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ABSTRACT: With a renewed and growing interest in therapeutic
oligonucleotides across the pharmaceutical industry, pressure is increasing on
drug developers to take more seriously the sustainability ramifications of this
modality. With 12 oligonucleotide drugs reaching the market to date and
hundreds more in clinical trials and preclinical development, the current state of
the art in oligonucleotide production poses a waste and cost burden to
manufacturers. Legacy technologies make use of large volumes of hazardous
reagents and solvents, as well as energy-intensive processes in synthesis,
purification, and isolation. In 2016, the American Chemical Society (ACS) Green Chemistry Institute Pharmaceutical Roundtable
(GCIPR) identified the development of greener processes for oligonucleotide Active Pharmaceutical Ingredients (APIs) as a critical
unmet need. As a result, the Roundtable formed a focus team with the remit of identifying green chemistry and engineering
improvements that would make oligonucleotide production more sustainable. In this Perspective, we summarize the present
challenges in oligonucleotide synthesis, purification, and isolation; highlight potential solutions; and encourage synergies between
academia; contract research, development and manufacturing organizations; and the pharmaceutical industry. A critical part of our
assessment includes Process Mass Intensity (PMI) data from multiple companies to provide preliminary baseline metrics for current
oligonucleotide manufacturing processes.

1. INTRODUCTION

Oligonucleotides are a novel class of therapeutic molecule for
the treatment of a wide variety of diseases. They are short
pieces of modified DNA, typically around 20 nucleotides in
length. The fact that they can bind to complementary
sequences through Watson−Crick base pairing gives them a
unique ability to treat diseases that have been considered
untreatable by traditional small molecule therapeutics. For
example, they can bind to target ribonucleic acid (RNA)
molecules and induce degradation or splice-switching in order
to treat genetic diseases or viral infections. Alternatively, they
can fold up on themselves to form three-dimensional structures
called aptamers which can bind to target molecules with high
specificity. The in vivo properties of oligonucleotides can be
improved by introducing various modifications to the
structure, some of which are summarized in Figure 1.
Incorporating phosphorothioate linkages into the backbone
increases nuclease stability and cellular uptake. Introducing 2′-
modified nucleotides [e.g., 2′-OMe, 2′-F, 2′-O-methoxyethyl
(MOE)] and conformationally constrained nucleotides [e.g.,
locked nucleic acid (LNA), constrained ethyl (cEt)] improves
binding affinity and nuclease resistance.1−3

Another advance in the field has been the development of
drug delivery systems to target delivery of oligonucleotides to
specific organs and tissue types. For example, the covalent

attachment (conjugation) of N-acetylgalactosamine (GalNAc)
ligands to target liver hepatocytes2,3 and the Glucagon-like
peptide-1 (GLP-1) ligand to target pancreatic beta cells.4 A
lipid nanoparticle formulation has also been used to target
delivery to the liver.5,6 As a result of these advances, there are
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Figure 1. Some common oligonucleotide modifications (BASE =
nucleobase; R = H, OH, OMe, F, O-methoxyethyl; X = H, Me; Y = O,
S).
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now numerous oligonucleotides in clinical development, and at
the time of writing, 12 compounds have been approved for
commercial use.7

2. CURRENT OLIGONUCLEOTIDE MANUFACTURING
PROCESS
2.1. Process Overview. The manufacture of single-

stranded therapeutic oligonucleotides typically consists of
four key components: (1) oligonucleotide synthesis on a
solid support; (2) cleavage from the solid support and removal
of protecting groups; (3) purification by preparative
chromatography; and (4) isolation by lyophilization (Figure
2).

2.2. Synthesis. Oligonucleotides are synthesized using the
solid-supported phosphoramidite method which has been the
mainstay of oligonucleotide synthesis for almost 40 years.8 The
basic starting materials are phosphoramidite monomers
derived from protected nucleosides. Synthesis occurs in a
column charged with a solid support, historically controlled-
pore glass (CPG) with the first nucleotide preloaded, but more
recently polystyrene with a UnyLinker molecule attached.9

The synthesis is computer-controlled and fully automated, and
the reagents are flowed through the column sequentially to
perform the reactions on the solid support. The synthesis
typically proceeds in a 3′ to 5′ direction by a four-step
synthesis cycle (Figure 3) with each step followed by a solvent
wash:

(1) Detritylation: The dimethoxytrityl (DMT) protecting
group on the 5′-hydroxyl group is removed with a
solution of an organic acid, typically dichloroacetic acid
(DCA) in toluene.

