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Leveraging information entropy to quantitatively measure the organizational diversity and complexity of
different chemical systems is a compelling need for next-generation supramolecular and systems
chemistry. It can also be a strategy for digitalizing and enabling the bottom-up development of life-like
complex systems following probable origin-of-life scenarios. According to the lipid world hypothesis,
lipid molecules appear first to facilitate compartmentalization, catalysis, information processing, etc. It is
envisaged that fatty acid-based vesicles are more primitive than phospholipid vesicles. Herein, we
decode the difference in information storage capability of a fatty acid (oleic acid, (OA)) and
a phospholipid (1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)) vesicle by measuring vesicle-
templated formation of nine different hydrazones through permutations and hierarchical ordering of
combinatorial matrices involving three aldehydes and three hydrazines by determining Shannon entropy

and the Gini coefficient at the systems level. This signifies a higher diversity and lower selectivity towards
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Accepted 21st August 2025 successful chemical reactions in OA vesicles, whereas DOPC vesicles are more selective and less diverse.

Exploiting information theory in combinatorial supramolecular synthesis and unraveling information
DOI: 10.1039/d55c04365d capacity relevant to cell membrane evolution will be important in understanding the information

rsc.li/chemical-science dynamicity of different transient and self-propagated synthetic and natural assembly processes over time.
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Introduction

Information theory-derived analysis of complex phenomena has
wide applications in diverse branches of in vitro, in vivo and in
silico studies."™ Since the genesis of Shannon's concept of
information entropy in 1948, life's origin, evolution and diverse
functional aspects can be interpreted by quantifying the flow of
information and degree of order in biological systems.>”®
Through information theory, researchers are trying to address
the transition from a disordered, high-entropy state of free
organic molecules to a more ordered, low-entropy state of
complex biological systems for sustaining life. In other words, it
is important to recognize how information was encoded in
prebiotic systems and subsequently transformed with biolog-
ical evolution involving a hierarchical progression to increas-
ingly complex forms of life.

So far, utilization of information entropy from the perspec-
tive of experimental chemistry is only restricted to the analysis
of molecular structures, arrays, distribution of nanoparticles
etc.'®* To date, exploitation of information theory towards
interpreting the emergence of complex systems or the
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difference in information storage capacity between simple and
complex systems (relevant to the evolution of biological struc-
tures) has not been experimentally delineated to the best of our
knowledge. However, in the context of advancing the field of
supramolecular and systems chemistry in conjunction with
understanding the benefit of complexification of organic
matter, the merging of information theory with adaptive
chemistry of different self-organized structures is a dire
necessity.>***

J- M. Lehn exemplified Landauer's concept of ‘information is
physical’ by defining higher molecular recognition at a constant
temperature as a low entropy event, using the equation: 7log W
= NT (where I = information, W = number of states, N =
number of particles, and T = temperature).>>* However, this
concept remained restricted to generating information patterns
of molecular binding events. It has not been used to quantify
the information via measuring Shannon entropy or the Gini
coefficient through combinatorial chemistry.?**"* It is worth
mentioning that the Gini coefficient and Shannon entropy are
measures of inequality or impurity and randomness or uncer-
tainty in a probability distribution from a large dataset.>*®
Chemical biologists recently employed Gini coefficients for
gene-profiling, quantifying selectivity of chemical probes and
small molecules towards clinically relevant target RNA or
proteins.>* In principle, the application of these statistical
tools in a dataset of microcompartmental environment-specific
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amplification or decrease in chemical reactivity from multiple
combinatorial networks can interpret the chemical information
storage capacity of a given microenvironment.

Herein, we aim to explore the information entropy of two
different vesicular systems, namely, fatty acid (using oleic acid
(0A)) and phospholipid vesicles (using 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)). We used vesicle-templated variability
in hydrazone formation with a hierarchically ordered combi-
natorial matrix using three different aldehydes and hydrazines
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(Fig. 1). We would like to remark that both fatty acid and
phospholipid-based vesicles are attractive model protocell
candidates and used as reactors for diverse biochemical
processes, such as - non-enzymatic RNA synthesis, different
enzymatic processes, self-sorting of supramolecular assemblies,
etc.*** Notably, the Lipid World hypothesis proposes that lipids
and other amphiphiles played a crucial role in the origin of life
by forming compartments, facilitating catalytic reactions,
thereby enabling information processing.**** This scenario

