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n of hexoses and disaccharides in
aqueous microdroplets†

Myles Quinn Edwards, Dylan T. Holden and R. Graham Cooks *

Understanding the chemical reactions that led to the origin of life is a fundamental challenge of chemistry.

The formose reaction, an abiotic pathway to monosaccharides, provides a mechanism of sugar formation

from simple aldehydes and ketones. However, the reaction requires the addition of base, metal catalysts,

and is prone to side reactions, leaving questions about how such processes could have occurred on

a primitive Earth. The abiotic formation of more complex sugars, such as disaccharides also require

catalysts, and remains underexplored compared to other classes of biomolecules. This study investigates

the role of microdroplets in the formation of hexoses and their subsequent condensation reactions to

produce disaccharides, without the need for catalysts. The microdroplet-mediated synthesis of fructose

and sorbose from glyceraldehyde or dihydroxyacetone, as well as that of disaccharides from various

pentoses or hexoses, was monitored via mass spectrometery. Products were confirmed by high

resolution mass spectrometry and tandem mass spectrometry. The product distribution of glucose

disaccharides was determined by matching the relative intensities of product ions to a mixture of six

disaccharide and showed a maximum yield of 9.4% or 1.7 mg min−1 emitter. This study demonstrates the

abiotic formation of monosaccharides and disaccharides, such as xylobiose and maltose, providing

a possible link between prebiotic sugar synthesis and extant carbohydrate biochemistry. Hexose

formation and disaccharide synthesis are driven by the unique air water interface of microdroplets,

where partial solvation, pH extremes, and fast mass transfer kinetics enable abiotic transformations.
Introduction

Carbohydrates are fundamental to life on Earth, having essen-
tial roles as energy sources, signaling molecules, and structural
components.1–3 Understanding the formation of complex
carbohydrates and their precursors under abiotic conditions
provides insight into the mosaic of molecules that existed at
life's origins and sustained its evolution.3,4

The formose reaction, discovered by Butlerov in 1861,5 has
been proposed as a critical pathway in primordial chemistry.6,7

This reaction converts formaldehyde into an array of sugars,
primarily through aldol addition reactions, condensation reac-
tions, and isomerization. Key intermediates formed during the
autocatalytic cycle,8,9 including the trioses dihydroxyacetone
and glyceraldehyde, contribute to the diversity of synthesized
carbohydrates. Downstream products of the reaction, glyco-
laldehyde and dihydroxyacetone, have been detected in the
interstellar medium,10–12 as well as on the Murchison meteorite
alongside sugars like ribose and xylose.13,14 However, the for-
mose reaction has signicant limitations as a pathway for sugar
, 560 Oval Drive, West Lafayette, 47907,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
synthesis: it requires the addition of base to create alkaline
conditions with divalent metal catalysts to proceed at an
appreciable rate and prolonged exposure to reactive conditions
leads to a mixture of products, oen at the expense of the
desired sugar products.15 Nevertheless, any monosaccharides
produced, such as glucose and xylose, can readily form disac-
charides when treated with dilute acid.16–19 Acidic wet-dry
cycling of glucose has been shown to produce disaccharides
as well as higher oligosaccharides, highlighting a plausible
prebiotic pathway for carbohydrate oligomerization.20 Yet,
despite their potential importance in the formation and prop-
agation of life during early chemical evolution,3 the emergence
of oligosaccharides on primordial earth has been overlooked
relative to studies on nucleic acids21–23 and peptides.24,25

Given these challenges, it is of interest to explore alternative
chemical environments that could facilitate carbohydrate
formation and oligomerization on early Earth. One such envi-
ronment is sea spray aerosols. Formed by breaking waves and
bursting air bubbles, these entities range in size from hundreds
of nanometers to tens of micrometers and strongly inuence
atmospheric chemistry and climate.26 In addition, Enceladus'
cryovolcanic plumes, which eject water and ice,27 represent an
extraterrestrial analogue where the unique properties of small
water aerosols may also be of astrobiological relevance, offering
insights into the potential for life beyond Earth.27–29
Chem. Sci., 2025, 16, 7057–7065 | 7057

