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Amide bond formation, the essential condensation reaction lyindepeptide synthesis,

is hindered in aqueous systems by the thermodynamic constraints¢eabssaitialehydra- Signi  cance

tion. This represents a key dillty for the widely held view that prebiotic chemical

evolution leading to the formation of thest biomolecules occurred in an oceanic envi Enzymes are needed for protein
ronment. Recent evidence for the acceleration of chemical reattineplet interfaces synthesis in vivo because

led us to explore aqueous amino acid droplet chemistry. We repdotithation of dipep- dehydration in water to give

tide isomer ions from free glycine or L-alanine at thengiter interface of agueous micro-  amide bonds is highly

droplets emanating from a single spray source (with or without ajmatedtial) during unfavorable. However, conditions
their ight toward the inlet of a mass spectrometer. The proposed isomericdipiepti that permit the abiotic production

is an oxazolidinone that takes fully covalent and ion-neutradlearforms. This structure ¢ yaptides in aqueous
is consistent with observed fragmentation patterns and itesion to authentic dipep-
tide ions upon gentle collisions and for its formation from antihedipeptides at ultra-
low concentrations. It also rationalizes the results of droplet fusion exmisriimet show
that the dipeptide isomer facilitates additional amide bond fiwmavents, yielding , = ,
authentic tri- through hexapeptides. We propose that the interface of aquietndrop- unigue reactivity of free amino
lets serves as a drying surface that shifts the equilibrium between freacdsirio favor acids at the air —water interface of
of dehydration via stabilization of the dipeptide isomers. &hedings offer a possible ~ micron-sized water droplets that

environments are a prerequisite
for accepted origin of life
chemistry. Here, we report a

solution to the water paradox of biopolymer synthesis in prebioticisimem leads to the formation of peptide
isomers on the millisecond
mass spectrometry j prebiotic chemistry | air-water interface | dipeptide | origin of life timescale. Akin to many plausible

prebiotic chemical systems (e.qg.,
sea spray), this reaction is
performed under ambient

Many theories on the chemical origin of life presuppose the formation of rudimel
biomolecules (e.g., simple nucleotides, peptides, lipids) from less complex abiot
cursors through low-probability interactions in an oceanic environment (1, 2). A " _
of geochemical scenarios has been proposed to address the entrdpesdissoci-  conditions and does not require
ated with chemical synthesis starting with low concentration precursors; they in additional reagents, acid, catalysts,
hydrothermal vents{8), drying beaches (6), hot springs (7), meteorites or icy boc orradiation. These  ndings
(8-11), atmospheric aerosols (12, 13), and mineral surfac?@)(14 exemplify the uniqueness of

In addition to these challenges, the formation of biopolymers (viz. oligonucleo! interfacial physicochemical
proteins, polysaccharides) necessary to create and sustain living systems requ  processes and add support to the
densation (i.e., water loss) reactions between monomers, which chemical equil  ygtential role of con  ned-volume
makes decidedly unfavorable in water. The ubiquity of both water and condens
reactions in the prebiotic formation of biopolymers (as well as the necessity of
for life processes), the so-called water paradox (21), suggests highlyospémns
and/or the presence of robust and generalizable processes capable of facilitating such
chemistry prior to the appearance of proto-enzyme catalysts. This point has been
addressed through a variety of approaches which seek to explain the global or localized _
removal of water from a system to favor condensatie20(182-27). o iatt L staya N gy oMy Purdue

Of particular interest is the observation that thevater interface of monolayers

systems in abiogenesis.

