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ABSTRACT

Following the recent COVID-19 pandemic, mRNA manufacturing processes are being actively developed and optimized to

produce the next generation of mRNA vaccines and therapeutics. Herein, the performance of the tangential flow filtration (TFF)

was evaluated for high-recovery, and high-purity separation of mRNA from unreacted nucleoside triphosphates (NTPs) from

the in vitro transcription (IVT) reaction mixture. For the first time, the fouling model was successfully validated with TFF

experimental data to describe the adsorption of mRNA on filtration membrane. The fouling model enables monitoring of the

mRNA purification processes, designing an appropriate strategy for filter clean-up, replacing the column at the right time and

reducing the process cost. Recovery greater than 70% mRNA without degradation was obtained by implementing a capacity load
of ~19 g/m?, <2.5 psi transmembrane pressure (TMP) and feed flux of 300 LMH. This approach also enables the purification of
multiple mRNA drug substance sequences for the treatment of a wide range of different diseases.

1 | Introduction

The transformative potential of the mRNA medicines platform
technology is being recognized due to the COVID-19 pandemic,
with a record-high number of RNA-based vaccines and thera-
peutics currently under development [1, 2]. This has led man-
ufacturers to re-evaluate the associated procedures, guidelines,
and production methodologies [3, 4]. Establishing a product-
and indication-agnostic manufacturing process is highly advan-
tageous [2, 5]. Due to the high-quality requirement and high cost
of mRNA purification, it is desirable to remove impurities at the
initial stages of the manufacturing process to avoid overloading

the forthcoming unit operations [6]. During mRNA medicines
manufacturing, mRNA drug substance concentration and buffer
exchange might also be necessary to ensure the mRNA is ready for
optimal purification through chromatography and/or encapsula-
tion of mRNA in lipid nanoparticles (LNPs) [7]. This study deals
with the separation of mRNA drug substance from unreacted
materials directly after the in vitro transcription (IVT) reaction
and preparing mRNA for the subsequent chromatography step.

Tangential flow filtration (TFF) or cross-flow filtration is a pow-
erful membrane technology widely utilized in the biopharma-
ceutical industry for the size-based separation of macromolecules
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from low molecular weight components. In TFF unit operations,
the feed flows parallel or tangentially to the membrane plane,
hence the name TFF. A part of this feed, containing molecules
larger than the membrane pore size, is retained, and the other
part of the feed, containing molecules smaller than the membrane
pore size, permeates through the membrane surface. The feed
and retentate sweep the filtration column surface, minimizing
the filter fouling by reducing adsorption of (macro) molecules
on the filter surface and inside the filter pores. This reduces
membrane fouling and increases the permeate (aka. filtrate)
flux compared to dead-end filtration; these are the advantages
of TFF [8]. Concentration and diafiltration (DF) are two main
operational modes of the TFF process. In concentration mode,
the volume of the retentate is decreased while increasing the
concentration of retained molecules. The DF mode involves the
addition of fresh buffer such that the old buffer surrounding
the (bio)macromolecule of interest (e.g., protein or mRNA) is
exchanged for a buffer composition preferred for the next part of
the vaccine manufacturing process.

TFF-based purification can also impact the stability of the mRNA.
Funkner et al. compared RNA stability in both the IVT reaction
mix and after mRNA separation with TFF [8]. The research
revealed that higher stability was observed for purified mRNA as
opposed to non-purified material. For instance, the high integrity
of the TFF-separated mRNA was maintained for at least 7 days
of room temperature storage, followed by a slow decrease in
integrity to 80% by day 33. However, a rapid decrease in integrity
to 51% was measured after 14 days for mRNA stored in the
non-purified transcription reaction mixture. Funkner et al. also
examined the separation of three different mRNA lengths (589,
1870, and 5337 nt) using 100, 300, and 1000 kDa spin filters
[8]. The results showed that only 100 kDa molecular weight
cut-off (MWCO) retained the three different lengths of mRNA
completely.

