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ABSTRACT: Bulk water serves as an inert solvent for
many chemical and biological reactions. Here, we report a
striking exception. We observe that in micrometer-sized
water droplets (microdroplets), spontaneous reduction of
several organic molecules occurs, pyruvate to lactate,
lipoic acid to dihydrolipoic acid, fumarate to succinate,
and oxaloacetate to malate. This reduction proceeds in
microdroplets without any added electron donors or
acceptors and without any applied voltage. In three of the
four cases, the reduction efficiency is 90% or greater when
the concentration of the dissolved organic species is less
than 0.1 μM. None of these reactions occurs sponta-
neously in bulk water. One example demonstrating the
possible broad application of reduction in water micro-
droplets to organic molecules is the reduction of
acetophenone to form 1-phenylethanol. Taken together,
these results show that microdroplets provide a new
foundation for green chemistry by rendering water
molecules to be highly electrochemically active without
any added reducing agent or applied potential. In this
manner, aqueous microdroplets might have provided a
route for abiotic reduction reactions in the prebiotic era,
thereby providing organic molecules with a reducing
power before the advent of biotic reducing machineries.

Redox reactions, involving the transfer of electrons between
a donor (reductant) and an acceptor (oxidant), are very

common and are found in combustion, corrosion, and many
other inorganic and organic chemical processes. Redox
reactions also play a central role in living systems, including
photosynthesis and respiration.1 Water serves as an inert
solvent for such organic, inorganic, and biological reactions. In
stark contrast to the behavior in bulk water, here we report our
finding that micrometer-sized water droplets (microdroplets)
are able to induce reduction reactions of molecules without the
addition of any other reducing agent, or externally applied
charge.
Water microdroplets generated from bulk water exhibit

distinct characteristics including reaction acceleration,2−9

altered thermodynamics,10,11 and molecular reorganization.12

We have reported the spontaneous formation of gold
nanostructures including nanoparticles and nanowires from
precursor gold ions through the reduction of gold ions in
microdroplets.13 Here, we investigate the reduction of organic

compounds in pure water microdroplets without using
reducing agents, catalysts, or applying external charges.
Figure 1a presents a schematic of the experimental setup.

Aqueous microdroplets (1 to 50 μm diameter in diameter)14

were generated by spraying bulk solution using dry N2
nebulizing gas without applying an external voltage to the
spray source. We sprayed solutions (10 μM) of four different
molecules prepared in degassed water, pyruvate, lipoic acid,
fumarate, and oxaloacetate. All these experiments were
conducted at room temperature and atmospheric pressure.
Figure 1b−e presents the resulting mass spectra, showing

spontaneous reduction of pyruvate (m/z 87.01, deprotonated)
to lactate (m/z 89.02, deprotonated), lipoic acid (m/z 205.04,
deprotonated) to dihydrolipoic acid (m/z 207.05, deproto-
nated), fumarate (m/z 115.00, deprotonated) to succinate (m/
z 117.02, deprotonated), and oxaloacetate (m/z 131.00,
deprotonated) to malate (m/z 133.01, deprotonated).
Pyruvate, fumarate, and oxaloacetate were reduced by gaining
two electrons and protons, and lipoic acid was reduced
through cleavage of the disulfide bond. We essentially observed
no molecular species other than reactants and reduced
reactants in the mass range between 50 and 1000 m/z (Figure
S1). It is important to note that these reductions do not occur
in bulk water by themselves without adding appropriate
reducing agents that can donate electrons.
Table 1 summarizes the reduced species observed in

microdroplets along with their corresponding reduction
efficiencies. The identities of the detected species were
confirmed by tandem mass spectrometry using collision-
induced dissociation (CID) (Figures S3−6). The reduction
efficiency was calculated as detailed in the Supporting
Information. Using mass spectrometry not employing micro-
droplets, we verified that the samples were initially free of
impurities including reduced species. The lack of impurities
and the conversion of pyruvate to lactate were also confirmed
by 1H nuclear magnetic resonance (NMR) (Figure S2).
We measured the kinetics of the reduction reaction for

