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Automation of chemical synthesis and high-throughput (HT) screening are important for speeding up drug
discovery. Here, we describe an automated HT picomole scale synthesis system which uses desorption
electrospray ionization (DESI) to create microdroplets of reaction mixtures at individual positions from
a two-dimensional reactant array and transfer them to a corresponding position in an array of collected
reaction products. On-the-fly chemical transformations are facilitated by the reaction acceleration
phenomenon in microdroplets and high reaction conversions are achieved during the milliseconds
droplet flight time from the reactant to the product array. Successful functionalization of bioactive
molecules is demonstrated through the generation of 172 analogs (64% success rate) using multiple
reaction types. Synthesis throughput is ~45 seconds/reaction including droplet formation, reaction, and

collection steps, all of which occur in an integrated fashion, generating product amounts sufficient for
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Accepted 20th March 2025 subsequent bioactivity screening (low ng to low pg). Quantitative performance was validated using LC/
MS. This system bridges the demonstrated capabilities of HT-DESI for reaction screening and label-free

DOI: 10.1039/d55c00638d bioassays, allowing consolidation of the key early drug discovery steps around a single synthetic-
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Introduction

Rapid access to new molecules, an important part of drug
discovery, is typically hindered by the time-consuming nature of
traditional synthetic procedures.' This is especially relevant
as, despite the increased development and implementation of
high-throughput (HT) experimentation methodologies for
reaction screening and biological activity testing,>® those for
automated synthesis are less well-developed with the exception
of routes to peptides and oligonucleotides.*® Substantial efforts
are thus being made to develop automated synthetic systems for
small molecules of a wide structural range,”** although these
new platforms often operate at a relatively large scale (mL) and
relatively low throughput (hours per reaction).

Mass spectrometry (MS)-based techniques have emerged as
powerful tools for HT reaction screening®>° as they can rapidly
and automatically generate detailed reactivity data with special
value as input for automated bioassay platforms and for
machine learning algorithms to guide pathway selection. These
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advantages can be synergistically maximized when combined
with the accelerated chemistry occurring in microdroplets,
a strategy that provides both analytical (inherent to MS) and
synthetic speed (due to the accelerated reactions). HT reaction
screening (>1 Hz) by accelerated microdroplet reactions uses
automated desorption electrospray ionization (DESI)*"**
together with direct MS detection. In DESI, a pneumatically
propelled solvent spray impacts the surface of the reaction
mixture and releases secondary charged microdroplets. Accel-
erated reactions occur at their air-liquid interface.”*?® The
acceleration factor, expressed in terms of the ratio of rate
constants in microdroplets relative to bulk, is in the range of
10°-10° and it is attributed to interfacial phenomena: the
partial solvation of reagents,*”*® the strong electric field at the
droplet surface,**** and the presence of highly reactive species
(i.e. hydronium/hydroxide and redox species)****** in this
unique environment. HT-DESI-MS thus leverages microdroplet
chemistry to provide information on screening outcomes
rapidly and without the need for incubation of reaction
mixtures,*?® yielding results comparable to those of slower
screening approaches.** Despite achieving rapid screening by
HT-DESI-MS,* the collection of reaction products by droplet-
based synthesis is still constrained to non-automated, low
throughput and large scale approaches.?*

In this study, we demonstrate what appears to be the first
small-scale HT synthesis in an array format through physical
collection of the reaction products in the secondary DESI

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Concept of array-to-array (reactants-to-products) transfer
using DESI for high-throughput small-scale synthesis.

microdroplets. Collection of materials from a DESI spray
without automation has been demonstrated with pure analytes
one at a time,** however to do this in an autonomous HT
fashion from a two-dimensional array of reagents, one must
rapidly collect products of each reaction mixture at the corre-
sponding position in a second array. This was accomplished by
mimicking the movement mechanism of an old-fashioned
typewriter, i.e. a linear motion across a single row and a rotary
motion for row-to-row transitions. This mechanism allows for
an array-to-array transfer system (Fig. 1) in which reagents on
the sample surface (i.e. reactant or precursor array) undergo
accelerated chemical transformations during the DESI droplet
flight and land as reaction products on the collection surface
(i.e. product array). Here we describe a prototype of this

@ Typewriter roller

® xvz moving stage

@ Arduino controller
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automated small-scale synthesis system and showcase its use
for the late-stage diversification® of bioactive molecules.