and thin Ims (28-31), inverted micelle aerosols (12), Leidenfrost droplef36§32
and charged or neutral microdroplets{&j all reveal vastly different chemical kinet:uthor ontnbutions: D.TH, NMM. and RG.C.
ics compared to bulk, with rate constants increased by up to six orders of MagRBAGE o T H. N M. and R.C. analyzed data and
(47, 48). This interfacial acceleration phenomenon has been reported for prebioB&&H{MM. and R.G.C. wrote the paper.
relevant reactions including condensation (12, 21, 283%edox (54, 55), nucleo- Roetrs V8. e oy o 2
philic addition (41, 43), and ultraviolet-initiated photopolymerization reactions (88)..mors deciare no competing interest
The observed rate constant is associated with high surface-to-volume ratios, ango[g;rg@% 2022 the Author(s). Published by PNAS.
been attributed to the partial solvation of species at the interface (47, 48, 57, 58) @loAgyle is distributed under  Creative Commons
with the high electriceld at the airsolvent interface (55, 581). Other factors SUCh (e syaempy o oDervaies License 40
as high degrees of mass transfer and mixir§4{6rdered molecular orientation see oniine for related content such as Commentaries.
(38, 65), extremes in surface pH (41, 43, 66, 67), and increased reageenenn :to whom correspondence may be addressed. Email:
(63, 68) might also contribute to the observed reaction acceleration in special €Hg@¥due-cd o
This topic and its applications have been reviewed several times (47, 57, 69). [ o oo SR oo 1078
Multiple studies have described dehydration reactions occurring atladeRir 2212642119/-/DCSupplemental .

interface of aqueous microdroplets (25, 29, 49, 51, 52, 70). Others have reporteéuthed october 3, 2022.
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the free energy of some endothermic reactions in bulk solutigdaAla), formed by the reaction of the amino acids (FAg. 1

are negative when reagents are at the surface of the droptetB) during the ight of the microdroplets to the inlet of the
leading to spontaneous conversion (49, 51, 71). Note, howeveass spectrometer, were sought as protonated or deprotonatec
that all of these prior studies of prebiotic microdroplet reactiogpecies in the full scan mass spectra (fEgH 1cf spectra of
utilized additional means to adjust equilibrium in favor gbure authentic dipeptides showrSinAppendj3¥ig. S}. Elec-

the condensation processes; these means included the use of tiodpway ionization (ESI)-MS is an established method for bulk
acid esters (29), stabilization using divalent metal cations (29, B2action monitoring; it can generate larger droplets (lower
and/or addition of high concentrations of phosphoric acid (49, 5dyrface-to-volume ratio) than nESI with negligible reaction
52, 70). Here, we take advantage of the unique characteristicgceeleration effects. ESI, therefore, was used to examine the
aqueous microdroplets containing only free amino acids, a likedyential presence of trace dipeptides through reactions of
common prebiotic system akin to atmospheric aerosols or o acids. No peaks at timéz values corresponding to the
spray, to demonstrate facile amide bond formation, generattigsumptive dipeptides could be detected in Bllkgpendjx
unique peptide isomers on the milisecond timescale. Thédg S3. even after a 2-h incubation of the amino acid solu-
droplet-synthesized peptide isomers possess increaséy redt@is at room temperature.

with other amino acids compared to their authentic dipeptide TO investigate further the nature of the observed amino acid
counterparts, as demonstrated by drdpieon reactions. This reactivity in nESI droplets, the effect of both spray distance (i.e.,
reactivity provides a plausible route for the formation ofrshe distance between the nESI emitter and the inlet of the mass

biopolymers in aqueous environments. spectrometer; FigC) and voltage (using a pneumatically assis-
ted variant of ESI; FigD) was investigated. The application of

an external potential was found to be unnecessary to form pre-
sumptive dipeptides (Fig.)l This result demonstrates the
Gly and Alanine Dipeptide Formation in Microdroplets Monitored inherent reactivity at the aivater interface of microdroplets.

by MS. Aqueous droplets containing only glycine (Gly) oSimilarly, Fig. I shows an increase in the conversion to pre-
L-alanine (Ala) were generated by nano-electrospray ionizasiomptive dipeptide$S( AppendjxEg. S1) with spray distance
(nESI; Fig. €), and products in the spray were monitored bySI AppendjX¥ig. S3or spectra), indicating a droplet-associated
mass spectrometry (MS) Appendifor experimental details). reaction. The observed increase in product is likely due to a
The dipeptides glycylglycine (GlyGly) and L-alanyl-L-alanim®mbination of longer reaction time at thevedter interface

