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A B S T R A C T

Therapeutic oligonucleotides (ONs) are typically manufactured via solid-phase synthesis, characterized by
limited scalability and huge environmental footprint, limiting their availability. Biomanufactured ONs have the
potential to reduce the immunogenic side-effects, and to improve the sustainability of their chemical counter-
parts. Rhodovulum sulfidophilum was demonstrated a valuable host for the extracellular production of recombi-
nant ONs. However, low viable cell densities and product titer were reported so far. In this work, perfusion cell
cultures were established for the intensification of ON biomanufacturing. First, the perfusion conditions were
simulated in 50 mL spin tubes, selected as a scale-down model of the process, with the aim of optimizing the
medium composition and process parameters. This optimization stage led to an increase in the cell density by
44 % compared to the reference medium formulation. In addition, tests at increasing perfusion rates were
conducted until achieving the maximum viable cell density (VCDmax), allowing the determination of the mini-
mum cell-specific perfusion rate (CSPRmin) required to sustain the cell culture. Intriguingly, we discovered in this
system also a maximum CSPR, above which growth inhibition starts. By leveraging this process optimization, we
show for the first time the conduction of perfusion cultures of R. sulfidophilum in bench-scale bioreactors. This
process development pipeline allowed stable cultures for more than 20 days and the continuous bio-
manufacturing of ONs, testifying the great potential of perfusion processes.

1. Introduction

Nucleic acids are establishing themselves as a major class of phar-
maceuticals, both as therapeutics and vaccines (Yamada, 2021; Ferraz-
zano et al., 2023). Recent examples include the Moderna and
Pfizer-BioNTech mRNA vaccines for SARS-CoV2 (Lee et al., 2023). In
this scenario, oligonucleotides (ONs), short single- or double-stranded
nucleic acid molecules with a number of base pairs around 20, have
great potential to treat diseases due to their inhibitory or interfering
functionality for post-transcriptional gene expression regulation. ONs
have the ability to selectively target pre-mRNA, mRNA, or non-coding
mRNA to trigger degradation, influence splicing events, or inhibit pro-
tein translation (Moumné et al., 2022; Crooke et al., 2018). Different
RNA-targeted oligonucleotide classes can be identified, including anti-
sense oligonucleotides (AONs), microRNAs (miRNAs), and short inter-
fering RNAs (siRNAs) (Smith and Zain, 2019; Catani et al., 2020), with

the first group being the most widely employed (Bajan and Hutvagner,
2020). Despite the first therapeutic oligonucleotide (fomivirsen/Vi-
travene) having been approved over 25 years ago (1998), only recently
we have seen the number of Food and Drug Administration (FDA) and
European Medicines Agency (EMA) approvals to increase (Catani et al.,
2020; Egli and Manoharan, 2023a). Indeed, over these years eighteen
oligonucleotides-based therapeutics have been approved for several rare
and genetic diseases, such as spinal muscular atrophy, hereditary
amyloidosis, and Duchenne muscular dystrophy (Xiong et al., 2021).
The last approval was granted in June 2022 for the siRNA-based ther-
apeutic vutrisiran/Amvuttra, prescribed for the treatment of hereditary
transthyretin-mediated amyloidosis in adults (Egli and Manoharan,
2023b). Currently, about 100 clinical trials result as active on clin-
icaltrials.gov, whom 18 are actively recruiting. Though, the slowmarket
growth reflects the limitations that are still associated to synthetic ONs.
These include their poor stability in a biological environment,
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immunogenicity, and inefficient manufacturing. With reference to the
latter, the most established process for ON production is the solid-phase
synthesis, based on the phosphoramidite chemistry (Paredes et al., 2017;
Beaucage, 2008). Despite its widespread utilization, this process is
affected by poor scalability, very low yield, decreasing at each added
nucleotide, and by a tremendous environmental impact (Shepherd et al.,
2019; Lönnberg, 2017). Factors like the employment of non-renewable
reagents and starting materials, the large amount of aqueous and
organic waste, the poor atom economy, and the absence of proper cat-
alysts prevent meeting most of the 12 Green Chemistry principles (ACS
Green Chemistry Institute Pharmaceutical Roundtable). Moreover, the
American Chemical Society (ACS) Green Chemistry Institute Pharma-
ceutical Roundtable (GCIPR) estimated the process mass intensity (PMI)
for the production of ONs to be in the range 3000–7000 kg of raw ma-
terials per 1 kg of product, depending upon the chain length (Andrews
et al., 2021). Therefore, a more sustainable and greener alternative
process must be designed for ON production.

