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Abstract

As part of our ongoing work dedicated to the
upstream processing of the production of
oligonucleotides, we demonstrate the
benefits of continuous flow in the cleavage
and deprotection of oligonucleotides,
reducing this process to as little as 2.5 min
residence time, regardless of the scale.

The impact of temperature, flow rate, and
loop size are shown, in addition to the use of
UV monitoring for collection. A 23-mer siRNA
molecule featuring 2'-O-Me, 2'-F, and
phosphorothioate modifications was cleaved
and deprotected at 100 umol scale without
compromise on speed or purity.

To the best of our knowledge, this is the first
documented use of such a safe and scalable
approach, yielding concentrated crude

oligonucleotide solutions.

Key Benefits

v" Flow cleavage of oligonucleotides is rapid
and scalable. 15 minutes as opposed to 15
hours in batch

v The resulting crude product solution can
be more concentrated than in batch

v The flow approach safely provides access

to higher temperatures and pressures

For more details, please contact:
Vapourtec Application Support
application.support@vapourtec.com

or call: +44 (0) 1284 728659

Background

Cleavage and deprotection is generally
considered to be the step in solid phase
oligonucleotide synthesis where the most
impurities are introduced. Minimising this
requires fine control of temperature and

reaction time.

Cleavage releases the oligonucleotide from

the solid support, while deprotection involves
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removal of protecting groups from the
phosphate backbone and nucleobases, as
well as any linker connecting the

oligonucleotide to the support itself.

The overall cleavage and deprotection
process typically involves application of a
heated aqueous solution of ammonia,
methylamine, or a mixture of the two for over
15 hours to ensure complete cleavage and

removal of protective groups.

Optimised solutions with various additives
are developed for large-scale production of
oligonucleotide drugs. Such efforts are rarely
necessary at the research scale, where this

work was performed.

The choice of cleavage solution, between
agueous ammonia, aqueous methylamine,
and agqueous ammonia/methylamine (AMA)
is often determined by the speed at which
the crude oligonucleotide is needed, and the
scale at which the cleavage and deprotection

will take place.

Interestingly, the original article [1] reporting
AMA as a cleavage solution found
methylamine to offer superior performance,
and the preference for AMA stemmed from
incompatibility with the equipment used at

the time.

While methylamine and AMA offer faster
reaction times, they scale poorly in batch due
to the time needed to reach the correct
temperature. Ammonia offers reliable scaling
due to the extended reaction time allowing

sufficient time to reach the correct

temperature. Furthermore, heating of
solutions containing volatile compounds to
55 °C carries safety risks and requires
pressure-rated vessels and additional
controls to mitigate the risk of explosion.
Even after cooling, residual pressure remains

within the vessels.

Carrying out cleavage and deprotection in
flow offers numerous benefits in both
scalability and safety. The chosen cleavage
solution is pumped through a reactor
containing oligonucleotidyl-resin, followed
by a heated reactor, before collection in a

container.

The oligonucleotide will be deprotected from
the resin as the cleavage solution is passed
through, and the protective groups will be
completely removed in the tubular reactor.
This method negates the need for operators
to handle any pressurised batch reactor while

simplifying the scaling up process.

This application note demonstrates the
suitability optimisation and scale up of
cleaving oligonucleotides in flow with just 20
min residence time, yielding identical results
compared to batch. Two sequences were

used in this work:

e Astandard 12-mer DNA (ACGTACTACGT)

e A confidential siRNA (proprietary of Novo
Nordisk) molecules. This siRNA contains
various modifications, including 2'-F, 2'-O-

Me and PS.
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Setup

For this work, a Vapourtec RS-200 platform,
equipped with acid resistant high flowrate
pump module R2HF C +, was employed.
Pressure was controlled by using an acid
resistant BPR. Figure 1 shows the flow

schematic used for this work.
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Figure 1 - Flow schematic used in this work

In the R-Series Software, the pressure limit

was set to 5.0 bar with pressure loss detection

enabled. This will ensure if the system
pressure increases due to a blockage, the

system will stop pumping and heating.

