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Abstract

Alpha hydroxy acids (AHAs) play various roles in modern biology such as in metabolism, but could have played different
roles as “non-biomolecules” at the origins of life. Specifically, lactic acid (LA) and other AHAs can polymerize into
polyesters and subsequently assemble into membraneless microdroplets (MMDs) upon dehydration-rehydration cycles,
suggesting that polyester MMDs could have been relevant protocell models on early Earth. However, in particular, how the
harsh conditions of early Earth, namely salinity and decreased reactant volume/concentration, could have affected primitive
LA polymerization and subsequent MMD assembly is unclear. In this study, we found that while monovalent salts such as
NaCl and KCl did not inhibit LA polymerization and MMD assembly even at high concentrations (up to 1 M), divalent salts
such as MgCl, and CaCl, were inhibitory at much lower concentrations. Additionally, we found that lower reaction volumes
and concentrations, potentially simulating confined microenvironments on early Earth, still supported LA polymerization
and MMD assembly to some extent, albeit with decreased efficiency. These results suggest that early Earth’s environmental
conditions could have still supported the polymerization of LA and the formation of MMD-based protocells in a variety of
settings despite being quite harsh and variable.
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Fig. 1 Illustration of possible prebiotic environments on early Earth
relevant to AHA-related chemistries. These phenomena and conditions
include a volcanic eruptions, a possible source of AHAs and mineral-
rich substrates; b lightning, potentially driving the abiotic synthesis of
AHA molecules through high-energy spark discharges; ¢ extraterrestrial
delivery of carbonaceous meteorites as a source of AHA and salts;
d rock weathering, leading to the leaching of minerals, releasing salts
into streams, rivers, and oceans; e primitive water bodies, serving as

[1-4]. One such so-called “non-biomolecule” is the alpha-
hydroxy acid (AHA), which is structurally similar to alpha-
amino acids and was likely available on early Earth as a
result of terrestrial spark discharge [5, 6], ultraviolet irra-
diation reactions [7], hydrothermal reactions [8], or extra-
terrestrial deliveries via carbonaceous meteorites [9, 10].
AHAs can then polymerize into polyesters through dehy-
dration synthesis via heating under mild temperatures,
mimicking the dry phase of wet-dry cycles [11-13]; dehy-
dration reactions with both AHAs and alpha-amino acids
produce depsipeptides [14], a proposed primitive precursor
to peptides. Upon aqueous rehydration, the resulting gel-
like polyesters then assemble into membraneless compart-
ments in the form of microdroplets due to phase separation
[15]. These membraneless microdroplets (MMDs), with
their unique localized polymeric components, can segregate
various chemicals (e.g., nucleic acids, salts, or small
molecule dyes) [16, 17], suggesting their plausible role in
chemical evolution and as protocells [15, 18, 19].

While the polymerization of AHAs are a prerequisite for
the formation of MMDs in primitive environments, envir-
onmental conditions on early Earth, such as extreme tem-
peratures (e.g., volcanic heat) [20], high salinity [21-24],
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reservoirs for dissolved AHA and salts; f puddles, which could exist
from ebb and flow of water and facilitate cycles of
hydration—dehydration critical for polymerization reactions; g magnified
view of rock pores to emphasize their possible role as localized micro-
environments for prebiotic AHA polymerization; h geothermal heat; and
i solar radiation, which possibly could provide the energy required for
prebiotic polymerization reactions

fluctuating pH (e.g., acidic or alkaline pools) [25, 26], high
pressures (e.g., deep-sea environments) [27, 28], or expo-
sure to intense solar radiation (e.g., ultraviolet light) [29],
could significantly influence, disrupt, or even completely
inhibit AHA polymerization and subsequent MMD
assembly.

In particular, salts were highly abundant on early Earth
[30, 31] and were produced through processes such as
hydrothermal activity [32], volcanic activity [33], and ser-
pentinization [34]. Thus, it is plausible that the potential
high concentration of salts in a variety of primitive envir-
onments on early Earth could inhibit or at least affect AHA
polymerization or subsequent MMD assembly. Further-
more, various types of aquatic environments, ranging from
vast oceans to small and transient water bodies such as
pores at the ocean, river banks and deltas, cavities within
rocks, shallow pools, puddles, and tidal flats [35] could
have existed on early Earth (Fig. 1). Smaller and more
confined environments could facilitate localized high con-
centrations of reactive molecules, enhancing the likelihood
of molecular bonding and polymerization [36]. In contrast,
larger, more dilute environments might have hindered these
processes due to lowering concentration of AHA reactants.
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Fig. 2 A block diagram showing the conditions tested in this study.
Effects of A salts and their concentrations, B volume constraints, and
C varying LA concentrations on LA polymerization and MMD for-
mation. The dehydration was performed at 80°C for 5-6 days,