Several studies are reporting the possibility of exploiting simple
microorganisms, such as bacteria strains, to produce recombinant ONs
(Ponchon and Dardel, 2007; Ponchon et al., 2009). Indeed, this
approach aligns with the currently well-established industrial processes
used to produce therapeutic proteins (Karst et al., 2018). In fact, the
scalability of this manufacturing platform is widely recognized. In
addition, it introduces the potential to decrease the environmental
impact by exploiting renewable feedstocks, and the inefficiencies asso-
ciated to the solid-phase synthesis. Finally, biologically produced ONs
have been demonstrated to reduce the immunogenic response compared
to their synthetic counterparts, thus avoiding the need for chemical
modifications (Yu et al., 2019; Ho and Yu, 2016). As an example, Huang
et al. (Huang et al., 2013) successfully demonstrated the possibility of
exploiting Escherichia coli as cell host for the production of a 21-nucleo-
tide siRNA-like molecule through plant protein p19 stabilization.
However, the main limitation of this approach relies on the presence of
RNases and cleavage agents in the culture medium, able to degrade the
target product (Duan and Yu, 2016). To circumvent this drawback,
Pereira et al. (Pereira et al., 2017, 2016) exploited a bioengineered
Rhodovulum sulfidophilum DSM1374 strain, a gram-negative marine
bacterium, reported to produce no detectable RNases. As another key
property, this host is capable of recombinantly producing the human
pre-miR-29b and secrete it in the extracellular medium. This avoids
additional and complex steps of cell lysis and extraction steps, which are
needed when ONs are produced intracellularly. Indeed, the authors re-
ported approximately 182 μg/L and 358 μg/L of extracellular and
intracellular human pre-miR-29b, respectively, after 40 hours of
fermentation (Pereira et al., 2016).

Despite the favorable utilization of R. sulfidophilum, the few available
examples of biomanufactured ONs are still extremely limited in terms of
throughput, thus making this technology far from being competitive

with the solid-phase synthesis. Therefore, with the aim of covering this
gap and allow all the benefits of bioengineered ONs to be appreciated at
large scale, an efficient upstream processing is urgently required.

In this work, we report for the first time the development of
continuous perfusion cultures of R. sulfidophilum for the bio-
manufacturing of oligonucleotides. Compared to traditional batch or
fed-batch fermentations, perfusion processes are amenable for higher
productivity, consistent product quality, and reduced medium con-
sumption (Wolf et al., 2019a). Moreover, they open up to the possibility
of developing a continuous and integrated production system
(Konstantinov and Cooney, 2015;Warikoo et al., 2012; Narayanan et al.,
2022), for process intensification and reduced plant footprint (Wolf
et al., 2019a).

In this direction, as schematized in Fig. 1, we first demonstrated the
possibility of performing perfusion cultures of R. sulfidophilum in 50 mL
spin tubes. In particular, the perfusion conditions were simulated by
periodically spinning down the cell culture. A portion of the clarified
supernatant was then removed and replaced with fresh medium, prior to
resuspending the cell pellet to continue with the fermentation. We took
advantage of this scale-down model and of the possibility of paralleliz-
ing multiple of these experiments to optimize the medium composition
and the main process parameters (Wolf et al., 2019a, 2018). Specifically,
the optimal combination of tryptone, peptone, glucose, and yeast extract
was investigated with the aim of maximizing the viable cell density
(VCD). Then, the role of the perfusion rate (PR) on cell growth rate and
VCD was elucidated at different shaking speeds. This allowed the defi-
nition of the minimum cell-specific perfusion rate (CSPRmin), required to
sustain the cell culture. In fact, this is recognized as the most convenient
condition for running perfusion processes, allowing to minimize the
medium consumption without inducing the destabilization of the cell
culture (Wolf et al., 2019a, 2020). Intriguingly, when performing this
investigation, we discovered that at medium to low shaking speeds, a
CSPRmax appears, leading to growth inhibition at higher PRs. Finally, the
validation of the scale-down models was performed in a bench-scale
perfusion bioreactor, integrating a 2 L stirred vessel and an alternating
tangential flow filtration unit (ATF) based on hollow fiber membranes
for cell retention. The study demonstrated similar CSPRmin compared to
the perfusion process simulated in spin tubes, confirming the reliability
of this scale-down model.

The perfusion process developed herein confirmed the possibility of
dramatically increasing the density of viable R. sulfidophilum cells
compared to the processes reported in the literature. Additionally, the
process allowed a continuous harvest of oligonucleotides, demon-
strating the potential of perfusion cell cultures in favoring the wide-
spread availability of bioengineered ONs.

Fig. 1. Schematic procedure of up-scale perfusion process development. The leftmost panel was adapted from (Wolf et al., 2020).
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2. Materials and methods

2.1. Cell line

All experiments were carried out with the marine bacterium strain
Rhodovulum sulfidophilum DSM 1374.

