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ABSTRACT 
Oligonucleotides are short, sequence-defined nucleic acid chains with major therapeutic and di-
agnostic potential. Their industrial production is currently dominated by solid-phase oligonucleo-
tide synthesis (SPOS), which suffers from mass-transfer limitations, limited scalability, lack of real-
time process monitoring, and high process mass intensity. Membrane-enhanced liquid-phase oli-
gonucleotide synthesis (LPOS) has emerged as a scalable alternative, in which oligonucleotide 
chains are grown on soluble anchors and organic solvent nanofiltration is used (OSN) to remove 
excess reagents and by-products between each reaction steps. However, diafiltration also intro-
duces a risk of large cumulative product loss over multiple addition cycles, which requires fine-
tuning of design and operational strategies in practice. This paper presents the results of a com-
parative assessment of two LPOS variants with either a single- or dual-stage diafiltration against 
a state-of-the-art SPOS, within a unified dynamic modelling framework. A recent mechanistic ki-
netic model of SPOS is transferred to LPOS, including a description of OSN diafiltration dynamics 
and internal recycles. A feasibility analysis is conducted to identify operating regimes under which 
LPOS outperforms SPOS in terms of selected yield and impurity performance indicators and to 
expose the underlying trade-offs. Overall, the results establish LPOS with dual-stage diafiltration 
as a promising configuration towards more flexible and sustainable oligonucleotide manufacturing. 

Keywords: Dynamic Modelling, Feasibility Analysis, Oligonucleotide Synthesis, Liquid-Phase Synthesis, Or-
ganic Solvent Nanofiltration, Membrane Cascade 

INTRODUCTION 
Oligonucleotides are short sequence strands of DNA or 
RNA that are central in modern biotechnology and medi-
cine [1]. Their high selectivity and specificity allow tar-
geted modulation of gene expression, underpinning ap-
plications ranging from antisense and RNA interference 
therapies to gene editing, molecular diagnostics, and pol-
ymerase chain reaction [2]. The growing clinical success 
of oligonucleotide-based drugs, together with increasing 
demand for personalised and precision medicine, has in-
tensified the need for efficient, scalable and sustainable 
manufacturing routes. 

Industrial oligonucleotide production is currently 
dominated by solid-phase oligonucleotide synthesis 
(SPOS), typically based on phosphoramidite chemistry 

[3]. In SPOS, nucleotide monomers are sequentially 
added to a growing chain immobilised on an insoluble 
resin, with each cycle comprising detritylation, coupling, 
oxidation, and capping steps [1]. Excess reagents and 
by-products are removed through repeated washing 
steps. However, SPOS suffers from mass-transfer limita-
tions due to heterogeneous reaction conditions, which 
requires large excess of costly reagents and extensive 
solvent use and leads to high process mass intensity 
(PMI) [3]. In addition, SPOS scalability is constrained by 
resin handling and the lack of real-time monitoring hin-
ders advanced process control strategies. 

Liquid-phase oligonucleotide synthesis (LPOS) has 
emerged as a promising alternative to overcome these 
limitations [4-6]. In LPOS, the oligonucleotide chain is 
grown on a soluble multibranched support (homostar), al-
lowing reactions to proceed under homogeneous 
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conditions. Unreacted reagents and by-products are re-
moved between the reaction steps using organic solvent 
nanofiltration (OSN), while retaining the supported oligo-
nucleotide due to the large size of the homostar complex. 
This configuration improves mass transfer, facilitates in-
line monitoring, and provides greater operational flexibil-
ity compared with SPOS. However, even small loss of 
supported oligonucleotides through the membrane dur-
ing each cycle can significantly reduce the product yield 
after multiple cycles of addition. Multi-stage membrane 
configurations with intermediate recycle offer a strategy 
to enhance product recovery, but recycling of intermedi-
ate streams between diafiltration stages can also in-
crease impurity retention. Careful process design and 
fine-tuned operational strategies thus become essential 
for LPOS to outperform SPOS. 