For instance, small water bodies (e.g., tide pools or geo-
thermal pools) or being within porous rocks could con-
centrate the AHA monomers and facilitate polymerization,
overcoming the dilution effects prevalent in larger bodies of
water. Thus, whether AHA polymerization and subsequent
MMD assembly could still occur within such confined or
dilute conditions remains only minimally explored [37].
Previously, we found that the polymerization and sub-
sequent MMD assembly of phenyllactic acid (PA), an AHA
that shows robust primitive synthesis and MMD assembly
properties, may be hindered at lower reactant volumes and
concentrations and at higher concentrations of divalent
salts, i.e., 100mM CaCl, (somewhat suppressed poly-
merization) [16] and 1 M MgCl, (complete inhibition of
polymerization) [37], but not monovalent salts such as NaCl
and KCl even at concentrations as high as 1 M [16, 37].
Based on these findings, we speculated that increasing the
salt concentration and decreasing the reaction volume and
concentration could hinder AHA polymerization and MMD
assembly in general. We thus extend our previous studies to
probe lactic acid (LA) polymerization under similar extreme
early-Earth conditions as a proxy representative AHA to
investigate primitive polyester polymerization and sub-
sequent MMD assembly more generally. We specifically
chose LA due to its simple structure, plausible ubiquity, and
stability on early Earth, as PA may not be as prebiotically
plausible as LA (PA contains more than eight carbon
molecules and larger molecules are considered less
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yielding polyLA. Subsequent rehydration in H,O: ACN transitions
polyLA into MMDs, highlighting the critical role of concentration,
ionic conditions, and volume in facilitating prebiotic polymerization
and droplet formation

prebiotically plausible [38, 39]), and its robustness in rele-
vant prebiotic polymerization and MMD assembly studies
performed by our lab to-date [12, 15, 17, 40, 41]. For
instance, LA is reported to have existed in carbonaceous
chondrites (e.g., Ryugu) [42, 43], detected in
Miller—Urey—type spark discharge reaction products [6],
and derived from the decomposition of polycyclic aromatic
hydrocarbons from anoxic sulfur-rich atmospheres and iron-
rich dust [44] and hydrothermal vents on early Earth [8].
The photoactivity of LA under ultraviolet-C radiation from
the prebiotic Sun also demonstrates its stability in such
environments, further supporting its potential presence and
persistence during Earth’s early stages [16, 45].

In this study, we probed LA polymerization at 80 °C
(typically used in previously published studies) and sub-
sequent MMD assembly in the presence of NaCl, KCI,
MgCl,, and CaCl, at concentrations of up to 1 M (Fig. 2).
We specifically chose these chloride salts due to their
abundance in modern seawater (0.4-0.5 M [46], 10 mM
[47], 50 mM [47], and 10 mM [46], respectively), their
potential availability in ancient water bodies [48], icy
moons [49, 50], their roles in prebiotic chemistry [51-53],
and their relevance in modern biology, which may indicate
their function at the origins of life. Specifically, monovalent
ions such as Na® and K" maintain electrochemical gra-
dients across cellular structures [54, 55] and could have
been crucial for early molecular interactions and the
development of primitive cellular structures. Similarly,
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divalent ions such as Mg>™ and Ca®" could have been
important players in primitive nucleic acid polymerization/
function [56] or structural integrity and assembly of early
molecular systems due to their ability to facilitate gel for-
mation and crosslinking [57-59]. To simulate small-scale
aqueous microenvironments, we also investigated LA
polymerization and subsequent MMD assembly at reduced
volumes down to 5L and at reduced reactant concentra-
tions down to 1 mM (Fig. 2). These findings highlight the
necessity of balancing localized concentration and volume
effects with environmental constraints such as salinity to
understand how primitive AHA polymerization and polye-
ster assembly processes might have occurred under more
realistic prebiotic settings and for more than just one type of
AHA in general.

