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The development of novel compounds for tissue-specific targeting and imaging is often impeded by a lack of
lead compounds and the availability of reliable chemistry. Automated chemical synthesis systems provide a
potential solution by enabling reliable, repeated access to large compound libraries for screening. Here we
report an integrated solid-phase combinatorial chemistry system created using commercial and customized
robots. Our goal is to optimize reaction parameters, such as varying temperature, shaking, microwave irradiation,
aspirating and dispensing large-sized solid beads, and handling different washing solvents for separation and
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purification. This automated system accommodates diverse chemical reactions such as peptide synthesis and
conventional coupling reactions. To confirm its functionality and reproducibility, 20 nerve-specific contrast
agents for biomedical imaging were systematically and repeatedly synthesized and compared to other nerve-
targeted agents using molecular fingerprinting and Uniform Manifold Approximation and Projection, which lays
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Introduction

Automated synthesis, leveraging robotics, computer-controlled sys-
tems, and advanced instrumentation, represents an innovative
approach to chemical synthesis that has undergone notable
advancements in recent years, reshaping the landscape of che-
mistry."® Automated synthesis encompasses various methodolo-
gies, such as parallel synthesis, flow chemistry, and microfluidics,
each offering distinct advantages in efficiency, scalability, and
flexibility. For example, pioneering work in flow chemistry, coupled
with automation, enables precise control over reaction parameters,
thereby facilitating the synthesis of complex molecules like small
molecules, oligonucleotides, and peptides with improved yields
and purity.'"” Furthermore, the development of packed-beds,
modular cartridges, photochemical reactors, plasma reactors, cat-
alytic membrane reactors, and electrochemical reactors by various
renowned laboratories has emerged as a result of discoveries in
flow chemistry, further advancing progress in this field.>*™°
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the foundation for creating reliable and reproductive chemical libraries in bioimaging and nanomedicine.

Recent advancements in robotics technology, computer
science, and artificial intelligence have significantly accele-
rated life science research in both academic institutions and
industry."* ™ Many automated synthesis systems have been
developed for synthesizing therapeutic and clinical agents
with minimal human intervention."”™"” For synthesizing a large
chemical library, solid-bead-based combinatorial chemistry is a
viable option for automated high-throughput synthesis and
screening.'®2° In particular, one-bead one-compound (OBOC)
libraries have become a powerful tool in the process of lead
compounds discovery because of the high structural diversity
obtained by the split-and-pool method.***® When automated
synthesis is designed for combinatorial libraries, they can be
used to produce many new compounds, which are then subse-
quently available for drug candidates discovery by high-
throughput screening.”’*° Thus far, several OBOC-based com-
binatorial libraries have been reported to solve the large demand
for new drug candidates. However, reproducible and contro-
lled sequential synthesis has been a major challenge in this
field.**** Therefore, there is a need to develop a simple, versatile
automated system for combinatorial peptide synthesis and other
conventional chemical conditions to address these challenges
and facilitate drug candidate discovery through high-throughput
screening.

Nerve-targeting contrast agents are important because nerve
damage during surgery is a major cause of morbidity.>> Even
for experienced clinicians, nerve-sparing surgery is a major
challenge and surgical nerve damage leads to chronic pain as
well as loss of function and decreased quality of life.**™°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Therefore, it is imperative to develop nerve-targeting contrast
agents for accurately tracking nerves and preserving them
during intraoperative procedures.*’

In this study, we developed an integrated chemistry system
and demonstrated its utility in the automated synthesis of
nerve-targeting contrast agents. Compared to existing auto-
mated systems, our robotic chemistry system offers several
distinct capabilities (Table S1, ESIt): (1) execution of conven-
tional chemical reactions spanning a range of temperatures,
agitation levels, and microwave conditions; (2) manipulation of
large-sized solid beads through aspiration and dispensing; (3)
automated capping and decapping processes; and (4) manage-
ment of six different washing solvents and waste disposal.
Leveraging conventional robotic technologies, we amalgamated
these essential chemistry functions into a single sequential
automated system, devised the requisite software to oversee the
entire process, and subsequently verified the sequential func-
tionalities for synthesizing nerve-specific contrast agents.

Results and discussion
Integration of five functional robots

As depicted in Fig. 1, the robotic chemistry system is composed
of five main functional robots including a 360° Robot Arm (RA),
a Capper-Decapper (CAP), a Split-Pool Bead Dispenser (SPBD),
a Liquid Handler (LH) with the heating/cooling rack (Fig. S1,
ESIT), and a Microwave Reactor (MWR). All combined robots
perform functional roles with customized software to achieve
automated solid-based chemistry. The detailed role of each
robotic system is described in ESI.{
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Integration of software

The computer software controls the whole system through
RS-232 serial binary single-ended data ports. Software gives
commands to each robotic system by reading a command
sequence, which the user can create using the dialog box of
the command sequence creator (Fig. 2).