System Parameters

System solvent: Deionised Water

Solution: 40 % methylamine in water

Flow rate A: 1.0 - 20.0 ml/min

Reactor volume: 5 ml tubular reactor for 20
pmol scale and 20 ml tubular reactor for 100
pmol scale

Reactor temperature: 55 °C

Back pressure regulator: Set at 4 bar

*Note The batch experiments were
performed in a pressure-rated vessel on a

hotplate at 55 °C at 4 bar.

Reagents

All  reagents were purchased from

commercially available sources. Solid support

was purchased from Cytiva.

Analysis

The crude product was evaporated and
analysed by RP-LC-MS.

System Waters Acquity UPLC H Class with UV
detector set to 260 nm and QDa detector
Waters Acquity BEH, equipped with a
column C18, 1.7 um, 2.1 x 50 mm; Solvent A: 15
MM TEA, 400 mM HFIP in water; Solvent B: 15
mM TEA, 400 mM HFIP in methanol. The
guantification was carried out using
absorbance at 260 nm on Nanodrop.

Results are reported as crude yield and purity.

Results and Discussion

Cleavage and deprotection of a 12-mer
DNA

The sequence (ACGTACTACGT) was
synthesised in batch using Primer Support
5C Unylinker 350 (Cytiva, pre-synthesis
loading 334 pmol/g, post-synthesis loading

130 pmol/g).
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Figure 2 - Sequence of the 12-mer DNA used in this project

|\

As baseline result, the project started with the
evaluation of carrying out the cleavage and
ammonia and

deprotection with

methylamine under batch conditions at 30
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pumol scale. The batch experiment was
conducted for 17 hours at 55 °C in a heater

pressure-rated vessel.

Even at the small 30 umol scale, incomplete
deprotection of Sequence 1is observed when
using methylamine in batch, giving a purity
of 33 % as opposed to using ammonia (>90 %).

This is due to:

e |nefficient heat transfer, which can be
rectified by increasing the time, ensuring
that the solution reaches the required
temperature.

e As temperature increases, methylamine
will evaporate filling the headspace which
will reduce the concentration in the

solution.

These factors make the batch approach
poorly scalable and requires monitoring

throughout the process

L Batch cleavage with ammonia [96.0 %]

Normalised absorbance
L

Batch cleavage with methylamine [33.1 %]
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Figure 3 - Chromatogram of crude product from cleavage and
deprotection of 30 umol 12-mer DNA using ammonia (top) and

methylamine (bottom) in batch

The same oligonucleotidyl-resin was packed
in a fixed bed column to evaluate the
efficiency of cleavage and deprotection in

flow. The cleavage and deprotection was

performed pumping 40 % methylamine in
water, through the resin while keeping both
reactors at 55 °C. Residence time was 20 min
(calculated from the tubular reactor), and 14
ml of crude solution were collected using UV
collection. The solution was evaporated to
dryness and redissolved in water for analysis,
giving identical results to batch in a fraction

of the time as Figure 4 shows.

LBatch cleavage with ammonia [91.3 %]

Normalised absorbance

Flow cleavage with methylamine [89.1 %]
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Figure 4 - Chromatogram of crude product from cleavage and
deprotection of 12-mer DNA using ammonia in bath for 17 h (TOP) and
methylamine in flow (BOTTOM)

Cleavage and deprotection of a siRNA

A proprietary siRNA molecule (sequence
confidential) was chosen to evaluate the
scope of continuous flow as cleaving device.
The resin was synthesised using a resin with
UnyLinker. The modifications included in this

seqguence are:

o 2-F
e 2-O-Me
e PS

As with the 12-mer DNA, both experiments
yielded identical results for both batch and

flow, as Figure 5 shows.
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Figure 5 - Chromatogram of crude product from cleavage and
deprotection of siRNA using ammonia in batch (top) and methylamine

in flow (bottom)

The two main differences were:

e Reduction of reaction time: 20 min

residence time in flow as opposed to

17 hours in batch

e Collected volume: 12 ml of crude
product was collected in flow
compared to 21 ml from the batch

process

With these positive results in mind, the
effect of temperature and residence time
were explored. Following Arrhenius
equation, with an increase of 10 °C, the rate
of reaction doubles. Working at 85 °C
reduced the residence time to just 2.5 min
without any significant change in the crude

purity and yield.