Materials and methods
Chemicals

DL-Lactic acid (LA) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Acetonitrile (ACN) was purchased
from Merck (Darmstadt, Germany) or Tokyo Chemical
Industry (Chuo-ku, Tokyo, Japan). All salts (sodium
(NaCl), potassium (KCl), calcium (dihydrate) (CaCl,), and
magnesium (hexahydrate) (MgCl,) chlorides) were pur-
chased from Nacalai Tesque (Kyoto City, Kyoto, Japan).
Ultrapure water was produced by a Barnstead™ Smart2-
Pure™ water filtration system (Thermo Fisher Scientific,
Waltham, MA, USA).

Synthesis

We prepared stock solutions of LA by dissolving an
appropriate amount of LA in ultrapure water to produce a
final 500 mM concentration; this stock solution was used
for all synthesis experiments. 2 M, 200 mM, and 20 mM
stock solutions of each salt were also prepared by dissolving
each salt in ultrapure water. Without adjusting pH, the LA
stock solution was then diluted to the appropriate con-
centration (or used without dilution), and the appropriate
volume was transferred into a 1.5mL Eppendorf tube
(Hamburg, Germany), followed by the addition of the
relevant salt stock solution (if applicable). This tube was
then heated to complete dryness at 80 °C for 5-6 days with
the cap open in a dry bath (Sahara 310 or Sahara 320,
Rocker Scientific, New Taipei City, Taiwan) in a draft
chamber. In detail, for experiments in the presence of salts,
250 uL of 500mM LA was added to 250puL of the
respective salt stock solution (2 M, 200 mM, or 20 mM),
leading to a final salt concentration of 1 M, 100 mM, and
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10 mM, respectively. For experiments varying LA con-
centration, 500 uL of the appropriate LA stock solution
(500 mM, 50 mM, 5mM, or 1 mM) was used. For experi-
ments varying LA volume, 500 uL, 100 uL, 20 uL, or 5 pL.
of the 500 mM LA stock solution was used.

MALDI sample preparation and analysis

We subjected the synthesized polyester samples to positive
MALDI-Time of Flight (ToF)-MS analysis through the
Institute of Science, Tokyo (formerly Tokyo Institute of
Technology) Materials Analysis Division (ultrafleXtreme
Bruker Daltonics, Billerica, MA, USA; external mass cali-
bration was performed by the user facility using standard
peptide mixtures). The facility first dissolved samples in 9:1
tetrahydrofuran (THF):water (samples with salt) or pure THF
(samples without salt) to 10 mg/mL if the sample mass was
known. If the sample mass was unknown, the sample was
dissolved in a total of 100 uL. of 9:1 THF:water or THF.
DCTB (3-(4-tert-butylphenyl)-2-methyl-2-propenylidene
malononitrile) and CHCA (alpha-cyano-4-hydroxy-cinnamic
acid) were used as sample matrices for all samples. DCTB or
CHCA was then dissolved in THF to 10 mg/mL and then
mixed with each sample (10:1 (v/v)), followed by application
to the MALDI plate and subsequent analysis. We acquired
each sample in singlicate in each matrix, leading to each
sample being analyzed in duplicate on aggregate.

Monoisotopic peaks were then identified by isolating the
highest intensity peak in an isotope envelope corresponding to
a polymer product using a peak list generated from the
mMass software (Open Source Software, Prague, Czech
Republic). Major peaks were isolated by applying the fol-
lowing parameters: S/N > 10, absolute peak intensity >1000,
and baselining (100 precision and O relative offset). Mass
accuracy in ppm was calculated by comparing the observed
mass with the calculated mass for major peaks corresponding
to polymerization products. The intensities of all spectra
peaks were plotted and normalized as follows. The A72.06 Da
mass ladder observed between adjacent peaks serves as clear
evidence of LA polymerization resulting from water loss
occurring during the polymerization process. We normalized
each spectrum based on the intensity of the highest peak
observed across all conditions in the same set of experiments
(salt: 10mM, 100 mM, and 1M; concentration: 10 mM,
100 mM, and 1 M; volume: 5 uL, 20 uL, and 100 pL) using
the same matrix. For example, in the set of variable NaCl salt
concentration experiments using CHCA, the highest intensity
peak was observed in the 1 M NaCl 4 250 mM LA reaction,
and thus spectra containing 100 mM and 10 mM of NaCl
using CHCA matrix were also normalized based on this peak
intensity. Detailed peak lists are presented in the Supporting
Information.
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Fig. 3 Comparison of MALDI-ToF-MS spectra (CHCA matrix) of LA
synthesis under varying concentrations of A 10 mM, B 100 mM, and
C 1 M of different salts, which are NaCl, KCIl, MgCl,, and CaCl,. No
polymers were detected in 1 M MgCl,, 100 mM CaCl,, or 1 M CaCl,.
The estimated center of mass (m/z) and length (mers) of polyLA
products measured for each spectrum are denoted by thin red dashed

o

Center of mass estimation

We estimated the center of mass (the polymer length and size
where the summed sodiated polymer peaks below the center of
mass are equal to those above) of all spectra using a previously
published semi-quantitative method [41]. This estimation does
not take into account unreacted monomers or other adducts, and
because MALDI is not inherently quantitative in the absence of
intensity standards, this estimation is simply a semi-quantitative