Results and Discussion
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Fig. 1. Reactions, experimental setups, and spray parameter effects associated with the spontaneous generation of putative dipeptides from free amino

acids in aqueous microdroplets. A and B show condensation reactions yielding GlyGly and AlaAla from free Gly and Ala, respectively. C and D illustrate
the experimental arrangements including high voltage (HV) utilized to generate microdroplets in nESI ( C) and ESSI D). E through H show the full-scan nESI
spectra for aqueous solutions (5 mM) of Gly (  Eand G) and Ala (Fand H) in both the positive ( Eand F) and negative ion ( G and H) modes. The observed pre-
sumptive dipeptide peaks are labeled in all cases. | and Jsummarize the effects of the spray distance and voltage, respectively, on the positive ion conver-
sion ratio to GlyGly. Conversion ratios were calculated using the average of 50 scans in triplicate. Error bars indicate SDs.
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Fig. 2. Comparison of nESI-MS/MS spectra obtained for the standard (  Top Row A-D) and droplet-synthesized ( Bottom Row, E-H) dipeptides. Results are
shown for both protonated ( A and E) and deprotonated ( B and F) GlyGly, as well as protonated ( C and G) and deprotonated ( D and H) AlaAla. Droplet-
synthesized spectra ( Bottom Row) were obtained by spraying pure amino acid solutions in water, whereas standard spectra ( Top Row) were acquired from

aqueous solutions of commercial dipeptide standards. Annotated in blue are the unique peaks in the spectra of the standard compounds, while the uniqu e
reaction product fragments are in pink.

and continued dropletssion events (72), which occur spontanezompound were not observed (FiB). Zimilarly, protonated
ously but are enhanced by the application of a potential. authentic AlaAla fragmented as expected (73) Eigwhile

the protonated droplet-synthesized AlaAla showed additional
Dipeptide Isomers Revealed by MS/MS.  Tandem MS (MS/MS) peaks (Fig. @). Similar comparisons were carried out for
analysis of the droplet-synthesized products was performeduthentic and droplet-synthesized compounds for deprotonated
verify their identity. lons of interest (both polarities) were ma&syGly (Fig. 2B andF) and AlaAla (Fig. B andH).
selected and subjected to ion trap collision-induced dissociatioHligh-resolution MS (HRMS) was used to determine the exact
(IT-CID). Protonated authentic GlyGly, when fragmented, gawmass and predict the chemical formula of the microdroplet-
the product ions reported in common MS/MS databases (Fgenerated species. In all cases, the values found match those c
2A) (73). In contrast, several unique peaks were present in e authentic dipeptides, coming the microdroplet-mediated
product ion spectrum of the droplet-synthesized GlyGly profbrmation of dipeptide isomers. IT-CID followed by HRMS
uct, while some of the fragments expected for the autherditalysis was used to identify the diagnostic product ions for the

Fig. 3. Differences on the MS/MS spectra of the isomeric dipeptide species before (  Bottom) and after ( Top) collisional heating (30 s at CE < fragmentation
threshold). Results for both the protonated ( A) and deprotonated ( B) GlyGly isomer, as well as the protonated ( C) and deprotonated ( D) AlaAla isomer, are
shown. Annotated in blue are the unique peaks present in the spectra of the isomeric compound prior to heating, which disappear partially or completel y
after collisional heating. Annotated in pink are the unique standard dipeptide fragments which appear in the isomer spectra after collisional heating.
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be noted, however, that quantitative thermochemical measure-
ments cannot be made from these breakdown curves due to the
relatively slow ion activation process and the limited capabilities
to control ion kinetic energy in IT-CID (74).