2.2. Medium formulations

The nutrient medium formulations contained tryptone enzymatic
digest from casein, peptone from meat, soybean meal and D-glucose (all
from Millipore, USA), yeast extract, NaCl, K2HPO4, KH2PO4,
MgSO4⋅7H2O, CaCl2⋅2H2O, (NH4)2SO4, FeSO4⋅7H2O, MnCl2⋅4H2O,
CoSO4⋅7H2O, CuCl2⋅2H2O, ZnSO4⋅7H2O, H3BO3, NiCl2⋅6H2O,
Na2MoO4⋅H2O (from Sigma-Aldrich, Germany), and HCl (Honeywell
Fluka, Germany). Ultrapure biological grade water was obtained using a
Milli-Q® Direct system (Millipore, USA). Cell banking and expansion
were carried out using a semi-defined growth medium formulated by
Pereira et al. (2016). containing 10.0 g/L tryptone, 5.0 g/L peptone,
0.5 g/L yeast extract, 513.0 mM NaCl, 23.0 mM K2HPO4, 7.0 mM
KH2PO4, 278.0 mM glucose, 0.8 mM MgSO4⋅7H2O, 0.3 mM
CaCl2⋅2H2O, 7.6 mM (NH4)2SO4, and 1 mL of Trace Element Solution
(TES). The TES was formulated as: 20.0 mM FeSO4⋅7H2O, 20.0 mM
MnCl2⋅4H2O, 20.0 mM CoSO4⋅7H2O, 2.0 mM CuCl2 ⋅ 2H2O, 2.0 mM
ZnSO4 ⋅ 7H2O, 9.7 mM H3BO3, 0.2 mM NiCl2 ⋅ 6H2O and 0.2 mM
Na2MoO4 ⋅ 2H2O in 0.5 N HCl.

Regarding the composition of the media used in the optimization
experiments, only the tryptone, glucose, peptone, and yeast extract
concentrations were varied according to the experimental design. The
concentrations of all the other nutrients were the same as in the semi-
defined growth media used for cell banking and expansion.

All media solutions were sterilized either via 0.22 µm filtration
(FisherBrand, USA) or in an autoclave (Systec DX65, Germany).

2.3. Expansion procedure

The initial expansion of the microbial strain was carried out in
Erlenmeyer flasks, starting from a previously constructed working cell
bank. On working day zero, the 1 mL vial, stored under liquid nitrogen
was thawed and transferred to a 100 mL flask, to which 20 mL of
reference medium had been previously added. The culture was then
expanded every two days until reaching the desired volume. During this
procedure the flasks were placed in an incubator (Adolf Kuhner AG,
Switzerland) set at 30 ºC and 80 % humidity and on an orbital shaker
(Thermo Fisher Scientific, USA), set at 200 rpm.

2.4. Scale-down perfusion models

The perfusion operation was simulated in 50 mL spin tubes
(TubeSpin, TPP, Switzerland), using a working volume of 10 mL and
following the protocol outlined by Wolf et al. (2018, 2019b). These
spin-tubes were placed in an incubator in the same conditions as
mentioned previously.

On working day zero, the spin-tube was loaded with sufficient
inoculum to reach the desired OD600, equal to 0.3 for the medium
component screening and 5 for the perfusion parameter optimization.
The daily operations were initiated with the sampling of 0.25 mL ali-
quots from the spin-tube and analysis for OD600, ammonia, and glucose
concentration (see Section 2.7). In order to simulate the PR, after
centrifugation (Thermo Fisher SL16, USA) at 18,500 rcf for 8 min, a
certain volume of the supernatant was discarded and replaced with fresh
medium to cover the range 0.05 – 1 reactor volumes (RV)/day and the
pellet resuspended. The supernatant was then frozen at − 80 ºC for
further analysis.

2.5. Bench-scale bioreactor operation

The scale-up was performed in a 2 L stirred tank vessel (Vaudaux-
Eppendorf, Switzerland) connected to an alternating tangential flow
filtration (ATF) unit as cell-retention device to ensure the perfusion
operation. The unit comprises a hollow-fiber membrane (0.5 μm, PES,
1570 cm2, Repligen, USA) and a diaphragm pump, including controller
(Repligen, USA). The experimental runs were performed at 30 ºC, pH 7,
Dissolved Oxygen (DO) 20 % v/v and stirring speed at 500 rpm, which
were kept constant throughout the trials. The monitoring and control of
the bioreactor were conducted using the DASGIP Control software
(Eppendorf, Germany). Temperature control was ensured using a heat-
ing mantel and pH regulation via addition of pH buffers and carbon
dioxide. DO concentration was adjusted by acting on the oxygen flow-
rate. The mixing in the bioreactor was ensured by a Rushton impeller
installed at the bottom of the transmission shaft. The inlet gaseous
stream was filtered through an air filter (Midisart 2000, 0.22 μm, PTFE,
Sartorius, Germany) and inserted directly in the culture vessel via a 7-
hole sparger. Based on measured DO value, the oxygen inlet concen-
tration varied between 21 % and 40 % and the total inlet flowrate was in
the range 30–50 sL/h. To prevent foam formation, 5 % v/v Antifoam B
emulsion (Sigma-Aldrich, USA) was added manually while a Marine
impeller was mounted above the liquid level. The bioreactor and related
inlet and outlet bottles were kept on scales (Mettler Toledo, USA) to
monitor the actual flowrates.