Results and discussion

The microdroplet-based array-to-array transfer system (Fig. 2A)
is comprised of four main components: a homebuilt DESI
sprayer, a precursor array module (XYZ moving stage for the
reagent array), a product array module (collection system to
hold the array of reaction products), and a controller that
enables automated motion. The DESI sprayer is mounted on
a stage capable of adjusting the position and angle at which the
DESI spray impacts the material (i.e. reaction mixtures) pre-
deposited on the precursor array. An Arduino controller
orchestrates five independent motors enabling control over the
movements of each component. The precursor array module
allows three-dimensional movement: X and Y motions for ras-
tering of the precursor array beneath the sprayer providing
access to different array positions, and Z motion for adjusting
the distance between the precursor array and the collection
surface. The product array module uses two motions: linear
translation, which enables access to various positions within
a single row, and rotary motion, which advances between rows
as in a typewriter roller. Custom software was used to control
the automated array-to-array collection. Detailed description of
the individual components and parameters can be found in the
ESI (Section I and Fig. S1-S7).1

To qualitatively visualize desorption and collection for
system evaluation, dye spots were deposited on the precursor

Reference point
Bris o

000 000 [elele] 00
C Precursor array (after desorption)

Fig.2 Photograph of array-to-array transfer system. (A) Automated DESI synthesis device mounted on a cart. The DESI sprayer (1) is located on
an adjustable mount. The precursor array (2) is secured on a 3D-printed holder mounted on a XYZ moving stage (3) controlled by three stepper
motors. The typewriter-based product collection module is constructed of a platen roller (4) with a rotary motor that enables a continuous
supply of chromatography paper, while a collector plate (5) provides structural support for the paper surface and a wheel/axle assembly (6)
provides stable linear motion with a motor drive. All five separate stepper motors are connected to an Arduino controller (7), which is operated
with homebuilt software. The automated movements (B) are customized for array-to-array transfer of material from each of the 9-spot (9 mm?)
square that constitute a single sample in this particular array. These squares, made up of 9 pinned blue dye spots on the precursor array (C), were
desorbed and collected onto chromatography paper generating a product array of horizontal bands some 5 mm wide (D). (D) is contrast adjusted

for better visualization.
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array. In all experiments, 9 spots were used per sample to ach-
ieve 450 nL of reactant mixture deposited (50 nL per spot), and
filter paper was used as collection surface. A custom motion
pattern was utilized for the automated array-to-array collection
(Fig. 2B), with the precursor array module moving in the X-axis
to access and then raster across each sample (combined XY
motion; see details in the ESI, Section I}). Simultaneously, the
product array module moves linearly (X-dimension) and in sync
in order to collect material in the corresponding array position,
allowing for the collection of a single row of reactions. A new
row for desorption and collection is then accessible via Y-axis
motion of the precursor module and rotation of the collection
module (platten roller), respectively. Note that there is active Z-
axis control throughout the motion program, so that the
precursor array is lowered during the new row access (in order
to avoid cross-contamination) and then lifted again for collec-
tion. Automated repetition of these movements results in a two-
dimensional array-to-array transfer, an old fashioned type-
writer inspired strategy suitable for creating spatially resolved
materials, as demonstrated by the desorption and DESI-
mediated transfer of dye from spots in the precursor array
(Fig. 2C) to corresponding positions in the product array
(Fig. 2D). Note that the shape of the collected dye is attributed to
the combined effects of the geometry of the 9-spot sample
square and to gas dispersion of droplets along the surface
plane.*” A pure compound (neostigmine) was deposited on the
precursor array to optimize the desorption efficiency using
parameters such as movement step size, number of oscillations,
and raster speed, all which can be readily modified using the
custom control software. Details on this system optimization
are provided in the ESI (Section II and Fig. S8).7