In a recent study, Cui et al. carried out TFF process development
using a KrosFlo KR2i TFF system to prepare the crude IVT
reaction product for the chromatography step [9]. A 100 kDa
MWCO mPES hollow fiber (HF) filters (Repligen) was used for
the seperation of the impurites from IVT mixture. The effect of
mRNA concentration on permeate flux was measured and used
to find the best mRNA concentration range for performing the
sepeartion process in this study. A weak decline of the permeate
flow was reported for operation using an mRNA concentration
below 1.5 mg/mL. Therefore, mRNA concentration <1.5 mg/mL,
and preferably 1 mg/mL, was suggested for high permeate flux
operation (>25 L/m?/h [LMH]) for both short and long-chain
mRNA molecules.

When developing a TFF process, the critical quality attributes
(CQAs) of the mRNA product need to be maintained within
acceptable ranges, as these CQA values translate to patient safety
and product efficacy. The mRNA CQAs and associated acceptance
criteria are determined based on pre-clinical and clinical data
and can be identified from literature reviews, surveys of commer-
cial manufacturers, United States Pharmacopeia guidelines and
WHO technical reports [10-13]. The first objective of this study
is to maintain the CQAs of mRNA in acceptable ranges by the
end of the filtration process. For this purpose, the performance
of TFF for separation, concentration and buffer exchange of

mRNA drug substance (aka. “naked mRNA”) was investigated
by taking into account the mRNA CQAs (e.g., RNA integrity,
residual nucleoside triphosphates [NTPs], and other product- and
process-related impurities).

The authors believe there is a critical lack of understanding in
the literature on mRNA loss due to membrane fouling. Therefore,
as a second objective, we also aim to quantify the membrane
fouling that occurs because of mRNA adsorption either on the
surface of the filter and/or inside the filter pores. To achieve this,
a detailed analysis was done to mathematically model the effect
of mRNA membrane fouling on increasing filtration resistance
and transmembrane pressure (TMP). Among models, the Hermia
model which includes complete pore blocking, intermediate pore
blocking, cake filtration, and standard pore blocking mecha-
nisms, is a well-known framework for describing membrane
fouling behavior. The model was used in several research studies
to determine the fouling mechanism using mixtures of organic
micro- and macro-molecules [14, 15]. In some of these studies, the
Hermia model was applied to simulate the constant flux filtration
processes [16, 17]. Here, we applied the Hermia model to cross-
flow filtration to characterize the membrane fouling caused by
mRNA and to investigate underlying mechanisms.

This paper is highly relevant as, addresses the significant gap
in publicly available information on rigorous studies of mRNA
processing, particularly focusing on TFF. The experimental and
modeling results in this study are beneficial for developing and
operating scalable TFF processes for mRNA manufacturing.

2 | Materials and Methods

In vitro transcription (IVT). mRNA was synthesized using
IVT reactions that utilized template DNA at 2.66E-05 mM. The
eGFP linearized template DNA was sourced from Aldevron
and GenScript Biotech Corporation. DNA-dependent T7 RNA
polymerase was acquired from Takara, Roche and New England
Biolabs (NEB), and was used at final concentrations in the IVT
such as 4.04 x 10~* mM. Ribonucleotide triphosphates (ATP, CTP,
GTP and UTP) were sourced from NEB and Roche. All NTPs
were added to the IVT at equimolar ratios and at concentrations
of up to 10 mM per ribonucleotide triphosphate. The IVT
reaction was further supplemented with magnesium acetate,
inorganic pyrophosphatase (Roche or NEB), RNase inhibitor
(Roche or NEB), dithiothreitol (DTT), spermidine, and Triton-
X-100 following IVT reaction compositions from the literature
[18, 19]. The IVT reaction was incubated at 37°C for 2 h. For
measuring RNA concentration by UV absorbance, the mRNA was
purified from the IVT reaction mixture by Monarch RNA Cleanup
Column (NEB) according to the manufacturer’s recommended
protocol. The mRNA from the TFF feed, retentate and permeate
mRNA was quantified by anion exchange high-performance
liquid chromatography (HPLC) [20].