Isomerization of the droplet-synthesized dipeptides was

observed during collisional heating at CE values just below the
fragmentation thresholds. Slow collisional heating is a well-
known method of imparting internal energy to mass-selected
ions via numerous low-energy collisions with the inert bath gas.
In some cases, this can lead to the isomerization of the isolated
species (#97). With heating, the fragmentation pies of
the protonated and deprotonated droplet-synthesized dipepti-
des increasingly matched those of the authentic dipeptides
(Fig. 3). By contrast, no signant changes in the spectra of
the protonated or deprotonated authentic dipeptides were
observed following collisional heatiSg AppendjxFig. S5.
The observed slow heating-induced conversion suggests the
presence of low-energy pathways leading from the dipeptide
isomer ions to the authentic dipeptide structures, as discussed
further below.

Separation of Dipeptide Isomers by IMS. lon mobility spec-
trometry (IMS) coupled with MS was used to evaluate struc-
tural differences between the authentic dipeptides and the
droplet-generated isomers using a series of aqueous solution:
with various Gly:GlyGly ratios (for deta$ Append)x When

a solution of pure authentic GlyGly was sprayed and analyzed
in positive ion mode, the two-dimensional plot of drift time vs.
m/z revealed a high intensity feature at a drift time of ca.
3.3 ms and am/z value of 133.061 (Fig A}, corresponding

to protonated GlyGly. As the proportion of Gly was increased,
an additional feature at the samé& value, attributed to the
microdroplet-synthesized dipeptide isomer, appeared and
increased in intensity (Fig.B4D). This ion showed a lower

drift time (ca. 2.9 ms) than authentic protonated GlyGly.
Using Gly in 508 excess relative to authentic GlyGly, the sig-
nal for this unique species became dominant (B)g.afd it

is the only feature present when pure Gly is sprayedEFig. 4
The lower drift time of the GlyGly dipeptide isomer suggests a
more compact structure compared to the authentic GlyGly. A
similar trend can be observed when the same experiment is per-
formed in the negative ion mode (Fig=—<4J). The drift times

for the positive ions were remeasured as collision cross-section:

Fig. 4. Two-dimensional plots of m/z vs. drift time of aqueous solutions with after calibration of the IMS Instrument, and the result for

different proportions of Gly and GlyGly (concentration of Gly increases from authentic GlyGly was 126¥ 0.1 AZ, while the isomeric

Top to Bottom). Results for both the positive ( Left) and the negative ( Righf) ion dipeptide was 1208 0.2 AZ_ These ndings provide strong

mode are included. The solutions analyzed were as follows: 100% GlyGly : ; _
(Aand F), 1:125 GlyGly-Gly B and G), 1:375 GlyGly-Gly (Cand H), 1:500 GlyGly- ewdence fOI’. the p.resence. of a more CompaCt mmrodrop_let
Gly (D and 1), and 100% Gly (E and J. Average drift times of the protonated syntheS|zed ISOMeric species Compared to the authentic dlpep'
isomeric and standard species were determined as 2.92 + 0.02 ms and tide ions.

3.31 £ 0.01 ms, respectively. For the deprotonated species, the average drift

times were 1.54 + 0.01 ms (isomer) and 1.71 + 0.02 ms (authentic). Note that Peptide Extension Reactions Using Droplet Fusion. To probe

IMS conditions are substantially different for the two polarities as they wer e

the reactivity of the microdroplet-synthesized isomers, we uti-
lized droplet fusion (Fig.A) an experiment that simulates

protonated and deprotonated authentic and isomeric dipeptidéater droplet collisions in the atmosphere or in sea sprays. This

optimized separately to maximize resolution in drift time separation.

