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Abstract: It is generally accepted that minerals were an important source of prebiotic catalysis. In this work we demonstrate
how the prebiotic sugar forming formose reaction is guided to unique reaction compositions in the presence of a variety of
minerals. When the same mineral is transferred between multiple sequential batch reactions, a new reaction composition
is obtained after each reaction cycle. We attribute this effect to the adsorption of catalytic Ca(OH), to mineral surfaces.
Further exploration shows that first exposing the mineral surface to the aqueous catalyst allows the mineral to subsequently
produce formose outputs without the need for any additional catalyst to be present. As such, the mineral surface functions
as storage of the preceding environmental conditions. Our work supports the development of chemical complexity through
the transfer of information between sequences of chemical environments.

J

Understanding how complex, life-supporting systems arose
from the prebiotic environment remains a fundamental
challenge. Chemists have made great strides toward finding
plausible prebiotic synthetic routes toward the different
molecular building blocks of life,/'*] and its metabolic
cycles.>7l These building blocks must have taken part in a
process of chemical evolution to yield increasingly complex
systems with emergent properties such as self-sustenance
and self-replication.] One of the key elements of chemical
evolution is a sense of “history”. Information from previous
event must have some impact on extant system states so that
the system can adapt and learn from its environment. Within
a chemical reaction network (CRN), acceleration of one or
a few reactions can lead to significant reorganization of the
network as a whole.[*!"]

Our previous work on the formose reaction, a model
prebiotic CRN, has shown that its outcomes are significantly
shaped by modulating the concentration of the catalyst
Ca(OH),.[''12] The formose reaction generates a large num-
ber of sugars through the oligomerization of formaldehyde
(FA) requiring only a simple initiating sugar such as dihy-
droxyacetone (DHA, 3), a divalent metal ion catalyst such as
Ca?*, and alkaline conditions. Through a combination of four
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reaction types, enolate formation, aldol additions, retro aldol
reactions, and the Cannizzaro reaction a vast range of sugars
are formed, including several potential autocatalytic cycles,
such as the Breslow cycle (Figure 1a).[3-1°] Because of the
high interconnectivity in the network, the formose reaction
self-organizes in response to changes in its environment, such
as catalyst concentration.['>1?]

Minerals were ubiquitous in the prebiotic environment,
and could have played a role in creating local microen-
vironments, concentrating chemical species, adsorbing and
stabilizing molecules, and promoting a wide range of catalytic
functions.l'”?] Previous work has demonstrated that minerals
change the outcome of the formose reaction at elevated
temperatures and over extended time periods,!**?°! or under
dry conditions.[?*3%] Other research has concentrated on how
various minerals stabilize formose intermediates, with a focus
on obtaining biologically relevant sugars.’' 3] Minerals have
previously been shown to affect formose compositions in
recursive cycle experiments, when part of the reaction mixture
was retained between cycles.[3]

In this work we explore the impact of different minerals
on the formose reaction using high resolution GC(-MS)
techniques,”s] and demonstrate how minerals direct the com-
positional outcomes of the formose reaction. Furthermore,
we demonstrate how reusing the same mineral between
consecutive batch reactions affects the composition of sub-
sequent formose reactions (Figure 1b,c). We discovered
that the formose catalysts Ca** and NaOH, absorb to the
surface of hydroxylapatite, goethite, and silicate minerals,
thereby activating the surface to enable the production of
formose products. These activated minerals were effective
solid-supported catalysts for formose reactions lacking any
other aqueous catalysts. Our findings support prebiotic sce-
narios where the catalytic effect of minerals is dynamically
altered through sequences of reaction conditions, providing a
potential mechanism for environmental information transfer
supporting chemical evolution.
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Figure 1. a) Schematic overview of formose reaction products, with the central autocatalytic Breslow cycle. b) General experimental procedure, a
combination of different parts of the complete formose mixture (NaOH, CaCl,, DHA, and FA) is added to powdered mineral. After the reaction
period the mixture is sampled and analyzed using GC(-MS) after being derivatized. c) The rest of the supernatant is removed, and the mineral is

washed and reused for subsequent reactions.