TFF system and membrane pre-treatment. The mRNA filtra-
tion was conducted with a benchtop TFF system (KrosFlo KR2i,
Repligen) and Spectrum mPES HF filter modules (Product num-
ber key: C02-E300-05-N 300 kDa, 20 cm?) at room temperature
(20.0°C + 0.5°C). For each set of experiments, a new mPES
HF filter was used. Any new filter modules were flushed using
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deionized water according to manufacturer guidelines [21]. The
accumulated mass of the retentate and permeate were measured
with two digital balances at a 5-s interval. All the process
parameters were recorded as a function of filtration time by a KF
Comm 2 Software. The shear rate, which is particularly useful for
scaling up the process, for different feed flow rates was calculated
using the following equation [22]:

4Q

nmr3

Shear rate =

@

wherein Q is the flowrate (m3/s), n is number of fibers in the
hollow fiber module, and r is inner radius of the fiber (m).

Capillary gel electrophoresis. The integrity and size of mRNA
were quantified by capillary gel electrophoresis (CGE) using an
Agilent 5200 Fragment Analyser System with the Agilent RNA Kit
(15 nt) according to the manufacturer’s recommended protocol.
mRNA was diluted to 50-100 ng/uL prior to analysis.

High-performance liquid chromatography (HPLC). The
mRNA and NTPs concentrations were measured by anion
exchange chromatography (AEX) at optimal conditions of:
DNAPac PA200 as separation column, UV detection at a
wavelength of 260 nm, sample injection volume was 5 uL, flow
rate of 15 LMH and temperature of 25°C as explained in our
previous work [20]. The errors of the CGE and IEX-HPLC
methods are provided in Table S1.

3 | Results and Discussion

3.1 | Separation of mRNA From Unreacted NTPs
Using TFF

Crude IVT consists of several components including mRNA
product, unreacted NTPs, DNA template, T7 RNA polymerase,
free ions and other impurities such as proteins. The filtration
process is chosen to reduce impurity load before subsequent
chromatography and/or to ensure suitable buffer for mRNA
encapsulation. A typical TFF process usually involves three
consecutive steps, this was applied for the separation of unreacted
NTPs and recovery of deposited mRNA. At first, the volume of
the diluted crude IVT inside the feed tank is decreased using
concentration mode, hence a part of NTPs is separated at this step.
Next, a DF step is carried out at flow rate equal to the permeate
flux, where fresh buffer is injected into the system to wash out
the remaining NTPs. Finally, a step is used to recover remaining
mRNA inside the tubes and adsorbed ones on the membrane
surface. In the first stage, a set of experiments including the three
aforementioned steps was designed to evaluate the separation of
the mRNA.

The eGFP crude IVT samples (5 mL, 7.5 + 0.02 mg/mL) were
diluted using Tris buffer pH 7 to 80 mL (0.468 mg/mL) to
be used for the experiments. The experimental TFF tests were
operated at constant permeate flux, and a hollow mPES fiber filter
(300 kDa) was used for the separation of mRNA from unreacted
NTPs. 5x concentration factor and 10x dilution factor were
selected to fully separate unreacted NTPs (Figure 1). mRNA purity
and integrity were monitored post-mPES membrane filtration.

Figure 1A,B illustrates the HPLC chromatograms of the collected
samples after each step of the filtration process. The AEX
HPLC results confirmed the complete separation of mRNA
in the retentate: no mRNA peak was observed in the HPLC
chromatogram of the collected permeate sample, showing that
the selected membrane cut-off of 300 kDa retained all of the
mRNA molecules. Moreover, no NTPs were detected in the
retentate’s chromatogram post DF, which confirms the complete
separation of mRNA and NTPs by the end of the DF steps.
A considerable amount of mRNA loss (between 30% and 40%)
was observed post DF due to mRNA remaining inside both
TFF tubes and filters as can be seen for concentration and DF
parts in Figure 1C. Additionally, losses also occurred due to
mPES membrane fouling. Washing the fouled membrane led to
a significant recovery of the mRNA (>97%, post-washing steps
in Figure 1C) which shows the importance of the filter washing.
The mRNA integrity was assessed by CGE before and after the
filtration. Figure 2 illustrates no change in shape and location of
mRNA peak (~1000 nt) detection by CGE in electropherograms of
TFF samples, confirming there was no mRNA degradation during
the TFF process. The observed peak at 2000 nt that can be seen in
crude IVT and retentate could be a multimer of eGFP transcripts
or an unwanted by-product of the run-off transcription from a
template that was not correctly linearized. The lower marker
(LM) at 15 nt was added to ensure proper sizing of the sample
during analysis. The LM is added during the loading process, and
is not part of the sample.