pyruvate to lactate by adjusting the traveling distance of
microdroplets in air between the tip of the silica capillary and
the mass spectrometer inlet (Figure 1a). Figure S7 shows the
mass spectra of a 10 μM pyruvate solution in microdroplets at
different traveling time points. We observed a gradual increase
of lactate and decrease of pyruvate. The reaction time was
estimated from the average speed of the microdroplet.2 Figure
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2a presents how the reduction efficiency changes with
microdroplet traveling time. We observed that the reduction
reached a plateau ∼3 ms after exposure of pyruvate molecules
to the microdroplet environment. It should be noted that this
time point is a rough estimate because the relationship
between reaction distance and reaction time can be
quantitatively determined up to 130 μs of microdroplet
traveling time.3 Beyond this limit, the effect of microdroplet
evaporation becomes non-negligible, and therefore, the exact
estimated time in which the reduction reaches a plateau cannot
be precisely determined.3 Regardless, the fact that the extent of
reduction varies with the travel time of the microdroplet before
arriving at the mass spectrometer inlet supports the contention
that reduction occurs while the molecules reside in the
microdroplet. The kinetics of reduction is dependent on the
concentration of reactant (Figure S8). A faster kinetics of
reduction was observed for the reactant with a lower
concentration.

The maximum reduction efficiency (Table 1) achieved was
around 91% for pyruvate, fumarate, and oxaloacetate (Figures
2b, S9a, and S9c) and 60% for lipoic acid (Figure S9b) at the
1−10 nM concentration range. The reduction efficiency
decreased as the reagent concentration increased, reaching an
asymptotic value. We further observed a trend for increased
reduction efficiency with decreasing microdroplet size (Figure
2c), i.e., with increased surface-to-volume ratio of micro-
droplets by increasing nebulizing gas pressure.15 We
hypothesize that these observations on the reduction behavior
can be explained by assuming that the reduction is confined
primarily to the droplet surface.
We were able to confirm in a visual manner that the

microdroplet causes reduction. We imaged aqueous micro-
droplets containing 100 nM resazurin, a water-soluble,
reduction-sensitive dye.16 Resazurin emits fluorescence upon
reduction (to resorufin) with a peak emission at 590 nm when
excited by 570 light (Figure 3a). The resazurin solution was

Figure 1. Mass spectrometric analysis of spontaneously reduced molecules in microdroplets. (a) Schematic of experiment setup for the redox
reactions in microdroplets. (b−e). Mass spectra of pyruvate (b), lipoic acid (c), fumarate (d), and oxaloacetate (e) and their reduced species
lactate, dihydrolipoic acid, succinate, and malate. The red arrows indicate the direction of the spontaneously reduced reactions in microdroplets.

Table 1. Summary of the Molecular Species That Have Undergone Spontaneous Reduction in Microdroplets

Original molecule Observed molecule Observed ion Observed m/z Theoretical m/z Mass error (ppm) Maximum reduction efficiency (%)a

Pyruvate Lactate M− 89.02432 89.02387 5.08 91.6 ± 0.2b,c

Lipoic acid Dihydrolipoic acid [M − H+]− 207.05170 207.05134 1.72 59.7 ± 13.6d

Fumarate Succinate M− 117.01940 117.01933 0.60 93.8 ± 5.0e

Oxaloacetate Malate M− 133.01295 133.01315 1.50 90.9 ± 11.2f

aThis reduction efficiency, calculated as detailed in the Supporting Information, was measured at approximately 1.5 mm traveling distance. bThe
error represents one standard deviation computed from four independent measurements. cVaries between 0.03 and 91.6%, depending on
concentration dVaries between 1.7 and 59.7%, depending on concentration. eVaries between 0.2 and 93.8%, depending on concentration. fVaries
between 6.2 and 90.9%, depending on concentration.
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sprayed onto a glass coverslip and then each microdroplet was
imaged with a confocal microscope (Figure 3b). Figure 3c
shows the fluorescence image obtained with a 595−630 nm
filter, and Figure 3d shows a brightfield image of the same
microdroplet. It is evident that resazurin is reduced to resorufin
as seen by the resorufin fluorescence. The reduction of
resazurin to resorufin was also confirmed by mass spectro-
metrically analyzing microdroplets containing 1 μM resazurin
(Figure S10).
Moreover, this reduction occurs without adding any

reducing agent to the microdroplets and without applying
any external voltage to the spray source. The localization of the
resorufin at the periphery of the microdroplet is a consequence
of its hydrophobicity as demonstrated by Figure S11. Thus, we
are unable to locate with certainty where the reduction occurs.
However, when this observation is combined with the variation
of reduction with concentration as well as the increased
reduction for smaller droplets that have higher surface-to-
volume ratios, we argue that reduction is occurring at or near
the microdroplet surface.
Taken together, these experiments conclusively demonstrate

that the reduction proceeds spontaneously in microdroplets.
However, the mechanism is not yet clear. The idea that
heterogeneous environments between vapor and condensed