2.6. Extracellular RNA extraction

The extracellular nucleic acids produced by R. sulfidophilum were
recovered from the supernatant of the samples and from the harvest
stream of the reactor by precipitation with ethanol, based on the pro-
tocol developed by Pereira et al. (2016). The cell-free supernatant,
generally taken in 1 mL amounts, was mixed with 0.1 volumes of 0.1 M
sodium acetate (Sigma-Aldrich, USA), 3 volumes of ice-cold 99.9 %
ethanol (Sigma-Aldrich, USA) and vortexed. The sample was then
incubated for two hours at − 80 ºC, centrifuged at maximum speed
(4500 g) at 4 ºC for 30 min and the resulting pellet was washed twice
with 0.5 mL of ice-cold 75 % ethanol, with further centrifugation at 4 ºC
for 10 min after each wash. After the removal of the ethanol, the pellet
was dried with a flow of compressed air and then resuspended in Milli-Q
water to reach the initial volume.

2.7. Analytics

Measurements of the optical density at 583 nm, as indication of the
cell density, were performed with a Cedex Bio analyzer (Roche Di-
agnostics AG, Basel, Switzerland).

Glucose concentration was determined via high performance liquid
chromatography (HPLC) (Agilent Technologies 1200, Germany). The
analytical method exploited an isocratic elution at 0.3 mL/min of
14 mM H2SO4 on an Aminex HPX-87 H Ion Exclusion Column (Bio-Rad,
USA) at 50 ºC. UV detection was carried with a diode array detector set
at 190 nm (Jalaludin and Kim, 2021).

ON quantification was performed by measuring the absorbance at
260 nm with baseline normalization at 340 nm in a UV-Vis spectro-
photometer Jasco V-630 (Jasco Europe s.r.l., Italy). The extinction co-
efficient used for content evaluation was the average value for single-
stranded RNA, equal to 40 ng/μL. From here, a HPLC analytical
method was defined, calibrated based on spectrophotometer measure-
ments and further employed. The method used an Ion-Pair Reversed-
Phase (IP-RP) AdvanceBio Oligonucleotides column 2.1 ×100 mm
(Agilent Technologies, Germany) at 50 ºC with the UV detector set at
260 nm. The aqueous mobile phase was 100 mM hexafluoro-2-propanol
(HFIP) and 4 mM triethylamine (TEA) in H2O and the elution phase was
a 50 % v/v methanol/water (MeOH/H2O) solution (Biba et al., 2017;
Apffel et al., 1997). A gradient from 0 % to 100 % of organic phase in
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10 min was used to desorb oligonucleotides from the stationary phase.

2.8. Statistical analysis

The results are reported as mean value ± standard deviation if not
otherwise stated. For the medium optimization, statistical analysis was
performed through one-way analysis of variance setting a threshold of
0.05 and using Tukey’s test for means comparison.

3. Results and discussion

3.1. Perfusion medium optimization

The optimization of the nutrient composition represents the first step
in the direction of an intensification in ON biomanufacturing. Since it
has been previously shown (Karst et al., 2018) that the medium devel-
oped for batch and fed-batch processes does not necessarily translate
into the best for perfusion cultures, this optimization was carried out in
50 mL spin tubes operated to simulate the perfusion process, being a
proven scale-down model for this type of operation (Wolf et al., 2018).
Therefore, we performed a series of experiments to decouple and
investigate the effect of each nutrient, testing the different sources
individually. A preliminary screening was performed for the carbon
source, i.e. glucose, as reported in Figure S1. The analysis was carried
out in batch scale-down models based on the medium composition
defined by Pereira et al. (Pereira et al., 2016). Hence, the exploration
range was defined by three levels of glucose concentration, namely
7 g/L (-30 % pre-defined concentration), 10 g/L (pre-defined concen-
tration), 13 g/L (+30 % pre-defined concentration). The influence of
glucose concentration is highly impacting on cellular growth. Indeed,
higher glucose amount performed better with respect to the pre-defined

carbon source concentration. Therefore, we started from this investi-
gation and analyzed higher concentrations, in the range 13–50 g/L (see
Fig. 2A), in 50 mL spin tubes simulating perfusion conditions. In this set
of experiments, the concentration of the nitrogen sources (i.e. tryptone,
peptone and yeast extract) was as defined in the reference medium (see
Section 2.2). Regarding the nitrogen sources instead, their effect was
studied individually. Peptone, yeast extract and tryptone are all complex
nitrogen sources. Therefore, it is possible to increase the concentration
of the same peptide when mixing these nutrients. Hence, in order to
compare them in similar nitrogen supply conditions, their individual
nitrogen content was evaluated from their certificate of analysis. In this
way, concentrations in the range 9.5–37.9 g/L, 10.0–40.0 g/L, and
11.2–44.7 g/L were considered for peptone, tryptone and yeast extract,
respectively (see Fig. 2B, C, D).