The literature is limited about mRNA filtration; however, the
available research articles stated that higher mRNA recovery is
achieved when less mRNA is loaded onto the filter module (lower
load capacity) and in combination with applying lower TMP. Cui
et al. suggested loading capacities below 30 g/m?* for mRNA TFF
[9]. Scorza et al. reported applying the TFF technique for the
separation of a 10 kb mRNA molecule from a crude IVT mixture
using 500 kDa mPES filter (115 cm? membrane area). By applying
low TMP (2 psi) and low shear rate (800 s™!), the TFF method
purified RNA with an overall recovery of 80% and is almost free
from nucleotides [23].

In this study, overall recovery of 70% (concentration and DF part
in Figure 1C) after the consecutive concentration and DF pro-
cesses was obtained by implementing a capacity load of ~19 g/m?,
<2.5 psi TMP and feed flux of 300 LMH (shear rate of 1594 s71)
without any mRNA degradation detected. The calculation for
mRNA recovery and TMP profile during successive steps of con-
centration and DF are provided in the Supporting Information.
However, overall an mRNA recovery of >97% was obtained after
two post-washing steps (post-washing steps in Figure 1C). The
TMP profile during successive stages of concentration and DF
of mRNA is shown in Figure S1. Continuous TMP increase over
time was observed during concentration mode because of the
membrane fouling.

3.2 | Mathematical Modeling of Mass Balance in
the TFF Operation

The general mass balance (MB) for solute i during TFF operation
is given as [24]:
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d _ dVer dCgr;
E(VFT () Cer,; (1) = Cppy; (1) T(t) + VFTT ®

=DCp; (1) =P () Cp; (1) @)

where Vir is feed tank volume (mL), Crg;, Cp;, and Cp; are
the concentration of solute i in the feed tank, DF buffer and
permeate, respectively (mg/mL). D is DF buffer flow rate (mL/s),
P is permeate flow rate (mL/s), i denotes solute i and ¢ is time
(s). In the DF tests, the feed tank volume was kept constant
by controlling the DF flow rate (& — o) using an auxiliary

pump. The inlet flow equals the outlet flow (P = D). Therefore,

Equation (2) is simplified to the below form [25]:

dCpr (1)
T D (CD,L’ (&) —Cp,; (t))

Attimet =0 3)
Vier (0) = Vfér
CFT,i (0) = Cg

T,i

Equation (3) can be solved analytically or numerically [26, 27].
Here, the rejection factor was used to solve the Equation (3). The
rejection factor, Equation (4), links the concentration of solute
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TABLE 1 | Experimental TFF DF tests for calculating the retention
factor of eGFP mRNA (DF factor: 5x, mPES HF MWCO: 300 kDa and
initial feed volume: 20 mL).

Test no. 2 3 4
Permeate flux (LMH) 30 70 90
NTP separation yield (%) 100 100 100
Overall mRNA loss (%) 36 27 18
Total time of process (min) 112 45 38

Abbreviations: DF, diafiltration; LMH, L/m?/h; NTP, nucleoside triphosphate.

between feed and permeate flows and refers to the ability of the
membrane to prevent the passage of mRNA, while allowing the
low MW molecules (e.g., NTPs) to pass through it [24, 27].