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc08402k&domain=pdf&date_stamp=2025-04-12
http://orcid.org/0000-0002-3957-8307
http://orcid.org/0000-0002-9581-9603
https://doi.org/10.1039/d4sc08402k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08402k
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016016


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/1

3/
20

26
 1

:3
9:

14
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Recent research has highlighted aqueous microdroplets as
chemical environments capable of accelerating chemical reac-
tions and driving reactions not normally favorable in bulk
solution.30–32 These microdroplets, present unique surface
characteristics that can dramatically accelerate reaction
kinetics33–36 allowing them to serve as individual reaction
vessels.37,38 Reaction acceleration is a consequence of partial
solvation of molecules at the air–water interface,39,40 the strongly
acidic and basic double layer,33,34,41–44 a high interfacial electric
eld45 and enhanced mass transfer.46 The hydrophobic air–
water interface provides a practical solution to the “water
paradox” of life,47 facilitating essential abiotic condensation
reactions that produce peptides,30,48,49 sugar phosphates,50

ribonucleosides and ribonucleotides,50–53 as well as
phospholipids.54

In this study, the formation of sugars, both mono-
saccharides and disaccharides, is investigated using accelerated
reactions in aqueous microdroplets. Specically, the reactions
of dihydroxyacetone and glyceraldehyde to produce sorbose and
fructose, and the reactivity of both pentoses and hexoses to
form disaccharides, are explored using online MS analysis.
Experimental
Materials

Liquid chromatography-MS-grade water (Fisher Scientic) was
utilized for all experiments. D-Glucose-fructose, D-galactose, b-
gentiobiose, D-arabinose, D-maltose monohydrate, D-trehalose,
D-cellobiose, D-xylose, D-glyceraldehyde, dihydroxyacetone (all
$98% purity) were purchased from Sigma-Aldrich. D-Sorbose, D-
galactose, D-ribose (all $99% purity) and 2,4,6-trimethylpyry-
lium tetrauoroborate (98+%) were purchased from Thermo-
Fisher Scientic. Isomaltose (98.8% purity) was purchased
from Santa Cruz Biotechnology. Nigerose (95% purity) was
purchased from Megazyme. Kojibiose was purchased from
Biosynth. 1,4-D-Xylobiose (98% purity) was purchased from A2B
Chem. Sodium chloride ($99.0% purity) was purchased from
Avantor. All reagents and solvents were used as received. The
nal concentration of all chemicals was 10 mM unless other-
wise noted.
Methods

nESI tips were made from borosilicate glass capillaries (Sutter
Instrument Co.; outer diameter [O.D.] of 1.5 mm, inner diam-
eter [I.D.] 0.86 mm) pulled to ca. 5 mm O.D. using a Flaming/
Brown micropipette puller (P-97, Sutter Instrument Co). Solu-
tions were ionized with ±2 kV spray potential supplied by the
mass spectrometer to a platinum electrode placed inside the
nESI capillary. The sonic spray ionization (SSI) spray emitter
was constructed using fused silica lines with 250 mm I.D. and
360 mmO.D., as well as 50 mm I.D. and 160 mmO.D. (PolyMicro),
one tee assembly, one union assembly, two NanoTight sleeves,
and a silica capillary (IDEX Health and Science). To maintain
the ow of reagent solution at a rate of 10 mL min−1, syringe
pumps (Standard Infusion PHD 22/2000, Harvard Apparatus)
7058 | Chem. Sci., 2025, 16, 7057–7065
were utilized with gastight syringes (Hamilton Robotics). N2 was
used as the nebulizing gas at 120 psi (Fig. S1†).

All disaccharide ion trap collision-induced dissociation (IT-
CID) tandem mass spectrometry (MS/MS) experiments were
performed using an LTQ ion trap mass spectrometer (Thermo
Scientic) (ESI Note 1†).