We selected nine different minerals native to the
Hadean environment!*! from different mineral classes:
oxides (goethite, magnesium hydroxide, and titanium oxide);
silicates, including iron silicate, zirconium silicate, and the
phyllosilicates (kaolin, kaolinite, and montmorillonite); and
a phosphate (hydroxylapatite) (for structures see Figures S2
and S3). To explore the impact of these minerals on the
formose reaction, we performed reactions under a set of
standardized formose reaction conditions ([NaOH] = 25 mM,
[CaCl] = 10 mM, [DHA] = 35 mM, and [FA] = 50 mM)
in the presence of nine different minerals. Expanding on
previous work,[**] we studied recursive batch reactions in
which the formose reaction was performed in the presence of
a mineral, which was then separated from the aqueous phase
through centrifugation, washed and used for subsequent reac-
tion cycles with fresh formose reaction mixture. Compound
intensity is expressed as the gas chromatography (GC) peak
height divided by the tetradecane internal standard (IS) used
during analysis.

In the initial reaction cycle the effect of each mineral
can be compared to the blank where no mineral was added
(Figure 2a). The compositional outcomes for each mineral
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were significantly different, as can be seen in the compar-
ative bar plots in Figure 2a, and the principal component
analysis (PCA) plot in Figure 2b. In general, the presence
of minerals decreased the concentration of the Cannizzaro
product (5), while increasing the amount of glyceraldehyde
(4), erythrulose (6), and other tetroses. Previous work noted
similar trends with increasing Ca®* concentrations, which
was attributed to inhibition of aldol addition reactions. In
the presence of hydroxylapatite and montmorillonite, the
amount of the branched C,; 6, a direct product of DHA-
FA addition, decreased. Most minerals caused an increase
in branched Cs sugars (19, 20) while selectively decreasing
the amount of several aldopentoses (12-15). The amount of
ketopentose 16 decreased (though not for hydroxylapatite)
while the amount of ketopentose 17 increased. Simultane-
ously, branched C4 compounds (21, 24-27)decreased, while
for some of the minerals the amount of 3-ketohexoses (22, 23)
increased.

To compare the compositional trajectories of each recur-
sive reaction sequence, a PCA based dimensionality reduc-
tion of the composition from all reactions was performed
(Figure 2b). Blank cycles, containing no mineral, are also
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Figure 2. a) Log scale comparison of the formose reaction composition in the presence of various minerals showing trioses (purple), tetroses (green),

pentoses (yellow), hexoses (orange), and heptoses (red). Dashed lines ind

icate the intensity of the compound in the blank sample. An overview of all

structures is presented in Figure S1. b) Principal component analysis of the composition formed over three consecutive reactions, in the presence of

various minerals. Arrows indicate washing steps, and show the order of co

mpositions over the cycles. Oxides are colored in yellow, orange, and red,

silicates are colored in shades of blue to green, and the phosphate in purple and the blank in black. The first two principal components are plotted,

which account for 80.0% of variance. Bars and points are average values, a

included in this plot. Interestingly, mineral identity has a clear
effect on both the compositional outcome of the formose
reaction, but also on how much the composition varies over
a sequence of reaction steps. A detailed overview of com-
positions (including errors) is presented in Figures S4-S13.
Figure 2b shows that for montmorillonite, hydroxylapatite,
goethite, zirconium silicate, and iron silicate there is a clear
evolution of the composition across different cycles. For

Angew. Chem. Int. Ed. 2025, 64, 202504659 (3 of 6)

nd error bars denote one standard deviation, n = 2,3.

montmorillonite, the concentration of nearly all compounds
increases with each cycle, indicating an overall increase of
formose product formation over the reaction cycles. Zirco-
nium silicate and goethite show increases in the production
of aldopentoses, while there is a decrease in most tetroses,
notably the branched C, 9. Over the reaction cycles, goethite
increases the concentration of various aldopentoses (12-15)
and 3-ketohexoses (22, 23) while decreasing the branched

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
) —

compounds 20, 21, 24, and 25. Hydroxylapatite shows the
largest change between the first and second cycle, shifting
aldopentose formation from 15 to 12, and promoting the
ketopentoses (16, 17) and various branched sugars (9, 19,
20, 24, and 26) For zirconium silicate the detailed changes
in the composition (Figure S13) show larger increase than is
obvious from the PCA. Through the reaction cycles zirconium
silicate promotes the formation of the various aldopentoses
(12-15) and 3-ketohexoses (22, 23), while decreasing the
concentration of the branched compounds 9, 21, 24, and 25.

