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Spatially Controlled CO2 Conversion Kinetics in Natural Leaves for Motion Generation

Living systems that can spontaneously exhibit directional motion belong to diverse classes such as bacteria, sperm and plank-ton. They have fascinated scientists in recent years to design completely artificial or biohybrid mobile objects. Natural ingredients, like parts of plants, have been used to elaborate miniaturized dynamic objects, which can move when they are combined with other, non-natural, building blocks. Herein, we report that the precise structural tailoring of natural plant leaves allows generating a spatially predefined and confined release of oxygen gas, due to the conversion of carbon dioxide. This constitutes the driving force for generating motion, which is solely due to the respiration of leaves by photosynthesis. The rate of gas evolution can be fine-tuned by changing the light intensity and the leaf size, allowing ultimately to control the motility of objects with dimensions ranging from the millimeter to the micrometer scale.

Introduction

Nature has designed highly sophisticated dynamic systems of various sizes over millions of years through gradual optimization. [START_REF] Bastos-Arrieta | [END_REF] Especially at small scales, natural swimmers with a large variety of functionalities have emerged during evolution, based on very versatile strategies for generating motion. [2] Unfortunately, these purely natural systems are not directly suitable for practical applications due to a lack of direct motion control. However, they have been a great source of inspiration for elaborating different synthetic and biohybrid swimmers. [START_REF] Bastos-Arrieta | [END_REF]3] Such (semi-)artificial swimmers have proven to be promising candidates for carrying out a large diversity of tasks for applications ranging from environmental remediation to nanomedicine.[4] These swimmers can be triggered and externally controlled, for example by light, magnetic, electric, and acoustic forces. [5] They can also be propelled by other mechanisms, based on the use of (bio)chemical fuel that results in self-electrophoresis or bubble generation, but with a certain risk that either the fuel or the reaction products are toxic. [5e,5f,6] Alternative options, providing onboard fuel, may have some potential problems, e.g. related to the complexity of the swimmer's architecture or its lifetime. Completely artificial swimmers might also have some drawbacks compared to their natural counterparts, especially when there is a need to follow a complex path, or to change body shape in order to adapt to different local environments. Consequently, biohybrid microswimmers were introduced as an interesting intermediate between natural and artificial swimmers. They are often composed of inanimate objects and microorganisms. The latter can use their flexible body parts such as flagella, [2b,7] and have been exploited e.g. for cargo delivery and biomedical applications. [8] Microorganisms also employ diverse sensory systems, hence allowing them to perform taxis based locomotion in various media and in the presence of different gradients of parameters such as light, temperature and pH, or oxygen and nutrient concentration. [9] Although still being in their early stage of development, biohybrids such as BacteriaBots have already shown potential for applications in drug delivery, as biomarkers, or motile whole cell sensors, [10] despite the fact that they are eventually also facing some problems e.g. in terms of scaling up their fabrication, lifetime and the interfacing of the biological with the synthetic part.[10b] In this context, bioinspired microswimmers using plant extracts have been proposed as an interesting alternative due to the easy fabrication process. [11] Based on a similar philosophy, the pigment chlorophyll and plant organelles have also been suggested to design elegant systems, either simply activated by light relying on natural photosynthesis, or using chemicals converted by a natural catalytic process, for powering motion at small scales. [12] As a complementary approach with respect to the literature we report herein the use of whole prisitine leaves for site-selective O2 evolution as a result of photosynthesis. The spatially controlled O2 evolution achieved by specific structural tailoring leads to the design of entirely natural macroand microswimmers. We want to stress that in the present study, in contrast to the majority of the systems reported in the literature, there is no need to use artificial classic chemical fuels, like hydrogen peroxide or other compounds such as for example sugar for some enzyme driven swimmers. The system works only with naturally present ingredients. Being absolutely independent of on-board or solution-based fuel, the objects are solely driven by the presence of light, water and carbon dioxide. This makes them a unique class of natural swimmers that might act in the future as a platform for developing original dynamic systems.