High-resolution mass measurements (HRMS) on the prod-
ucts of pentose and hexose disaccharide synthesis were made
using an LTQ-XL ion trap coupled with an Orbitrap mass
spectrometer (Thermo Scientic). For analysis of the hexose
reaction products, a modied Sciex TripleTOF 5600 quadrupole
time-of-ight mass spectrometer was used.55 Low-amplitude
single-frequency excitation CID was performed on ions of m/z
179 for 30–50 ms in Q1 to remove noncovalent adducts before
the resulting covalent products were fragmented at higher
energy in Q2 and sent to the ToF for mass analysis. In all cases,
helium was used as collision gas. To distinguish between
covalent products and possible non-covalent clusters, the above
technique for disrupting non-covalent interactions was used for
the Q-ToF instrument. For an analogous method performed on
the ion trap instrument, see ESI Note 2.†

Electrospray ionization (ESI) of 10mMdihydroxyacetone and
glyceraldehyde in water was performed in negative mode on an
LTQ Orbitrap XL (Fig. S2–S4†). Additional control ESI experi-
ments were conducted for 10 mM xylose and glucose, both in
negative and positive modes (Fig. S5–S8†).
Results and discussion
Microdroplet production

Drawing inspiration from natural phenomena, microdroplets
were generated using nano-electrospray ionization (nESI) and
sonic spray ionization (SSI) (Fig. S1†) allowing for online char-
acterization of chemical reactions by MS. Electrospray ioniza-
tion is known to create a plume of charged droplets upon the
application of an external potential to a liquid56 with a range of
droplet sizes from 10–40 mm.57 Nano-electrospray ionization is
a low ow version of electrospray ionization that uses smaller
tip diameters to produce ner sprays of smaller charged
microdroplets known to be 200 nm to 1 mm in size.58,59 In
contrast, sonic spray ionization generates small droplets by
nebulizing a liquid sample with a high-velocity gas stream,
creating a ne mist of charged microdroplets without the need
for external high voltages.60,61 Alongside other droplet produc-
tion methods, both nESI and SSI methods have been shown the
capability to produce microdroplets in which reactions are
greatly accelerated.30,62
Hexose formation

Negative mode nESI was used to investigate the microdroplet
chemistry of two trioses, dihydroxyacetone and glyceraldehyde.
A peak at m/z 179 was observed in the full scan nESI spectra of
both glyceraldehyde and dihydroxyacetone (Fig. S9–S11†). The
high-resolution mass spectra revealed that the mass error for
these peaks fell within 5 ppm of the value of a deprotonated
hexose (Table S1†). Furthermore, a gentle collisional activation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Q-ToF tandem mass spectra of ions m/z 179 formed from
various compounds. (Top) MS/MS fragmentation ofm/z 179 ions from
dihydroxyacetone. (Middle) MS/MS fragmentation of m/z 179 ions
from glyceraldehyde. (Bottom) MS/MS fragmentation of the m/z 179
ions generated from authentic sorbose.
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method prior to MS/MS was used to distinguish covalently
bound ions from complexes (see Experimental) suggested the
peak to primarily consist of the former and not the deproto-
nated noncovalent dimer [C3H6O3

−/H+/C3H6O3
−]−.

Authentic sorbose and fructose were used as reference
compounds given that they are known products of the base-
catalyzed reaction of glyceraldehyde and dihydroxyacetone.63

MS/MS spectra showed that the ions at m/z 179 fragmentation
in all cases (Fig. 1 and S12†) undergoes neutral losses of water
and formaldehyde with the fragmentation patterns aligning
with the known fragmentation behaviour of carbohydrates (ESI
Note 3†).64–67 In fact, the MS/MS spectra of the products formed
from both dihydroxyacetone and glyceraldehyde closely match
those of sorbose and fructose (Fig. 1 and S12†) indicating that
both reaction products are present as a mixture.
Scheme 1 Base-catalyzed aldol addition of dihydroxyacetone to
glyceraldehyde to form the hexoses sorbose and fructose. The OH−

and H+ species are thought to be present in the microdroplet double
layer. The asterisk (*) indicates keto–enol tautomerization, a process
known to have enhanced rates in aqueous microdroplets.70