(2) Coupling: The next nucleoside phosphoramidite in the
sequence is activated with an acidic activator and
coupled with the 5′ hydroxyl group of the growing
oligonucleotide chain.

(3) Oxidation/Sulfurization: Oxygen or sulfur is added to
the phosphorus atom using iodine or a sulfurizing
reagent to give either a phosphodiester or a phosphor-
othioate group.

(4) Capping: Unreacted 5′ hydroxyl groups are capped with
acetic anhydride to prevent further chain extension of
coupling failures and minimize N-1 impurities.

This synthesis cycle is repeated for each nucleotide in the
sequence until the fully protected oligonucleotide has been
assembled on the solid support. All reactions in the cycle are
rapid: a single cycle takes approximately 45 min and a full
synthesis of a 20-mer is complete in less than 24 h. The final
step of the synthesis is the removal of the cyanoethyl
protecting groups from the phosphodiester/phosphorothioate
backbone by washing with an amine solution.

2.3. Cleavage and Deprotection. Once the synthesis is
complete, the full-length product is cleaved from the solid
support and the base-labile protecting groups are removed,
typically by heating with aqueous ammonium hydroxide. For
RNA-containing oligonucleotides, the removal of the 2′-O-silyl
protecting groups requires treatment with fluoride. Once
cleaved from the solid support, the crude oligonucleotide can
be analyzed for concentration, identity, and purity; crude
purities of greater than 80% are not uncommon.

2.4. Purification. Several different modes of preparative
chromatography can be used to purify oligonucleotides,10,11

the most common of which are reversed-phase and anion
exchange chromatography. Often, the final 5′-DMT protecting
group is left attached to the oligonucleotide as its hydrophobic
properties can be exploited to assist with chromatographic
resolution. Sample chromatograms for various oligonucleotide
purification methods are shown in Figure 4.
RP-HPLC employs a hydrophobic stationary phase such as a

polystyrene-divinylbenzene copolymer or a C18-modified silica
to retain the oligonucleotide with the aid of its hydrophobic 5′-
DMT group. Impurities without the DMT-group are washed
out with an eluent of intermediate strength, and the product
fraction is then recovered at higher solvent strength (Figure
4A). The DMT group can then be removed in solution by
treatment with acid.
AEX chromatography is typically performed using a

quaternary ammonium-functionalized stationary phase which
binds the negatively charged oligonucleotide at low salt
concentrations. Often, the interaction of the DMT group
with the partially hydrophobic resin is exploited to remove
some of the DMT-off impurities with a wash at intermediate
salt concentration. Detritylation is then carried out on-column
with an acid wash and the product is eluted by increasing the
salt concentration (Figure 4B). Alternatively, the whole
purification can be performed in DMT-off mode, relying on
the salt gradient alone to separate impurities from the API.

2.5. Isolation. After purification, a dilute aqueous
oligonucleotide solution is obtained which is desalted to
remove elution buffer components and concentrated prior to
either further processing steps or the final API isolation step.
One of two processes can be employed to desalt: precipitation
or tangential flow filtration (TFF).
Precipitation of oligonucleotides from aqueous solution can

be achieved by adding ethanol or 2-propanol, either at reduced
temperature or using salt promoters.12,13 Inorganic salts remain
in the supernatant that is decanted off, and the residue is
redissolved in water to the required concentration.
Alternatively, the desalting of oligonucleotides can be

achieved by TFF across a membrane.14,15 In this process,
small molecules such as water, inorganic salts, and organic
molecules pass through channels in the membrane to the
permeate, whereas larger species such as oligonucleotides do
not and are concentrated in the retentate (Figure 5). Water is
added to the retentate to help wash the small molecules
through the membrane and achieve desalting.16 The combined