Results and Discussion

We performed initial tests with leaves from various plants, trees, and shrubs such as pine trees, aloe vera, wild grass etc.. After this first screening, we decided to work only with leaves from certain plants (i.e. Galeopsistetrahit, Filipendula and Pyracantha coccinea). The reason for choosing finally Pyracantha for more detailed studies was that it showed a roughly ten times higher photosynthesis rate when compared to Galeopsistetrahit and Filipendula. This could probably be attributed to a higher chlorophyll content and stomatal density, as well as to the leaf form (morphological and anatomical features) [13]. A high stomatal density facilitates gas (CO2) diffusion inside the leave, improving its fixation by the photosynthetic process, resulting in improved oxygen evolution. In this context, Pyracantha coccinea provides the best performance, as its dark colored leaves are considered to have a high chlorophyll content and thus a favorable photosynthesis rate. Therefore, leaves from Pyracantha coccinea (Figure 1A) have been studied in more detail with respect to oxygen evolution triggered by illumination in the presence of water and CO2. Photosystem I and II, present in the thylakoid membranes of the leaves, are responsible for light absorption and the subsequent electron transfer chain,[14] leading to CO2 fixation, combined with oxygen evolution (Figure 1B). The latter needs to be transported via diffusion, either through dedicated air channels inside the leaves, providing a low-resistance internal pathway for the exchange of gases between the plant organs, or through the stomata pores, located in the lower epidermis of the leaves, in order to be released into the surroundings (Figure 1C). During photo-synthesis, the oxygen level inside the leaf increases, and when the stomata pores are open, the leaf can take in carbon dioxide and release oxygen, however in a spatially not very well-focused and rather undefined way. In order to better control and predetermine a specific location for oxygen release, it is necessary to create a low-resistance exit for oxygen at preferential sites of the leaf. This can be achieved by generating on purpose defects at certain spots of the leaf architecture. Looking at the global organization of a leaf with a network of small veins, connected in a hierarchical way to bigger veins, the most appropriate position to concentrate and collect the gas in an efficient way seems to be at the extremity of the primary vein going through the center of the leaf (Figure 1D). Spongy mesophyll cells, present around the veins, help the transport and exchange of gases during the process of photosynthesis. Thus, in the first set of experiments, the extremity of the primary vein has been sectioned with precision at the edge of the leaf.

Control of CO2 conversion kinetics

The leaves were initially washed and immersed overnight in water in the dark to ensure that no photosynthesis and hence no gas evolution occurs. The leaves were then tested for oxygen evolution in CO2 saturated water in the presence of UV-Vis light (150 W, 10 lumen/cm2) (Figure 1D). CO2 saturated water accelerates the process of photosynthesis, eventually increasing oxygen evolution. A sharp cut was made at the base of the leaves in order to generate a well-defined and focused flow of oxygen, and the structure of the cross-section was characterized by microscopy (Supporting Figure S1). In order to confirm that the observed bubble evolution (Supporting Video S1) is directly related to the effect of illumination, the impact of light intensity on the kinetics of oxygen evolution has been studied. Different light intensities i.e. 100, 80, 60, 40 and 20 % were used (Figure 2A first row, and Supporting Video S2). For 100 % light intensity, the number of bubbles released per minute was 450. This value gradually decreases to 420, 385, 290 and 200 bubbles/min for 80, 60, 40 and 20 % light intensity, respectively. From 60 to 100 % a saturation effect is observed (Figure 2B), most likely because the turnover of the photocatalytic system is at maximum speed and therefore a further increase in photon flux does not lead to a proportional improvement of the rate of gas production. As the number of active thylakoids exposed to light is the crucial ingredient for photosynthesis, the leaf size should also have an important impact on the rate of oxygen evolution. In order to verify this, the leaf has not only been opened at one extremity of the primary vein as before, but also at the opposite side by consecutive cuts starting from the tip, leading to shortened leaves with a length of 20, 15, 10, 5 and 0.5 mm, respectively (Figure 2A second row, and Supporting Video S3). In order to still focus the oxygen release at only one spot, the edge of the leaf closer to the initial tip, which now also has in principle an open vein, was blocked with epoxy resin to stop the local oxygen release. The graph (Figure 2B) indicates a gas production of 1050 bubbles/min for the initial leaf (20 mm size) and a constantly decreasing release rate for the shorter versions, i.e. 750, 300, 120, 55 and 2 bubbles/min for leaves with 15, 10, 5, 2.5 and 0.5 mm length, respectively. Moreover, the size of the individual bubbles also gradually shrinks, especially in the case of the 500 µm leaf. Thus, the observed significant decrease in the number and size of bubbles seems to be directly correlated with the active leaf area exposed to light, and consequently also with the number of thylakoids available for the photo-conversion. To further confirm that the oxygen originates from photosynthesis, leaves were tested in aqueous media under different conditions which should influence the efficiency of gas production. Solutions were either purged with nitrogen, or an herbicide (glyphosate) was added to the medium. Prolonged bubbling of nitrogen gas through water results in the complete removal of dissolved carbon dioxide from the aqueous medium, and thus photosynthesis is no longer possible. In the case of glyphosate, the leaves absorb the herbicide upon prolonged exposure. Its presence inside the leaf leads to an inactivation of Calvin cycle enzymes, [15] resulting in the disruption of photosynthesis. The profound negative effect on oxygen evolution observed in these control experiments is summarized in Figure 2C and Table S1. Further interesting insight into the oxygen evolution kinetics can be gained by performing experiments with a single leaf and evaluating the phase shift between light switching and the onset or the end of gas production (Figure 2D and Supporting Video S4). A typical hysteresis of around 4 seconds has been measured in both directions, even after 1000 cycles. This indicates that the bubble formation is not just a purely physical process, but that the underlying biochemical machinery has to start and stop, inducing a delay in the respiration process. Prolonged cycling does not cause any noticeable damage to the leaves, thus qualifying them as interesting building blocks for a new class of photosensitive and photostable swimmers. Interestingly and most importantly, the site of oxygen evolution can be chosen at will. In order to define a preferential site of release, epoxy resin was used to block oxygen evolution from the central vein, directing the gas into the secondary veins and towards the periphery of the leaf (Figure 2E and Supporting Video S5). In this case, bubbles are generated exclusively at the two corners of the leaf (Figure 2E central image). If one of these corners is also blocked by applying resin to the corresponding side veins, single site oxygen evolution is observed only at one one corner of the leaf (Figure 2E right image). Furthermore, in order to demonstrate that it is also possible to control the spot of oxygen evolution along the primary vein, three holes were generated (Figure 2F) along the central vein of a leaf, i.e. 1) on the left side close to the tip, 2) in the center and 3) on the right side close to the base. Oxygen evolution could be observed individually at all spots. This clearly illustrates the multisite activity of the leaves and it also allows choosing precisely the spot of oxygen evolution for the purpose of swimmer design.