55 °C, 20 minRt, 68.3 %

65 °C, 10 min Rt, 66.6 %

75°C, 5 minRt, 68.4 %

Normalised absorbance

85 °C, 2.5 minRt, 70.7 %
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4 6

Retention time (min)

o
[

Figure 6 - Chromatogram of crude product from cleavage and

deprotection of siRNA at different temperatures

Scale up cleavage and
deprotection of a siRNA

The scope of the optimised reaction protocol
was further extended by scaling it up to a
100 umol scale cleavage and deprotection.
The final purity and yield of the crude siRNA
was identical at both scales as Figure 7

shows.

20 pmol scale [68.3 %]

J

Normalised absorbance
o

J 100 pmol scale [69.2 %]
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Figure 7 - siRNA chromatogram of the overall crude product from

cleavage and deprotection in continuous flow at different scales

18 fractions of 4 ml each were collected based
on the UV signal. The crude siRNA was
evaporated, weighted and analysed for the
fractions. One key benefit of continuous flow
is the ability to perform inline analysis, which
can be used to analyse real-time the

evolution of the reaction.

Figure 8 shows a combine plot of the UV
chromatogram and yield collected per
fraction of crude oligonucleotide. Most of the
siRNA is collected within the first 5 fractions.
More detailed information can be found in

Figure S3 in the Supplementary information.
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Figure 8 - UV Chromatogram of cleavage and deprotection at 100 pmol

scale plotted with yield per collected fraction

Conclusion

This application note demonstrated the
advantage of cleaving and deprotecting
oligonucleotides in flow, offering a fast, safer

and scalable protocol.

Temperature was found to be critical for a
complete deprotection of the
oligonucleotide and the reaction could be
performed with residence times < 3 minutes
when working at 85 °C. Continuous flow offers
a safe access to higher temperatures and

pressures than traditional batch processes.

It was also found the resulting crude product
solution can be more concentrated in flow,

simplifying evaporating the product.
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Supplementary Information

Cleavage of hexylamine-based phthalimide linker
All the experiments shown in the main body of this application note have been tested using

UnyLinker, which was designed for rapid cleavage [2].

Sequences with 3'-modifications, such as 3'-hexylamine, do not use UnyLinker, they need to be

synthesised using Phthalimide hexylamine linkers.
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UnyLinker Hexylamine-based phthalimide Enker
Figure S1 - Structure of Unylinker and Hexylamine-based phthalimide linkers

A siRNA sequence (sequence confidential) synthesised using Phthalimide hexylamine linker was used with the

protocol developed with Unylinker, showing full cleavage and deprotection.

"é Batch cleavage with ammonia [61.8 %]
E Flow cleavage with methylamine [76.2 %]
2 - —
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Figure S2 - Chromatogram of crude product from cleavage and deprotection of siRNA using
ammonia in batch (top) and methylamine in flow (bottom)

Scale up detailed analysis

Figure S3 shows the crude chromatograms per fraction (left) as well as normalised

chromatograms based on collected yield per fraction (right).
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Crude purity of SiRNA per fraction Yield normalised purity of SIRNA per fraction
A A Fraction 1 Fraction 1, 1.03 pmol
A Fraction 2 A Fraction 2, 32.83 pmol
A Fraction 3 N Fraction 3, 36.79 ymol
f| Fraction 4 A Fraction 4, 12.33 pmol
J]L Fraction 5 Fraction 5, 2.94 pmol
J,L Fraction 6 Fraction 6, 1.12 pmol
A Fraction 7 Fraction 7, 0.68 pmol
JJL Fraction 8 Fraction 8, 0.45 pmol
A Fraction 9 Fraction 9, 0.31 ymol
,\ Fraction 10 Fraction 10, 0.24 pmol
h Fraction 11 Fraction 11, 0.19 pmol
A Fraction 12 Fraction 12, 0.15 pmol
,\ Fraction 13 Fraction 13, 0.11 pmol
A Fraction 14 Fraction 14, 0.10 pmol
A Fraction 15 Fraction 15, 0.07 pmol
A Fraction 16 Fraction 16, 0.07 ymol
A Fraction 17 Fraction 17, 0.06 pmol
A Fraction 18 Fraction 18, 0.05 pmol
L] T 1 L) T 1
2 4 6 0 2 4 6
Retention time (min) Retention time (min)

Figure S3 - Comparison of crude LC/MS per fraction [left] and yield normalised chromatogram [right]
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