Figure 2. Overview of the current oligonucleotide manufacturing
process.
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process is often referred to as ultrafiltration/diafiltration (UF/
DF) and leads to a reduction in inorganic concentration by
several orders of magnitude while increasing the oligonucleo-
tide concentration.
Once desalting is complete, further processing steps may be

required depending on the final structure of the API. An
annealing step is required for double-stranded oligonucleo-
tides, e.g., small interfering RNAs (siRNAs), to join the two
complementary strands together. This usually involves mixing
solutions of the two strands, heating the solution, and cooling
to facilitate hybridization. A conjugation step may also be
required for oligonucleotides covalently attached to targeting
ligands such as GalNAc. Further purification, desalting, and
concentration steps are usually employed after conjugation.
The API is isolated by lyophilization to give a low-density,

hygroscopic, electrostatic, amorphous solid, typically as the all-
sodium salt. This solid is usually stored frozen and shipped to
the drug product facility for formulation, which will generally
be an aqueous solution for parenteral delivery.
2.6. Call to Action. The general manufacturing process

described above is a remarkable achievement, able to
synthesize, purify, and isolate oligonucleotides in excellent
yield (∼50%) and purity (∼90%); especially considering the
size and complexity of the molecules and the number of
chemical transformations involved (∼80). It is a flexible
process, able to produce a large number of nucleic acid
derivatives, such as those incorporating modifications, single-
and double-stranded oligonucleotides, aptamers, and con-
jugates. Finally, the process can be readily scaled up from gram

to multikilogram scale to produce oligonucleotides for clinical
and commercial applications.
However, this achievement comes at an environmental cost

in terms of waste, chemical hazards, and energy efficiency, and
this burden will only grow as volumes of therapeutic
oligonucleotides increase. In this Perspective, we17 aim to
summarize the current challenges in oligonucleotide manu-
facture in terms of sustainability. We wish to review efforts to
date to improve the “greenness” of oligonucleotide manufac-
ture, highlight possible solutions and encourage collaboration
between academia, the pharmaceutical industry, and contract
manufacturing organizations in this field.

3. ASSESSING THE SUSTAINABILITY OF THE
CURRENT PROCESS

There are several ways to evaluate the sustainability of the
oligonucleotide manufacturing process. In this article we
assess:

• The greenness of the process against the 12 Principles of
Green Chemistry

• The material efficiency of the process using the PMI
metric

• The hazards of reagents used in the process by
consulting REACH lists and solvent selection guides

3.1. Assessment against the 12 Principles of Green
Chemistry. The 12 Principles of Green Chemistry were
developed by Paul Anastas and John Warner as a way to “help
reduce or eliminate the use or generation of hazardous
substances in the design, manufacture and application of

Figure 3. Oligonucleotide synthesis cycle.
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chemical products.”18 A traffic light assessment of the
oligonucleotide process against these principles is presented
in Table 1, highlighting six areas for improvement.
Waste is highlighted as a significant issue for oligonucleotide

manufacturing. Excess starting materials and reagents are used
to drive the reactions to completion, and wash solvents are
used to remove them. Purification by preparative chromatog-
raphy uses large volumes of mobile phase which are discarded
as waste. Atom economy for the starting materials is poor (for
example an average of 36% for the four deoxyribonucleoside
phosphoramidites) due to the extensive use of protecting
groups; consequently the majority of atoms in these materials
are not incorporated into API but are discarded as waste. The
nucleoside cores of the phosphoramidite starting materials can
be derived from renewable feedstocks, but the protecting
groups that they possess and the majority of the other reagents

and solvents are derived from nonrenewable petroleum-based
sources. All of the chemical reactions in the process are
stoichiometric rather than catalytic, with many reagents used in
vast excess. Finally, although some real-time data is generated
during processing (for example UV, conductivity, temperature
and pressure) it is not used for pollution prevention purposes.

3.2. PMI Assessment. The ACS GCIPR has developed a
series of green chemistry tools to help chemists and engineers
assess and improve the sustainability of their chemical
processes.19 These include reagent and solvent guides, a
Principal Component Analysis (PCA) solvent selection tool,
and a PMI calculator, among other items. Application of these
tools to the current oligonucleotide manufacturing process
provides a baseline assessment of sustainability from which to
improve and enables comparison with other classes of
therapeutic molecules such as small molecules, peptides, and
biopharmaceuticals.
PMI is a measure of material efficiency and is a key metric

for assessing the sustainability of a process.20,21 Put simply, it is
a measure of the quantity of raw materials required to produce
one kilogram of isolated API (Figure 6).