(S| AppendjsTable S). technigue has been implemented previously to study acid-
induced unfolding and hydrogeteuterium exchange of pro-
In-Trap Isomerization of Dipeptides by Collisional Heating. To  teins in microdroplets (78), as well as demetallation reactions

compare the stability of the authentic and droplet-synthesiZ87). Experimental details are included irh&ppendix
dipeptides, the relationship between the relative abundance dfpon the collision of two Gly spray plumes (nES2, kV

each product ion as a function of collision energy (CE) was vispray voltage), the mass spectrum revealed the formation of
alized using breakdown cun@ksAppendjX-ig. S4. In all four  protonated triglycine (Gly and tetraglycine (Gly (Fig. ).

cases (i.e., for protonated and deprotonated GlyGly and AlaAW)e IT-CID MS/MS fragmentation prdes of these ions agree

it was observed that the isomeric dipeptides fragmented moith the corresponding authentic spe@taippendjX¥ig. S6

readily than the corresponding authentic compounds. It showfiA andB, C, andD), suggesting that the isomeric dipeptides
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Fig. 5. Droplet-fusion experiment (A), proposed isomer chain extension reaction from structure 1 (B), and resulting full-scan mass spectra ( GF). When
aqueous solutions of Gly are sprayed from both nESI emitters ( C), di-, tri-, and tetrapeptides are observed in the mass spectrum. Similarly, if both emitters

are used to spray GlyGly ( E), only tetra and hexapeptides are obtained, as would be expected. When spraying Gly from one nESI emitter and GlyGly from

the other ( D), a range of oligomers up to hexapeptide species is detected. Finally, when spraying mixtures of Gly and Ala from both emitters, all possible
homo- and heterostructures are represented in the m/z values observed up to tripeptides ( F). The generated peptide species are highlighted in all cases.
During droplet fusion, the unique microdroplet-synthesized dipeptide isomers (either oxazolidinone as shown or as an ion-neutral complex) serve as chain
extension species that undergo further condensation reactions with other amino acids or peptides to yield authentic higher-order peptides ( B).

are forming authentic higher-order peptides. GlyGly sprajectric elds upon droplet collision may also contribute to the
plumes generated protonated,@lyd hexaglycine (G)y(Fig.  observed reactivity (79). Importantly, these results suggest an
5D), whereas colliding a spray of Gly and a spray of GlyGhcreased and unique reactivity of the synthesized isomeric
produced all peptides from gtp Glys (Fig. ). As expected, dipeptides compared to their standard counterparts, a feature
there is a greater abundance of; @lyd Gly, compared to that may be signéant with respect to peptide formation and
pentaglycine (G§y and Gly, which require at least two reac-extension in prebiotic environments.
tion events. Note that a Gly and GlyGly mixture, sprayed from ] o
a single nESI capillary, generates a trace amount Hf Glgsights into Mechanism. The observed dipeptide isomers
although there are no higher-order peptide produsts (Could be generated through two pathways, as follows: 1) accel-
AppendixFig. S7. Similar results are obtained in the negativerated formation of the authentic dipeptide product at the
ion mode §1 AppendjFig. S$. air—droplet interface where it then isomerizes and/or 2) a
Using Ala in each emitter, dipeptide isomers as well as #pique mechanism of amide bond formation between free
(Ala) and tetra-L-alanine (A)a(S! AppendjxFig. S9 are amino acids at the droplet surface that directly forms the iso-
obtained. As with Gly, the fragmentation pes of these larger meric product. The results of the MS/MS analysis and colli-
peptides match those of the authentic compourgls (sional heating of the authentic dipeptides AppendixFig.
AppendixFig. S1). Finally, spraying a mixture of Gly and AlaS9 suggest that they are incapable of isomerizing to any mean-
from both emitters yielded protonated GlyGly and AlaAla is@gful extent, favoring the second, more direct, pathway. How-
mers, Gly and Ala, as well as Gljla and GlyAlaheteropep- €ver, these results correspond to the analysis of the authentic
tides (Fig. B; SI AppendjxFig. S1lfor MS/MS spectra). Species at micromolar to millimolar concentrations, which dis-
Notably, based on the MS/MS spectra, the droplet fusion re@goportionally represent the molecules present in the bulk por-
tion between Gly and Ala seems to favor the formation &®n of the microdroplets rather than those at the surface.
GlyAla over AlaGlycfSI Appendj¥ig. S11A-C). No GlyAla Therefore, to assess differences in the behavior of the authen-
or AlaGly dipeptides were formed from a single emitter nE®t dipeptide when at the droplet surface vs. bulk, we per-
spray of the mixture. formed identical nNESI-MS/MS experiments as described above,
There are several factors that may contribute to the sucedgsit using 10 pM aqueous solutions of authentic GlyGly and
of these droplet fusion reactions. The increased numberAt#Ala, expecting that the sigrEntly lower concentration
microdroplet collisions should enable a greater number of would allow for interrogation of a larger proportion of the
sion events after the droplets have collided, resulting in smatietecules at the droplet surface. Under these conditions, the
droplets with greater surface-to-volume ratios. Increased ctiligmentation prdes of the authentic dipeptides represent a
sions could also provide enough turbulent force to perturb thembination of those from the corresponding authentic and
droplet surface (withoutssion) thereby enabling a greateisomeric specieSI(AppendjxFig. S12 suggesting that the
degree of solvent evaporation, which is typically negligible ddetected isomeric dipeptide can be formed from the authentic
ing the ight time of aqueous microdroplets (72, 78). Othedipeptide at the aidroplet interface. These results imply that
phenomena involving the interactions of the strong interfacthe microdroplet reaction of amino acids may be producing the
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expected authentic form of the dipeptide, but if so, it then
isomerizes, rapidly yielding the detected and more compact iso-
meric species, with both processes occurring at the droplet sur-
face. The isomerization step of this proposed mechanism is
consistent with a recent molecular dynamics study that found
that particular metastable conformations of AlaAla are favored
at the airwater interface due to greater intramolecular stabiliza-
tion when the dipeptide is partially desolvated (80).

