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Figure 5 | RNA encapsulation and redistribution. (a-b) Schematic drawing showing the 

experimental setup. (a) An open-space microfluidic device is used for the superfusion of RNA-
oligonucleotides with a designated membrane area populated with protocells. (b) IR laser is activated to 
induce fusion, leading to the redistribution of pre-encapsulated RNA into the fused protocell. (c-d) RNA 
uptake. (c) Confocal micrograph of a membrane area with the microfluidic pipette re-circulating RNA above 
it (top view). The protocells in the recirculation zone appear as black dots. (d) Magnified view of the blue 
frame in (c) after termination of recirculation. Two protocells contain RNA. (e-m) Laser scanning confocal 
microscopy images showing the fusion of RNA encapsulating protocells and redistribution of contents upon 
fusion. (e-g) Membrane, RNA fluorescence and bright field channels are overlaid. (h-j) membrane 
fluorescence channel only. (k-m) RNA fluorescence channel only. (n-p) Plots showing the fluorescence 
intensity over the white dashed arrows in (k),(l) and (m), respectively. (r-t) Laser scanning confocal 
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microscopy images showing the fusion of RNA-encapsulating protocells and redistribution of contents upon 
fusion. Membrane, RNA fluorescence and bright field channels are overlaid.  

Discussion 

Protocell nucleation sites: Fig. 2g reveals that, once the protocells nucleate, their total 

number remains constant during growth. This indicates that the sites of the nucleation are 

pre-determined and nucleation is enhanced by the increased temperature. In Fig. 1j the 

locations of the nucleation appear to coincide with Y- and V-junctions23 on the nanotubes. 

Such membrane topologies are caused by pinning, i.e., simultaneous binding of Ca2+ to 

multiple lipid headgroups, which is facilitating the cohesion between two stacked bilayers 
8,24,25 or between a bilayer and a solid interface8,26,27. In a previous study, the 

transformation of a Y-junction to a small vesicle, due to chemical chelator-induced de-

pinning of Ca2+, has been already shown23. In the current study, the Ca2+ de-pinning and 

reversal of membrane adhesion is not caused by chelators, but is due to the temperature 

increase9. The compartments are also observed exclusively at junction points (Fig. 1j). 

Mechanism of rapid growth and fusion: The main driving force for the transformation 

of the nanotubes to protocellular compartments is the minimization of membrane 

curvature. The natural growth process in the previously reported system was slow (~h)3. 

The membrane replacement rate for the spontaneous inflation of a tube to a 5 μm vesicle, 

was estimated the to be ca. 2x10-3 µm2/s3. In contrast, in the current study the 

transformation occurs within minutes. We estimate the replacement rate to be 2 µm2/s, 

about three orders of magnitude higher than observed at room temperature. We attribute 

the facilitated protocell growth to the enhanced ability of lipid material to flow to the area 

of nucleation, due to the temperature increase in that area. The locally elevated 

temperature causes an increase in the membrane fluidity and in the membrane tension in 

the affected area. The tension increase causes Marangoni flow of lipids in the surrounding 

membrane region with relatively low membrane tension, towards the heated membrane 

region with high tension. The result is the rapid growth of previously nucleated vesicular 

buds to cell-sized unilamellar compartments, some of which eventually establish physical 

contact with each other.  

Fusion of lipid compartments that are in close proximity does not occur spontaneously, 

but requires external stimuli. There have been several studies focusing on the fusion of 

giant amphiphile vesicles as model systems of proto- or contemporary cells. The reported 

fusion mechanisms vary. Some examples are the fusion driven by attraction of oppositely 

charged vesicles28, fusion induced by multivalent ions between vesicles of special 

amphiphilic compositions, e.g. Eu3+29 or La3+30, ultraviolet light radiation-induced fusion 31, 

electrofusion32, fusion involving amphiphilic catalysts33, also in combination with thermal 

cycles and pH changes34, and the fusion mediated by the hybridization of complementary 

SNARE proteins35 or DNA linkers 36, embedded in initially distinct vesicle membranes.  
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The vesicular membranes we utilize in this study do not contain embedded species which 

would facilitate fusion. The membranes and their individual monolayer leaflets possess 

the same composition, thus they are free of spontaneous curvature and have the same 

electrostatic potential. All experiments are performed at constant pH, under identical 

conditions. The main stimulus for fusion is the controlled increase in temperature. The 

temperature increase is known to lower the microviscosity of the membrane and facilitate 

the formation of defects, especially in the presence of multivalent ions37,38. Ca2+ binding 

perturbs the membrane by pulling the headgroups inwards24,37, causing formation of 

defects. With localized heating this process is facilitated38, resulting in fusion39. 