Through this paper, we apply a consistent dynamic 
modelling framework to quantify and compare the per-
formance of LPOS against SPOS. We adapt a recent 
mechanistic kinetic model of SPOS [7] to predict LPOS 
performance in both single- and dual-stage diafiltration 
configurations. We conduct a feasibility analysis to char-
acterize operating regions in which LPOS outperforms 
SPOS in terms of product yield and impurities. These re-
sults provide clear insight into the conditions under which 
membrane-enhanced LPOS can provide a scalable and 
more sustainable route for oligonucleotide manufacture. 

METHODOLOGY 

Description of SPOS and LPOS Processes 
Since SPOS is the industrial benchmark for oligonu-

cleotide manufacture, it is used as the reference for com-
parison in this work. In SPOS, oligonucleotides are as-
sembled via sequential phosphoramidite chemistry on an 
insoluble polymeric support, typically a functionalised 
polystyrene resin. The growing chain remains covalently 
bound to the solid phase throughout the synthesis, while 
reagents and by-products are convectively transported 
through the resin bed with the solvent [7]. Each synthesis 
cycle comprises four main steps: detritylation, coupling, 
oxidation (or thiolation), and capping [7]. Detritylation re-
moves the 5′-dimethoxytrityl (DMT) protecting group, 
generating a reactive hydroxyl site. During coupling, an 
activated phosphoramidite monomer reacts with the 
deprotected chain, followed by oxidation of the internu-
cleotide linkage. Unreacted hydroxyl groups are finally 
capped to prevent further chain extension, thereby limit-
ing impurity formation. Excess reagents and by-products 
are removed through repeated washing steps between 
the reactions. 

In LPOS by contrast, the oligonucleotide chains are 
grown onto a soluble multibranched support (homostar), 
enabling all reactions to occur under homogeneous con-
ditions [4-6]. The reactor is coupled to an OSN unit for 

removing small molecules—including acids, activators, 
unreacted monomers, and by-products—while retaining 
the large homostar-supported oligonucleotides. Chain 
extension proceeds similarly to SPOS through repeated 
cycles of detritylation, coupling, and quenching, except 
that each reaction step is now followed by a constant vol-
ume diafiltration stage, during which fresh solvent is 
added at the same rate as permeate removal. In addition 
to eliminating diffusion limitations and facilitating inline 
monitoring of the liquid phase, LPOS therefore decouples 
the reaction times for both deprotection and coupling 
steps from the purification steps [4-6].  

 
Figure 1. LPOS-1S process layout with single-stage OSN 
diafiltration (adapted from Kim et al. [5]). 

 
Figure 2. LPOS-2S process layout with dual-stage OSN 
diafiltration (adapted from Kim et al. [5]). 

Although it is effective at removing small molecules, 
insufficient rejection of the supported oligonucleotide by 
the OSN membrane can incur large product loss over 
multiple cycles of addition [8]. To mitigate this loss, a 
LPOS configuration with dual-stage diafiltration (LPOS-
2S, Figure 2) is investigated alongside single-stage dia-
filtration (LPOS-1S, Figure 1). In this configuration, the re-
tentate from the first OSN unit is fed to a second OSN 
unit, and the retentate streams from both stages are re-
turned to the reactor. The addition of a second stage im-
proves the retention of supported oligonucleotides and 
increases product yield across multiple cycles [5, 6], but 
it also increases the residence time—and therefore the 
residual concentration—of other solutes that may inter-
fere with subsequent coupling steps. The two-stage con-
figuration therefore introduces a key trade-off between 
enhanced product recovery and increased impurity re-
tention. 