Figure 4. Sample chromatograms for oligonucleotide purification
methods.

Figure 5. Desalting via TFF.

Table 1. Assessment of the Oligonucleotide Manufacturing
Process against the 12 Principles of Green Chemistry

Figure 6. PMI calculation.
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PMI is a good metric for measuring the sustainability of a
process. It takes into consideration all of the materials used in a
process, including water, and incorporates other metrics like
yield and atom economy. It can be calculated with readily
available data and has the advantage of being simple and easy
to understand. However, it does not take into account other
factors such as energy usage, environmental impact or starting
material complexity.
For this article, five ACS GCIPR member companies

compiled PMI metrics on eight oligonucleotide processes in
development. These compounds included representatives from
several oligonucleotide classes (antisense, siRNA) possessing
different modifications (MOE, LNA, cEt) and in different
phases of development. Some processes included a capping
step; others did not.
The oligonucleotide manufacturing process was divided into

stages (synthesis, purification, and isolation) and these were
further subdivided into steps as required. The materials were
classified as reagent, reaction solvent, wash solvent, or water
according to their use in each step/stage. The quantities of
materials for the whole process were summed to give the total
“quantity of raw materials in (kg)” figure. This was divided by
the “quantity of API out (kg)” to give a PMI figure for each
oligonucleotide.
Only materials used in the oligonucleotide manufacturing

processes were included in this analysis; materials used in the
synthesis of the phosphoramidite nucleoside starting materials
were not included. It is acknowledged that the complexity of
the phosphoramidites will affect the mass efficiency of the
overall process. However, the phosphoramidites are small
molecules synthesized by conventional batch chemistry and
their PMIs can be improved using standard small molecule
process development approaches. Materials used in the
synthesis of targeting ligands (such as the GalNAc
intermediate) and the processing steps to incorporate them
were also not included for similar reasons. A summary of the
output of this assessment is shown in Table 2.

PMIs were obtained in the range of 3035−7023 with an
average of 4299. These values sit between the PMI figures
calculated for small molecule (median 168−308)22 and
biopharmaceutical (∼8300)23 APIs and are probably com-
parable to similarly sized peptides, although little information
is published for peptides at present.24

There are different ways to express PMI for oligonucleotides.
For comparison with other oligonucleotides, PMI per
nucleotide would be a fair comparison as it takes chain length
into consideration. These values are shown in Table 2 and
range from 152 to 251 with an average of 199. For comparison

with small molecule APIs, quoting PMI per synthesis step or
molecular weight might be more appropriate as it would factor
in molecular complexity and size. Perhaps the best way to
compare sustainability across all classes of therapeutic
molecule would be to express PMI as a function of a complete
dosing regimen as it would reflect the total amount of waste
generated per patient?
The data can be visualized in various ways. Plotting PMI

versus development phase shows no clear downward trend
with time as is typically seen with small molecule APIs22

(Figure 7). This may be because oligonucleotide manufactur-

ing is a platform approach where the current best practice
conditions from previous projects are applied to new
compounds, resulting in fewer opportunities to reduce PMIs
during the development process.
The data can be analyzed in more detail by plotting the

contribution to PMI by material type, process stage, and
synthesis step (Figure 8, graphs A−C). The colors of the
graphs give an approximate indication of the material type:
shades of blue represent aqueous materials and shades of
yellow represent organic materials. Graph A (by material type)
shows that approximately equal amounts of organic materials
and water are used in the process, and that wash solvent makes
up half of the organic materials. There is a higher percentage of
water used in oligonucleotide processing (51%) compared with
small molecule processing (28%),22 probably a consequence of
the aqueous-based purification techniques employed. Graph B
(by process stage) shows that the synthesis and purification
stages make the most significant contributions to the PMI.
Graph C (by synthesis step) shows that the detritylation step
makes the biggest contribution in the synthesis stage,
accounting for almost half of the material used.