Impact of nanotubes in growth and fusion: Fig. 3 and Fig. 4 shows that the nanotubes, 

which physically connect distant protocells, facilitate fusion. During growth, the nanotubes 

can provide an additional advantage for compound delivery. They provide a transport 

pathway for a continuous influx of molecules through the network, by which larger 

molecules can potentially also be transported. The transport of molecules or particles 

through nanotubes occurs by diffusion 40,41, or is tension-driven (Marangoni flow)14,15. The 

transport phenomena within the nanotube networks have not been investigated here, but 

the earlier established evidence of nanotube-enhanced transport between lipid vesicles 

combined with the involvement of nanotubes in the fusion process, as elucidated in this 

study, points to a beneficial contribution of an existing tubular network for growth, transport 

and fusion of protocells. 

Impact of temperature in the context of origin of life: In this study we show that a 

successive increase in temperature from 20 °C to approximately 40, 70 and 90 °C on a 

nanotube network facilitates the nucleation, growth and fusion of surface adhered 

protocells. The role of temperature has been a central discussion point in the origin of life 

debate 42. The competing hypotheses regarding the environment for the emergence of the 

RNA world, concentrate either around deep ocean hydrothermal vents, or around warm 

ponds42. A major criticism for the emergence of life in hydrothermal environment43 has 

been the hot temperatures, large pH gradients, high salinity and high concentrations of 

divalent cations, which may adversely affect the amphiphile compartment formation. The 

hot environments typically referred to in such discussion involve black smoker type 

hydrothermal vents where temperature can commonly exceed 300 °C. In 2000, a new 

type of hydrothermal vent: the Lost City hydrothermal field (LCHF) with a chemical 

composition similar to lavas that erupted into the primordial oceans on early Earth, was 

discovered44. The temperature range of the LCHF is 40-90 °C, surprisingly similar to the 

experimental conditions used in this work that promote compartment formation, growth 

and fusion. This temperature range also represents the conditions in warm ponds: 50-80 

°C42. Recent evidence shows that the mixtures of single chain amphiphiles form vesicles 

most readily at temperatures of ~70 °C in aqueous solutions containing mono- and 

divalent cations in broad pH range7. In the light of these observations, it appears that warm 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.980417doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.980417


15 
 

temperatures of ponds or LCHFs can allow and even favor protocell 

compartmentalization. Our investigation focusing on the subsequent steps, i.e. the rapid 

growth and fusion, is in alignment with these recent findings.  

Apart from temperature, another point disfavoring the hydrothermal vent hypothesis over 

the warm pond hypothesis, has been the lack of dry-wet cycles, which is known to 

significantly facilitate polymerization, e.g. from nucleotides to RNA42. In our experiments, 

the lipid reservoirs, i.e. multilamellar vesicles (MLVs), from which the double bilayer films 

spread and proceed to protocell formation, are the product of a dry-wet cycle. The lipid 

layers form in a dry environment and upon hydration they spontaneously form MLVs. It is 

conceivable that this is a repeatable process. Accordingly, protocell formation, growth and 

fusion events we report here can in principle occur during dry-wet cycles. 

Conclusion 

We show that the nucleation, growth and fusion of protocells are significantly accelerated 

and enhanced at temperatures ranging from 40 to 90 °C. Some of the protocells 

generated in this manner have been demonstrated to encapsulate RNA, and to 

redistribute it upon fusion with other compartments. In the context of protocell 

development on the early Earth, these results suggest that both Lost City-type 

hydrothermal vents, and warm ponds could have been a suitable environment for protocell 

formation, growth and fusion events. Additionally, a supporting surface in conjunction with 

the physical interconnections provided by the spontaneously formed nanotubular 

networks pose an advantage over lipid assemblies in bulk solution. Neighboring vesicles 

can join and fuse more rapidly than in bulk suspensions, where protocells would only 

randomly encounter each other for limited periods of time. To what extent it is possible for 

emerging protocells to chemically communicate prior to, and during, fusion processes 

through interconnecting tubes remains to be elucidated. If this can be verified, new 

hypotheses for primordial chemical transformations within primitive membrane structures 

in the early Earth environment can be experimentally investigated.  