Reactants Possible Products
o) NH NH NH
o @ O C,, OO @, Q0 @
2
0N OH H3CO O:N OH OCH; o,N OH O,N OH CHj
Al H1 A1H1 A1H2 A1H3
[o} NH ~ _NH ~ _NH
“NH,
O,N @ O;N OCH;, O,;N O,N Hj
A2 H2 A2H1 A2H2 A2H3
o H
@/**u ‘"‘nuz ©/V\\N/NH\© ©/§/*N/N”\© Q&AN/NH\‘\C
HaC
OCH H3
A3 H3 A3H1 i A3H2 A3H3
Combinatorial matrices
1(Aldehyde) x 1(Hydrazine) 2(Aldehyde) x 1(Hydrazine)
H1 H2 H3 1(Aldehyde) x 2(Hydrazine) 1 W2 "
H1+H2 H1+H3 H2+H3 A1+A2(: AlH1 i A1H2 i A1H3
Al (i A1H1 i A1H2 i A1H3
Al [iA1H1 A1H2 i A1H3 A1H3 i AlH2 A1H3 A2H1 i A2H2 | A2H3
A2 | i A2H1 i A2H2 i A2H3
A2 [iA2H1 A2H2 i A2H3 A2H3 i A2H2 A2H3 aveas] Fain U atie T ALHS
A3 [ A3H1 A3H2:A3H3 A3H3:iA3H2 A2H3
A3 | A3H1 i A3H2 i A3H3 ASHY § AsH2 | AsHs
A2+A3| i A2H1 i A2H2 i A2H3
A3H1 | A3H2 | A3H3
N—
2(Aldehyde) x 2(Hydrazine) .
H1+H2 H1+H3 H2+H3 3(Aldehyde) x 1(Hydrazine) 1(Aldehyde) x 3(Hydrazine)
TN H1 H2 H3 H1+H2+H3
A1H1 A1H2 i A1H1 A1H3 i Al1H2 A1H3
A1+A2] AlH1 : ALH2 : A1H3 Al(iAIH1 AlH2 A1H3
A2H1 A2H2 i A2H1 A2H3 i A2H2 A2H3 Al
+| § A2H1 | A2H2 i A2H3 A2| i A2H1 A2H2 A2H3
AlH1 A1H2 i A1H1 A1H3 i AlH2 A1H3 A2
A1+A3 +
A3H1 A3H2 i A3H1 A3H3:A3H2 A3H3 ag| ] ASHL | ABHL ; A3H3 AS( 1ASHL ASHZ ASH3
A2H1 A2H2 i A2H1 A2H3 i A2H2 A2H3
A2+A3
A3H1 A3H2 i A3H1 A3H3:A3H2 A3H3
e
3(Aldehyde) x 2(Hydrazine) (Aldehyde) (Hyd ) 3(Aldehyde) x 3(Hydrazine)
2(Aldehyde) x 3(Hydrazine
H1+H2 H1+H3 H2+H3 HLFH24H3 H1+H2+H3
AlH1 : A1H1 : A1lH2 A1+A2[iA1H1 A1H2 A1H3 A2H1 A2H2 A2H3 Al AlH1 AlH2 A1H3
Al A2H1 i A2H1 i A2H2 +
A2H1 A2H2 A2H3
;2 ASHE T Aaud | Aama A1+A3[iA1H1 AIH2 A1H3 A3H1 A3H2 A3H3 Aiz
. |i AlH2 { ALH3 { A1H3 {| A2+A3(iA2H1 A2H2 A2H3 A3H1 A3H2 A3H3 a3 | iASHL A3H2 A3H3
A3 A2H2 i A2H3 | A2H3
A3H2 i A3H3 i A3H3