Cp,; (1)

R()=1—
(O=1-2"0

“4)

The rejection factor can be affected by several parameters and
variables, including the size of solute, membrane characteristics
(e.g., pore size and surface chemistry), and buffer properties
(e.g., viscosity or ionic strength) [28]. By assuming that the
microsolutes and macrosolutes are not affected by the dynamics
of the concentration step in the feed tank, the rejection factor
can be considered a constant value. With this assumption, and
by taking into consideration that there are no mRNA and NTP
molecules in the DF buffer (Cp; = 0), the analytical solution for
Equation (3) is as follows [24]:

R; (t) = d = constant

DE-1).t

Cpr;(£) = Cpr; (0)e Vrr , attheendof test : D.t; =V, (5)

Vp(6-1)

Crr, (tf) = Cpr,; (0)e Ver

A set of experimental tests (cf. Table 1) were carried out in DF
mode (5x dilution factor) at constant permeate flux in order to fit
Equation (5) with the experimental observation and examine the
accuracy of the analytical solution for this case study. The eGFP
crude IVT samples (1 mL, 7.6 + 0.02 mg/mL) were diluted using
Tris buffer (10 mM, pH 7) to 20 mL (0.38 mg/mL) to be used for the
experiments. A new Hollow mPES fiber filter (300 kDa) was used
for each experiment. Several samples were taken at specific time
intervals through a microfluidic valve connected to the retentate
flow and analyzed by AEX HPLC to quantify the NTP depletion
over time.

The TMP profile of the tests is included in Figure S2. The tiny
jumps of the pressure in the TMP profile are due to the sampling
process through the retentate line for analytics. The observed
TMP decrease over time can be attributed to a reduction of the
buffer viscosity in the storage tank with the depletion of NTPs.
Higher permeate fluxes lead to a sharper decrease in TMP over
time due to the faster NTP depletion. The analytical solution,
Equation (5), was fitted to NTP concentration data by minimizing
the Mean Squared Error (MSE), Equation (6).
1 al 2
MSE = = 3" (Vexp (1) = Yo () (6)
i=1

L

where y,,, and y,,, are experimental observation and model
estimation, respectively; N is the number of experiments. The
coefficient of determination (R?* = 0.96) shows the model accuracy
in estimating NTP depletion during the DF process (Figure 3A).
The variation of the NTP’s rejection factor as a function of feed
flux is shown in Figure 3B, which is in agreement with the range
of rejection factors reported in the literature for other case studies
[27, 29]. The rejection factor for eGFP mRNA (1023 nt) is equal to
1 for the 300 kDa MWCO mPES HF filter module since no mRNA
was observed in the permeate. Most mRNA molecules of vaccine
or therapeutics relevance would have a size larger than eGFP
reporter gene, therefore the rejection factor would remain 1. The
rejection factor could be less than 1 for smaller mRNA molecules
which may pass through filter membrane pores. However, this
is much less relevant for vaccine or therapeutic applications. In
such cases, filter membranes with lower cut-off than 300 kDa
(e.g.,100 kDa MWCO) could be used to separate, concentrate and
buffer-exchange mRNA.

3.3 | Membrane Fouling in TFF Process for mRNA
Purification

Membrane fouling is the primary problem limiting the applica-
tion of membrane filtration [30, 31]. It is crucial to develop an
effective model that accurately predicts the TMP that guides us to
optimize the membrane cleaning to recover fouled mRNA. The
volumetric flow rate through the TFF filter can be described by
the resistance-in-series model based on Darcy’s Law shown below
[32, 33]:

TMP.a
Q= ———
“ (R, +R,) @)
R,=R;+R,

where Q is volumetric flow rate (m3/s), a is unobstructed
(clean, unfouled) membrane surface area (m?), p is viscos-
ity (N.s/m?), R,, R,,, R; and R, are gel layer resistance (m™),
membrane resistance, intrinsic membrane resistance, and mem-
brane pore resistance, respectively (m™). The total resistance
is described by the summation of resistance, including the
membrane itself and the resistances due to gel layer formation.
The nature of membrane fouling can be reversible or irreversible
[34]. According to the experimental observation in Section 4,
almost full recovery (loss of around 3%) of deposited mRNA
was achieved post-washing of the membrane. This means that
the irreversible resistance is almost zero for mRNA constructs
used in this study. The intrinsic resistance of the virgin mem-
brane was calculated to be R; = 2.44 x 10* m™! for 300 kDa
HF membranes by fitting the permeate flux versus TMP pres-
sure for a clean membrane (Figure S3 for details about the
intrinsic resistance calculation). Intrinsic membrane resistance
is a useful parameter for designing an appropriate method-
ology for both membrane cleaning and membrane life-span
determination.