As shown in Fig. 2(A), the automated graphical user inter-
face (GUI) is the main interface for the software. A series of
command sequences are used to drive the robotic system to
achieve automated syntheses. In addition, to further reduce the
workload of the user, a GUI for the command sequence creator
software is developed for the creation and easy access of a
command sequence for the synthesis (Fig. 2(B) and (C)). Each
user can write a command sequence in a text file and then load
it into the automated chemistry software to run serial
syntheses.

Automated synthesis for nerve-targeting agents

Previously, we have conducted the structure-activity relation-
ship of nerve-highlighting fluorophores, and more than 200
analogues of the lead compound 4,4'-[(1E,1’E)-(2-methoxy-1,
4-phenylene)bis(ethene-2,1-diyl)]dianiline (BMB) have been
manually synthesized over 2 years.*' We believe that parallel
or combinatorial syntheses of small-molecule libraries will
significantly facilitate and reduce the time taken in the devel-
opment of such ligands.**"**

To access the functional features of the automated robotic
chemistry system, a parallel synthesis of the BMB library
including 20 analogues was attempted (Fig. 3(A)). Fig. S2 (ESIT)
lists the command sequence for the automated synthesis of the
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Fig. 1 Overall design and functionality of the automated chemistry system: (A) schematic and (B) gross picture of the combined robotic system. All five
components are placed around the 360° Robot Arm. (C) Customized heating & cooling rack, and customized tube and screw cap which allows facile and
repeatable opening or closing. (D) General workflow and functionality of the robotic chemistry system.
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Fig. 2 Software design and command sequence for the automated chemistry system: (A) Graphical user interface (GUI) includes (Initialize), (Create
Command Sequence), (Load Chemistry), and (Run) buttons to run a sequential combinatorial synthesis. (B) The Command Sequence Creator functions
to create a command sequence for the automated chemistry system. (C) The command sequence table describes functions and parameters of each
command. Shown are examples of each command, parameter, and position in each system to be executed.

BMB library. The whole process includes dispensing beads,
transferring tubes and reagents/reactants, washing, and shak-
ing beads, and moving around tubes. Chemical reactions are
designed to perform either under heat or microwave condi-
tions. As shown in Fig. 3(B), the first step for the automated
synthesis is the loading of 4-vinylaniline (block 1, Fig. S3 and
S4, ESIt) onto the 2-chlorotrityl resin in 1 mL of DCM contain-
ing 80 pL of DIPEA. The Heck reaction of compound 1 with
block 2 catalysed by Pd(OAc),/P(O-Tol);/TBAB at 100 °C
afforded the corresponding substituted alkenes 2, which were
treated with KOtBu in toluene under microwave conditions to
furnish compound 3. Finally, the target compounds were
cleaved from beads using 20% TFA/DCM, which were charac-
terized by ultra high-pressure liquid chromatography (UPLC;
Fig. S5 and S6, ESI{) and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS,
Table S2, ESIT). To test the reliability and reproducibility of the
automated system, 20 BMB derivatives were synthesized three
times, and the result was compared with that obtained by
manual synthesis (Table 1 and Fig. 3(C)). In total, the entire
BMB library could be automatically synthesized within 72 h,
which was significantly less than the same scale manually
parallel synthesis (120 h). All the 20 library members are
obtained with an average overall yield of 29% and an average
library purity of 51%, with greater than 70% purity for 7
compounds (Fig. S6, ESIT).

Scaled-up synthesis of compounds to support the subse-
quent stages of preclinical in vivo testing is often a difficult task
in pharmaceutical research.*” After testing the reproducibility
of our automated system, we selected compounds from 3

5292 | Mater. Adv, 2024, 5, 5290-5297

different groups (compounds 1, 4, and 9) to confirm the yield
and purity of large batch synthesis. These three compounds
were chosen for the scale-up synthesis due to the following
reasons: (1) compound 9 is BMB, the positive control for the
following bioassays; (2) the synthesis of compound 9 featured
the use of a tert-butyloxycarbonyl (BOC) as the protecting group;
(3) compounds 1 and 4 were found to show similar or brighter
nerve fluorescence compared to BMB in our previous study;**
and (4) the p-substituent groups of the right side benzene ring
included electron withdrawing/donating groups. Since it is
known that the biodistribution and targeting patterns of small
molecule agents are predominantly governed by the overall
molecular charges, lipophilicity, and polarity, we compared
these 3 compounds for further ex vivo and in vivo evaluations
(Table 2).