Fig. 1 Structures of 3 aldehydes and 3 hydrazine reactants and all possible 9 hydrazone products. The lower panel demonstrates all possible

combinatorial matrices of different orders used in this study.
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suggests that, before the emergence of complex biomolecules
such as DNA and proteins, lipids and other similar molecules
could have self-organized into structures such as micelles and
bilayers, providing a framework for early life processes. It is also
hypothesized that fatty acids, being simple, were likely present
on early Earth, while phospholipids, more complex and capable
of forming stable bilayers, represent a later evolution.***** To
this end, chemists are inclined to follow chemical reactivity in
vesicular microcompartments, as it allows control of reaction
conditions by mimicking the compartmentalization of biolog-
ical cells, enabling simultaneous synthetic or biochemical
reactions (enzymatic reaction to DNA replication) with shared
intermediates for developing artificial cell-like systems.’*3>*°
DOPC vesicle-templated combinatorial chemistry has been
used for the selective partitioning of different library members
between the vesicle's lipid bilayer and the surrounding aqueous
solution, leading to amplification or diminishing of certain
products or selective signal transduction through the
membrane from a mixture.*>** Moreover, different synthetic
surfactants have been used for designing nucleotide-templated
vesicular systems for temporal control over chemical reactivity,
including selective hydrazone formation from a mixture.***

It has not yet been investigated how distinct vesicles made of
various lipids might influence the distribution pattern of
a product, especially when they come from a variety of combi-
natorial matrices arranged hierarchically. Furthermore, no
research has used the outcome of combinatorial reactions to
define a specific vesicle's information capacity. The two aspects
described above motivated us to design a comparative combi-
natorial study between two different vesicles (OA and DOPC) to
estimate their stored information entropy. It is to be noted here
that OA and DOPC are single- and double-chain fatty acids,
respectively, and have distinctly different properties in terms of
their stability, permeability, and rigidity or liquid crystallinity of
the hydrophobic leaflet.***"*® Therefore, knowledge of the
information capacity of these two physicochemically distinct
naturally occurring vesicles will also be useful in designing
synthetic systems of desired information capacity. All these
facts inspired us to develop a study via the combinatorial
outcome of hydrazone (product) distribution through differ-
ently ordered matrix inputs (reagents) to find out the informa-
tion entropy (Shannon entropy and Gini coefficient) of OA and
DOPC vesicles on an individual basis.

Results and discussion

Vesicles have been utilized to gain insight into molecular
processes at lipid bilayer interfaces.’****>*° The template effect
of vesicles for different polymerization reactions has been used
to a great extent.** DOPC-templated tuning of product distri-
bution in a dynamic combinatorial library has been reported in
a few instances.*** However, comparison of vesicles with
different lipids in governing product distribution from a similar
dimension of combinatorial library has not been explored. In
this manuscript, as shown in Fig. 1 (bottom panel), we used
nine different orders of the combinatorial matrix of aldehydes
and hydrazines. We monitored the formation of hydrazones in
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buffer, OA and DOPC vesicle environments using high-
performance liquid chromatography (HPLC). In each case, we
used 30 uM of each reactant (both aldehyde and hydrazine);
therefore, the maximum amount of product will also be 30 pM,
and we determined the amount of each individual product.
Please see the SI for details of the experimental protocol.

We chose the aldehydes and hydrazine based on their
partition coefficients and polar functionalities. We used the
MarvinSketch tool from ChemAxon (Marvin]S), an online
cheminformatics platform that allows for the prediction of log
D (distribution coefficient) in octanol-water systems at pH = 7
(our experimental condition).** Each reactant (aldehydes and
phenylhydrazine) was first drawn using the Marvin]S molecular
editor, and then the log D value was calculated, which provides
an estimate of each molecule's relative hydrophobicity or
hydrophilicity. log D values of A1, A2 and A3 are 1.55, 1.63 and
1.98. We also checked benzaldehyde, which has a log D value of
1.7, close to that of A2. Therefore, for our combinatorial library,
we did not select benzaldehyde. Use of A2 instead of A4 will be
beneficial, as our chosen A1 is 5-nitrosalicaldehyde. Addition of
a nitro group will impart additional polarity to the molecule,
and a comparison between A1 and A2 will generate information
on an additional polar -OH group in the combinatorial
hydrazone formation event. Additionally, the log D values of H1,
H2 and H3 were 1.2, 1.4 and 1.8, respectively. Therefore, for
both aldehydes and hydrazines we chose the molecules with
a wide-ranging (low to high) hydrophobicity and functional
groups with varying degree of polarity for both aldehydes and
hydrazines.