In this work, a unified dynamic modelling framework 
is used to describe the LPOS-1S and LPOS-2S process 
variants and enable their comparison with SPOS in terms 
of yield and impurity in a systematic feasibility analysis. 
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LPS transferred model 
The mechanistic kinetic model of SPOS proposed by 

Pfister et al. [7]. is here transferred to LPOS. The key 
structural modification is the removal of resin-related 
transport phenomena. The SPOS model distinguishes 
concentrations between the bulk liquid and resin pores, 
relying on solid-phase balances and corresponding 
mass-transfer terms. In the LPOS model by contrast, all 
the solutes are in a well-mixed liquid phase. Intraparticle 
diffusion, pore–bulk gradients, and resin-phase balances 
are therefore neglected, and reaction rates are written 
directly in terms of bulk concentrations. 

For a target sequence comprising 𝑁𝑁 building blocks, 
the LPOS process is represented as a sequence of 𝑁𝑁 re-
peated synthesis cycles. Within cycle 𝑛𝑛 = 1, … ,𝑁𝑁, an-
chored oligonucleotides are described by their protected 
and deprotected states, denoted as 𝑂𝑂𝑂𝑂� and 𝑂𝑂𝑂𝑂�, re-
spectively, and indexed by the chain length 𝑘𝑘. Small mol-
ecules include the acid catalyst used for deprotection 
and the building block added during coupling. The model 
is formulated as a multistage dynamic system, with state 
discontinuities at stage transitions describing pulse addi-
tions of reagents. 

At the start of the synthesis, each homostar branch 
carries an unextended anchored chain, such that 

𝑂𝑂𝑂𝑂0(0) = 𝐻𝐻𝐻𝐻 ∙ 𝑁𝑁𝑁𝑁    (1) 

where 𝐻𝐻𝐻𝐻 (mol m-3) denotes the homostar concentration, 
and 𝑁𝑁𝑁𝑁 (-) the number of branches per support. The total 
concentration of anchored oligonucleotides is given by 

𝑂𝑂𝑂𝑂(𝑡𝑡) = ∑ �𝑂𝑂𝑂𝑂�(𝑡𝑡) + 𝑂𝑂𝑂𝑂�(𝑡𝑡)��
�=0    (2) 

Deprotection 
In [7], detritylation is described as a reversible acid-

catalysed reaction, reflecting possible re-attachment of 
the trityl group under resin-bound conditions. In practice, 
detritylation is operated far from equilibrium and the 
deprotection step can thus be modeled as an apparent 
irreversible reaction [4]. The balance equations describ-
ing the conversion of protected chains of lengths 𝑘𝑘 =
0, … ,𝑛𝑛 − 1 into deprotected chains during cycle 𝑛𝑛 are 
given by 

𝑂𝑂𝑂𝑂�˙ (𝑡𝑡) = −𝑂𝑂𝑂𝑂�˙ (𝑡𝑡) = 𝑘𝑘�𝑂𝑂𝑂𝑂�(𝑡𝑡)𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡)  (3) 

where 𝑘𝑘� (m3 mol-1 s-1) is the deprotection kinetic con-
stant, and 𝐷𝐷𝐷𝐷𝐷𝐷 (mol m-3) denotes the acid catalyst con-
centration. The latter is introduced at the start 𝑡𝑡�,� of 
each deprotection stage as a pulse addition,  

𝐷𝐷𝐷𝐷𝐷𝐷�𝑡𝑡�,�- � + 𝐷𝐷𝐷𝐷𝐷𝐷in    (4) 

Coupling 
The coupling reaction follows standard phospho-

ramidite chemistry, with two LPOS-specific 

simplifications. First, the chain-length-dependent reduc-
tion in coupling reactivity included in the SPOS model to 
account for steric hindrance within the resin is omitted, 
as such effects are not observed under homogeneous 
liquid-phase conditions. Second, no capping step is in-
cluded since homogeneous mixing and tighter control 
over reaction times in LPOS allow incomplete coupling to 
be minimised without deliberate chain termination. Dur-
ing the coupling stage of cycle 𝑛𝑛, deprotected anchored 
chains react with the 𝑛𝑛-th building block 𝐵𝐵𝐵𝐵� to form pro-
tected chains of length 𝑘𝑘 + 1,  