3.3. Assessment of Compounds Used in Oligonucleo-
tide Manufacture. A list of compounds used in oligonucleo-
tide manufacture by the member companies was compiled and
assessed against EU REACH lists and published solvent guides
to highlight any materials of concern from a green chemistry
perspective.
At the time of writing, none of the compounds were on the

list of substances included in Annex XIV of REACH (the
“Authorization List”).25 However, disodium tetraborate has
been highlighted as toxic for reproduction and is on the
REACH Candidate List of substances of very high concern for
Authorization.26 This compound is used as a buffer for
oligonucleotide conjugation reactions, and it may be worth
investigating replacements in anticipation of it being added to

Table 2. PMI Data for Eight Oligonucleotides in
Development

compd
phase of

development
no. of

nucleotides PMI
PMI per
nucleotide

A 1 20 4841 242
B 1 20 3369 168
C 2 21 4134 197
D 2 40 7023 176
E 2 19 3385 178
F 2 16 3581 224
G 3 20 3035 152
H 3 20 5028 251

Figure 7. PMI per nucleotide across phase of development.
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the authorization list. Toluene and dichloromethane (DCM)
appear in the REACH Annex XVII table (Substances restricted
under REACH),27 limiting their use to <0.1% by weight in
products available to the general public.
Regarding solvent guides, the ACS GCIPR recommends

using the CHEM21 solvent selection guide28 which is based on
a recent survey of publicly available information. The guide
scores compounds against safety, health, and environmental
criteria and classifies them as recommended, problematic, or
hazardous after consideration of other factors such as
occupational exposure limits. Table 3 shows the compounds
in oligonucleotide manufacture that are present in the guide
and their classification.

Of the compounds highlighted as hazardous, DCM has been
used as a solvent for the detritylation step but has largely been
replaced with toluene in large-scale manufacture. Pyridine and
triethylamine act as bases in the oxidation, sulfurization,
capping, and backbone deprotection steps. Both compounds
have low occupational exposure limit values resulting in their
classification as hazardous. It may be worth investigating
replacements for these compounds to remove all solvents used
in oligonucleotide manufacture from the hazardous category.
Other potentially problematic or hazardous compounds are

used or generated during oligonucleotide manufacture that do
not appear on these lists. For example, DCA (suspected of
causing cancer, very toxic to aquatic life); ammonium
hydroxide (very toxic to aquatic life); and acrylonitrile
(generated during the backbone deprotection step, may
cause cancer, suspected of damaging fertility or the unborn
child) which may be a concern from a safety, health, or
environment perspective.

4. IMPROVING SUSTAINABILITY IN THE SHORT TERM

Several approaches could be proposed to improve the
sustainability of the current oligonucleotide manufacturing
process following on from the assessment in section 3.

4.1. Synthesis. Significant progress to improve the
sustainability of oligonucleotide synthesis has been made in
recent decades. Work began in the late 1990s as the first
compounds approached late phase clinical studies and
commercialization. Early efforts focused on minimizing waste
through the recovery and reuse of reagents (amidites,29

activator,29 DMT group30) and solvents (DCM,30 toluene31)
and the increase of reagent concentration (detritylation
step).32−34 Progress was also made in replacing hazardous
solvents and reagents such as DCM35,36 and tetrazole.37 These
innovations have been summarized in an early review article.38

Subsequent developments focused on the reduction,
recovery or replacement of solvents used, perhaps due in
part to the global acetonitrile shortage in 2008.39 Acetone has
been shown to be an alternative greener wash solvent for
oligonucleotide synthesis,40 and acetonitrile itself can be
recovered and reused in oligonucleotide synthesis.41 Acetoni-
trile containing up to 200 ppm water can be used in
sulfurization, capping and wash steps, facilitating its reuse.42

Varying the column height throughout a synthesis using
dynamic axial compression columns eliminates the headspace,
reducing the amount of wash solvent required for the
detritylation step.43,44 Recently, it has been shown that the
byproducts of the sulfurization reaction can act as capping
agents for coupling failures, allowing for the removal of the
capping step and reducing the PMI across the synthesis stage
by 14%.45,46