We also checked the encapsulation efficiency of the reagents
in DOPC and OA vesicles by using an ultracentrifugation
filtration experiment using a 3 kDa cut-off PES membrane
(Fig. S1, SI).>>** With this method, we were able to find out the
encapsulation of both aldehydes and hydrazines in DOPC
vesicles, but unfortunately, not in OA vesicles. It is already
mentioned in the literature that the native OA vesicle is unstable
even in the presence of low-level salt (~1 mM), and additionally,
its membrane is highly permeable.?****** Therefore, during the
ultracentrifugation experiment, there is a higher probability of
leakage of the encapsulated molecules from their hydrophobic
leaflet. Indeed, we find all the molecules in the filtrate, as
nothing gets encapsulated in the OA vesicle. In case of the
DOPC vesicle, almost 20-25 uM reagents out of a maximum of
30 uM (irrespective of aldehydes and hydrazines) were encap-
sulated inside the membrane after 1 h. We found encapsulated
A1, A2 and A3 were 20.5 + 0.8, 21 + 0.6 and 25 + 1.1 uM,
respectively, and that is in order with the log D value as di-
scussed in the previous paragraph. Notably, A4 has a compa-
rable encapsulation value (22 & 2 pM) with 4-nitrobenzaldehyde
(A2). In a similar way, we also checked the encapsulation of H1,
H2 and H3 in the DOPC vesicle through the ultracentrifugation
filtration experiment. The found values for H1, H2 and H3 were
23 £3,23.5+ 1.4 and 25 + 2.4 uM, respectively. We want to note
here that, irrespective of the low log D value (1.2 and 1.4), we
found reasonable uptake of H1 and H2 inside DOPC (more than
A1 and A2, having higher log D values) in our experimental
protocol. Overall, all these experiments suggest more than 66—

© 2025 The Author(s). Published by the Royal Society of Chemistry
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90% encapsulation ability of our selected aldehydes and
hydrazines in the DOPC vesicle membrane after 1 h.

Next, we used both transmission electron microscopy (TEM)
and dynamic light scattering (DLS) to check the diameter of
both types of vesicles, which were around 200-400 nm (Fig. S27-
S29, SI). Furthermore, we used the general polarization value of
Laurdan dye and found that OA vesicles are more gel-like (less
hydrated) and DOPC vesicles are more liquid crystalline (more
hydrated) in nature (Fig. S30, SI).>*™7

At first, for analytical reference in HPLC, we synthesized all 9
hydrazones (Fig. S2-S26, SI). Next, we checked the hydrazone
formation ability by simply using 1 aldehyde and 1 hydrazine,
which can have a total of 9 individual combinations for a total of
3 aldehydes and 3 hydrazines. We checked the product forma-
tion after 1 h in each case. Here, we found that products con-
taining polar moieties, A1H1 or A1H3, reached more than 70%
yield in buffer or DOPC vesicles, considering their encapsula-
tion efficiency. Interestingly, for A1H1, we found a 24 + 1.3 uM
product in the DOPC vesicle, which is slightly higher than its
capacity formation considering individual encapsulation effi-
ciency. This may be due to the release of the hydrazone product
(A1H1) with polar groups (-NO, and -OH) to the aqueous
environment from the hydrophobic leaflet of DOPC vesicles,
allowing internalization of additional reactants. Interestingly,
we found higher hydrophobic product (A3H3) formation (14 +
1.2 uM, close to 50% of maximum) in the OA vesicle in 1 h. Also,
the amount of A2H3 (adduct with slightly polar aldehyde and
non-polar hydrazine) was 13 + 1.4 and 15 + 1.5 uM, respec-
tively, in OA and DOPC vesicles after 1 h. Please check Table S1
in the SI for all the values in the 1 x 1 case. As we found a very
high amount of product formation in a few cases (and in one
case complete conversion) after 1 h, we decided to fix this time
point for our subsequent study with different higher-order
matrices. Therefore, this time point can be treated as a refer-
ence to understand the amount of product formation in case of
other higher-order matrices.