Large-batch synthesis is performed by adding beads in an
excess of 5-fold (50 mg) in a tube with the same command
sequences as those in small-scale synthesis. The final yield of
compounds 1, 4, and 9 is 55% (12 mg, purity 92%), 51% (14 mg,
purity 93%), and 20% (5 mg, purity 34%), respectively (Table 1).
These results are comparable to or even greater than those
obtained from manual syntheses, where purity for compounds
1, 4, and 9 was 69.8%, 48.6%, and 69.6%, respectively.*"

Ex vivo nerve targeting assay

While the detailed mechanism remains not fully understood,
speculative evidence suggests that myelin basic protein (MBP)
may serve as the binding target for the designed compounds.*?
Additionally, physicochemical properties such as log D, topolo-
gical polar surface area (TPSA), the sum of hydrogen bond

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Automated synthesis of nerve-specific contrast agents: (A)
chemical structures of nerve-targeting fluorescent agents (20 BMB ana-
logues). (B) Solid-phase synthetic route of BMB library. Chloro-(2’-
chloro)trityl polystyrene resins with a diameter of 400-450 pm were used
(capacity = 1.19 mmol g~%). (C) MALDI-TOF mass spectra of each target
compound. 2,5-Dihydroxybenzoic acid (DHB) was used as the matrix for
ionization.

acceptors and donors, as well as the number of rotatable bonds,
are pivotal for effective nerve targeting." To confirm the
functionality of nerve targeting agents synthesized automati-
cally using robots, we used compounds 1, 4, and 9 for ex vivo
nerve-specific fluorescence assay. The compounds were puri-
fied by preparative TLC (35%, 31%, and 14% isolated yields,
respectively) prior to biological evaluations and their purity was
confirmed by "H-NMR spectroscopy (Fig. S7-S9, ESIt). Prior to
tissue binding test, we compared the brightness of compounds
1,4, and 9 in test tubes by dissolving the pure powder in DMSO,
5% dextrose solution (D5W) containing 5% Cremophor
(C-D5W), or FBS at a concentration of 100 uM (Fig. S10, ESIT).
Compounds 1 and 4 showed reasonably high brightness in all
three solutions compared with compound 9. Next, we incu-
bated pig sciatic nerve cut in cross section with 100 uM each

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Purity and yield comparison of automated synthesis vs. manual
synthesis?

Automated small ~ Manual synthesis
batch (10 mg resins) (10 mg resins)

Automated large
batch (50 mg resins)

. 5 72h 120 h 46 h
Time'
Purity (%) Yield (%) Purity (%) Yield (%) Purity (%) Yield (%)

1 68 £11 36 92 56 92 55

2 20 £ 2 19 93 51 N.D. N.D.
3 16 £ 4 N.D. 95 60 N.D. N.D.
4 92 £6 41 98 62 93 51

5 81+2 32 98 58 N.D. N.D.
6 90 £1 34 66 44 N.D. N.D.
7 <10 N.D. <10 N.D. N.D. N.D.
8 71+£1 25 60 23 N.D. N.D.
9 49 £ 6 23 36 20 34 20
10 86 £ 3 36 13 ND N.D. N.D.
11 78 £ 8 27 94 49 N.D. N.D.
12 33+3 36 96 40 N.D. N.D.
13 46 £ 9 30 94 54 N.D. N.D.
14 76 £5 39 94 64 N.D. N.D.
15 20 £ 2 12 96 50 N.D. N.D.
16 70 £ 4 27 82 36 N.D. N.D.
17 14 £1 N.D. 68 47 N.D. N.D.
18 30 2 24 88 55 N.D. N.D.
19 22 +2 18 23 14 N.D. N.D.
20 38+3 30 93 62 N.D. N.D.

M£SD51+29 29+8 74+30 47+15 73 +£34 42+19

¢ Purity was calculated based on the integrations of the UPLC band on
ELSD, HPLC yields of automated small batch and manual synthesis
were obtained by using compound 9 as the standard (Fig. S5 and S6,
ESI). For compounds obtained through the automated small batch
synthesis, purities were obtained from three independent experiments
(mean =+ SD). N.D. = not done. ? Timescales (h) for steps in the
workflow.