Despite this previous work, significant opportunities remain
to improve the sustainability of the synthesis. The PMI data in
Figure 8 shows that the synthesis stage is still responsible for
approximately half of the materials used in the process and that
they are predominantly organic materials. Efforts could focus
on reducing the volumes of synthesis wash solvents as they
represent half of the organic materials used and contribute 25%
to the total PMI. Some wash steps are less important than
others, for example, those following the coupling and
sulfurization steps, and these could be minimized. Other
possibilities to reduce wash volumes could include using
nitrogen pressure to displace reagents from the column, or
collecting the cleaner solvent from the end of a wash and
reusing it at the beginning of the next equivalent wash. The
detritylation step accounts for approximately half of the

Figure 8. Percentage contribution to PMI by material type, stage and synthesis step.

Table 3. Assessment of Compounds Used in
Oligonucleotide Manufacture against the CHEM21 Solvent
Guide
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materials in the synthesis stage and could therefore be a focus
of attention. Alternative acids could be investigated that
remove the DMT group more efficiently and require less wash
solvent to remove. Other ways to improve the PMI could be to
decrease reagent equivalents; increase reagent concentrations;
use catalytic rather than stoichiometric reagents; and maximize
yield by preventing impurity formation. Solvent recycling also
has a very important part to play in minimizing waste.
To address the poor atom economy of the phosphoramidite

starting materials, alternative protecting groups with smaller
molecular weights could be investigated. The DMT group in
particular corresponds to approximately one-third of the mass
of the deoxy phosphoramidites, and its replacement may also
help to minimize the amounts of reagents and wash solvents
required for removal. However, it would still be advantageous
to use a DMT-protected phosphoramidite in the final cycle in
order to use the group as a purification handle. An inventory of
reagents used in oligonucleotide synthesis could be compiled
and the origin of the compounds determined in an effort to
obtain reagents from renewable sources. Finally, although on
line analysis has been used to monitor oligonucleotide
synthesis,47,48 efforts could be made to apply it to pollution
prevention and waste minimization.
4.2. Purification. The PMI data in Figure 8 shows that the

purification stage is responsible for approximately half of the
material used in the process; therefore, improvements to this
stage would make a significant contribution to creating a
greener process.
From a green chemistry perspective, the use of reversed-

phase purification comes with the cost of hazardous waste
disposal since all waste from the process contains organic
solvent. At high production volumes, solvent recovery could be
economically and environmentally beneficial; however, roughly
50% of the waste volume would still need to be discarded as
aqueous-rich hazardous waste. In contrast, AEX chromatog-
raphy has a lower potential environmental impact because the
waste streams produced are aqueous and thus more easily
disposed of than hazardous waste.
Recently, HIC has been developed as a green alternative to

RP-HPLC.49 The technique is performed on DMT-on material
and affords very similar selectivity and performance to
reversed-phase chromatography (Figure 4C). It employs high
salt concentrations (typically ammonium sulfate) in an
aqueous buffer to bind the oligonucleotide to a weakly
hydrophobic resin, followed by elution at a lower salt gradient.
The flow-through fraction is typically treated as hazardous
waste since it contains organic fragments from the cleavage and
deprotection step, but subsequent waste can be disposed of as
aqueous streams (subject to local ordinances). Another
advantage is that elution occurs at very low salt concentrations.
The product can then be detritylated and, if needed, directly
loaded onto an AEX column without significant buffer
adjustment for a second polishing chromatography step.
Notwithstanding the reduced environmental impact of

employing aqueous-based purifications, there is room to

improve the chromatographic techniques employed. AEX
chromatography in displacement mode was suggested several
years ago.50−52 However, the development was performed in
an era when full understanding of the various process
impurities was not available, and no further efforts have been
made since. Displacement chromatography can be very
efficient and generate concentrated, purified product, poten-
tially with significant reduction in solvent usage, so a revisit
may be warranted. While there has been a study showing the
benefits of oligonucleotide purification using a simulated
moving-bed multicolumn chromatography system,53 more
sophisticated continuous multicolumn gradient technologies54

have not been adequately explored. These too hold the
promise of increased yield and thus lower solvent/buffer
consumption.