Materials and Methods 

Surface fabrication & characterization. A ~84 nm SiO2 film was deposited onto Menzel 

Gläser (rectangular) or Wilco Well (circular) glass substrates by either E-beam, or thermal 

Physical Vapor Deposition, using an EvoVac (Ångstrom Engineering) or L560K (Leybold) 

evaporator. The thickness of the films was verified by ellipsometry (SD 2000 Philips). No 

pre-cleaning was performed before deposition. The substrates were stored at room 

temperature prior to use.  

Formation of lipid nanotube network and protocells. The lipid nanotube network on a 

solid supported bilayer was formed as described earlier3. Briefly, a stock suspension of 

multilamellar lipid reservoirs containing 50% soybean polar lipid extract, 49% E. coli polar 
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lipid extract and 1% Rhodamine-PE or Cy5-PE were prepared by the 

dehydration/rehydration method45. An aliquot of 4 µl from this suspension was dehydrated 

in a desiccator for 20 min. The dry film was rehydrated with ~1 ml of HEPES buffer 

containing 10 mM HEPES and 100 mM NaCl, pH 7.8, for 10 min to form multilamellar 

reservoirs. The reservoirs were then transferred into an open-top observation chamber on 

a SiO2 substrate. The chamber contained ~1 ml of HEPES buffer with 10 mM HEPES, 

100 mM NaCl and 4 mM CaCl2, pH= 7.8. On the SiO2 substrate the reservoirs self-spread 

as a double bilayer. The distal bilayer ruptures8, and a nanotubular network forms on the 

proximal bilayer3. Protocells on nanotubes were either formed spontaneously overnight 

(RNA redistribution experiments) or within seconds or minutes using local IR-B radiation 

(nucleation, growth and fusion). 

Heating system. The lipid-nanotube network was heated locally using IR-B laser 

radiation through a flat optical fiber tip. A 1470 nm semiconductor diode laser (Seminex) 

in combination with a 50 µm core diameter, 0.22 NA multimode optical fiber (Ocean 

Optics). The fiber was prepared by removing the outer sheath cladding, followed by 

carefully cutting and polishing using a fiber cleaning kit (Ocean Optics). The fiber was 

positioned using a 3-axis water hydraulic micromanipulator (Narishige, Japan) and the tip 

was located at 50 µm from the surface, resulting in a volume of approximately 1 nL being 

efficiently heated. Three different laser intensities were employed. The laser current was 

adjusted to 0.72 A (protocell nucleation), 0.97 A (growth) and 1.21 A (fusion). The 

temperature was determined directly by a micro-thermocouple in-situ (cf. supplementary 

information S2 for details).  

Encapsulation with microfluidic pipette. An open-volume microfluidic device/pipette 21 

(Fluicell AB, Sweden), positioned using a second 3-axis water hydraulic micromanipulator 

(Narishige, Japan), was used to expose the matured surface-adhered protocells to Ca2+-

HEPES buffer containing 100 µM fluorescein sodium salt (Sigma Aldrich), 40 µM FAM-

conjugated RNA oligonucleotides (Dharmacon, USA), at pH 7.8. 

Microscopy imaging. A confocal laser scanning microscopy system (Leica SP8, 

Germany), with an HCX PL APO CS 40x (NA 1.3) oil objective was used for acquisition of 

the confocal images. The utilized excitation/emission wavelengths for the imaging of the 

fluorophores, were as follows: λex: 560 nm, λem: 583 nm for membrane fluorophore 

Rhodamine-PE, λex: 655 nm, λem: 670 nm for Cy5, λex: 488 nm, λem: 515 nm for fluorescein 

(SI), λex: 494 nm, λem: 525 nm for FAM.  

Image processing/analysis. 3D fluorescence micrographs were reconstructed using the 

Leica Application Suite X Software (Leica Microsystems, Germany). Image 

enhancements to fluorescence micrographs were performed with the NIH Image-J 

Software and Adobe Photoshop CS4 (Adobe Systems, USA). Schematic drawings and 

image overlays were created with Adobe Illustrator CS4 (Adobe Systems, USA). Protocell 
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counts, density, size distribution, total membrane area and volume analyses were also 

performed in Image-J and plotted in Matlab R2018a. The analysis of protocell number and 

size over time during fusion was performed with Matlab. Fluorescence intensity profiles 

were drawn in Matlab after applying median filtering.  
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