© 2025 The Author(s). Published by the Royal Society of Chemistry
It is known that aldol reactions are accelerated in micro-
droplets.68,69 Microdroplets have also been shown to accelerate
keto–enol tautomerization.70 This reversible process, where
a ketone or aldehyde converts to an enol, is critical for aldol
addition reactions, with the enolate acting as nucleophile in the
base catalyzed version (Scheme 1). In addition, glyceraldehyde
and dihydroxyacetone, may interconvert through the Lobry de
Bruyn–Van Ekenstein transformation, under acidic or basic
conditions.71 While acidic catalysis is possible (ESI Note 4,
Scheme S1†), a negative potential was applied and we primarily
attribute hexose synthesis from dihydroxyacetone and glycer-
aldehyde to base-catalyzed aldol addition made possible by the
pH extremes in the electric double layer containing a basic core
augmented by partial solvation of the reagents at the
surface33,36,43,72 (Scheme 1).

To probe the effect of droplet size on the reaction, ESI data
were compared to nESI data. For dihydroxyacetone with ESI, no
peak at m/z 179 was present while the ESI spectrum of glycer-
aldehyde showed this peak but its fragmentation did not match
that of hexose (Fig. S2–S4†). These experiments indicate that
hexose was not formed during conventional (large droplet) ESI
and that smaller droplets are needed to accelerate hexose
formation, in line with literature precedence on accelerated
reactions in microdroplets.64
Pentose disaccharide formation

Given the evidence for formation of hexoses in microdroplets,
further investigations were conducted to determine if mono-
saccharides could react to form disaccharides. Using negative
mode nESI HRMS to investigate the reactions of xylose, a peak
at nominalm/z 281 was noted with the formula of deprotonated
pentose disaccharide, [C10H18O9−H]−within 5 ppmmass error
(Table S2†). However, the relative intensity of the species at m/z
281 was too low to provide meaningful fragmentation data. To
produce more abundant ion populations, positive mode nESI
was used with sodium chloride added to the stock solution to
generate sodium-adducted pentose cations. While trace
amounts of sodium cationized species were already present,
likely due to sodium contamination from the solvent and
glassware,73 the deliberate addition of NaCl improved the signal
intensity signicantly. The full mass scan showed the sodium-
bound monomer [C5H10O5 + Na]+, an ammonium adduct of
the monomer [C5H10O5 + NH4]

+, the sodium-bound dimer
[C5H10O5 + Na + C5H10O5]

+ as well as the putative sodium
adducted pentose disaccharide [C10H18O9 + Na]+ (Fig. S13†).
HRMS of this last ion agreed with the assignment of a sodiated
pentose disaccharide (Table S2†).

In-source fragmentation can be used to distinguish covalent
products from noncovalent gas-phase adducts.74 In-source
fragmentation was used to conrm the formation of a droplet
synthesized covalent disaccharide product (ESI Note 2 and ESI
Fig. S13†). Tandem MS of the suspected pentose disaccharide
ions revealed characteristic fragmentation patterns of
disaccharides,75–77 including glycosidic bond cleavages on both
the reducing and nonreducing units (Fig. 2). These fragmenta-
tion pathways, which also involve cross-ring cleavages, are
Chem. Sci., 2025, 16, 7057–7065 | 7059
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Fig. 2 MS/MS of ions m/z 305 formed from 10 mM aqueous xylose
solution using typical nESI conditions, mass-selected in an ion trap and
fragmented by collision-induced dissociation (CID 30, manufacturers
unit) (Top panel); compared to 50 °C capillary nESI (2nd panel); using
sonic spray instead of nESI (3rd panel); compared to ions generated
from authentic pentose disaccharide 1,4-D-xylobiose (bottom panel).
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consistent with previously reported data for pentose disaccha-
rides (ESI Note 5†).76

To examine the effects of temperature and applied potential,
additional experiments were performed using nESI with a low
inlet temperature of 50 °C and also with sonic spray ionization.
For both conditions, ions atm/z 305 were found at lower relative
intensities as well as lower overall signal intensities compared
to the standard nESI methodology yet produced similar frag-
mentation patterns (Fig. 2). No disaccharide ions were detected
in either the positive or negative mode when using ESI (Fig. S5
and S6†) and this is again ascribed to the smaller reaction
acceleration in the larger ESI droplets.

