h, the germination rate increased to 80% or 

more, showing the same tendency as the Petri dish protocol. 

 

Figure 3. Demonstration of cultivation on the 1/25 Murashige and Skoog (MS) medium-conditioned 

plant array chip. (a) Observation photograph of seedlings on the plant array chip from above. (b) 
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Graph of germination rate versus time on a 384-well type plant array chip. (c) Stereomicroscopic 

images of a single well, depending on the time. The germination of the seed began after 42 h. The 

seedling was observed after 66 h. (d) Tracking map results according to the four germination stages, 

including dormancy, seed coat rupture, radicle growth, and hypocotyl growth, all of which were 

obtained from the top-view photograph of the whole array chip. 

When observing the germination of 384 Arabidopsis seeds by using a 384-array chip, the seeds 

were divided into individual wells so that the seed status could be tracked over time (Figure 3c). To 

screen all differences between objects for the 384 seeds that were planted on the plant array chip, a 

color mapping result of the plant array chip according to the time was created (Figure 3d). In this 

study, we manually scored the stages of the seeds. The seed germination process was divided into 

four stages: dormancy (gray), seed coat rupture (orange), radicle growth (yellow), and hypocotyl 

growth (green). In this way, the color map showed not only the germination rate but also the 

germination stage and the growth rate of each seed. Accordingly, the color map at 66 h made it 

possible to distinguish between a seed that stopped germination in the seed coat rupture stage 

(orange) and a seed that did not germinate at all, so that the exact nature of each object could be 

determined. 

3.2. Effect of White Light Intensity on Arabidopsis Growth 

In this study, a white light gradient was used to observe the effect of light on the growth of 

Arabidopsis after germination (Figure 4a). At first, the germinated seeds were continuously exposed 

to the dark environment for 72 h to induce etiolation [29]. After that, the seedlings were exposed to 

white light for about 24 h to induce de-etiolation, and the change in morphology was observed [30]. 

Figure 4b shows the result after inducing the de-etiolation of a seedling from sections ① to ⑧ of the 

light gradient film with different light transmittances. The seedling in the figure showed that the 

vertical growth of the plants was due to negative gravitropism, which is known as a typical growth 

phenomenon in the opposite direction of gravity and is exaggerated in etiolated plants. Since the 

etiolation occurred at the same time, the total length of the seedling was almost the same. When the 

etiolation was induced, the morphology of the seedling was not as green as the cotyledon of the 

seedling, as shown in Figure 4c⑧. However, when the light was irradiated for 24 h, it was confirmed 

that cotyledon greening occurred according to the light intensity (Figure 4c). The opening phase of 

cotyledon also differed depending on the intensity of the light. The lower the light intensity, the less 

frequently cotyledon opening occurred. Based on the rate of de-etiolation of the seedling according 

to the transmittance, we confirmed that the light gradient module was working properly. 

 

Figure 4. Effect of the white light on the etiolation, as observed with a light gradient module. (a) Before 

exposure to a white light gradient, Arabidopsis was kept at 4 °C for 48 h, exposed to red light in an 
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incubator at 23 °C for 5 min, and then darkened for 72 h. (b) Eight sections (①–⑧) of the plant array 

chip were exposed to different white light intensities by using a light gradient film. (c) Photographs 

of the seedling that were obtained at different sections on the plant array chip.  

3.3. Effect of Red Light Intensity on Germination Rate 

Red light directly affects the time at which Arabidopsis starts germination. In particular, red light 

acts on phytochrome to stimulate the germination of Arabidopsis seeds so that the germination rate is 

dependent on the intensity of the red light. Therefore, the optimal red light intensity with the highest 

germination rate is important [31]. In this study, two types of seeds, wild type (WT) and phytochrome 

B mutant (phyB), were screened on a 384-well type plant array chip for the germination rate according 

to eight red light intensities in one array chip by using a light gradient module. Theoretically, the 

germinations of WT seeds are induced by red light, and their germination rates are proportional to 

the red light’s intensity. On the other hand, phyB seeds are known to be less sensitive to red light than 

WT seeds [32]. Therefore, the effects of red light on the germination of seeds can be easily screened 

by using the light gradient module. To check the viability of WT seeds and phyB seeds, the 

germination test was carried out by using a Petri dish under the same medium conditions. It was 

found that WT seeds and phyB seeds in the Petri dish had a germination rate of approximately 95% 

and 87%, respectively, under a red light condition of 2 μmol·m–2·s–1 (Figure 5a,b). 