With reference to Fig. 2A, we observed a monotonic increase in the
cell density with time at each tested glucose concentration. However, by
comparing the VCD at 96 h (red bars), only non-significant changes were
observed across the tested concentrations. Hence, since an increase in
the glucose concentration and, in turn, of the medium cost is not justi-
fied, we decided to fix it to the intermediate level of 30 g/L for all the
subsequent experiments. In the case of the nitrogen sources, the VCD
increased proportionally to the peptone concentration in the whole
range investigated, as shown in Fig. 2B. On the other side, a maximum
cell density was observed for both tryptone (Fig. 2C) and yeast extract
(Fig. 2D). This was reached at 30 g/L of tryptone and 22.4 g/L for the
yeast extract. Above these thresholds, inhibitory conditions were
reached, leading to a reduced cell proliferation rate. Considering the
VCD reached at 96 h (red bars) for the three nitrogen sources, the most
promising results were achieved using peptone and yeast extract, lead-
ing to a maximum value of 4.14 and 4.11 g/L, respectively. Hence, since
the VCD for peptone could still be increased, higher concentrations were

Fig. 2. VCD during operation time for perfusion experiments simulated in 50 mL spin tubes at different concentrations of individual nutrients: glucose (A), peptone
(B), tryptone (C), and yeast extract (D). 0 h = blue bars, 24 h = orange bars, 48 h = green bars, 72 h = light blue bars, 96 h = red bars. Statistical analysis was
performed only for the data taken at 96 h (red bars) using one-way ANOVA: *p<0.05, **p<0.15.
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tested until a maximum of 55 g/L, while in the case of yeast extract a
refinement in proximity of the concentration leading to the maximum
cell density was studied, performing experiments from 13 to 23 g/L. The
results of these experiments are shown in Table 1.

While tryptone yielded the worst results, with a decrease in the VCD
by 7.6 % with respect to the reference formulation, both peptone and
yeast extract could outperform the reference medium, with a maximum
gain in VCD of 72 % and 50 %, respectively. The factors considered in
the choice of the nitrogen source were then the concentration and the
cost per liter of medium. Even though the VCD reached with peptone
was slightly higher compared to yeast extract, this gain came at higher
concentration of the nitrogen source (increasing the osmolality of the
medium) and consequently at higher cost, also given that peptone is
more expensive than yeast extract. Therefore, yeast extract was selected
for further experiments, with a concentration between 11 and 23 g/L.
These were performed by increasing the OD for the inoculum from 0.3 to
5. As confirmed in Table 1, in this way we could conclude the optimal
concentration of this nitrogen source to be in the range 13 – 15 g/L,
leading to a VCD of 6.8 g/L. Therefore, the selected yeast extract con-
centration for further experiments was set to 13 g/L.

Overall, the preliminary optimization performed on the carbon and
nitrogen sources led to an optimal glucose concentration of 30 g/L and
to the selection of yeast extract as the most performing nitrogen source,
used with a concentration of 13 g/L. This formulation tested in a
simulated perfusion cell culture allowed to increase the VCD by 50 %
with respect to the reference medium, with evident benefits in terms of
ON productivity.

3.2. Design space for the perfusion cultures of R. sulfidophilum

Based on the optimal medium formulation, the next step for devel-
oping a successful perfusion process is to define its design space, in terms
of VCD and PR. This space is inferiorly limited by the minimum cell-
specific PR (CSPRmin), defined for a certain medium formulation as
the minimum PR required to sustain a given VCD. In general, it was
demonstrated that, in a perfusion cell culture, it is desirable to work at
the CSPRmin in order to maximize the productivity while minimizing the
medium consumption. As proposed by Konstantinov et al. (2006) and
Wolf et al. (2018), two methods can be adopted to identify this optimal
condition: the “push-to-low” approach, where the CSPR is progressively
decreased by decreasing PR at constant VCD, and the “push-to-high”
approach, where the VCD is increased in steps with a constant PR.

To define the CSPRmin, here we adopted the push-to-high approach.
Due to the intrinsically discontinuous scale-down process used in this
work, only PR ≤ 1 RV/day could be tested. On the other side, with this

scale-down model, several experiments could be run in parallel,
exploring PR between 0.05 and 1 RV/day with reduced waste of raw
materials. The different perfusion experiments were run until the
maximum VCD (VCDmax) at the considered PR was achieved, repre-
senting the maximum number of viable cells that specific PR can sustain.
Since in this simplistic bioreactor the oxygen is supplied to the culture in
a passive way, through the area exposed to the atmosphere, we hy-
pothesized that the limited oxygen transfer rate (OTR) may introduce
cell growth limitations (Zhang et al., 2009). For this reason, the analysis
of the perfusion design space was performed at different speeds of the
orbital shaker, specifically at 200, 260, and 320 rpm, which directly act
on the contact area at the air/liquid interface. The evolution of the VCD
during time for each combination of PR and shaking speed is shown in
Figure S2-S4 (see Supporting Information Section).

The VCD reached at steady-state is then reported for each experiment
as a function of PR in Fig. 3.