Electrochemical investigation of gas evolution

On the basis of the light-controlled gas evolution from the leaves, we assume that the process is primarily triggered by photosynthesis. To further confirm this hypothesis, we analyzed the produced gas by cyclic voltammetry, verifying that the evolved gas is oxygen. For this purpose, we utilized a Pt microelectrode for reducing oxygen electrochemically, as schematically illustrated in Figure 3A. A meniscus has been established between a Pt microwire and the air/water interface in such a way that all the generated bubbles were directed towards the electrode (Supporting Video S6), in order to perform measurements analog to the concept of single entity impact electrochemistry. [16] In the presence of light, the produced bubbles generate a significant temporary increase in oxygen reduction current, illustrated by the periodic spikes occurring in the potential range from -0.1 to -0.8 vs Ag/AgCl (Figure 3B). This corresponds exactly to the domain of potential where oxygen reduction is possible, as indicated by the comparison of the cyclic voltamperograms recorded in the absence (Figure 3B black curve) and in the presence (Figure 3B red curve) of oxygen in the gas phase above the liquid.

The constant frequency of mechanical impacts of the individual bubbles translates a very regular gas production of the leaf (Figure 3C). The associated charge, obtained by integrating the current spikes (Figure 3D) also shows an almost perfect regularity, meaning that every gas bubble is fetched by the meniscus in a reproducible way. 

Leaf based microswimmer

The possibility to use these tailored leaves as light-driven microswimmers has been tested by cutting the very tip of a leaf, resulting in an object with a natural V-shaped design. In the presence of light, individual oxygen bubbles are periodically formed at the position of the primary vein (Figure 4A and Supporting Video S7). This provides enough driving force to generate the motion of the microswimmer. Just after switching the light on, a transient evolution of velocity can be observed. The swimmer accelerates continuously until reaching a constant maximum speed of 1 mm/s after 10secs (Figure 4B and Figure 4D black curve). After switching the light off, the speed remains constant for 2-3 secs before reducing drastically, and motion stops completely after 15 secs (Figure 4C and Figure 4D red curve). As in this case the characteristic size of the swimmer is quite small, bubble production, which is roughly proportional to the surface exposed to light, is less abundant, but still leads to an average speed of 2 body length/s. 

Leaf based macroswimmer

Unlike these microswimmers, whole leaves show a more uniform and constant speed right from the start (0.5 mm/s). As can be seen from Figure S2, pristine micro-and macro-swimmers have in the beginning of their trajectory a comparable speed. The higher surface area of the macro-swimmer should in principle allow the collection of more light and thus produce more oxygen bubbles. However, a big leave also needs more thrust in order to overcome the inertia due to a higher mass and more friction. These two antagonistic effects seem to compensate so that both leaves, irrespective of their size, have the same initial speed. After this first phase, which lasts a few seconds (t<5s, Figure S2), the macroswimmer keeps its constant speed, whereas the microswimmer still continues to accelerate, until reaching a roughly two times higher final speed. This increased velocity might be explained by the fact that for smaller swimmers the oxygen produced inside the leaf can be shuttled more efficiently towards the vein outlet due to a shorter transport path.