𝑂𝑂𝐷𝐷� + 𝐵𝐵𝐵𝐵� → 𝑂𝑂𝑃𝑃�+1 

The corresponding balance equations are: 

𝑂𝑂𝑂𝑂˙ �+1(𝑡𝑡) = −𝑂𝑂𝑂𝑂�˙ (𝑡𝑡) = 𝑘𝑘�𝐵𝐵𝐵𝐵�(𝑡𝑡)𝑂𝑂𝑂𝑂�(𝑡𝑡)  (5) 

where 𝑘𝑘� (m3 mol-1 s-1) denotes the coupling kinetic con-
stant. The building block is introduced at the start 𝑡𝑡�,� of 
each coupling stage via a pulse addition,  

𝐵𝐵𝐵𝐵��𝑡𝑡�,�
+ � = 𝐵𝐵𝐵𝐵��𝑡𝑡�,�- � + 𝐵𝐵𝐵𝐵in   (6) 

The auxiliary reactions (e.g. oxidation or quenching) 
are assumed to occur on much faster timescales than the 
coupling and diafiltration and are therefore not included 
in the dynamic model. 

Single-Stage Diafiltration 
After each reaction step, excess reagents and by-

products are removed using OSN membrane technology 
[6]. Constant-volume diafiltration is used, where solvent 
is added at the same rate as permeate removal. Under 
perfect mixing conditions, the concentrations of solute 
𝑋𝑋 ∈ {𝑂𝑂𝑃𝑃�,𝑂𝑂𝐷𝐷�,𝐵𝐵𝐵𝐵�,𝐷𝐷𝐷𝐷𝐷𝐷} in the retentate is described by 
the following balance equation 

𝑋̇𝑋(𝑡𝑡) = −�1
�1

(1− 𝑟𝑟�)𝑋𝑋(𝑡𝑡)   (7) 

where 𝑉𝑉1 (m3 s-1) denotes the retentate volume of the 
membrane unit, 𝑟𝑟� (-) the observed membrane rejection 
of species 𝑋𝑋, and the permeate flow rate 𝑄𝑄1 (m3) is de-
fined as 

𝑄𝑄1 = 𝐴𝐴𝐴𝐴∆𝑝𝑝1     (8) 

with 𝐴𝐴 (m2) the membrane area, 𝐾𝐾 the membrane perme-
ability (m s-1 bar-1), and 𝛥𝛥𝑝𝑝1 (bar) the transmembrane 
pressure difference. 

Dual-Stage Diafiltration 
The dual-stage diafiltration is described by the fol-

lowing coupled balance equations 

𝑋̇𝑋1(𝑡𝑡) = 1

�1
[−𝑄𝑄1𝑋𝑋1(1− 𝑟𝑟�) + (𝑄𝑄1 − 𝑄𝑄2)𝑋𝑋2]  (9) 

𝑋̇𝑋2(𝑡𝑡) = 1

�2
[𝑄𝑄1𝑋𝑋1(1 − 𝑟𝑟�)− 𝑄𝑄2𝑋𝑋2(1− 𝑟𝑟�)− (𝑄𝑄1 − 𝑄𝑄2)𝑋𝑋2]

       (10) 
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where 𝑉𝑉1 and 𝑉𝑉2 (m3) denote the retentate volumes of the 
first and second stages, respectively, 𝑋𝑋1(𝑡𝑡) and 𝑋𝑋2(𝑡𝑡) (mol 
m-3) the corresponding concentrations of each solute 𝑋𝑋 ∈
{𝑂𝑂𝑃𝑃�,𝑂𝑂𝐷𝐷�,𝐵𝐵𝐵𝐵�,𝐷𝐷𝐷𝐷𝐷𝐷}, and the same membrane in terms of 
the rejection parameter 𝑟𝑟� is assumed in both stages. In 
addition to the permeate flowrate from the first stage 
given by Eqn. (8), the permeate flowrate from the second 
stage is such that 