Here, it is possible to observe a good consistency in the maximum
VCD reached at PRs 0.05–0.4 RV/day across all the shaking speeds. This
lower limitation is fully described in the literature and corresponds to
the mentioned CSPRmin. This limitation is normally linear, meaning the
higher the PR, the higher the maximum cell density achievable in the
reactor. In these experiments, this trend is indeed valid for the largest
shaking speed (i.e. 320 rpm) and, to a certain extent, at 260 rpm.

On the other hand, for the experiments conducted at 200 rpm, this
linear trend was observed only for low PR in the range 0.05–0.3 RV/day.
For higher values, an upper and opposite limitation appears. Intrigu-
ingly, it appears that additional medium supplied to the culture corre-
sponds to lower viable cell densities at steady state. We defined this
unexpected growth limitation as CSPRmax, to establish a symmetry with
the concept of CSPRmin widely reported in the literature. Several factors
could be contributing to the presence of a CSPRmax. For example, me-
dium inhibition could be a cause, since it has been documented (see
Fig. 2D) that too high concentrations of yeast extract could lead to
growth inhibition and hence to lower VCD. However, if this were the
sole factor, it should also occur for higher shaking speeds. Since this is
not the case, it is evident that limitations associated with oxygen supply
are involved, as demonstrated by the fact that this CSPRmax disappears
as we move to higher shaking speeds, such as 320 rpm, which corre-
sponds to higher OTR. Still, this behavior had not yet been observed
when using spin tubes as scale-down models, since most of the cell lines
employed for perfusion operations are mammalian, which have lower
oxygen uptake rates than typical bacterial cell lines (Huang and
McDonald, 2009).

From these results, it is possible to calculate the CSPRmin and, when
present, the CSPRmax for each of the shaking speeds (see Table S1-S2).
With this information, the PR can be chosen for a desired VCD in the

Table 1
VCD measured in scale-down perfusion experiments after 96 h from inoculum
for different nitrogen source concentrations and comparison with reference
medium. For all the experiments, the glucose concentration was fixed to 13 g/L.

Medium Type Nitrogen Source [g/L] Viable Cell Density [g/
L]

Tryptone Peptone Yeast
Extract

Inoc. OD
0.3

Inoc. OD
5

Reference
Medium

10 5 0.5 2.73

Tryptone 30 2.52
Peptone 38 4.14

45 4.52
50 4.64
55 4.70

Yeast Extract 11 3.95 6.69
13 6.77
15 6.79
19 5.10
22 4.10
23 3.70

Fig. 3. PR vs VCD for the scale-down push-to-high experiments at 200, 260,
and 320 rpm as shaking speeds. Data points correspond to mean values of VCD
at stationary growth phase. Error bars represent standard deviation.
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region defined by the CSPRmin and CSPRmax with the confidence that it
will not limit cellular growth. In this design space, as already discussed,
the optimal condition is defined by the CSPRmin itself, allowing to
maximize productivity while minimizing the medium consumption. It is
worth mentioning that these values correspond to the minimummedium
amount that needs to be supplied in order to sustain the desired cell
culture without inducing cellular destabilization. However, it has been
previously observed that CSPRmin values determined in VCDmax exper-
iments may not be able to sustain long-term perfusion cultures (Wolf
et al., 2019b). Therefore, these CSPRmin can also be interpreted as
CSPRcrit, which corresponds to the critical quantity of medium necessary
to be supplied. However, in the experiments conducted by Bielser et al.
(Bielser et al., 2018), the determination of the CSPRmin via this method
in spin tubes and deep-well plates was found to allow long-term perfu-
sion runs in benchtop bioreactors. Nevertheless, in the experiments re-
ported, the bacteria strain used has shown prolonged stability over time,
hence we consider the obtained values as the CSPRmin. Moreover, it
should be pointed out that the values determined correspond only to the
specific medium composition used. In fact, a more concentrated medium
and hence higher medium depth (Wolf et al., 2020; Medeiros Garcia
Alcântara and Sponchioni, 2022) would decrease the CSPRmin. Yet, this
can also lead to added complication of higher osmolality in the cell
culture, which can inhibit microbial growth (Konstantinov et al., 2006).

3.3. Bench-scale perfusion process

After having defined the optimal perfusion conditions in scale-down
models, we scaled up the operation to a working volume of 2 L in a
stirred tank bioreactor equipped with an ATF for continuous cell
retention. This represents the first report on the biomanufacturing of
ONs through a perfusion process. In particular, perfusion cultures of
R. sulfidophilumwere investigated at different PR, namely 0.5, 0.7, and 1
RV/day, with the aim of highlighting its impact on the main process
variables, such as the maximum VCD, nutrient consumption, and ON
titer. These parameters were tracked during the operation time and re-
ported in Fig. 4 for PR = 0.5 RV/day and in Figure S5 for PR = 0.7 and 1