When other pentose monosaccharides (D-ribose, D-arabi-
nose) were reacted in microdroplets, the disaccharide ion (m/z
305) gave the same fragment ions albeit with signicantly
different relative intensities suggesting the microdroplet
promoted formation of pentose disaccharides is not unique to
xylose (Fig. S14†).

The fragmentation of 1,4-D-xylobiose standard is shown in
Fig. 2. The relative intensities of certain fragment products for
the microdroplet produced disaccharide differ signicantly
7060 | Chem. Sci., 2025, 16, 7057–7065
from the 1,4-D-xylobiose standard. For example, the ion at m/z
215 is at a consistent relative intensity of 20% for the xylose
microdroplet product but is around 1% relative intensity of the
1,4-D-xylobiose standard. Given that this reaction utilizes an
unprotected sugar and there are a variety of reactive sites on the
monosaccharide, a distribution of disaccharide products is ex-
pected. The dominant products produced are likely the disac-
charides with 1,4 linkages, which has been observed in previous
bulk studies.16,18 The similarity between the fragmentation
patterns of the 1,4-D-xylobiose standard and the reaction
product supports this conclusion. The likely preferred product
of the two 1,4 linkages would be the a-1,4 linkage due to the
anomeric effect stabilizing the reducing end in the axial posi-
tion.78 It is also probable that the mixture contains other link-
ages, such as the a-1,3 and a-1,2 linkages, based on ndings
from analogous studies in bulk.16,18 The lack of standards and
dearth of studies on the production of xylose disaccharides
limits the characterization of the abundance of each disaccha-
ride isomer. Thus, to further examine the mixture, the most
well-characterized monosaccharide, glucose, was used to
generate disaccharides and elucidate the complex mixture of
products produced.
Hexose disaccharide formation

Glucose, subjected to positive ion mode nESI, yields adducts
with ammonium [C6H12O6 + NH4]

+, sodium-adduct [C6H12O6 +
Na]+, and potassium [C6H12O6 + K]

+, and a sodium bound dimer
[C12H22O11 + Na]+ in addition to a peak at m/z 365 (Fig. S15†).
The exact mass of the peak atm/z 365 matched the disaccharide
sodium adduct [C12H22O11 + Na]+ (Table S2†). Parenthetically,
a peak was noted in the corresponding negative ion spectrum
with an exact mass that corresponds to deprotonated disac-
charide [C12H22O11 − H]− (Table S2†). However, as was the case
for pentose disaccharides, the peak intensity was too low to
allow MS/MS-based structural elucidation. Again, no peaks
corresponding to a disaccharide were detected in either mode
when examining larger droplets formed by conventional ESI
(Fig. S7 and S8†). In-source fragmentation was used to deter-
mine whether the suspected disaccharide peak represented
a covalent product, or a gas-phase adduct. The ndings conrm
the synthesis of a covalent product in the droplet environment
(ESI Note 2 and ESI Fig. S15†).