For magnesium hydroxide and titanium oxide, the largest
compositional changes occur in the first two reaction cycles,
whereas the third cycle exhibits little change in compositional
outcome. Titanium oxide promotes the formation of 9 and a
variety of Cs compounds (12, 16-20, and 24). For magnesium
hydroxide the overall changes are minor when inspecting the
detailed composition and corresponding errors (Figure S11).
For kaolin and kaolinite, the changes in composition appear
to revert toward their first-cycle composition in Figure 2b.
However, this can be attributed to the amplification of
small changes during the PCA analysis, as the composi-
tions appear similar, but with significant experimental error
(Figures S9, S10).

Oxides exhibited the smallest changes in formose com-
position across cycles (Figure 2a), except for goethite, which
behaves more similarly to zirconium silicate. Kaolin and
kaolinite experiments showed a higher experimental error,
suggesting the observed variations might not be significant,
potentially due to lack of homogeneity in the mineral.
Hydroxylapatite displays substantial changes across cycles,
with the most significant change between the first two cycles.

These compositional changes indicated to us that the
minerals were not only directing the formose reaction,
but were also modified by the reaction mixtures. As a
control experiment (with montmorillonite), we substituted
the standardized formose condition with solutions of NaOH
and CaCl, in the first two reaction cycles, followed by a
third reaction cycle with the standardized formose reaction
(Figure S14). The compositional outcome of the reaction
is similar to the outcome for when the first two cycles
are “standard” formose reaction conditions. These results
demonstrate that the marked differences over the reaction
cycles result not from a carry-over of small amounts of
formose products, but instead we postulate this is caused by
adsorption of the aqueous catalysts onto the mineral surface

We investigated the role of adsorbed catalysts for a
subset of the minerals (montmorillonite, hydroxylapatite, and
magnesium hydroxide), chosen for behavior which are rep-
resentative of previous experiments, where montmorillonite
and hydroxylapatite showed a high degree of change over
the consecutive reaction cycles, while magnesium hydroxide
showed only a minor change in activity. These minerals were
first incubated with either water or an aqueous solution of
catalysts (CaCl, and NaOH), washed, and then incubated
with FA and DHA (the formose reaction mixture without any
catalyst). The sequence of water followed by FA and DHA
demonstrates the native reaction directing effect of each
mineral. Montmorillonite and magnesium hydroxide show
very low activity, whereas hydroxylapatite shows significant
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Figure 3. Stacked barplots showing how preceding environments
influence the reaction outcomes produced by minerals. Showing trioses
(shades of purple), tetroses (shades of green), pentoses (shades of
yellow), hexoses (shades of orange), and heptoses (shades of red). Error
bars indicate the total error according to oo = /2 "1'2 where o;
represents the error of individual species. Arrows in the tick labels
denote separate cycles, and the last arrow also denotes a washing step.
a) Comparison of formose products formed by different minerals that
were first suspended in water or a solution of CaCl, and NaOH,
followed by a cycle with DHA and FA. b) Study of the effect of individual
aqueous catalysts components and their order of addition. Minerals are
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build-up of formose reaction products (Figures 3a, S15, and
S16). The latter is not surprising, considering the presence
of Ca** and hydroxyl ions in hydroxylapatite. For hydrox-
ylapatite the amount of Cs; compounds formed increased
and the overall composition was enriched in C; compounds
after incubation with NaOH and CaCl,. This indicates there
is a shift from sugar-sugar addition to sugar-FA addition.
For montmorillonite, the production of various compounds
was promoted, mainly in the DHA-FA addition products
erythrulose (6) and the branched tetrose 9 (Figure S17). In
addition, formation of 21 and 26 was promoted. Comparing
the three minerals, it is clear that both the native surface
and the adsorbed catalysts may play a role in catalyzing the
formose reaction. Even though we expected the hydroxide
ions to play a role, magnesium hydroxide showed very little
effect on the formose reaction composition.