In an effort to determine a structure for the dipeptide iso-
mers, several factors were considered based on the experimental

ndings which require 1) that the isomer have a more compact
structure than the authentic dipeptide, 2) that there exists plau-
sible interconversion pathways between the authentic and iso-
meric structures, 3) that the isomer structure be consistent with
observed fragmentation ples, and 4) that there be a favored
route for chain extension to give higher order peptides from
the isomer. Many attempts were carried out to deposit
microdroplet-synthesized material for further characterization,
although none were successful per NMR or Raman spectro-
scopic analysis of the collected prodsicAppendjxXTable S2
for descriptions and discussion of collection experiments).

Based on our empirical observations and consideration of sev-
eral plausible isomeric structurgs AppendjxTable SR we
suggest that the microdroplet-synthesized isomeric dipeptides
result from amino acid condensation with intramolecular cycliza-
tion to give 5-membered oxazolidinones. The resulting isomeric
dipeptide ions exist as highly favorable ion-neutral complexes as
well as fully covalent contributing forms (Scheme 1). Five-
membered heterocycles, similar to the proposed structures, have
been suggested as important prebiotic biomolecule precursors
(81). The initial condensation reaction is likely driven by the
extremely low interfacial pH of the microdroplet surface, as pre-
viously suggested for the condensatiorpbényl diamines and
carboxylic acids to form benzimidazoles and for the sequestration
of carbon dioxide as the carbamic acids using free amines
(41, 43, 82). Two ion-neutral complexes 2 and 3 (83, 84) are
accessible from fully covalent oxazolidinone ion 1. The coexis-
tence of covalent and ion-neutral forms of an ion has been
implicated in gas-phase reactions of Gly (85), as well as the
hydroxyl-amino exchange in protonated arginine (86), an isom- ‘ . ‘
erization process similar to that proposed here. These |0n—nelgg*?fgﬁelwsTg?fe(ﬂpf:;icé‘:'?';%‘r’sf :Ezt E§L°f£°§1i‘h2“§.‘l"“{§?y§§ma+H]
Complexes are espeC|aIIy stable due to the hlgh deQree of e'Q ree Gly. Protonation of free Gly on the carbonyl oxygen leads to
delocalization (87) which covers almost the entire heterocyclecondensation with a neutral Gly molecule followed by cyclization to oxazoli-