MS/MS of the glucose product (m/z 365) revealed a fragmen-
tation pattern which included neutral losses of diols and triols,
as well as glycosidic bond and cross-ring cleavages, character-
istic of sodium-bound hexose disaccharides (ESI Note
6†).64,67,75,79 Experiments exploring the effects of temperature
and applied potential, as was done for the pentose disaccha-
rides conrm disaccharide formation by the microdroplet
reaction rather than from the heated MS inlet or by application
of an external potential Fig. 3A. The fragment peaks produced
from the glucose product matched known disaccharide stan-
dards64 however the intensities of the peaks do not. Moreover,
when D-sorbose, D-fructose, and D-galactose were used to form
disaccharides (m/z 365), MS/MS showed the same ions but with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) MS/MS of ions of m/z 365 generated by nESI or sonic spray
of glucose, mass selected in an ion trap and fragmented at CID 30
(manufacturers unit). (Top) Typical nESI conditions; (2nd panel) nESI
with 50 °C inlet capillary; (3rd panel) sonic spray ionization; (Bottom)
for disaccharide mixture. (B) Structures and volume fractions of
disaccharides used in the disaccharide mixture. *Disaccharide stan-
dard mixture based on ref. 80.

Fig. 4 (A) Breakdown curve of the m/z 365 ions from the 10 mM
glucose disaccharidemixture shown in Fig. 3B. (B) Breakdown curve of
the ion of m/z 365 from the 10 mM glucose experiment.
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differing intensities from the glucose mixture indicating the
formation of multiple products (Fig. S16†).

Given the extreme pH known to be present at the micro-
droplet interface,33 we compared the products generated from
glucose droplet reactions to those generated from a non-
enzymatic glycosylation reaction of glucose in an acidic
lithium bromide trihydrate system,80 an inorganic ionic liquid
that might in some ways parallel the water decient and acidic
environment of a microdroplet interface. The top and bottom
panel of Fig. 3A show the remarkable agreement between the
fragmentation of the glucose reaction product and the mixture
© 2025 The Author(s). Published by the Royal Society of Chemistry
of disaccharides. Other disaccharides and mixtures showed
poor matches to the microdroplet product (ESI Fig. S17–S19†).

To further elucidate any differences between the micro-
droplet synthesized product and the matching disaccharide
mixture, breakdown curves were created where the CID energy
was varied from nominal values of 0–30 as shown in Fig. 4. A
breakdown curve, a set of MS/MS products and intensities
recorded over a range of collision energies provides a graphical
representation of how the abundances of precursor and frag-
ment ions change with internal energy.81 Fig. 4 shows strong
alignment in product peak intensities, with a maximum 3%
difference, and consistent fragmentation onset. The only
notable difference is a 2-unit CID difference at the crossover
point of m/z 365 (precursor ion) and m/z 275 (fragment ion).
Other disaccharides and mixtures showed poor overlap with the
data for the glucose product (Fig. S20 and S21†).
Chem. Sci., 2025, 16, 7057–7065 | 7061
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Scheme 2 Acid-catalysed glycosylation of glucose. The mechanism
for unprotected glucose glycosylation is illustrated as yielding two
disaccharides, isomaltose and gentiobiose among other disaccharides.
Mechanism adapted from ref. 80.
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This mixture of products is suggested to arise via micro-
droplet driven acid catalysis. This is based on literature
evidence that microdroplet surfaces can be strongly acidic82–85

and the agreement of the reaction product distributions with
those known to be produced via acid catalysis.80 The acid-
catalyzed mechanism depicted in Scheme 2 involves proton-
ation of the C1 hydroxyl group of the glycosyl donor by the
acidic microdroplet surface, followed by water loss to form an
oxocarbenium ion intermediate, which undergoes nucleophilic
attack by the C6 hydroxyl group. This reaction predominantly
forms disaccharides with 1,6 linkages like isomaltose and
gentiobiose.

The comparison between the microdroplet products and
simulated mixture indicates the presence of both a- and b-1,6
linkages, as well as a-1,1, -1,2, -1,3 and -1,4 linkages, with the 1,6
linkages being dominant. The a/b-1,6 glycosidic linkage is likely
favored due to the lower steric hindrance of the primary
hydroxyl group at C6, making it more accessible for nucleo-
philic attack.19 Furthermore, the a-anomeric linkages are
preferred over the b isomers due to the anomeric effect78 with
the b-1,6 linkage being less present due to the accessibility of
the C6 primary alcohol.