4.3. Isolation. Inspection of the PMI data in Figure 8
shows that the isolation stage accounts for approximately 10%
of the materials used in the process, the majority of which is
water. This is typically highly purified water rather than
conventional process water and so carries increased economic
and environmental cost.
With respect to TFF, water consumption is related to the

mode of operation of diafiltration, the most efficient of which is
continuous diafiltration at constant volume.55 In this process,
the volume of the retentate is kept constant throughout by
diluting with water at the same rate as permeate is produced.
Continuous diafiltration uses approximately 70% of the water
of alternative methods and therefore has a positive impact on
PMI.
Further improvements could come from running the

diafiltration at a higher oligonucleotide concentration. This
would require a lower volume of water to achieve an equal
number of exchanges, and therefore equivalent salt removal,
compared to a lower concentration solution (Table 4).
However, factors such as solution viscosity and membrane
permeability may limit the maximum operable concentration.
Another approach to minimizing diafiltration volumes would
be to use on line monitoring of permeate conductivity to
determine the exact end point of the operation.
Lyophilization is an energy-intensive operation (>2 kWh/

kg56) due to the refrigeration system and vacuum pumps
required to freeze the solution and induce sublimation and
deposition. It represents one of the main process bottlenecks in
oligonucleotide manufacturing, requiring several days to
complete. One improvement would be to increase the amount
of API lyophilized in a single batch. This would involve
combining several batches after TFF and concentrating, for
example using thin film evaporation (TFE), and would have
the added benefit of improving the throughput of the process.
However, there may be a limit to this approach since increased
oligonucleotide concentration depresses the freezing point of
the solution while also increasing viscosity. This increases time
to freeze the solution and also increases resistance of the solid
to permeation of water vapor.

Table 4. Impact of Solution Concentration on PMI during TFF

PMI contribution from TFF

solution concentration during continuous DF (mg/mL) solution volume per kg oligo (L) 7 diavolumes 8 diavolumes 9 diavolumes

5 200 1400 1600 1800
20 50 350 400 450
40 25 175 200 225
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Spray-drying is a lower energy alternative to lyophilization
for isolation of oligonucleotide APIs. It can be operated
continuously, increasing throughput, and delivers a free-
flowing, amorphous powder with higher bulk density.
However, the yield is significantly lower compared with
lyophilization, which by extension increases the PMI. These
losses can be minimized by processing larger batch sizes as the
losses are related to equipment hold-up rather than batch size.
The oligonucleotide drug product is often an aqueous

solution, and the process begins by dissolving the solid API in
water. Therefore, an interesting option would be to remove the
drying step altogether and isolate the API as a solution.57−59

This would remove the energy-intensive drying step and
reduce the amount of water used in the drug product process.
A careful assessment of other factors such as shipping of larger
quantities of solution, relative clean room energy usage costs,
and processing times is required to determine the full
sustainability impact of such a change.

5. IMPROVING SUSTAINABILITY IN THE LONG TERM

The approaches discussed so far are short- to medium-term
improvements to the current manufacturing process. Longer
term goals could involve improving compound design or
investigating alternative methods of synthesis and purification.
5.1. Compound Design. The advances in molecular

design and targeted delivery (for example, the use of cEt
nucleosides and GalNAc ligands) described in the Introduction
have significantly increased potency and stability of oligonu-
cleotide therapeutics, resulting in lower efficacious doses and
less frequent administration. From a green chemistry
perspective, these reductions in dose and frequency may result
in reductions in oligonucleotide production volumes and
therefore waste generated, providing the gains are not offset by
the extra efforts required to incorporate the modifications.
A recent area of interest is the diastereoselective synthesis of

phosphorothioate oligonucleotides.60−63 Traditional synthesis
using the phosphoramidite method is not stereoselective,
resulting in a mixture of diastereoisomers at each phosphorus
atom in the backbone. There is evidence that phosphor-
othioate stereochemistry affects the metabolic stability and
activity of oligonucleotides. If stereospecific compounds can be
designed that require lower doses relative to stereorandom
compounds, and if they can be manufactured with comparable
sustainability metrics, then this may result in less waste
generated for the reasons stated above.
5.2. Liquid-Phase Oligonucleotide Synthesis (LPOS).

