How Does Thermal Gradient Contribute to
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Abstract—Molecular self-assembly is fundamental to biolog- first step to resolve this problem, we performed an experiment
ical systems. In this paper, we report an experiment on mi- to determine the position in the thermal gradient capillary on
crocapsule formation by proteinoids in a thermal gradient \hich microcapsules are formed. In this paper, we report the
capillary simulating thermal gradient condition in micropores . .
found around submarine hydrothermal vents. We found that res_ult of thg experiment and present a hypothesis on the mech-
proteinoid microcapsules were formed in a narrow band region a@nism of microcapsule formation based on the experiment.
between heat source and sink. We present a hypothesis on how
thermal gradient contributes to the microcapsule formation and Il. MATERIALS AND METHODS
discuss potential implication for chemical evolution toward the L-aspartic acid and L-proline of equal molar weight were
emergence of living systems. - ; heated at200°C for 3 hours under normal atmospheric
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gradient, microcapsule condition to form proteinoids. The reaction products were

solubilized in distilled water at boiling temperature for 20
|. INTRODUCTION min. The solution was immediately cooled down in an ice-

Understanding self-assembling processes is an importhath. DP-molecules self-assembled into microspheres whose
issue in both natural and engineering sciences [1]. One @ameters were severalm in the suspension. To separate
the most fundamental self-assemblies relevant to biologi¢he molecular species called DP1 of molecular weight about
systems is that by molecules. In this paper, we report 4000 that constitutes microspheres, the suspension was then
experiment on molecular self-assembly by thermal heterocofiitered by polystyrene membrane filter of pore size (a5
plex molecules from amino acids (in short, proteinoids) undéhe microspherical sediments remaining on the filter were
submillimeter-scale thermal gradient condition. washed several times by distilled water. After reduced-pressure

Proteinoids have been considered as one of prebioditying for one night, the weight of the dried microspherical
molecules that play a potential role in chemical evolutiosediments was measured to obtain a suspension of proteinoids
toward the emergence of life [2]. They are easily yieldedf 15 mg/ml. The suspension of proteinoids was preserved at
by heating several kinds of amino acids under normal atmé>C.
spheric condition. They spontaneously form phase-separatedhe resultant suspension was loaded into a borosilicate
microspheres in agueous environment, whose inside is dengaigrocapillary with a square section (inner diameter /00
packed by proteinoids [3]. Sakurazawa et al. [4, 5] showed thztter diameter 70@m, length 5.0cm). The top and bottom
if a suspension of proteinoids is altered by weakly basic buffef the capillary were sealed with epoxy. Then it was put on a
from the original weakly acidic suspension, then microspherBeltier device (SPE-UC-100, Sakaguchi) horizontally. Another
are transformed to microcapsules. Peltier device was put upside-down on the microcapillary. The

Recently, one of the authors reported that microcapsulesperiment consists of four steps (Fig. 1): (i) the temperature
are formed in a thermal gradient capillary without pH contradf both upside and downside Peltier devices was kept at
[6]. The thermal gradient capillary was constructed to simulag°C for 3 hours to dissolve the microspheres in the loaded
the submillimeter-scale thermal gradient environment found guspension. (i) The temperature of the upside Peltier device
micropores within mineral precipitates surrounding submarineas still kept at80°C while that of the downside one was set
hydrothermal vents that had been considered as potent@R0°C and kept for 72 hours. As a result of this step, pro-
geological sites for chemical evolution [7]. A lateral thermaieinoids re-aggregated and consequently formed microspheres
gradient across a vertical micropore concentrates molecule®inthe bottom-side inner wall of the microcapillary. (iii) The
the pore due to coupling between convective flow and thernmralcrocapillary was rotated 90 degrees so that the re-aggregated
diffusion. Budin et al. [8] showed that this accumulatiomicrospheres were arranged along the thermal gradient. The
mechanism can concentrate oleate in a microcapillary subjé@mperature settings of the Peltier devices are the same as
to a lateral thermal gradient and lead to formation of vesicleose in (ii). After keeping this setting for 96 hours, (iv) the

In contrast to the vesicle formation by accumulated oleatajcrocapillary was directly observed by optical microscopy.
the mechanism of microcapsule formation by proteinoids in The temperature gradient across the inner diameter in steps
the thermal gradient capillary is still to be uncovered. As @) and (iii) can be calculated by assuming steady state heat
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Fig. 1. Schematic diagram of the experimental procedure. In each step, the
square section of the microcapillary is shown.

conduction across a composite slab [9]. It is given by [8]
ID(Ty — T¢)

High temperature side
Low temperature side

2(OD—1ID)+1D
g
where Ty and T¢ are temperatures of the heat source and 500um
sink, OD and ID are the outer and inner diameters of the
microcapillary, andk,, andk, are the thermal conductivities Fig. 2. An optical microscopic image of the microcapillary.