0 200 400 600

0 200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

800 1000 1200 1400 1600 1800 2000
m/z

lines. Peaklists of these spectra with evidence of polyLA formation are
presented in Supplementary Tables S1-S9. Similar results were
observed in MALDI-ToF-MS spectra using DCTB as the matrix,
which are presented in Supplementary Fig. S1 along with their
peaklists in Supplementary Tables S10-S18

approximation; the precise center of mass may be slightly dif-
ferent than estimated.

In particular, all sodiated polymer peak intensities for each
sample were summed (Ii). For a polymer of length n (P,),
the intensities of all sodiated polymer peaks below and equal
in mass to the peak representing P, were also summed (I,,). I,/
Liotn Was then calculated as the fractional spectral mass
intensity below and including the peak representing P,. The
peak where I /Iy, exceeds 0.5 was estimated as the
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Estimated center of polymer length (mers)
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Fig. 4 The estimated center of polymer length (in mers) as a function
of salt concentration (10, 100, and 1000 mM) for KCI, NaCl, MgCl,,
and CaCl,. The values are derived from the polymer length

approximate “center of mass”. A more accurate center of
mass was then calculated by subtracting the fractional offset
value 72.021 1*(I /Ty — 0.5)/[(I; — I/ Iioia] from the mass of
the peak representing P, (72.0211 represents the mass dif-
ference between adjacent polymer peaks), as well as by
subtracting the fractional offset value (I/Iig — 0.5)/[(I, — L)/
Tiotar] from n.

Microscopy

We first hole-punched strong-type double-sided tape
(Naisutakku, Nichiban KK, Tokyo, Japan) and applied it
to a glass slide (76 mmx26 mm x 1 mm; Marienfeld
Glass, Lauda-Konigshofen, Germany or Matsunami Glass,
Kishiwada-shi, Osaka, Japan). We then rehydrated the
polymer samples after synthesis (directly in the Eppendorf
tube) with 4:1 (v/v) water:ACN. For all samples contain-
ing salt, the rehydration volume was 500 uL. For samples
with varying volume (500 uL, 100 L, 20 uL, and 5 pL),
the rehydration volumes were 500 puL, 100 uL, 20 uL, and
20 uL, respectively. For samples with varying concentra-
tions (500 mM, 50 mM, 5 mM, and 1 mM), the rehydra-
tion volumes were 500 uL, 5S0uL, 20uL, and 20 puL,
respectively. In some cases, due to overcrowding of dro-
plets (especially for extremely low-volume or high-
concentration samples), the rehydration volume was
increased to 50-100 uL. After rehydration, we vortexed
the sample and added 2.5 pL of each sample to the vacated
area within the tape on the glass slide. We then covered
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CaCl,

distribution obtained through spectral analysis, reflecting the effect of
each salt on polymerization; the values are presented in Supplementary
Table S19

the sample with a glass coverslip (22 x 22 mm, Marienfeld
Glass or No. 1 18 x 18 mm, Matsunami Glass). Brightfield
microscopy images were acquired using a ZEISS
AXIOSKOP 2 microscope (Carl ZEISS AG; Oberkochen,
Germany) equipped with a 40x/0.75 Plan-Neofluar
objective or on a DM5500 B upright epifluorescence
microscope (HC PL FLUOTAR 40x/0.80 PH2 air objec-
tive, Leica, Wetzlar, Germany). Images were analyzed
with a ZEISS ZEN microscope or Leica LAS X software
and analyzed using FIJI (Fiji is Just Imagel, http://fiji.sc).

LA evaporative loss estimations

500puL of a 500mM L-LA solution was subjected to
dehydration synthesis at 80°C over seven days. The
resulting product gel dry weights (9.6 mg, 9mg, and
10.7 mg) were obtained and compared to the theoretical L-
LA mass of 22.5 mg, with a calculated loss of 56.7 + 3.8%.