As per our planning, we followed to check all possible matrix
order in a hierarchical way in terms of (number of aldehydes x
number of hydrazines) as following - (1 x 2), (1 x 3), (2 x 1), (2
x 2), (2 x 3),(3 x 1), (3 x 2)and (3 x 3). These experiments with
hierarchical order, with all possible combinations, have been
performed for the following reasons. Firstly, in this way all
possible competition among substrates for product formation
in aqueous buffer or gel-like OA and liquid-like DOPC-
membranes can be generated when substrates (aldehydes or
hydrazines) may or may not contain polar (-NO, and -OH),
mildly polar (-OCH3) or non-polar groups (-CH; or no specific
functional group in the aromatic moiety). In this way, the
environment (vesicle)-specific preference for polar or non-polar
moieties with respect to buffer could be assessed, while
simultaneously analyzing the influence of the reagent input
ratios (matrix order) in directing the outcome of product
distribution patterns. Secondly, as our aim was to find out the
information entropy, the larger the data set, the more accurate
the representation of the overall uncertainty and randomness
within the data becomes. As mentioned in the preceding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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paragraph, we checked the product distribution after 1 h in
each case.

The amount of each product formed in all possible matrix
orders has been tabulated in Fig. 2 and Tables S1-S17 (SI). It is
to be noted that each product will appear 2, 2, 2, 2 and 4-times
for matrix orders (no. of aldehydes x no. of hydrazines) (1 x 2),
(2 x1),(3x2),(2 x3)and (2 x 2) cases, respectively (see Tables
S3-S19 in the SI for details). In Fig. 2, the average values of
either 2 or 4 outcomes of each product have been given. For the
remaining 4 matrix orders [(1 x 1), (3 x 1), (1 x 3) and (3 x 3)],
each product will appear only once. The product formation data
is tabulated in a colour-coded format. In the case of aqueous
buffer, almost negligible amount of product formation was
observed with A3 containing hydrazones and A2H2, whereas
A1H1 and A1H3 formed in moderate to high amounts. This
suggests that the presence of polar groups (-NO, and -OH)
favours a higher amount of hydrazone formation in the buffer
in competition. In the presence of OA vesicles, lower product
formation occurred only in the case of H2-associated hydra-
zones, whereas in other cases, formation of hydrazones was
noticeable. Strikingly, the formation of A3H3 in the OA vesicle
was noticeably higher compared to the buffer and DOPC vesicle.
For the OA vesicle, the amount of polar group containing
hydrazone (with A1) is lower than in buffer, whereas weakly
polar or non-polar group containing hydrazones (containing A2
and A3) were noticeably higher than in aqueous buffered media.
In general, almost all the products (either lower or higher with
respect to buffer) have been formed in the OA vesicle environ-
ment. Interestingly, in the DOPC vesicle, both polar and weakly
polar groups containing hydrazone formation occurred. The
highest amount of A1 containing hydrazones was found in the
DOPC vesicular environment compared to both the buffer and
OA vesicle. Additionally, A2 (with only a -NO, group) containing
hydrazone was formed in a higher amount in the DOPC vesicle
(more than buffer but less than OA vesicles). A detailed quan-
titative assessment with fold enhancement in hydrazone
formation for each matrix order in OA and DOPC vesicles
compared to aqueous buffer has been provided in the SI
(Fig. S33-S46, Tables S1-S17, SI).

Notably, from our GP value data, we found that the OA
vesicle is gel-like, whereas the DOPC vesicle is liquid crystalline
in nature. It is evident that non-polar molecules react efficiently
in the OA vesicle, which is less-hydrated with only one C18
chain having carboxylic acid as the headgroup. In contrast, both
polar and weakly polar hydrazones formed in DOPC vesicles
inside their liquid-crystalline, more hydrated membrane. From
our encapsulation study, we found that each aldehyde and
hydrazine has almost equal encapsulation ability in the DOPC
vesicle, at least when tested individually. However, the product
formation is higher for polar or weakly polar hydrazones,
indicating that higher membrane hydration and liquid crystal-
line nature may play a role in that. The permeability is higher
for the OA vesicle (possibly due to the presence of only one
hydrophobic tail, in contrast to two hydrophobic chains of the
DOPC vesicle), which allowed both entrapping of reagents and
release of products from their hydrophobic zone in a relatively