The schematic of mechanisms of the Hermia model for mRNA
fouling is illustrated in Figure 4. In the early stage of the filtration
process, the mRNA molecules adhere to the mPES membrane
surface and block some of the pores. Over time, the mRNA
molecules link together, and a gel layer starts to form on the
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membrane surface; however, some pore

s may still remain open. of the constant flux filtration process as follows:

The standard blocking model states that mRNA can penetrate

into the pores and adhere to the pore

TMP TMP
walls. In fact, the TMP m 8 _ w )

profile includes two separate regions, the partial pressure of the Ry, (Rm + Rg)
membrane layer (TMP,,), and the partial pressure of the gel layer
(TMP,) [17]. Equation (7) can be rewritten for the different stages where J is permeate flux (m/s).
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TABLE 2 | Experimental TFF concentration tests for membrane fouling analysis of eGFP mRNA and the optimum value of proposed model’s
parameters (5% con. factor, mPES HF MWCO: 300 kDa and initial feed volume: 20 mL).

Test no. 5 6 7 8
Permeate flux (LMH) 30 40 70 90
mRNA loss (%) 29.5 42.8 52.4 51.8
Total time of process (min) 26 14 10 7
B(s™) 0.72 0.84 0.98 1.04
Ki 2.55 5.28 7.7 9.1
Ke (x10° m™) 0 0 1.21 1.62
The transition point has been determined by a red circle in 12 T T T T T
Figure 4 and at this point, changing from pore-blocking mech- soiiidi 5 ;’;‘;_
anism to cake filtration (i.e., gel layer formation) is happened. 10} ]
Therefore, and as shown by the Equation (9), the overall TMP is
the summation of the partial pressure of these two regions. 8 |
70 LHM
.“7"
TMP = TMP,, + TMP, 9) :w_ 6 1
=
=
Here, the combined model of intermediate pore blocking and 4 40 LHM -
cake filtration mechanisms developed by Krischner, Equa-
tion (10), was employed to model the mRNA fouling on an mPES 2 20 LHm
HF membrane [35].
08 . . ) . )
0 5 10 15 20 25 30
1 Time(min)
TMP = TMP, X - - + (1 +KJt)
X + <1 - IZ) exp (—K;Bt) FIGURE 5 | Comparison of experimental data with model fits for
filtration of eGFP mRNA. The experimental tests were done at constant
(10) permeate flux and the combined intermediate pore blocking and cake

where K, is cake filtration constant for crossflow filtration (m™),
K; is intermediate pore blocking constant (-) and B is particle
resuspension rate (s™!).

Constant permeate flux experiments were conducted (Table 2)
and TMP was recorded over time (Figure 5). The eGFP crude
IVT samples (1 mL, 7.6 + 0.02 mg/mL) were diluted using Tris
buffer (10 mM, pH 7) to 20 mL (0.38 mg/mL) to be used for the
experiments. A new Hollow mPES fiber filter (300 kDa) was used
to perform a test operated at a 5x concentration factor. In the
intermediate pore-blocking mechanism, TMP initially sharply
increases and then approaches a plateau, which can explain
the TMP trend at low flux. The plateau in TMP indicates an
equilibrium between mRNA molecules adsorbed onto the mem-
brane surface and mRNA molecules removed from the surface by
crossflow shear. At higher fluxes, the initial sharp rise is followed
by a continued slower rise, rather than a plateau in pressure. This
behavior is associated with mRNA gel layer formation when the
mRNA concentration is high in the feed storage tank. In fact, both
high mRNA concentration in the feed tank and high crossflow
shear will induce the mass transfer rate into the gel layer on filter
surface [36]. At the start of filtration test, adsorption of mRNA
molecules on open pores is the main fouling mechanism (i.e.,
intermediate pore- blocking mechanism), while and once enough
mRNA accumulation saturated the membrane surface, the gel
layer formation is the dominant mechanism for TMP controlling.

filtration model, Equation (10), was used for data fitting.