Results and discussion
Influence of salt on the synthesis of LA polymers

Understanding the influence of salts on the AHA-polyester
gel system is crucial for elucidating saline conditions that
could facilitate, hinder, or catalyze prebiotic polymerization
processes on Earth or even other watery planets. Our recent
study reported that the polymerization of PA can still occur in
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Fig. 5 Representative microscopy images of polyLA samples polymerized in various salts at varying concentrations, with a constant 500 uL
reaction volume. Scale bars: 50 um. Additional microscopy images are available in Supplementary Figs. S2-S5

the presence of salts, but salts can alter the surface tension and
destabilize MMDs by neutralizing the negatively charged
droplet surfaces [16], which led to MMD coalescence. To
characterize the influence of salts on the synthesis of LA-
containing polymers, we subjected LA (final 250 mM con-
centration) to NaCl, KCI, MgCl,, or CaCl,, each at 1 M,
100 mM, and 10 mM, to dehydration synthesis for 5-6 days
at 80 °C, followed by MALDI-ToF-MS analysis. Based on
our findings in this study, LA polymerization could still occur
in the presence of all salts at 10mM (Fig. 3A). At con-
centrations of 100 mM, NaCl, KCI, and MgCl, allowed the
polymerization process to occur, but CaCl, appeared to hinder
the polymerization process (Fig. 3B). At 1 M (Fig. 3C), NaCl
and KClI still allowed LA polymerization, but both MgCl, and
CaCl, hindered the polymerization process. Peaklists of
spectra in Fig. 3 with evidence of polyLA formation are
presented in Supplementary Tables S1-S9. Comparable
results were observed in the spectra obtained from MALDI-
ToF-MS using the DCTB matrix, as shown in Supplementary
Fig. S1 and Supplementary Tables S10-S18. Next, semi-
quantitative analysis by estimating the center of mass and the
length of the polyLA products (Materials and Methods)
(Fig. 4 and Supplementary Table S19) confirms these
observations and suggests that higher concentrations of
divalent salts inhibit LA polymerization while increasing
monovalent salt concentration does not appear to affect
polymerization. Additionally, among the divalent ions, Ca>"
appears to hinder polymerization to a greater degree than
Mg”". A possible mechanism for this inhibitory effect is the
stronger interaction of divalent cations with the -COOH group
of LA, leading to the potential formation of stable metal-
lactate complexes, unlike with monovalent cations [60]. This
reduces the availability of free, protonated LA monomers

necessary for ester bond formation during dehydration poly-
merization. This pattern of influence of these salts on LA
polymerization is similar to the influence of the same salts on
PA polymerization [16, 37], with divalent salts exhibiting
more inhibitory character than monovalent salts. Similarly,
Ca’* was shown to bind more strongly to -COOH than Mg>",
which appears to agree with our results where Mg”" inhibits
LA polymerization at 1 M, while Ca®" exhibits inhibitory
effects at 100 mM. A similar trend was observed in primitive
depsipeptide polymerization reactions, with Ca*" showing a
greater inhibitory effect than Mg>* [61].

Next, to assess the ability of salts at various concentrations
to affect the ability of the polyLA products to assemble into
MMDs, we performed microscopy analysis on the polyLA
gel products after rehydration in 4:1/water:acetonitrile (Fig. 5,
Supplementary Figs. S2—-S5). The microscopy images reveal
that phase transition and formation of MMDs of polyLA
synthesized in the presence of KCI and NaCl occurred at all
salt concentrations. However, it is noticeable that droplet
assembly could be consistently observed only in samples
synthesized at lower concentrations of the divalent salts CaCl,
(10mM) and MgCl, (10 and 100 mM); these observations
match roughly with the polymerization results and suggest
that only reactions with polymerized polyLA products could
assemble into microdroplets. For CaCl, specifically, micro-
scopy analyses did reveal some images that may have indi-
cated possible MMD assembly at 100 mM CaCl, but were not
consistently observed in all trials, suggesting that consistent
droplet assembly is possible only at lower CaCl, concentra-
tions. After cross-confirming the MALDI-ToF-MS data,
which showed that polyLA could not be detected in the
presence of 100 mM CaCl,, we speculate that some of the
structures observed could also have been aggregates. It is also
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Fig. 6 Comparison of MALDI-ToF-MS spectra (CHCA matrix) of LA
products synthesized from variable initial reaction volumes of
A 100 L, B 20 uL, and C 5pL at a constant 500 mM reactant con-
centration. Labeled peaks are sodiated (M+Na™). The estimated center
of mass (m/z) and length (mers) of LA products measured for each
spectrum are denoted by thin red dashed lines. Peaklists of these

possible that some LA polymerization did occur to some
degree in the presence of 100 mM CaCl, but could not be
detected by MALDI-ToF-MS due to instrument sensitivity
reasons or ion suppression.