RV/day.
First, it is possible to appreciate the stability of the process, which

could be run for more than 20 days at each PR in this scaled-up
configuration. By looking at the trend of the VCD during time, the
three characteristic phases of cell growth, including the lag, exponential,
and stationary ones, can be distinguished, with the latter starting
approximately at 300 h. In this condition, the VCD reached an average
value of 27 g/L, which corresponds to an OD of 50 StdU and therefore to
a 10-fold OD increase with respect to reference results (Pereira et al.,
2016). Glucose, as carbon source, was continuously fed to the system at
30 g/L and its concentration in the bioreactor reached very soon a
steady-state value of 15 g/L, as a result of cell uptake. The concentration
of produced ON was also tracked during the operation time via HPLC.
This confirmed the possibility of obtaining a continuous extracellular
harvest of nucleic acids with the perfusion process. Interestingly, after a
scattered trend during the initial period, a monotonic decrease was
observed. We then hypothesized that the production of extracellular
nucleic acids is mainly obtained during cellular growth, as it happens for
primary metabolites. Since the former was mainly observed during the
lag and growth phases, it seems that ONs do not originate from cell
autolysis but rather result from ongoing active expression, similarly to
results reported in the literature (Ando et al., 2006). This confirmed the
possibility of biomanufacturing ONs using perfusion processes, which
are known to dramatically increase the productivity compared to their
discontinuous or semi-continuous counterparts (Yang et al., 2000;
Bielser et al., 2019; Gagnon et al., 2018). This appealing solution can be
then envisioned to improve the sustainability and alleviate the scal-
ability concerns currently associated with ON manufacturing via
solid-phase synthesis.

In order to assess the scalability of the results obtained in our scale-
down model, the two different perfusion processes, simulated in spin
tubes shaken at 320 rpm and performed in the bench-scale bioreactor,
are compared in Fig. 5A in terms of VCD reached at steady-state for each
tested PR. The evolution of this parameter during time is reported for the
different experiments in the bioreactor in Figure S6 and Figure S7.

The expected monotonic increase of VCD with PR (see Fig. 5 A) is
maintained also for bench-scale operations, obtaining 27, 50, and 70 g/L
of maximum VCD for 0.5, 0.7, and 1 RV/day, respectively. This
confirmed the existence, for both systems, of a CSPRmin, represented by
the dashed lines. This shows the same intercept with the x-axis for both
the micro- and bench-scale, which refers to a situation where nomedium
is provided during time, and hence to a batch process. Moreover, the
liter-scale tests revealed the absence of a CSPRmax, indicating no me-
dium limitation at high PR. This confirmed that oxygen transfer limi-
tations may have been the responsible for this inhibition at low shaking
speeds in the spin tubes. Comparing again the two different scales, it can
be observed a considerable shift towards lower VCD at the same PR for
the bench-scale bioreactor. In other words, the bioreactor required a
higher PR to sustain the same VCD as the scale-down model. A possible
reason might be due to the utilization of Rushton impellers mounted on
the transmission shaft. Indeed, although these devices are crucial for
proper mixing and dissolution of oxygen in the liquid broth, cells can
experience damage due to the presence of high shear stress located close
to the mechanical devices (Nienow, 2021; Pörtner, 2015; Buffo et al.,
2016). Nevertheless, another concern may arise from bubble formation
and related shear and normal stresses. Again, air sparger is crucial for
having an active oxygen supply, conversely to the passive transfer
occurring in micro-scale models, especially for bacteria cultivations
since their oxygen uptake rate is typically higher than for mammalian
cells (He et al., 2019). Despite the presence of a cellular wall in bacteria,
which guarantees a better resistance to bubble-associated shears (Chisti,
2000; Esperança et al., 2020), it is possible that a fraction of viable cells
undergoes high stresses, particularly on the liquid surface where bubbles
burst. At last, it should also be considered that, contrarily to small-scale
models, higher working volumes negatively impact the nutrient trans-
port inside the broth itself (Koynov et al., 2007).

Fig. 4. VCD, glucose, and oligonucleotide concentration during time for the
perfusion experiment conducted at 0.5 RV/day in the bench-scale bioreactor.
Yellow = lag phase, green = exponential phase, blue = stationary phase. In
VCD graph, data points represent mean values. Error bars correspond to stan-
dard deviation calculated from at least three values.
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Not only cellular growth, but also the influence of PR on carbon
source consumption was investigated. In Fig. 5B, the cell-specific
glucose consumption is reported as a function of PR for both the liter-
and micro-scale systems. The graph refers to the steady-state values of
glucose and cellular concentration. Hence, once the microorganisms
have reached this phase, achieving the largest possible population, the
glucose concentration reaches a constant value which is independent of
PR, as demonstrated in Figure S7. Since, instead, the VCD icreases with
PR, this situation is reflected in a lower specific nutrient consumption for
higher PR. Indeed, both systems show a similar behavior with a mono-
tonic decrease at increasing PR and a very similar cell-specific glucose
consumption in both spin tubes and perfusion bioreactor.