𝑄𝑄2 = (1− 𝜌𝜌)𝑄𝑄1    (11) 

where the recycle ratio 𝜌𝜌 is treated as an independent 
operating variable. The solute concentrations in the sec-
ond-stage retentate are initially set to 𝑋𝑋2(0) = 0. Then, at 
the end of each diafiltration stage, the retentates from 
both stages are recombined to set the initial condition of 
the subsequent reaction step [6]. 

Process Performance Indicators 
The process performance is quantified in terms of 

three metrics: 

 The overall yield, 𝑌𝑌 , is defined as the ratio of 
correctly assembled, fully protected 
oligonucleotides after 𝑁𝑁 synthesis cycles to the 
theoretical maximum amount supported on the 
homostar: 

𝑌𝑌 = ������2,�
- �

��∙��
     (12) 

where 𝑡𝑡�2,� corresponds to the end of the final diafil-
tration step.  

 The product purity, 𝑃𝑃, measures the fraction of 
correctly sequenced oligonucleotides relative to 
the total amount of anchored material present at 
the end if the synthesis: 

𝑃𝑃 = ������2,�
- �

�����2,�
- �

     (13) 

Achieving a high product purity is essential, as se-
quence impurities directly compromise therapeutic ef-
fectiveness. Moreover, sequence errors and desired 
products exhibit very similar physicochemical proper-
ties, which makes downstream separation particularly 
challenging. As a result, impurities need to be mini-
mised within the synthesis process itself. 

 The maximal residual building block ratio, 𝑅𝑅, is 
defined as the largest ratio between the total 
concentration of remaining building blocks and the 
total anchored material, following each coupling 
step: 

𝑅𝑅 = max
�=1,…,�

�∑ ������,�
- ��

�=1

�����,�
- �

�   (14) 

A low 𝑅𝑅 value prevents the accumulation of unre-
acted building blocks during each cycle and thus limits 

the risk of unwanted side reactions in subsequent cycles, 
as per standard operational strategies in iterative oligo-
nucleotide synthesis.  

Overall, good process performance should seek to 
maximise the overall yield 𝑌𝑌  and product purity 𝑃𝑃, while 
simultaneously minimising the maximal residual building 
block ratio 𝑅𝑅. 

Computational Aspects 
We conducted feasibility analysis using the Python 

module NSFeas, interfaced from the C++ library MAG-
NUS (v4.0, https://github.com/omega-icl/magnus), 
which implements a nested sampling algorithm [9]. The 
method maintains a population of live points of given size 
that it steers towards the feasible operating domain 
through adaptive sampling. Each sample is labelled 
based on the extent to which their performance indica-
tors 𝑌𝑌 ,𝑃𝑃 and 𝑅𝑅 violate the respective target thresholds, 
and those having the highest violation are replaced with 
newly drawn samples with lower violation and stored as 
dead points for subsequent reconstruction of the feasible 
domain. The algorithm is interrupted as soon as the live 
points all belong to the feasible domain.  

Simulation of the dynamic LPOS model with either 
single- or dual-stage diafiltration was implemented using 
the Python module ODESLV, interfaced from the C++ li-
brary CRONOS (v4.0, https://github.com/omega-icl/cro-
nos). Expression trees for the model equations and all the 
necessary derivatives are constructed using the library 
MC++ (v4.0, https://github.com/omega-icl/mcpp). ODE-
SLV calls the solver CVODES of the library SUNDIALS 
(v7.1.1) [10] for numerical ODE integration, with relative 
and absolute tolerances set to 10-7. 

Table 1: Design and model parameter values used in this 
work. *Equivalent amounts are relative to the initial an-
chored oligonucleotides 𝑂𝑂𝑂𝑂(0) = 𝐻𝐻𝐻𝐻 · 𝑁𝑁𝑁𝑁. 