Motion at the air/water interface during illumination can be observed for pristine leaves, but the latter can also be combined with other materials and used as a true motor, integrated into biohybrid devices showing enhanced speed. As an example, a thin polymer film of ~200 micron thickness was used as a support to partially attach the leaf using epoxy resin (Figure 5A). A supported leaf of ~ 1 cm size was studied in terms of speed compared to a pristine leaf. Attaching the polymer sheet to the rear of the leaf, where oxygen bubbles exit the central vein, improves the gas release efficiency and thus the thrust and the speed of the swimmer, because bubbles can't escape to the air/liquid interface. The hybrid object has indeed a roughly two times higher velocity than the pristine leaf, despite its higher weight (Figure 5B and Supporting Video S8). 

Conclusion

In conclusion, the possibility of using pristine leaves as main ingredient for the design of macro-and microscopic swimmers, soley based on natural carbon dioxide conversion, has been successfully demonstrated. The respiration of the leaves, involving oxygen liberation by photosynthesis, was studied as a function of light intensity, leaf size and the composition of the aqueous medium. Precise tailoring of the leaves allows a perfect control of the gas release at specific predefined sites. The high sensitivity and stability of the leaves with respect to UV-Vis illumination, and its direct impact on oxygen evolution kinetics, emphasizes the potential of photosynthesis for bubble-based propulsion. However, UV light might lead to a faster degration of the leaves and represents only a small fraction of the naturally available light energy.Therefore the concept was also tested with wavelengths exclusively in the range of visible light. The natural photosystem of plants is supposed to work best for visible light. Plant pigment molecules typically absorb light in the wavelength range from 700 nm to 400 nm. Chlorophyll for example has a maximum of absorption around 450 and 650 nm. Thus, some gas release experiments have been also performed using a long pass filter with a cut-on wavelength of 500nm (Figure S3). This means that it is only possible to stimulate light absorption by chlorophyll in the higher wavelength region (650-680nm). Nevertheless, an efficient gas evolution is again observed at the location that has been predefined by cutting (Supporting Video S9). This allows envisioning the development of a class of totally natural autonomous swimmers, which might show even more exotic behavior when moving for example in a structured field of sun light. Finally, using the leaves, or parts of them, as building blocks of hybrid swimmers reveals additional interesting features, such as an increased momentum, and opens perspectives for the development of bioinspired dynamic systems with higher complexity, allowing eventually also fundamental studies concerning collective behavior.
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 1 Figure 1. Schematic overview of the oxygen evolution mechanism in Pyracantha coccinea leaves (A) Picture of collected Pyracantha coccinea leaves (B) Photochemical reaction path (PSI and PSII) during photosynthesis. (C) Schematic microscopic view of a leaf cross section during oxygen evolution (D) Macroscopic view of oxygen transport towards the central vein and its release as bubbles at the artificially created outlet.
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 2 Figure 2. Light-driven variations of oxygen evolution from leaves. (A) First row: Optical images of the oxygen evolution of a leaf exposed to different light intensities i.e. 100, 80, 60, and 40 % (100 % corresponds to 10 lumen/cm2). Second row: Different leaves with sizes of 20, 10, 5 and 0.5 mm were tested under UV-Vis light irradiation (100 %). Arrows indicate the individual bubbles (B) Graphical representation of the number of bubbles vs light intensity and leaf size. (C) Histogram of the oxygen evolution rate in different aqueous media. 1-CO2 saturated water, 2-air-saturated water, 3-N2
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 3 Figure 3. Oxygen evolution confirmation. (A) Schematic illustration of oxygen evolution and its electrochemical analysis on a Pt microelectrode. (B) Voltamperometric curves of oxygen reduction with either CO2 or O2 present in the gas phase above the liquid (C) i vs t plot extracted from the experiment of Figure B, illustrating the mechanical impact of the oxygen bubbles on the microelectrode. (D) Correlation between faradaic current and collected charge for each impact of an oxygen bubble at the microelectrode.

Figure 4 .

 4 Figure 4. Light triggered microswimmer motion. (A) Optical images of the localized oxygen production at the primary vein of a microswimmer, (B) and (C) Trajectory of the microswimmer during acceleration and deceleration, respectively. The black circle in (B) indicates the position of the swimmer when the light is switched off, whereas the white circle in (C) corresponds to the final rest position of the swimmer. (D) Plot of the displacement as a function of time during acceleration and deceleration of the microswimmer. A UV-VIS lamp (150 W) was used for illumination.

Figure 5 .

 5 Figure 5. Comparison of pristine and hybrid macroswimmers. (A) Schematic illustration of oxygen evolution from a pristine and supported leaf. (B) Distance traveled as a function of time for an allnatural and a hybrid macroswimmer. (C) and (D) Trajectories of a pristine and supported leaf, respectively. The size of the leaves is around 1 cm, 100 % intensity of a lamp with 150 W power.
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