The proposed oxazolidinone structures (ion_neutra| Compt@})@ne L _This species has two ior_1-neutra| complex forms where the
and covalent forms, 1 to 3) (Scheme 1) satisfy all four of i@l s either water (2) or methylamine (3).
criteria described above, whereas alternative possible structures o o
of the isomeric dipeptide are inadequsteAppendjxTable in solutions of moderate salini§yl (AppendjxFig. S13 We
S4. We suggest that the compact cyclic structures are favdrg@gest that these condensation reactions are promoted by the
at the airwater interface where compounds with larger dipoféistinctive dry environment of the-auater interface. Given
moments can be stabilized through alignment with the highe two-dimensional hydrogen bonding network experienced
surface electrield (79, 88), another factor that favors the oxaPy compounds at the surface of aqueous microdroplets com-
zolidinone ionsSI AppendjxTable S5 and Fig. S1Jhis sta- pared to the three-dimensional network in the interior, the
bilizing effect can be further enhanced through favorati-water interface effectively serves as a low polarity drying
hydrogen bonding interactions in speaurface-aligned con- surface, with its molecular structureuiencing reactivity of
formations (89, 90). Furthermore, the oxazolidinone ions préurface-active species. Recent computations have argued :
vide an active carbonyl that is available for nucleophilic atta®ilar point by showing that water molecules at awater
to yield authentic higher-order peptides upon ring openirigterface (2 to 3 molecular diameters) are characterized by an
(Fig. B). Such reactions in N-carboxy amino acid anhydridese-like state, denoted by a distinctive molecular density gradi-
neutral analogs of the proposed species, readily form polypegsti-and perpendicular orientation at the interface (95). Further
des in aqueous environments-&1). computational and spectroscopic results have highlighted the

The ndings presented here demonstrate the spontaneauportance of both the number and orientation of hydrogen
generation of unique dipeptide species and authentic thiends on the surface activity of ions (96). Compounds oriented
through hexapeptides from free amino acids in pure agquealeng O-H bonds perpendicular to the interface may experience
microdroplets. It is noteworthy that these results also hold traeconsiderably greater electetd than those in the interior
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of the droplet, providing enough energy to activate chemicidtance of4 mm is often employed for routine analysis, whereas larger dist:
bonds (79). Additionally, the difference in water content betes (such as those described in this work) are often used for microdroplet s
ween the surface and the bulk of the droplet, together with thkie. Droplet fusion experiments were performed by placing two nESI capi
increased molecular order caused by the strong interfaaial emitters10 cm away from the mass spectrometer and aligned at a ¢
electric eld, may induce alternative protonation sites (e.g., c&F angle to each other in a goration that allowed their spray plumes to
bonyl vs. amine) due to partial solvation (97) and should facilitersect prior to reaching the inlet.
tate dehydration reactions between surface-active compounds. _ _
Interfacial chemistry appears to play a crucial role in facilit4g and IMS. All onv-resolutlon mass spectra and IT-CID product ion spe
ing biomolecule transformations in aqueous environments, 4§ recorded using a LTQ XL ion trap mass spectrometer (Thermo Sci
has been demonstrated in biphasic systems (91), cell cond8p.parameters for the various ionization sources used are ddﬂlalbed abc
sates, and subcompartments (98), as well as in microdro measurements were acquired using allnegr q_uadrupolt_e ion trap co
(12, 13, 21, 29, 42, 553, 99, 100). The observed generatioﬁ'v't an Orbitrap mass spectrometer (Thernm@n chhnase_s, helium was
of peptides from free amino acids at theaaiter interface of used as bath gas. M_S/MS control experiments were carriedeowbitesing pu
pure water droplets, the simplest of all prebiotic systems, d4gu!é out chemical interferences on the fragmenikasiobgeoved. .
gests that settings such as atmospheric aerosols or sea spray fay" > experiments were performed using a Waters Synapt G2-Si qt
ole Tirhe-ofght (ToF) mass spectrometer (Waters Corporation) equipped

have provided a unique and ubiquitous environment to ov arfr?/e"ng wave IMS cell. A mass ravievadis selected using the quadru-