Parameter Nominal value 
𝑁𝑁  cycles 
𝐻𝐻𝐻𝐻  mol m- 
𝑁𝑁𝑁𝑁  
𝑘𝑘�  m mol- s- 
𝑘𝑘�  × ⁻ m mol- s- 
𝐵𝐵𝐵𝐵in  eq* 
𝐷𝐷𝐷𝐷𝐷𝐷in  eq* 
𝐴𝐴  × - m 
𝑉𝑉1  × - m 
𝛥𝛥𝑝𝑝1  bar 
𝐾𝐾  × - m s- bar- 
𝑟𝑟��  
𝑟𝑟���  

 

https://github.com/omega-icl/magnus
https://github.com/omega-icl/cronos
https://github.com/omega-icl/cronos
https://github.com/omega-icl/mcpp
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RESULTS 

We present the results of a case study for 𝑁𝑁 = 20 
synthesis cycles, using the parameter values in Table 1. 
The kinetic parameter values and reagent concentrations 
are adapted from Pfister et al. [7], and the LPOS-specific 
values are taken from [6, 8]. Unless otherwise noted, a 
homostar rejection of 99.90% is assumed for the OSN 
membrane. Due to the absence of diafiltration steps and 
neglecting any detachment of oligonucleotides from the 
resin support, the yield and purity of SPOS were both es-
timated at 86%, consistent with the specifications of the 
experimental system reported in Pfister et al. [7, 11], while 
the residual building block content trapped within the 
resin pores was estimated at 2%. These threshold values 
are used in the ensuing feasibility analysis of LPOS with 
OSN diafiltration.  

A key advantage of LPOS over SPOS lies in the abil-
ity of exerting tighter control over the reaction steps, en-
abling higher product purity. Figure 3 compares the fea-
sible operating regions of LPOS with single-stage diafil-
tration for the benchmark purity constraint 𝑃𝑃 ≥ 0.86 (blue 
points & line) as well as a tighter purity 𝑃𝑃 ≥ 0.95 (orange 
points & line). Projection onto the subspace (𝛥𝛥𝑡𝑡� ,𝛥𝛥𝑡𝑡�) of 
reaction times reveals that both regions are lower 
bounded by a convex combination of minimal deprotec-
tion and coupling times, as incomplete reactions directly 
reduce the formation of the desired product. Overall, this 
first comparison also shows that LPOS can achieve puri-
ties well above the SPOS purity benchmark of 86%.  

Figure 4 shows the feasible operating region of 
LPOS with single-stage diafiltration for the benchmark 
yield constraint 𝑌𝑌 ≥ 0.86. The four-dimensional feasible 
region is represented on a trellis chart, with the diafiltra-
tion times 𝛥𝛥𝑡𝑡�1 and 𝛥𝛥𝑡𝑡�2 on inner axes, and the deprotec-
tion and coupling times 𝛥𝛥𝑡𝑡� and 𝛥𝛥𝑡𝑡� indicated by grey-
shaded ranges on outer axes. Since longer diafiltration 
steps (inner axes) result in greater loss of anchored oli-
gonucleotides through the membrane, the feasible region 

is upper bounded by a maximal combined diafiltration du-
ration, 𝛥𝛥𝑡𝑡�1 + 𝛥𝛥𝑡𝑡�2 ≤ 250 min. This maximal duration is 
seen to increase for longer deprotection and coupling 
times (outer axes), as bringing the reactions closer to 
completion during each addition cycle also increases the 
overall product yield. 

 
Figure 4. Feasible operating region of LPOS with single-
stage diafiltration for two purity constraints 𝑃𝑃 ≥ 0.86 and 
𝑃𝑃 ≥ 0.95. 