Chem. Sci., 2025, 16, 17184-17192 | 17187
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Fig.2 Amount of product formation (concentration is depicted in the color code at the right) at different orders of the input matrix in aqueous
buffer, DOPC and OA vesicles. Notably, DOPC contains two chains of the OA-based fatty acid part, designated by the red-dotted circle. Please
see Tables S3-S19 and Fig. S33—-S46 in the Sl for detailed data and individual product concentration for certain input ratios ((1 x 2), (2 x 1), (3 x 2),
(2 x 3) and (2 x 2) cases). Experimental conditions: [aldehyde] = 30 uM, [hydrazine] = 30 uM, T = 25 °C. All the experiments were carried out

twice.

unselective manner.****** This also led to a comparatively
higher broad-spectrum hydrazone formation in the OA vesicle.

The main aim of this work is to quantify the information
entropy (Shannon entropy) as well as other statistical parame-
ters, such as the Gini coefficient. In this case, Shannon entropy
and the Gini coefficient were used to analyze the nature of the
environment and ratios. In other words, we sought to under-
stand what sort of products are likely to form under different
conditions of environment and initial reactant ratios. Each data
point is grouped by ratio and environment, and the mean
concentration of each group is taken as the data point for this
analysis. In particular, Shannon entropy measures diversity or
uncertainty. In principle, in our case, this can be used for
quantifying how many products are formed and how evenly they

17188 | Chem. Sci., 2025, 16, 17184-17192

are distributed. High Shannon entropy would mean there is
higher uncertainty about which product will be found/formed
and low entropy would mean only a few products dominate, and
therefore, there is lower uncertainty.

Shannon entropy is given by the formula:

H = —Zp,- log, p;

where p; is the normalized concentration of product i.

The Gini coefficient measures inequality in a distribution.
Originally used in economics to measure income inequality, it is
also used in chemistry to quantify selectivity - in this case, how
much a certain environment favors one product over others.*®
The resulting value ranges from 0 to 1. A Gini coefficient value of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0 indicates that all products are present in exactly equal
amounts and that there is no selectivity (perfect equality), while
a Gini coefficient of 1 indicates that only one product is present
and all others are zero, showing perfect selectivity (maximum
inequality).
The Gini coefficient is calculated using:

n i

i =]

=1 j

G _ J
Yy x;
i-1

where x; is the concentration of product i and 7 is the number of
products.

At first, we plotted Shannon entropy (SE) (on the X-axis) and
Gini coefficient (GC) values (on the Y-axis) for each hydrazone
product in all three different environments (aqueous buffer, OA
and DOPC vesicles) when introduced at 9 different matrix orders
(Fig. 3a). In the case of aqueous buffer, the highest GC (around
0.3) was observed for A1H1, A2H3 and A3H1, showing their
formation is selective to the input matrix order. In buffer, the
lowest SE (signifying least diversity with respect to input ratios)
was observed for A3H2, as the formation of this product was
almost negligible. A high SE value was observed for A1H2, A1H3
and A2H2, showing that the formation probability of these
products is more diverse; in other words, predicting these three-
product formation with respect to input ratio was more uncer-
tain. Interestingly, the highest GC value of 0.46 and the lowest SE
value of 2.6 were observed for A3H3 in the DOPC vesicle. It is due
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to the selective formation of A3H3 at the (1 x 1)-matrix case.
Additionally, a considerably higher GC value was observed for
A2H3, showing its selective formation in certain input ratios with
lower competition. Interestingly, the lowest GC value and highest
SE value were obtained for A1H3 in the DOPC vesicle. In contrast
to the DOPC vesicle, for the OA vesicle, the highest GC value and
moderate SE were observed for A1H3, indicating that the prob-
ability of this product formation is restricted to a few low-order
matrices (specifically, 1 x 1). After general analysis, it can be
predicted that the SE value of higher than 3.0 was obtained for 4,
5 and 6 hydrazones in aqueous buffer, DOPC and OA vesicles,
respectively, while varying the order of the input matrix. This
suggests that the order of uncertainty or SE followed the order:
OA vesicle > DOPC vesicle > aqueous buffer.