To quantitatively evaluate the synthetic efficiency of the
automated system, we generated analogs of two bioactive
compounds, 3-[(dimethylamino)methyl]phenol (S1, an acetyl-
cholinesterase inhibitor precursor) and naloxone (S3, an opioid
antagonist) via sulfonation and ene-type click reactions (Fig. 3A)
using low png amounts of starting materials. Collection effi-
ciency was determined through analysis of extracted solutions
from the collected materials using nanoelectrospray ionization
(nESI) MS under non-accelerating analysis conditions (i.e.
minimal droplet flight times so that no further chemical
transformations could occur during the analysis). The relative
ion ratio of the drug substrate or functionalized drug molecule
to a structurally-similar internal standard (i.e. (S)-3-[1-
(dimethylamino)ethyl]phenol and naltrexone for S1 and S3,
respectively) was used to quantify the amount of reactant and
product collected via an external calibration curve (Fig. 3B and
Table S1}). Note that for selected reactions a second determi-
nation was carried out via liquid chromatography tandem MS
(LC-MS/MS) to validate the direct nESI quantitative approach
(see ESI, Section II, Fig. S10 and Table S27). Across all reactions,
the average collection efficiency (including products and reac-
tants) achieved with the current prototype was 16 & 7%. These
modest collection efficiencies likely arise from the low takeoff
angles (10°) of the secondary desorbed microdroplets,* the
pneumatic obstruction generated by the collection surface, and
the rapid spray divergence (see MS imaging results, Fig. 4A).
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Fig. 3 Quantitative evaluation of the small-scale synthesis system. (A)
Reaction scheme for sulfonation (red) and ene-type click reactions
(green) using 3-[(dimethylamino)methyllphenol (S1) and naloxone (S3)
as substrates and sulfonyl chlorides or ene-reagents as functionali-
zation reagents. The collection efficiencies for reactants and products
(B) and the conversion ratios (C) for each reaction are also shown. In all
cases the results represent the average of triplicate experiments with
the error bars indicating standard deviations.

Due to the complexity of this secondary droplet generation,
flight, and collection process,” further investigation and
simulations might be required for collection optimization.

The efficiency of the accelerated chemical transformations in
the DESI microdroplets was also evaluated by calculating
conversion ratios (CR) for each reaction (see ESI, Section IIT). Note
that despite the inherent challenges in correlating CR and reac-
tion yield that stem from ionization efficiency differences between
substrates and products, CRs can still be used to semi-
quantitatively assess reactivity trends for the functionalization
of drug molecules. This is possible when performing late-stage
functionalization of complex molecules, as often the most likely
ionization site is preserved between the precursor drugs and their
modified analogues. Here we demonstrate one such examples for
the functionalization of S3 by comparison of CRs with LC-MS
calculated yields (Table S27). Additionally, the use of CRs is also
useful when structurally similar products are generated through
the same reaction type, as they will have comparable ionization
efficiencies even though they differ systematically from those of
their corresponding starting materials.

In most cases, the reactions explored showed high conver-
sion (=70%) and reproducibility (Fig. 3C). The combination of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 MSIl analysis of the product array generated using the HT-DESI-
MS synthesis platform. (A) Composite ion images for all the function-
alized forms naloxone (S3) and naltrexone (S4) obtained via imine
formation (see details in the ESIt). Two representative mass spectra
(obtained through averaging each spot region using MSI) are shown for
the reactions of S3 + A7 (B) and S4 + A9 (C).

this high reaction efficiency with the modest collection effi-
ciency achieved, allow for sufficient quantities of products to be
generated (=200 ng for all reactions except S3 + E3 and S3 + E4
in which the reaction conversions are low) for their subsequent
biological activity screening, a task that can also be performed
by HT-DESI-MS in a label-free manner.>**® It is worth high-
lighting that the amount of product collected can be adjusted
(low ng to low ng scale) by varying the amount of reagent
deposited on the precursor array or the DESI desorption time,
which is readily controlled using the custom software.