Figure 5 shows a projection of the feasible region for 
the residue constraint 𝑅𝑅 ≤ 0.02 onto the subspace 
(𝛥𝛥𝑡𝑡�1,𝛥𝛥𝑡𝑡�2) of diafiltration times. In contrast to the yield 
constraint in Figure 4, this region is now lower bounded 
by a minimal diafiltration duration, 𝛥𝛥𝑡𝑡�1 + 𝛥𝛥𝑡𝑡�2 ≥ 215 min, 
as short diafiltration times can leave large amount of re-
sidual building blocks in the solvent. The feasible region 
of 𝑅𝑅 ≤ 0.02 is also less sensitive to the durations of the 
reaction steps: with 1.5 equivalents of building block 
added at each coupling step, even complete conversion 
of anchored oligonucleotides leaves a residual excess of 
0.5 equivalents, so that the removal of residual building 

 
Figure 3: Feasible operating region of LPOS with single-stage diafiltration in terms of the yield constraint 𝑌𝑌 ≥ 0.86. 
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blocks is primarily governed by the diafiltration times ra-
ther than the reaction times. In practice, the improved re-
action control afforded by LPOS compared to SPOS 
greatly reduces the need for operating with large excess 
of reagents. 

Taken together, Figures 4 & 5 highlight the opposing 
effect that the combined diafiltration duration 𝛥𝛥𝑡𝑡�1 + 𝛥𝛥𝑡𝑡�2 
has on the feasibility constraints 𝑌𝑌 ≥ 0.86 and 𝑅𝑅 ≤ 0.02. 
Fine-tuning is thus critical if LPOS is to outperform SPOS 
simultaneously in terms of yield and purity. This trade-off 
is captured in Figure 6 by the projection of the combined 
feasible region for 𝑌𝑌 ≥ 0.86,𝑃𝑃 ≥ 0.86 and 𝑅𝑅 ≤ 0.02 onto the 
subspace (𝛥𝛥𝑡𝑡�1,𝛥𝛥𝑡𝑡�2) of diafiltration times.  

 
Figure 5. Feasible operating region of LPOS with single-
stage diafiltration in terms of the maximal residual build-
ing block constraint. 

 
Figure 6. Feasible operating region of LPOS with single-
stage diafiltration for the combined constraints 𝑌𝑌 ≥
0.86,𝑃𝑃 ≥ 0.86,𝑅𝑅 ≤ 0.02, comparison for two homostar re-
jection values of 99.90% and 99.98%. 

For high homostar rejection values of 99.98% (blue 
points and lines, Figure 6), extending the combined dia-
filtration time, e.g. beyond 300 min in each cycle, does 
not result in appreciable product loss. But for lower re-
jection values of 99.90% (orange points and lines), the 
feasible region is clearly bracketed between a minimal 
and maximal combined diafiltration duration, e.g. be-
tween 210–270 min. Although homostar rejection in OSN 
membranes nowadays exceed 99.95% [4], this compari-
son demonstrates the strong interplay between the 
membrane selection and operational strategy on LPOS 
performance. 

In principle, the implementation of dual-stage diafil-
tration can provide additional operational flexibility in 
LPOS, as it enhances product retention, while still allow-
ing low residual building block levels. To establish this 
potential, the feasible operating regions on Figure 7 are 
computed for the tighter combined constraints 𝑌𝑌 ≥
0.95,𝑃𝑃 ≥ 0.95,𝑅𝑅 ≤ 0.01, considering homostar rejections of 
99.90% and 99.25% by the OSN membrane (assumed 
identical in both stages). Notably, no feasible operating 
region exists for single-stage diafiltration under these 
combined constraints. Recall that dual-stage diafiltration 
introduces two extra operational parameters: the reten-
tate volume 𝑉𝑉2 of the second membrane stage (set to 𝑉𝑉2= 
5x10-5 m3 on Figure 7), and the recycle ratio 𝜌𝜌. The extent 
of these feasible regions, here projected onto the sub-
space (𝛥𝛥𝑡𝑡�1 + 𝛥𝛥𝑡𝑡�2, 𝜌𝜌), establishes that the performance of 
LPOS with dual-stage diafiltration can significantly ex-
ceed that of SPOS, even with relaxed membrane specifi-
cations. 