Next, we plotted the GC vs. SE values in terms of nine
hydrazone products formation diversity at each order of the
input matrix (Fig. 3b). This will indicate the formation of
selective one or a few products or more products in an unse-
lective manner in different environments. The data clearly
suggest a low GC (0.3-0.36) and high SE (2.85-3.0) in the case of
the OA vesicle. A moderate GC (0.5, 0.56 and 0.59 for each of
(3 x 3), (1 x 3) and (3 x 1) cases and 0.43-0.46 for the
remaining 6 cases) and a moderate SE value (2.3-2.7) were
observed in the DOPC vesicle. Again, in aqueous buffer,
a comparatively lower SE and higher GC value were found.
These data again clearly indicate that the uncertainty or prob-
ability of diversified product formation is highest for the OA
vesicle, followed by the DOPC vesicle and aqueous buffer.
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(a) Plot of GC vs. SE depicting each hydrazone (represented by different symbols) in agueous buffer, DOPC and OA vesicles for varying

input ratios or orders of the matrix. (b) Left panel depicts GC vs. SE plot of each order of the input matrix when 9-hydrazones products are
variable. Right panel depicts the principal component analysis plot to show the variance in the dataset and clustering of OA-vesicle specific

datapoints at a distal zone from the buffer and DOPC vesicle.
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Table 1 Interaction between the input ratio and environment: two-way ANOVA

Product Is ratio significant? Is environment significant? Is their interaction significant? Interpretation

A1H1 Yes (p=5.8 x 107°) Yes (p = 0.0058) Yes (p = 0.0136) Both ratio and environment
matter, and their interaction
affects yields

A1H2 Yes (p = 0.0014) Yes (p = 0.0009) No (p = 0.0627) Ratio and environment act
independently; OA 2: 1 is lower
than both buffer and DOPC

A1H3 Yes (p = 0.00085) Yes (p = 0.0029) No (p = 0.535) Ratio dominates; environment
has a smaller effect

A2H1 No (p = 0.064) Yes (p = 0.0028) No (p = 0.544) Environment alone drives
concentration

A2H2 Yes (p = 0.0035) Yes (p = 3.1 x 1079 No (p = 0.632) Strong environmental effect,
moderate ratio effect

A2H3 Yes (p = 0.0002) Yes (p = 5.0 x 1077) Yes (p = 0.027) Both factors and interaction
matter; buffer 2 : 3 has very low
concentration

A3H1 No (p = 0.380) Yes (p = 1.5 x 10°°) No (p = 0.338) Environment is sole driver;
OA 2:1 shows notable
amplification

A3H2 No (p = 0.336) Yes (p = 1.3e-10) No (p = 0.559) Extremely strong environmental
effect

A3H3 No (p = 0.088) Yes (p = 6.0 x 107°) No (p = 0.172) Environment dominates;

Furthermore, we used Principal Component Analysis (PCA),
which is a statistical technique used to reduce the dimensionality
of datasets while retaining the most important components that
explain the variability in the data. For our analysis, we measure
the mean concentration of each product under each reactant
ratio and environment pair. PC1 and PC2 are the two principal
axes, which represent the linear combinations of product
concentrations that explain the most variance. The PCA function
from the Python library ‘sklearn’ was used to plot, and the results
are displayed in Fig. 3c. PC1 and PC2 together can explain 78% of
the total variance in the dataset. The clustering of data indicates
that the reaction environment has a strong effect on product
distribution. It also clearly suggests that the environment in the
OA vesicle is significantly different from that in the DOPC vesicle
and buffer. In fact, the environment for the DOPC vesicle and
buffer can also be differentiated in this analysis.

Finally, we used two-way ANOVA, which is a statistical method
to determine how two independent categorical variables (in this
case, environment and input ratio or order of the matrix) and
their interactions affect a dependent variable (product concen-
tration) (Tables 1 and S18, SI). It tests main effects (the effect of
each variable separately) and mixed effects (whether the effect of
one factor depends on the level of the other).

The formula used is:

Concentration = u + o; + 6; + (aff); + ¢

where u is the overall mean concentration, «; is the effect of the
i™ ratio, f; is the effect of the j™ environment and ¢ is the
random error.