Intrigued by this effect, we set out to explore the
adsorption of CaCl, and NaOH in more detail, limiting
the study to montmorillonite due to the more significant
difference between its native and “activated” activity. We
incubated montmorillonite with solutions of CaCl, or NaOH,
before adding the incubated montmorillonite to a mixture
of only DHA and FA. Comparatively, the combination of
CaCl, and NaOH showed the largest increase in formation
of formose products (Figure 3b). Sequential addition of the
aqueous catalysts still demonstrated increased formation of
formose products with the CaCl, followed by NaOH sequence
showing a slightly increased activity compared to NaOH
followed by CaCl,. Addition of only the individual catalysts
resulted in much lower production of sugars. Notably, the
addition of only CaCl, showed the lowest activity, comparable
to the native catalytic activity of montmorillonite. These
results indicate that both Ca>* and hydroxide are transferred
on mineral surfaces over reaction sequences. We hypothesize
that NaOH activates the montmorillonite surface by depro-
tonating surface silicate groups, thus providing more binding
sites for catalytic Ca’*, and subsequently basic silicate groups
increasing the pH of following reaction steps. Alternatively,
amorphous calcium or sodium silicates could have been
formed on the mineral surface. It has been well established
that silicates in solution can catalyze the formose reaction.[*!]

Having established that pre-treating montmorillonite
effectively provides a catalytically activated surface, we
studied whether the ratio of CaCl, and NaOH used in the
initial incubation (while keeping their total concentration
constant), influenced the composition of the formose reaction
(again, only FA and DHA were added). We systematically
varied the NaOH:CaCl, ratios from 2.5:1 to 0.25:1. Figure 3c
shows a clear decrease in formose reaction products as the
amount of NaOH decreased. Our experiments reinforce the
notion that NaOH activates the mineral surface. The stability

suspended in the shown (sequence) of solution of CaCl; and/or NaOH
followed by a cycle with DHA and FA. c) Effect of different ratios of
catalyst, minerals are first suspended in a solution with the reported
concentrations of CaCl, and NaOH, followed by a cycle with DHA and
FA. Experiments were performed in triplicate or duplicate, and bars are
averages of the measurements.
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of the activated mineral surface was tested by performing up
to six subsequent cycles with only DHA and FA (Figure S19).
Although there is a steady decrease in total amount of product
formed, after six cycles there is still a clear increase of catalytic
activity compared to the native surface effect. Similarly,
repeated washings with water before the addition of DHA
and FA caused a slow decay in the activity of the mineral
surface (Figure S22). Acidic conditions (pH 4) did not result
in a substantial production of sugars (Figure S24). Increasing
the ionic strength through addition of NaCl together with
DHA and FA resulted in a small decrease of formose products
(Figure S24). When the mineral surface was repeatedly
incubated with low concentrations of NaOH (2.5 mM) and
CaCl, (1 mM) there was a small increase in product formation
as aqueous catalyst accumulated on the surface (Figure S26).

To conclude, we have demonstrated that various minerals
affect the compositional outcomes of the formose reaction.
These minerals retain information of their past environments,
influencing subsequent reactions. This environmental history
arises from the adsorption of Ca?* and hydroxide onto the
minerals’ surfaces. This work focused on using Ca’" as a
catalyst as its catalytic effect on the formose reaction is
well established. Future work could include studying other
divalent metal ions, including Fe?*, Mg?*, or Sr>*, which have
been shown to affect the formose reaction.’”] By acting as
solid-supported catalysts, minerals allow reactions to occur in
the absence of a solution source of catalysis, thus reducing
the need for simultaneous presence of all reaction compo-
nents. This relaxes the stringent requirements for prebiotic
scenarios, allowing for the possibility of more flexible and
dynamic mechanisms for chemical evolution. In this manner,
minerals connect different chemical systems across various
environments which contain incompatible chemistries or
propagate small environmental changes over space and time.
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