Table 2 Physicochemical properties of nerve-specific compounds®

My logD,  TPSA Rotatable H-bond H-bond
Compd (Da) pH 7.4 (A% bonds acceptors  donors
1 352.44  5.52 59.04 5 3 1
4 361.87 6.27 3525 5 2 1
9 342.44 4.84 61.27 5 3 2

¢ Physicochemical properties including distribution coefficient (log D at
pH 7.4), topological polar surface area (TPSA), rotatable bonds, and
H-bond acceptors/donors were calculated by MarvinSketch 16.12.12
(ChemAxon).

fluorophore formulated with C-D5W as previously reported,
and their images were taken using a Nikon TE2000
microscope.*!

As shown in Fig. 4(A), all 3 fluorophores exhibited strong
fluorescence signal throughout the cross-sectioned nerve fas-
cicle because of high lipophilicity (high log D values > 4.5).
Interestingly, compounds 1 and 9 (BMB; positive control)
displayed a similar level of background signals in epineurium
and adipose tissues, which lowered the overall signal-to-
background ratio (SBR) of nerve fascicle against adipose tissue.
On the other hand, compound 4 showed high nerve-specific
uptake and retention in the fascicle and negligible uptake in
the surrounding adipose tissue (SBR > 3.0), which may be

Mater. Adv,, 2024, 5, 5290-5297 | 5293
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Fig. 4 Nerve-targeting assay for BMB derivatives obtained from auto-
mated synthesis. (A) In vitro nerve-targeting assay. Nerve-specific fluores-
cence intensity was determined using staining of pig sciatic nerve cut in
cross section and incubated with 100 uM of 3 representative compounds.
Control autofluorescence images with equivalent exposure time and filter
information are shown. F = nerve fascicle; Ad = adipose. Scale bars = 200 um.
(B) and (C) In vivo nervous tissue targeting using compounds 1, 4, and 9.
0.5 mg kg~! of each compound in D5W was injected intravenously into
CD-1 mice 4 h prior to imaging. All images were acquired from (B)
trigeminal ganglia and optic nerve, and (C) intact brain tissue by intrao-
perative fluorescence imaging system. ON = optic nerve; TG = trigeminal
ganglia; PG = pituitary gland. All fluorescence images have identical
exposure times and normalizations. Scale bars = 25 mm.

caused by its high log D at pH 7.4 (6.27) with relatively low TPSA
(35.25) as depicted in Table 2.%%*!

In vivo nerve imaging

Next, we explored in vivo imaging of nervous tissue using the 3
compounds showing high ex vivo nerve tissue binding. Each
compound (0.5 mg kg™* dose in IV formulation) was injected
intravenously into 25 g CD-1 mice to confirm the in vivo uptake
in central and peripheral nervous systems.*> We sacrificed the
fluorophore-injected mice 4 h post-injection and exposed tri-
geminal ganglia, optic nerve, and brain under the intraopera-
tive fluorescence imaging system (Fig. 4(B), (C) and Fig. S11,
ESIt). All neural tissues were highlighted with expressing
strong fluorescence intensity, which is a strong evidence of
blood-brain barrier permeability as previously reported.*'
Although compound 4 showed relatively lower signals in tri-
geminal ganglia due to the metabolic behaviour of chlorinated
substituent, the signals in peripheral nerves were significantly
higher (*P < 0.05) than the other two compounds (Fig. S11,
ESIY).

UMAP data analysis

To understand the nerve targeting of compounds 1, 4, and 9, we
performed high-dimensional data analysis of their structures.
We first used a common featurization method for deep learn-
ing of chemical databases, the Morgan fingerprint,*® to process

5294 | Mater. Adv,, 2024, 5, 5290-5297
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all 250 compounds (the 20 BMB analogues appended to the 230
compounds in our previous study).** This allows for structural
comparisons through dimension reduction techniques, such as
the Uniform Manifold Approximation and Projection (UMAP).*”

Using the plots generated through the UMAP and plotting
the compounds, the entire library of 250 compounds formed
several clusters, based on the similarity of the molecules. Each
point corresponding to the 230 compounds was coloured by
their performance, with a darker colour meaning higher per-
formance. As shown in Fig. 5, compounds 1-10 and com-
pounds 11-20 naturally separated, with compounds 1-10
residing in a cluster of generally higher performance. Also
using the UMAP coordinate data, we compiled a table of the
number of high-performing compounds near to each of our
20 compounds. Comparing this with our UMAP plot, it was
found that while compounds 2, 6, and 7 were near the margin
of the cluster, compounds 1, 4, and 9, resided closer to the
centre, which indicates a deeper similarity with the high-
performing compounds.