Finally, the synthetic versatility of the HT-DESI-MS small-
scale synthesis system was evaluated using a wide variety of
chemical transformations together with in situ analysis of the
collected product arrays using MS imaging (MSI). The
substrates included small molecular building blocks, thera-
peutic agents and natural products (Fig. S171), while the reac-
tions explored were O/N-sulfonation, imine formation,
reductive amination, fluorosulfurylation, thioesterification,
SnAr, N-alkylation, ene-type click reaction, and Katritzky trans-
amination (Fig. S18-524f). A total of 270 functionalizations
were carried out using a throughput of ~45 seconds per

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transformation to prepare high-nanogram amounts of material.
Note that accelerated reactions in microdroplets occur within
tens to hundreds of milliseconds® (i.e. the flight time of the
droplets from the precursor array to the product array), while
the overall collection speed (5 seconds to 45 seconds, or longer)
can be customized.

Through this experiment, a total of 172 reaction products
were successfully synthesized (success rate: 64%) at nanogram
scale in an array format, as confirmed by MSI (Fig. 4 and S19-
S24t). For example, the spatial distribution and high conversion
ratios across the product array from the functionalization of
naloxone and naltrexone via imine formation can be visualized
in the composed ion image of the reaction products (Fig. 4A) as
well as the average mass spectra associated to each collected
spot (Fig. 4B and C). In some cases, both reaction products and
intermediates can be identified, as shown by the amine and
imine analogs of androsterone (via reductive amination,
Fig. S247). Additionally, if isomeric products formed using
isomeric alkylating reagents (via N-alkylation) or identical
products formed using reagents with different leaving groups
(via SyAr) are collected, they are observed spatially separated, as
expected (Fig. S22 and S23%). These MSI results illustrate the
spatial resolution of the collection spot, typically 10 x 3 mm (w
x h), with products mostly concentrated at the center. Note that
the generated array of spatially-resolved functionalized prod-
ucts provides a clear integrative advantage for bioactivity
screening, for instance using on-paper®’~® or solution-based
bioassays®*~** coupled to HT-DESI-MS. In the former case, the
paper substrate can be automatically analyzed after the bio-
logical reaction. In the latter, more widely applicable case,
collected spots need to be transferred to standard well plates for
incubation with the biological target. For this purpose, we
designed a batch punching tool that allows for simultaneous
cutting and transfer of the entire array of collected spots, onto
a standard 96-well plate (Fig. S257).

Conclusions

As shown, we have developed a fully automated and custom-
izable system for HT small-scale synthesis in an array-to-array
fashion leveraging the unique feature of accelerated chemistry
(millisecond reaction times) occurring in DESI microdroplets.
This system successfully achieves simultaneous physical
(desorption-collection) and chemical (reactants to products)
transformation of arrays, and it is directly compatible with an
existing automated HT-DESI-MS system® as it uses standard
microplate-sized reactant plates as input. Integration within
this platform will lead to a complete workflow involving (i)
automated ultra-fast (~1 second per reaction) screening, (ii)
online MS/MS structural confirmation (~5 seconds per reac-
tion), and (iii) synthesis using the array-to-array collector only
on the reactions deemed successful through the screening and
whose product structures are confirmed (~45 seconds per
reaction), leading to an overall screening-characterization-
physical collection throughput of less than 1 minute. Despite
the sequential synthesis step, this is a competitive throughput
when compared to parallel synthesis coupled with traditional
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LC-MS based screening, and it results in a more efficient
process less prone to generation of negative synthetic results
(i.e. unsuccessful reactions that were nonetheless prepared,
incubated and characterized) due to the multi-stage evaluation
workflow proposed here.

Under our current settings, high nanogram amounts of
reaction products are collected with a throughput of ~45
seconds per transformation in reactions exhibiting high CR
(>70%) despite modest collection efficiencies (~16%). Never-
theless, all these parameters are currently being improved
through system modifications. Note that the fastest throughput
accessible is 5 seconds per reaction (a single ~800 pm reactant
spot), with sample consumption just 50 nL (picomole scale).
The utility of this automated system was demonstrated with
a wide range of substrates and reaction types through 172
successful chemical transformations collected in a spatially
resolved array format. The products of the DESI reactions were
readily analyzed by spot extraction or in situ MSI, showcasing
the potential coupling of this synthetic system with subsequent
biological activity screening via in-solution®* or on-surface
bioassays.”” ™
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