17190 | Chem. Sci,, 2025, 16, 17184-17192

OA 2:1 is much lower compared
to other ratios in the same
environment

Reviewing the product distributions across environments and
ratios points to some noteworthy outliers. The ratio effect
dominates the environment in the case of A1H3; however, in the
OA environment at a 2:1 reactant combination, the product
yield drops to roughly half its value compared to other environ-
ments at the same ratio. In the case of A3H3, where the systems-
level analysis concludes that the environmental effect domi-
nates, a surprisingly low concentration is observed in the case of
the OA environment with a 2:1 combination ratio. Indeed, we
found lower formation of the A3-product in the OA vesicle for
both 2:1 and 3:1 combinations, in comparison to 1:2 or 1:3
combinations. Specifically, formation of A3H3 is strikingly low
(only 0.2 uM) for the 2: 1 case when A2 and A3 were added with
H3 (Table S4, SI). In this case, the amount of A2H3 was much
higher (6.4 + 0.7 uM). This clearly suggests that the preference of
hydrazine in the presence of multiple aldehydes is very different
from its other counterpart (hydrazone formation propensity of
one aldehyde in the presence of multiple hydrazines) in the OA
vesicle. Overall, all these data clearly indicate the importance of
the ratio and combination of inputs towards the outcome of
products in different environments.

Conclusions

At first, we separately showed the template effect of a single chain
fatty acid (OA) vesicle and a double chain (comprising the same
OA unit) phospholipid (DOPC) vesicle towards hydrazone product
distribution through hierarchical input matrix ordering of alde-
hyde and hydrazine. Through detailed analysis of all possible
types of competing environments between polar and non-polar

© 2025 The Author(s). Published by the Royal Society of Chemistry
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groups containing aldehydes and hydrazines, we extracted
important statistical parameters (SE and GC) related to informa-
tion theory. Additionally, via the two-way Anova method, the
importance of input ratio and vesicle-specific environment for the
emergence of each hydrazone product (with polar, mildly polar
and non-polar moieties) has been interpreted. Indeed, we found
the highest information (Shannon) entropy for the OA vesicle,
signifying high diversity and low specificity; whereas the non-
templated aqueous buffered system showed low Shannon
entropy and a high Gini coefficient, signifying limited variation in
distribution. Interestingly, the information storage capacity of the
DOPC vesicle lies between that of the OA vesicle and aqueous
buffer. Nevertheless, considering OA (fatty acid) vesicles appeared
prior to DOPC vesicles on early Earth, the higher information
entropy in OA vesicles compared to DOPC indicates the higher
degree of diversity may be persisted in the prebiotic world.
Simultaneously, a higher selectivity (GC value) in DOPC liposomes
compared to OA vesicles delineates that complexification of lipids
eventually helped in imposing order in terms of molecular uptake
and reactivity in an organized compartmentalized system.

In this work, we carried out all the experiments at a single
time point, as our main goal was to realize the information
entropy via calculating SE and GC values. However, it is well-
known that hydrazones can dissociate (hydrolyze back to alde-
hyde and hydrazine) in aqueous media.”>* Considering the
higher permeability of the OA vesicle compared to the DOPC
vesicle, it will be interesting to check the time evolution of the
dynamic library for a longer time period. Indeed, the time-
evolution study will give us the kinetic and thermodynamic
scenarios of both the vesicle, which is the long-term goal. At this
point, we are exploring this temporal aspect with different fatty
acids (having varying no. of double bonds from 0-3), phos-
pholipids, and their mixtures.

Additionally, this mode of quantification can indeed be
utilized for different liposomes containing multiple lipids as well
as other ions, amino acids or nucleotides, including compo-
somes, to understand the progress of information in each
system, which is relevant for the lipid world hypothesis.®*"** We
believe this work opens up the possibility of using self-assembled
systems — such as liposomes, micelles — as information storage
devices similar to nucleic acids and small organic molecules.***°
Indeed, apart from the vesicle-templated system, future work will
aim to delineate information entropy for nanoparticle- or
different self-assembled monolayer-based systems using both
dynamic and dissipative-dynamic combinatorial chemistry
approaches as a function of time.*””® This might help to identify
information memory or how a system quantitatively learn its
previous information footprints.”* We believe that the potential
of this research will indeed be far-fetched - for example, in
understanding (and quantifying) the information dynamicity of
different chemically fuelled or self-propagating synthetic and
natural assembly processes over time.
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