 
Figure 7. Feasible operating region of LPOS with dual-
stage diafiltration for the tighter constraints 𝑌𝑌 ≥ 0.95,𝑃𝑃 ≥
0.95,𝑅𝑅 ≤ 0.01, comparison of two homostar rejection val-
ues 99.90% and 99.25% with a second-stage diafiltration 
volume 𝑉𝑉2= 5x10-5 m3. 
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The boundary of the feasible region on Figure 7 
shows a clear interplay between the recycle ratio and the 
combined diafiltration time when the OSN membrane’s 
rejection of homostar is low (orange points and line). In 
this case, the maximal diafiltration times (right boundary 
of projected feasible region) coincide with higher recycle 
ratios in order to avoid excessive loss of homostar-sup-
ported oligonucleotides through the membrane; whereas 
the minimal diafiltration times (left boundary of project 
feasible region) is driven by the stringent constraint 𝑅𝑅 ≤
0.01, which is also contingent on the extents of the chem-
ical reactions. The span of the feasible operating region 
(blue points and line) expands significantly as the mem-
brane’s rejection of homostar-supported oligonucleo-
tides increases. Clearly, a higher rejection reduces the 
loss of oligonucleotides for a given recycle ratio, leading 
to higher building block consumption and in turn allowing 
for shorter diafiltration durations to achieve sufficient 
building block removal.  

DISCUSSION 
The comparison on Figure 6 establishes the poten-

tial of LPOS to outperform SPOS even with a single-stage 
diafiltration. However, the analysis also confirms that this 
configuration is highly sensitive to the diafiltration dura-
tion settings in an interplay with the OSN membrane‘s re-
jection properties. Diafiltration introduces a fundamental 
trade-off: longer diafiltration times improve the removal 
of unreacted building blocks, but they also increase the 
overall loss of product through the membrane; whereas 
shorter diafiltration times preserve the product yield, but 
they limit the washout of excess reagents. As a result, the 
feasible operating region of LPOS with single-stage dia-
filtration can be quite narrow and its high sensitivity to 
membrane selection requires careful tuning to balance 
excessive product loss with sufficient removal of unre-
acted reagents. 

The deployment of dual-stage diafiltration with 
LPOS shows great promises for mitigating these chal-
lenges. The second stage increases effective product re-
tention and provides additional flexibility through the re-
cycle ratio and second-stage volume, allowing high yield 
and purity to be achieved while maintaining low residual 
building block levels. Consequently, LPOS with dual-
stage diafiltration is predicted to significantly outperform 
nominal SPOS performance over a wide range of operat-
ing conditions, even for OSN membranes with low homo-
star rejection by today’s standards. The dynamic model 
developed through this work predicts that the product 
yield and purity with LPOS could even reach values as 
high as 99.5%. 

 

CONCLUSIONS 

We conducted a model-based feasibility analysis to 
compare the performance of LPOS with both single- and 
dual-stage diafiltration against state-of-the-art SPOS. 
We transferred a mechanistic model of SPOS to LPOS by 
including OSN diafiltration dynamics and defined con-
sistent performance indicators and threshold. While 
LPOS with single-stage diafiltration can outperform 
SPOS, its performance is highly sensitive to diafiltration 
times and membrane rejection properties. With dual-
stage diafiltration, LPOS provides greater flexibility and 
can achieve higher product yield and purity, making it a 
promising alternative. Future work will expand the analy-
sis to account for uncertainty in the kinetic and mem-
brane parameters and enable probabilistic characterisa-
tion of the feasible operating space, and will seek to val-
idate the model-based predictions experimentally.  
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