It is well known that the addition of acid can cause further
dehydration reactions of monosaccharides. In bulk reactions
this leads to products such as hydroxymethylfurfural yet this
peak is not observed in the experimental mass spectrum.17

Oligomerization of glucose is favored under mild acidic
conditions high loading concentrations and decreased water
activity (ESI Fig. S22 and S23†),17,19,20 thus enhanced glucose
concentrations in the microdroplet combined with short
droplet lifetimes and enhanced mass transfer boost effective
glucose concentrations and minimize prolonged acidic expo-
sure, reducing side reactions.
Hexose disaccharide quantitation

With the product mixture of the glucose condensation reaction
being successfully characterized, the effect of microdroplet size
on yield was investigated. Using a pre-charged internal
7062 | Chem. Sci., 2025, 16, 7057–7065
standard, a standard curve was created linking the relative
intensity of the disaccharide product to concentration (ESI Note
7 and Fig. S24†). A 250 mL volume of a 10 mM glucose solution
was sprayed at 10 mL min−1 for 25 minutes using sonic spray
and comparing two silica emitters (250 mm and 50 mm inner
diameters). These emitters produce different droplet sizes and,
as expected, the smaller droplets are more reactive. The yields
are 5.2% (23 mg) and 9.4% yield (43 mg) corresponding to 0.92
mg min−1 emitter and 1.72 mg min−1 emitter for the 250 and 50
micron I.D. respectively. These effects are in line with expected
microdroplet mechanisms where smaller droplets provide
faster reactions.59
Prebiotic implications

The formation of glucose disaccharides like maltose, an energy
storage molecule, highlights the potential of microdroplets to
facilitate the abiotic synthesis of biologically relevant mole-
cules. Moreover, the ability of pentose sugars, such as xylose, to
form disaccharides is signicant because structural pentose
polymers, like xylans can be found naturally, and represent
a previously unexplored link between abiotic chemistry at the
origins of life and modern biological systems. The abiotic
pathway discussed in this manuscript generates molecules like
those known in extant biology to be structural components of
cell walls and some identied as sources of metabolic energy.

Furthermore, the stability of sugars in prebiotic environ-
ments is a long standing problem in prebiotic chemistry noted
by Stanley Miller, as monosaccharides like ribose are highly
susceptible to hydrolysis, particularly at elevated temperatures
or extreme pH.86 Disaccharides, in contrast, are signicantly
more resistant to hydrolysis, with rate constants that are orders
of magnitude smaller than those of their monosaccharide
counterparts.87 This increased stability suggests that the
formation of disaccharides in microdroplets could serve as
a mechanism to preserve sugars in prebiotic environments,
allowing them to persist longer and participate in further
chemical evolution.
Conclusions

Our data show that the trioses, glyceraldehyde and dihydroxy-
acetone, form sorbose and fructose when sprayed in water
microdroplets. This result follows from the fact that micro-
droplets containing either glyceraldehyde or dihydroxyacetone
gave a covalent product, seen as negative ions of m/z 179 and
shown by its MS/MS data to correspond to a mixture of depro-
tonated sorbose and fructose. This study also provides evidence
that hexose disaccharides, previously observed in plausible
primordial environments, and pentose disaccharides, as
demonstrated here for the rst time, can form in microdroplets
under abiotic conditions. Pentoses and hexoses form disac-
charides inmicrodroplets during their brief ight time from the
emitter to the inlet of the mass spectrometer without the need
for any additional acid or base. The fragmentation of the
glucose disaccharide products showed good agreement with
that of the same mixture of disaccharides associated with the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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bulk acid-catalyzed glycosylation of glucose. In addition,
pentoses dimerize although the exact mixture of isomers
produced remains elusive due to the limited availability of
pentose disaccharide standards.

These ndings support the hypothesis that the air–water
interface of aqueous microdroplets, characterized by an acidic
and/or basic environment, can serve as a locale for chemistry
relevant to the origins of life. Such a mechanism is plausible
for abiotic synthesis under conditions like sea spray aerosols
and is potentially analogous to the generation of aerosols on
ocean worlds like Enceladus where disaccharides might be
found.
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