These findings have implications for understanding the
environmental conditions conducive to LA polymerization
and MMD formation on early Earth. High concentrations of
monovalent salts, such as NaCl and KCl, which are typi-
cally associated with evaporative coastal environments [62],
which could lead to smaller water bodies such as small
pores or pools, or hypersaline brine pools [63—65] could
have supported robust LA polymerization and MMD
assembly on early Earth. Conversely, intermediate or high
concentrations of divalent salts, such as CaCl, and MgCl,,
common in mineral-rich springs or carbonate-dominated
regions, would have likely hindered primitive LA poly-
merization and MMD assembly [66]. Such high con-
centrations of divalent salt environments may have limited
the prevalence of polyLA microdroplets, suggesting that the
local ionic composition would have been a critical factor in
the emergence and stability of prebiotic compartments. For
example, places on modern Earth such as the Hephaestus
brine, Kryos brine, and Discovery brine in the Mediterra-
nean Sea [67] contain high concentrations of Nat, K%,
Mg**, Ca*", and CI'; Don Juan Pond, Antarctica [68, 69]
possibly contains high concentrations of CaCl, and NaCl,
and the Atacama Desert, Chile possibly contains high
concentrations of NaCl, which could serve as analogs for
LA polymerization processes leading to MMD formation.
These observations suggest that similar saline aqueous
media may have existed on early Earth. Additionally,
extraterrestrial aqueous environments [49, 70-75] may also
have variable salinities. For instance, saline environments of
Mg>" and Na™ salts were reported to possibly exist on the
Martian surface [76], whereas Ganymede [77, 78], Europa
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m/z

spectra with evidence of polyLA formation are presented in Supple-
mentary Tables S20-S22. Similar results were observed in MALDI-
ToF-MS spectra using DCTB as the matrix, which are presented in
Supplementary Fig. S6 along with their peak lists in Supplementary
Tables S23-S25

[79], and Enceladus [80] may harbor environments with
both monovalent and divalent salts of Na™, Mg?", and Ca*
ions. If LA were to be present in these environments, our
study provides valuable insights into the potential for
polyester and MMD formation under these extraterrestrial
conditions. Similarly, it is plausible for polyLA droplets to
form first in low-salt environments and then be transported
to other locales with higher salinity. Previous studies sug-
gested that significant salt introduction to polyPA micro-
droplets resulted in increased coalescence due to
neutralization of the negative droplet surface charge; diva-
lent salts exhibited a stronger neutralization effect than
monovalent salts [16]. We speculate that a similar trend
may also be observed in polyLA as well. Collectively, our
findings shed light on salt conditions amenable to LA
polymerization and MMD assembly and help to frame the
plausible existence of polyester MMDs on early Earth,
highlighting how salt composition could play a pivotal role
in such polymerization processes.

Lower reaction volume and reactant concentration
influence the synthesis of LA polymers

Next, we explored the polymerization of LA monomers
under dehydration conditions across variable initial reaction
volumes and reactant concentrations. We first subjected LA
stock solutions (500 mM) to dehydration at 80 °C in low
volumes of 100 pL, 20 uL, and 5 uL over 5-6 days until
complete dryness (Fig. 2). The resulting gel-like substances
were analyzed via MALDI-ToF-MS, revealing the forma-
tion of polyLA with lengths up to the range of ~21-mers
across all reaction volumes (Fig. 6 and Supplementary Fig.
S6, Supplementary Tables S20-S25). Specifically, the
center of polymer mass and average polymer length of each
variable volume reaction, estimated semi-quantitatively, did
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Fig. 7 Comparison of MALDI-ToF-MS spectra (CHCA matrix) of LA
synthesis under varying LA reactant concentrations of A 50 mM,
B 5mM, and C 1 mM at a constant 500 pL reaction volume. Labeled
peaks are sodiated (M+Na'). The estimated center of mass (m/z) and
length (mers) of LA products measured for each spectrum are denoted

not significantly differ across reaction volumes, indicating
that polymerization appeared to occur efficiently even at
significantly reduced volumes (Fig. 6).