To compare the germination rates of two different seeds in the eight compartments of a 384-well 

type plant array chip, WT seeds were planted in rows A to H, while phyB seeds were planted in rows 

I to P in the plant array chip. After the cold treatment at 4 °C for 48 h in the darkness, the light gradient 

module-assembled array chip was exposed to red light for 5 min. Germination rates were measured 

according to the transmittance of the red light (Figure 5c,d) after 72 h of incubation at 23 °C in the 

darkness. 

 

Figure 5. Effect of the red light intensity on the germination rate of wild type (WT) and phytochrome 

B mutant (phyB) seeds. (a,b) Germination test results after 72 h of incubation under a red light 

condition of 2 μmol·m–2·s–1 in a Petri dish. (c,d) Germination comparison of WT and phyB seeds in a 

plant array chip. (c) Top view of a single plant array chip showing different germination behaviors. 

(d) Graph of the germination rates in WT and phyB seeds depending on the red light gradient on the 

plant array chip.  
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As a result, the germination rate of the WT seeds was decreased as the transmittance of red light 

was decreased. Though the same single chip was used, phyB seeds did not germinate at any of the 

ranges of transmittance. The results showed that the germination response of the phyB seeds by the 

red light was lower than that of the WT seeds. Compared to the test results in the Petri dish, the 

germination rates were different. One of the possible reasons for this was that the red light 

transmittance of the gradient film was lower than that of the transparent plastic Petri dish. For an 

accurate screening of a phyB seed by using the light gradient module, a film with high transmittance 

must be used, or the power of the red light source in a chamber must be higher than 2 μmol·m–2·s–1. 

4. Conclusions 

A 384-well type plant array chip was fabricated by processing a PMMA plate with laser 

machining. The plant array chip could easily load the agar medium into 384 wells, which were seeded 

with 384 seeds into each well. Since each well represented a completely independent environment, 

the growth environment of each seed could be more strictly limited. A germination test that was 

performed on a 384-array chip showed that the array chip can be a suitable platform for screening 

the germination and growth of Arabidopsis. It was also successfully demonstrated that a light gradient 

module that was developed for the 384-array chip observed the effect of light more precisely by 

blocking all other light except vertical light. By using this module, we were able to investigate the 

effects of the intensity of the red and white light that promote germination and growth, respectively. 

Meanwhile, a highly efficient germination screening platform can be applied for the screening 

of repetitive conditions. For example, in the early stages of herbicide development or seed 

development, numerous germination rate tests have to be repeated for specific chemicals. This 

platform helps in the identification of side effects on a photoreceptor and its metabolism, which are 

essential for the survival of plants, especially in genetically modified seeds. For practical applications 

of plant array chips, nutrients or medium solutions should be continuously supplied to each well of 

the plant array chip. In this sense, our chip design is convenient for interfacing with a microfluidic 

module that efficiently performs complex functions through dynamic external stimuli to supply 

additional media into each well of the plant array chip. 

However, there are several limitations. Because the PMMA-based plant array chip is 

transparent, interference light affects each well. Therefore, it is not possible to fully control the light 

that affects the lower hypocotyl and root in current array chips. In addition, due to the small size of 

the well (4 mm), only germination and early-stage growth can be screened. Our plant array chip 

could be implemented with wells of different sizes to allow for long-term observation. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Figure S1. Fabrication 

process of a 384-well type array chip by using an acrylic PMMA plate, Figure S2. Assembly protocol of a light 

gradient module and a 384-well type plant array chip, Video S1. Operation of micro-vacuum seeder. 
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