Traditional manual synthesis in the solution phase is
labour-intensive, prone to human error, time-consuming, and
can result in sample loss.*®*° Although solid-based OBOC
chemistry offers a more consistent and reliable approach, most
chemical libraries are established by manual synthesis as
automated robotic systems are complex and expensive.’® This
hurdle is overcome by the integration of commercial and
custom robotics with custom software. Compared to that of
manual synthesis, the use of an automated robotic system
permitted the synthesis of all target compounds while main-
taining similar purity and yield. On the other hand, robotic
chemistry systems in life science lag their industrial and
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Fig. 5 UMAP plot of the BMB compound library and the number of
nearest high-performing neighbours for the 20 compounds. Each com-
pound from the previous study uses the following quantitative scale: — =
nerve fluorescence equivalent to control autofluorescence; 0 = nerve
fluorescence lower than BMB, but higher than control autofluorescence;
+ = nerve fluorescence equivalent to BMB with the same exposure time;
and ++ = nerve fluorescence brighter than BMB with lower exposure time
required for imaging.
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clinical counterparts due to an array of inhibiting factors,
including financial and spatial constraints, as well as the
flexibilities of the automatic system. From this perspective,
development of bespoke laboratory automation, and repurpos-
ing existing equipment, seems an important resource for those
choosing this route to automation.

Nevertheless, the developed system in this study has room for
improvement. First, the size of beads is critical for furnishing high
quantity with high purity. To achieve this goal, 400-450 um CTC
polystyrene resins are selected, where the maximum loading
capacity of beads is 1.19 mmol g™, while conventional size of
beads is less than 200 pm. Second, washing steps need to be
improved. Although an extensive washing process (three different
solvents, 5 mL x 3 times) is applied, after the Heck reaction, the
residual reactants (e.g., Pd catalyst) adsorbed on the bead surface
are very difficult to eliminate by automatic washing. These
residual reactants block the following Wittig reactions with block
3. Third, an anhydrous reaction environment needs to be con-
sidered. Most commercially available resins for OBOC, such as
CTC beads, are sensitive to moisture, but our robotic chemistry
system cannot provide a perfectly sealed environment. At the start
of the synthesis, if the beads remain in a very long duration (more
than 3 h) in DMSO in the bead dispenser, the small portion of
water contained in DMSO decreases the chemical reactivity,
thereby resulting in a lower yield. However, if the beads are
exposed to anhydrous DMSO and are dispensed within 1 h, the
average purity of the final product increases up to 51% as
compared with that using 99% DMSO with a longer duration
up to 4 h (32% purity). Finally, we used special beads to prove the
success of our custom robotic systems as well as the software
design and command sequences, although many other OBOC
combinatorial strategies have been used extensively in drug
candidates discovery during the past decades.*"*>

Automated robotic flow platforms in chemical synthesis received
wide attention in recent years, while solid-phase combinatorial
chemistry including compound library development and high
throughput bio-evaluations, are still the important components of
modern drug development.>* OBOC library strategy holds the great-
est potential for the rapid identification of novel hits against
emerging drug target. However, further developments are still
needed to expand the utility of the OBOC method to non-peptide
chemical scaffolds, as the tentative explorations in this work.

The compound amount and complexity in our current work
is limited. Here, our goal is to confirm the functionality and
reproducibility of the automated chemistry system, by perform-
ing conventional chemical reaction conditions. We will con-
tinue to optimize our robots combined with the OBOC strategy
in the development of fluorophore libraries with more quantity
and structural complexity, and high throughput biomedical
evaluations which have been described by our group.'®?!

Conclusions

In summary, we successfully developed a new automated
chemistry system combining commercially available and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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customized robots. We also created integrated software to
operate all the robots. The results demonstrate that solid-
phase automation accommodates diverse chemical reactions.
Moreover, we executed automated syntheses for a BMB library
three times to confirm the reproducibility for creating reliable
small-molecule libraries. Finally, the selected compounds 1, 4,
and 9 were scaled up to the 5-fold level to demonstrate the
capability for large-batch syntheses. As compared to laboratory-
scale manual synthesis, automated chemistry synthesis formed
all target compounds, and large-batch syntheses gave reprodu-
cible yield and purity, which were confirmed by ex vivo and
in vivo nerve targeting assays.

As technology advances, more and more complex chemical
processes, and even whole workflows such as library prepara-
tion or liquid handling, can be automated. State-of-art auto-
matic synthetic systems are expected to continually appear in
more laboratories. A single piece of equipment, such as an
automated pipetting system or automatic liquid and/or solid
dispenser, or a fully automated workflow can be a gamechanger
for the laboratories utilizing them. We believe that our work is
meaningful in inspiring people in academia and industry to try
the concepts, experiments, or skills within the broad term of
combinatorial chemistry and automation. Applications of this
automated system for the solid-phase synthesis of other small-
molecule libraries are currently underway.
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