Similarly, when the LA reactant concentration was varied
at a constant reaction volume of 500 uL (50 mM, 5 mM, and
1 mM), MALDI-ToF-MS analysis of the reaction products
revealed that the LA polymer product length appeared to be
somewhat dependent on the reactant concentration (Figs. 7
and Supplementary Fig. S7, Supplementary
Tables S26-S31). At 50 mM, the polymer lengths reached up
to 22-mers, while reactions at SmM and 1 mM yielded
shorter polymers with length maxima of 12-mers and 5-mers,
respectively. We next calculated the estimated center of
polymer mass and length (Fig. 7) of each variable con-
centration reaction, and our semi-quantitative calculation
revealed that the center of the LA polymer mass appears to
shift towards lower m/z values as the concentration decrea-
ses, indicating a likely reduction in the average polymer
length at lower reaction concentrations. This phenomenon
opens up a possibility that a lower concentration could result
in further reduction or complete inhibition of LA poly-
merization, and we speculate that reactions containing
micromolar-range concentrations of LA could result in no
product formation. Having said that, the synthesis of polyLA
under both varying volumes and concentrations exhibit a
pattern similar to our previous observations in polymerization
studies using PA as the starting material under comparable
conditions [37], suggesting that perhaps our observations for
both LA and PA could be generalized to other AHAs as well.

However, we also speculate that LA evaporation (due to
its boiling point of 122 °C) may result in loss of LA, which
could contribute to product formation inhibition especially
in high-volume (500 uL) cases (such as in Fig. 7), due to
the requirement of a longer reaction (i.e., evaporation) time
to achieve full dryness. Weight-based measurements
(Materials and Methods) suggest that more than 50% of the
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by thin red dashed lines. Peaklists of these spectra with evidence of
polyLA formation are presented in Supplementary Tables S26-S28.
Similar results were observed in MALDI-ToF-MS spectra using
DCTB as the matrix, which are presented in Supplementary Fig. S7
along with their peak lists in Supplementary Tables S29-S31

initial LA is likely lost to accumulative evaporation over
the reaction period (~one week) for 500 uL reactions.
Although for high volume, high concentration (i.e.,
50 mM) cases, a significant proportion of the initial LA
reactant is lost to evaporation over the reaction period, the
initial concentration of LA is sufficiently high, which
allows a high enough solution concentration to remain and
produce a significant amount of polymer products. On the
other hand, in high-volume, low-concentration cases (i.e.,
1 mM), as the initial LA concentration is not high, LA lost
to evaporation will significantly affect the ability for
polymer products to be produced. This phenomenon was
not as apparent for phenyllactic acid (PA polymerization),
where we observed polymerization even at 1 mM [37].
This is likely due to the fact that PA has a much higher
boiling point (363 °C) compared to LA. However, the
system studied herein also contains (1) LA monomers,
which may form H-bonds with each other and water; (2)
cyclic LA dimers, which could form from dimerization of
LA monomers and increase the boiling point; and (3) LA
oligomers, where each oligomeric addition increases the
boiling point of the oligomer. Thus, these three effects
suggest that our system may not be a simple, non-
interacting liquid, which suggests that LA evaporative
loss could actually be minimized compared to any calcu-
lated “theoretical” amount. Nevertheless, to fully under-
stand the evaporative process, more detailed modeling is
required, which is beyond the scope of this study.
Subsequently, to assess the ability of polyLA samples
synthesized under both varying reaction volumes and
reactant concentrations to form MMDs, we performed
microscopy imaging analysis on each polymerization pro-
duct after rehydration in 4:1 water:acetonitrile. Microscopy
images revealed robust MMD assembly in the 100 pL
reactions, whereas the 20 pL and 5 puL reactions displayed
fewer and less distinct droplet-like structures (Fig. 8 and
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Fig. 8 Representative
microscopy images of LA
products synthesized from
variable reaction volumes of

A 100 L, B 20 uL, and C 5L
in polymerization reactions at a
constant 500 mM reactant
concentration. Three different
images of each sample are
shown to demonstrate the
reproducibility. Scale

bars: 20 um

A)100 pL

Fig. 9 Representative
microscopy images of LA
products synthesized from
variable reactant concentrations
of A 50mM, B 5 mM, and

C 1 mM in polymerization
reactions at a constant 500 uL
reaction volume. Three different
images of each sample are
shown to demonstrate the
reproducibility. Scale bars:

20 yum

Supplementary Fig. S8). Referring to MALDI-ToF-MS
data, which revealed the occurrence of LA polymerization
in 20 pL and 5 pL reaction volumes, we speculate that the
sparse droplet-like structures seen in rehydrated LA 20 uL
and 5 puL product samples are indeed likely MMDs and that
the lower density of MMDs observed in lower reaction
volume samples could be due to the lower yield of polymers
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B)20 pL C)5 uL

B) 5 mM

formed from a lower gross amount of LA starting material
used. Similarly, polymerization products produced with
variable reactant concentrations showed similar trends as
those observed in reactions with varying reaction volumes
in the context of MMD assembly (Fig. 9 and Supplementary
Fig. S9). Specifically, microscopy images revealed robust
MMD assembly for polyLA samples synthesized at LA
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concentrations of 50 mM. However, for the LA samples
synthesized at concentrations of 5 mM and 1 mM, the dro-
plets, while present to some extent, are not as readily
observable and are less dense compared to the 50 mM-LA
samples, which appears to be in rough agreement with
MALDI-ToF-MS analyses indicating shorter products and
apparently lower yields for reactions at lower concentra-
tions. Lower polyLA product yields (due to less gross
starting material) thus result in lower MMD assembly pro-
pensity. Similarly, shorter product polyLA lengths could
also lead to lower MMD assembly propensity, as the pro-
posed mechanism for MMD assembly relies on hydro-
phobic interactions among product polymers, which
become less apolar with decreasing product length.

These results combined suggest that polyLA can form
MMDs even as products of reactions where LA concentra-
tions and volumes are much lower than 500 mM and 500 pL,
respectively, and potentially down to the sub-mM/uL range,
suggesting a wider plausibility of polyLA existence on early
Earth. These results underscore the important role of both
initial reaction volume and reactant concentration in driving
primitive LA polymerization and MMD assembly. The
interplay between reaction volume and LA reactant con-
centration could highlight a delicate balance in terms of
volume and concentration. While reduced reaction volume
appears to not inhibit polymerization, gross polymer yield
could be reduced, which potentially reduces MMD density
upon rehydration. However, such polymerization and MMD
assembly could still be possible in primitive aqueous micro-
environments such as rock pores [81], atmospheric aerosols
[82], or even sea spray [83], which possibly existed at the
scale of a few microlitres. Conversely, lower LA monomer
reactant concentrations appear to not only reduce polymer
yield but also lead to shorter polymer product lengths. This
suggests that perhaps primitive scenarios conducive to
polyLA polymerization would require sufficient concentra-
tions of LA monomers to enable polymerization and sub-
sequent MMD assembly.

Conclusion

The findings of this study demonstrate the critical influence
of the environmental conditions and locations on early
Earth, such as salt types, reaction volumes, and reactant
concentrations, on the polymerization and assembly of LA-
containing polyester polymers, shedding light on the
potential mechanisms that could have driven the poly-
merization and assembly of early biopolymers, which are
likely critical steps in the emergence of life on prebiotic
Earth. Our study revealed that monovalent salts such as
NaCl and KCl do not inhibit LA polymerization and MMD
assembly even up to high concentrations such as 1M,

whereas divalent salts such as MgCl, and CaCl,, were found
to hinder the polymerization process at higher concentra-
tions. Thus, certain salts could have allowed polyester
polymerization processes under prebiotic conditions, while
others could have posed constraints. Moreover, this study
highlights that lower reaction volumes and concentrations,
which may mimic confined microenvironments on early
Earth, may still allow LA polymerization and MMD
assembly, but these conditions could result in less robust
LA polymerization and MMD assembly, possibly due to the
decreased product yield of polyLA. Despite these limita-
tions, MMD assembly from polyLA samples was observed
even at initial LA concentrations as low as 1 mM and
volumes as low as 5L, suggesting that lower concentra-
tions and volumes can still support MMD assembly, albeit
with reduced efficiency. These observations align with
previous studies on PA polymers [16, 37], suggesting that
our observations could be extended to be generally applic-
able to other AHAs, although more specific studies may be
needed. This study underscores the importance of variations
in ionic compositions and salt identities, environmental
confinement, and reactant concentrations in understanding
the mechanisms that may have driven the transition from
simple molecules to complex, life-like systems, offering
valuable insights into the origins of life. Future work should
explore the effects of other environmental variables and
diverse AHA monomers that can form polyesters and pro-
mote subsequent MMD formation to further elucidate
potential pathways for the assembly of the first compart-
ments on Earth.
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