Colme th_e ?_nerg?tg:_ hur(ldlesl aSSfOCIat?d Wslth C_Ondensatlon p?on (LM resolution set to 18.5, HM resaledi@h 15) prior to IMS analysis.
polymerization of biomolecules in water. Spatty, we sug- IMS conditions were optimized to maximize resolution in the drift time sep

gest that the dry interface of aqueous microdroplets may 4af. For the positive ion mode, the traveling wave velocity was selecte

re_5p0n5ib|e _for the dehydration r_eqUired to form nuc!eOSidi%OO m/s whereas the wave height was optimized to 40 V. For the negativ
oligonucleotides, and polysaccharides, as well as peptides.

mode, the wave velocity and wave height were set at 500 m/s and 25 V, re
tively. In all cases, the IMSayasvas kept at 90 mL/min. The scan time was
setto 1 s, and data were acquired during 2 min for each sample. Additic

Chemicals. Liquid chromatographyghdSe water (Fisher Saipmtas uti- parameters were not nealdirom the instrument default values. Experiments
lized for all experiments. Gly, GlygIglGhia, and AlaAla (all wlB% were performed using a nESI emitteRWithas the spray voltage (supplied

purity) were purchased from Sigma-Algrietd Alawere obtained from by the instrument using a homebuilt_ connection). An e_xtended DESI cap
Toronto Research Chemicals. All reagents and solvents were used ¥&5&t35¢@s the heated inlet of the instrument, maintaif@dataisd

The nal concentration of all chemicals was 5 mM unless otherwise not8{a!€ 10n transmission through thised0 capillary. Collisional cross-section
calibration was performed using the Major Mix IMS/ToF calibration solutio

Microdroplet Formation and lonization. nESI tips were made from borosille Intellistart assisted interface. For ion mobility experiments, the GlyGly
cate glass capillaries (Sutter Instrument Co.; outer diameter [O,D.] ohéld constant at 181 (except in the case of the pure Gly control), while the
inner diameter [1.D.] of 0.86 mm) pulled toraOMD. using a Flaming/ concentration of Gly was varied up to 5 mM. IMS experiments used mixtur
Brown micropipette puller (P-97, Sutter Instrument Co.). 8dhrtiaad wer:0, 1:125, 1:375, 1:500, and 0:1 GlyGly-Gly in pure water.

with+2 kV spray potential supplied by the mass spectrometer to a platinum

electrode placed inside the nESI capillary. The electrosonic E&$ [pnizatiomaterials, and Software Availability. All study data are included in
spray emitter was constructed using fused silica linesnwitb.180e  the article and®rAppendix

360-m O.D. (PolyMicro), one tee assembly, one union assembly, two Nano-

Tight sleeves, and a stainless-steel capillary (IDEX Health and Sciené€KkN@WhaREMENTS. This work was supported by the NSF (Grant CHE
tain the ow of reagent solution at a rate df/in, infuse syringe pumpsl905087), the Multi-University Research Initiative (MURHpafeti@ieéi
(Standard Infusion PHD 22/2000, Harvard Apparatus) were utilized wigh §aieighi Research (FA9550-21-1-0170) via Stanford University (sub-a
syringes (Hamilton Robotics). Nitrogen was used as the nebuliziri? ¢4%648-204669), and Waters Corporation (Grant 40002775). D.T.H. acl
180 psi. Voltage was supplied to the syringe needle during ESSI analgigissvsitipport from the National Science Foundation Graduate Research
an external DC power supply (PMX110-0.6 A, Kikusui Amegdgy Inc.ship (DGE-1842166). N.M.M. acknowledges support from the Eastman St
nESI and ESSI emitters were all @l@ead from the inlet of the mass speellowship in Analytical Chemistry and the American Chemical Society D
trometer unless otherwise noted. To limit interfacial reactionggta dropfeAnalytical Chemistry Graduate Fellowship sponsored by Agilent Technol
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