for water and borosilicate glass. By substitutihg = 80°C,

Te = 20°C, OD = 700um, ID = 500um, k, = 0.6W/mK

andk, = 1.13W/mK into (1), we obtainAT = 49.5 K. From  [6]. Both outer and inner diameters of microcapsules have a
this, we expect that the temperatufgz)°C at the position tendency that they increase as being apart from the cooled-
zpm (0 < z < 500) from the low temperature inner wall isside inner wall of the microcapillary. On the other hand, the

given by ratio between them has no evident dependence on the distance
T(x) = 0.099z + 25.25. (2) from the cooled-side inner wall (Fig. 3 (c)).
The temperature range based on (2) correspondifngia<
Ill. RESULTS AND DISCUSSION xr < 225 is 43.565 < T < 47.525. The average temperature

An optical microscopic image of the microcapillary taken i®f the positions of 63 microcapsules45.3°C. As a control
step (iv) of the experimental procedure is shown in Fig. 2. Wexperiment, we performed the same experiment as that de-
found that microcapsules were formed in the region betweggribed in Section 2 except replacing step (iii) by the following
185um and225um vertically apart from the cooled-side innexiii): (iii’) after the microcapillary was rotated 90 degrees,
wall of the microcapillary. Microcapsules typically containedhe temperatures of the two Peltier devices were both set to
inner microspherical kernels. This feature was found ar@°C and kept for 96 hours. In this control experiment, no
confirmed by scanning electron micrographs in our previotiicrocapsule was found by optical microscopic observations.
work [6]. Since the thermal gradient given in step (iii) was parallel

In Fig. 3 (a) and (b), we plotted outer and inner diametets the gravitational field and decreases from the top to the
(namely, outer diameters of microspherical inner kernels) of ®ttom, convection flow could not occur in our experiment.
microcapsules identified in optical microscopic images againgtius, molecular transport resulting from the thermal gradient
the distance from the cooled-side inner wall of the micrawould be dominated by that caused by thermal diffusion. Con-
capillary. The averages of the distances, outer diameters &mkering the result of the control experiment, we hypothesize
inner diameters are 202/, 6.1um and 3.im, respectively. that thermal diffusion flow of dissolved proteinoids at high
One can see that the region in which microcapsules wesmperature region in the microcapillary contributes to the
formed is betweeni85um and225um vertically apart from microcapsule formation found in our experiment: microspheres
the cooled-side inner wall of the microcapillary. This is 8ocated in the region where microcapsules were formed would
percentages of the whole surface area of the inner wall dissolve slowly because of moderately high temperature in
which microspheres were formed in step (ii), which explainhie region. In the case of microcapsule formation by pH
the small microcapsule yield found in our previous workontrol, it was suggested that re-aggregated proteinoids that



9r - , T
o
8 L9 oo 1
T 7F m oY E ,
E = o G
a 6l % o D]D & O | [1]
© 55 o8 0 5" &P DDD o
o
5L o g ,
e © 2]
4t o7 @ i
o
3 Il Il Il Il [3]
180 190 200 210 220 230
X (um)
b
®) 6 T
o
55 | o ,
5F ,
[4]
45 | 1
’E\ a]
= 4 o] B
) 7 o5 o
35 o DDDD o DDD B
3r %DD@DD DDDDEDP T [5]
oo o s 3o o
25 e m i
2 dﬁ‘ o ” ! ! !
180 190 200 210 220 230
X (um)
© [6]
09 o ,
0.8 | 1
0.7 - b
8 ° .
L 06 o 1
a
=] 05 o] E‘% %E%:@: 5 %@ oo
i g oo EEE DE @ o
8B o
04 o o - [7]
03 | ,
0.2 L L L L
180 190 200 210 220 230
X (um)

Fig. 3. (a) Outer diametergXD), (b) inner diameters/(D) and (c) the ratios
I1D/OD of 63 microcapsules found in optical microscopic images are plottec{8]
against the distance from the cooled-side inner wall of the microcapillary.

form microcapsules near the surface of dissolving micro-
spheres have different kinetic property of dissolution [5]. IlO]
similar change on kinetic property of proteinoids occur at hi
temperature, then dissolved proteinoids carried by the thermal
diffusion flow could re-aggregate near the surface of the slowly
dissolving microspheres due to hypothetical conformational
changes in each proteinoid. Consequently, microcapsules could
be formed around the microspheres, while the microspheres
would still keep dissolving slowly and thus they are observed
as inner kernels.

The surfaces of proteinoid microspheres and microcapsules
could be “physical catalysts” on which occurrences of chemi-
cal reactions involving prebiotic molecules are facilitated [10].
Moreover, microcapsules could work as compartments that
encapsulate other prebiotic molecules on the primitive earth.
Thus, our finding suggests that prebiotic material aggregates
that could be both primitive compartments and catalysts can
spontaneously emerge in a natural geological condition.
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