One approach that has seen renewed interest recently is the
concept of oligonucleotide synthesis in organic solution,
termed LPOS.64 In this technology, the growing oligonucleo-
tide is attached to a soluble anchor molecule and the reactions
are performed in homogeneous solution. Compounds that
would interfere with subsequent transformations are removed
either by membrane filtration or precipitation after each step.
While primarily developed to address scalability issues with the
current solid-supported method, there may be sustainability
benefits to these approaches. For example, because the
intermediates are soluble, it is possible to monitor and
optimize each individual step in a similar manner to standard
small molecule chemistry, minimizing the use of excess
reagents. Telescoping several steps of the synthetic cycle
could facilitate lower wash volumes thereby decreasing solvent
consumption. If crude purity can be increased, then

purification steps can be streamlined or omitted entirely,
having a positive impact on PMI.

5.3. Enzyme-Catalyzed Synthetic Cycle. A longer-term
goal could be to develop an alternative synthesis cycle based on
the enzymes involved in the synthesis of DNA in naturally
occurring systems. Progress has been made toward this goal by
a number of groups using the template-independent polymer-
ase terminal deoxynucleotidyl transferase (TdT).65−67 The
enzyme can add deoxynucleotide triphosphates (dNTPs) to
the 3′-end of an oligonucleotide primer in an indiscriminate
fashion. With appropriate protection of the 3′-hydroxyl group
of the dNTPs, a single controlled addition can be performed.
The enzyme and excess dNTPs are then removed, followed by
a deprotection step, establishing a synthetic cycle (Figure 9).

A related approach involves the use of DNA polymerases
and reverse transcriptases to synthesize single-stranded
oligonucleotides controlled by transient hybridization to
neighboring strands.68

Further development of these methods would be required to
enable kilogram-scale synthesis of the kinds of therapeutic
oligonucleotides illustrated in Figure 1, such as the toleration
of modified nucleosides and incorporation of phosphoro-
thioate linkages. However, this remains a very promising area
of research, and one which has the potential to bring
sustainability benefits such as the use of aqueous systems
and the removal of several protecting groups, thus minimizing
the use of hazardous organic solvents and reagents and
improving atom economy.

5.4. Enzyme-Catalyzed Templated Ligation. Another
enzyme-based technology under development is oligonucleo-
tide synthesis by templated ligation.69,70 This approach
involves the assembly of short, unpurified 5′-(thio)-
phosphorylated oligonucleotide fragments on a complemen-
tary template in aqueous solution. Several of these template
strands are attached to a soluble chemical “hub” molecule.
Once the fragments are assembled, an engineered DNA ligase
joins them together to form the full-length product. Uncoupled

Figure 9. Enzyme-catalyzed single base extension using TdT.
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fragments (impurities) are selectively detached from the hub
by heating and removed by a nanofiltration/diafiltration
operation while the product remains attached to the hub and
template. At higher temperature, the product detaches from
the template and is recovered in a similar fashion, and the hub
is recycled for further use (Figure 10).
Reported purities are high enough to enable the removal of

further purification steps which would have a significant impact
on the PMI. Such a technique could be coupled with the single
base extension work above for the synthesis of the fragments to
give an entirely aqueous-based method of oligonucleotide
synthesis.

6. SUMMARY
Oligonucleotides are an exciting class of potential therapeutics,
offering the possibility of treating disease through direct
targeting of genes and thereby influencing proteins at the level
of initial expression. Although this concept has been under
investigation for several decades, new technologies (sugar,
base, and phosphate modifications; conjugation of oligonu-
cleotides with functional or targeting ligands; as well as
techniques useful in assembling, purifying, and isolating the
desired species) have advanced the field to the point of
commercial approval. With this scientific maturation come
opportunities to drive further efficiency into the process of
oligonucleotide discovery, development and manufacturing.
These include improving the sustainability of all operations for
a greener and more economical process. This article has
presented practices and tools that can be used to measure and
improve the sustainability footprint and allow further advances
in delivering high-quality oligonucleotide APIs into the market
for the benefit of patients.
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