phase or between different solvents could catalyze reactions is
not new,17−19 but experimental investigations have been
sparse. We suggest that OH− at and near the microdroplet
surface provides the likely source of electrons. (See Supporting
Information for a more detailed discussion including possible
effects of contact electrification,20 triboelectrification,21 and
charge separation during microdroplet fission.22) As Ben
Amotz23 points out in a review of electron behavior in water,
“it is becoming evident that electrons from one molecule or ion
may often choose to distribute themselves promiscuously over
neighboring molecules.” Although there are still debates
concerning the value of the surface potential at the air−
water interface,24 a value for the strength of electric field at the
air−water interface is estimated to be on the order of tens of
million volts per centimeter.25 A potential of approximately 3
V across the 5 Å air−water interface25 exceeds a standard
potential of 1.23 V for the electrolysis of water molecules as
well as a potential of 2.72 V for removing electrons from
hydroxide ions to form hydroxyl radicals.26 It needs to be
stressed that this value refers to bulk water and not to the air−
water interface, where OH− might more readily give up its
electron. Although there remains no consensus whether the
surface of the microdroplet is acidic or basic,27−29 it appears
that water autoionizes much more readily at the microdroplet
surface forming both more OH− and more H+ than in bulk.
We hypothesize that OH− at the microdroplet periphery is
oxidized to form hydroxyl radicals. We postulate we have some
evidence that supports this hypothesis. We obtained that by
capturing hydroxyl radicals with salicylic acid, which was
converted into 2,5-dihyrdoxybezoic acid.30 Figure S12 shows
mass spectra of microdroplets containing 10 μM salicylic acid
without or with 10 nM pyruvate. In both cases, hydroxyl
radicals captured by salicylic acid were observed. The

Figure 2. Characterization of spontaneous reduction of pyruvate to
lactate in microdroplets: (a) kinetics of the reduction reaction of 10
μM pyruvate, (b) dependence of reduction efficiency on the
concentration of pyruvate, and (c) effect of nebulization N2 gas
pressure on the reduction efficiency. The error bars represent one
standard deviation from three independent measurements.

Figure 3. Confocal microscope images of a water microdroplet on a
coverslip containing 100 nM reduction-sensitive dye, resazurin. (a)
Reaction scheme of the reduction of resazurin. (b) Schematic of
confocal imaging setup. (c) Fluorescent image of microdroplet. (d)
Brightfield image of microdroplet.
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hypothesis that the large electric field at the water−air interface
induces the reduction is further supported by the observation
of the decrease in reduction efficiency by adding NaCl to
microdroplets (Figure S13).
We understand that there could be another mechanism

unforeseen at this stage. Vaida and co-workers have reported
the pH dependence of the aqueous-phase photochemistry of α-
keto acids.31 The pH of a water microdroplet differs from bulk
although its value is still under debate.32,33 The pH at the
water−air interface may even differ from the interior of
microdroplets. The change in pH may be the influence of the
redox potential of water, water ions, and compounds dissolved
in microdroplets. Colussi and co-workers have reported
distinct properties of chemical reactions occurring at the
water-vapor phase, water-hydrophobic interface, and water−air
interface.34−36 Francisco and co-workers reported that the pKa
and the redox potential at the water−air interface are different
from the ones in bulk, suggesting the microdroplet surface
provides an energetically favorable environment for redox
reactions.19,37−39 Clearly, more work is needed to establish the
mechanism concerning how pure water can cause reduction
when put into the form of small droplets. Nevertheless, we
postulate that the phenomenon of aqueous microdroplet
reduction is clearly established by this study.
To illustrate the power of this method for reduction of

organic compounds, we sprayed 10 μM acetophenone (m/z
143.05, sodiated) in pure water and detected the reduced
product, 1-phenylethanol (m/z 123.08, protonated) (Figure
4). See Figure S14 for the confirmation with CID. The
production yield was approximately 28%.
We also suggest that microdroplet chemistry has another

important implication. In many biological systems, energy is
ultimately produced by converting light into chemical bonds
through a series of reduction reactions of biomolecules

through complex photosynthesis machineries.40 We have
shown that microdroplets can abiotically induce reduction of
biomolecules that are involved in the cellular energy cycle. This
may provide a possible plausible route for the origin of
nonenzymatic production of reduced biomolecules in a
prebiotic era. Furthermore, as most biochemical reactions in
living systems take place in cellular structures having the
dimensions of microdroplets, our findings imply that cellular
biochemistry inferred from bulk properties might need to be
re-evaluated.
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