At last, the influence of PR on oligonucleotides production was
evaluated. The great advantage of perfusion systems is the continuous
recovery of extracellular products, like ONs in this case, in the clarified
harvest. In addition, this operation allows working at steady-state,
where product titer and quality are consistently preserved (Walther
et al., 2019; Meuwly et al., 2004). This is important to ensure high safety
for biotherapeutics. For this reason, in Fig. 6 we reported the average ON
concentration after the steady-state in VCD was reached (approximately
after 300 h).

From Fig. 6, it is evident that the ON concentration in the harvest
monotonically increases with PR, reaching average stationary concen-
trations of 8.7, 9.2, and 11.5 mg/L at PR = 0.5, 0.7, and 1 RV/day,
respectively. Therefore, the increasing cellular population at higher PR
significantly enhances the overall product expression.

Overall, the maximum oligonucleotide concentration of 11.5 mg/L
we reached was in the 2 L scale bioreactor with a PR of 1 RV/day.
Despite this product titer is much lower than the one commonly reported
for monoclonal antibodies, it is worth highlighting: (i) the significantly
lower dosage required for ONs (e.g. 12 mg for Spinraza (nusinersen),
21 mg for Onpattro (patisiran) for 70 kg body weight); (ii) to the best of
our knowledge this is the highest concentration in the oligonucleotide
production reported from fermentation processes (Catani et al., 2020).
Indeed, in the work of Pereira et al. (Pereira et al., 2016), the authors
reported an ON titer of 0.182 mg/L in a fed-batch cell culture. Hence,
the developed perfusion process showed the potential to greatly improve
titers when compared to discontinuous processes, thus testifying the
possibility of significantly boosting the productivity of biomanufactured
ONs.

4. Conclusions

Oligonucleotide-based pharmaceuticals are evermore getting signif-
icance and correspondingly being produced in large amounts, boosted
by the advent of mRNA-based vaccines for SARS-CoV2. Although
currently these drugs are mostly produced via solid-phase synthesis,
fermentation processes carry the potential for cost reduction and
circumvention of possible immunogenic effects but are still far from
being competitive in terms of productivity. Here, as it was the case for
the production of therapeutic proteins (Karst et al., 2018), perfusion cell
cultures can lead to a decisive breakthrough, surpassing their fed-batch
counterparts in terms of productivity and product consistency. In this
work, the conversion of a batch process for the production of oligonu-
cleotides to perfusion was investigated, starting from the optimization of
the medium composition and the definition of the process design space
operated in 50 mL spin tubes as scale-down models. The medium opti-
mization was performed to investigate the effect of the single carbon and
nitrogen sources provided to the cell culture, obtaining a higher un-
derstanding in perfusion scale-down models. This optimization led to an
increase in optical density of 44 % with respect to the reference medium
formulation. After this optimization, a series of VCDmax experiments
were carried out in order to highlight the perfusion design space (Wolf
et al., 2020; Medeiros Garcia Alcântara and Sponchioni, 2022). These
trials were performed at different shaking speeds, thus at different ox-
ygen transfer rates. Based on these experiments, the CSPRmin was
determined. Furthermore, the concept of CSPRmax was introduced,
above which the cell culture will suffer growth inhibition. The analysis
of the optimal perfusion conditions was then leveraged to realize the
first example of perfusion cultures of R. sulfidophilum for the bio-
manufacturing of oligonucleotides at a bench-scale. Here, the influence

Fig. 5. (A) Comparison of CSPRmin at bench-scale (orange circles) and 320 rpm
micro-scale (green triangles) perfusion systems. (B) Comparison of specific
glucose consumption for bench- (orange circles) and micro-scale at 320 rpm
(green triangles) at steady state. In both graphs, data points represent the mean
values of VCD (A) and specific glucose consumption (B) at stationary growth
phase. Error bars correspond to standard deviation measured from at least
three valuees.

Fig. 6. Stationary oligonucleotides concentration at different PRs for bench-
scale operations. Points represent the mean values of oligonucleotides con-
centrations at stationary growth phase, error bars represent the standard de-
viation of at least three data points.
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of PR on cell growth, nutrient consumption, and ONs production was
examined. From these bioreactor runs, the oligonucleotide titer could be
significantly increased when compared to a previous work (Pereira
et al., 2016) with the same strain. This testifies the promises hold by
perfusion cultures of R. sulfidophilum for the large-scale bio-
manufacturing of ONs, which could eventually compete with those
synthesized via solid-phase synthesis, allowing to appreciate the
above-mentioned advantages of biologically-expressed
oligonucleotides.

It is worth mentioning that the process shown here is not exempted
from the production of impurities, which could be either associated to
the specific process used for expression (e.g. cell debris, host cell proteins
and DNA) or variants of the main product. For this reason, as in all
biotech processes, a suitable downstream processing needs to be
designed to remove such impurities before distribution of the active
principle. Still, this can leverage the experience established on other
recombinant biotherapeutics, like monoclonal antibodies.
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