The Hermia model fitting with experimental data suggests a
transition between two mechanisms of fouling at high flow rates:
intermediate pore blocking and gel layer formation (Figure 5).
The model parameters (B, K;, K,) were obtained by a fitting
method (minimizing the MSE) (Table 2). K; and K, raised with
the increase of the flux, due to an increase in deposition of
mRNA on the membrane surface at the higher permeate flux. A
higher value of the B parameter indicates a greater probability
of the mRNA molecule being removed from the membrane
surfaces. The probability is larger at higher permeate flux when
a higher number of mRNA molecules have been deposited [37].
The increasing trend of Kj, K., and B parameters as a function
of permeate flux is illustrated in Figure S4. At higher fluxes,
the increase of membrane fouling due to higher crossflow shear
(i.e., accelerating mRNA adsorption) exceeds its positive effect of
removing mRNA. This is why the rate of increase of K; and K,
parameters is steeper than that of the B parameter (cf. Figure S4).

Xing et al. simulated these experimental findings using com-
putational fluid dynamics (CFD) to assess the effect of shear
stress on foulant deposition. The CFD model result confirmed
that lower shear stress could reduce membrane fouling, while
the higher shear stress enhances membrane fouling [38] aligning
with our observation. However, other studies have challenged
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this, disputing the reduction of membrane fouling by shear stress
at higher permeate fluxes [39].

TFF membrane fouling caused by mRNA can be reduced by:
(1) operating at a lower permeate flux, (2) operating at a lower
TMP, (3) increasing crossflow velocity to enhance the sweeping
action across the membrane surface, (4) using a membrane with
a pore size (MWCO) which is not too low (e.g., at least 100 or
300 kDa); (5) lowering the mRNA concentration in the feed and
in the retentate; (6) washing/cleaning the filter membrane.

The TFF process enables the separation, purification, concen-
tration, and buffer exchange of both the mRNA drug substance
and the drug product. However, membrane fouling remains a
significant concern for both drug substance and drug product TFF
processes [9, 40]. Common examples of mRNA drug products
include various lipid-based formulations, for example, LNPs [41].
These mRNA drug product TFF processes often come with
their own challenges related to obtaining the desired product
quality attributes under efficient manufacturing conditions (e.g.,
minimal product losses).

4 | Conclusion

The results from this study are directly applicable to the develop-
ment of membrane systems for the preparation of mRNA-based
vaccines and therapeutics. In this study, full separation of mRNA
drug substance from unreacted NTPs with high recovery and
preservation of mRNA integrity was achieved through a series
of TFF experimental tests. TFF-based drug product purification,
such as the removal of organic solvents (e.g., ethanol) through
buffer exchange, along with the associated membrane fouling, is
currently under investigation. The results will be published in a
separate paper. The impact of permeate flux on mRNA recovery
was investigated for both concentration and DF mode. Firstly,
for concentration mode, lower permeate fluxes (<40 LMH and
<1 mg/mL) are preferred for achieving a stable TMP profile. Over
97% of the of mRNA can be recovered by washing the membrane
via a two-stage recovery step at the end of the concentration
process. Secondly, for DF, higher permeate fluxes can speed
up the TFF process. During DF, the most significant factor
impacting membrane fouling is mRNA concentration and this
factor remains constant in the feed tank. Both the depletion of
NTPs from the feed stream and the addition of fresh buffer to the
feed stream prevent TMP from rising during DF. Moreover, a MB
approach was used to model the DF process, and a Hermia-based
model was fitted to TMP over a wide range of filtrate fluxes in
concentration mode. These models enhance the understanding of
mRNA processing by TFF, guide TFF process development, can
define a design space and improve TFF operation. The strong fit
of the experimental data to the MB model suggests that the NTPs
rejection factor is independent of concentration levels in the feed
tank. This allows the total DF time to be estimated across a range
of permeate fluxes. TFF filter fouling and the resulting increase
in transport resistance were particularly significant during the
concentration of the mRNA drug substance. The Hermia model
effectively predicts the TMP over time, and any deviation from the
predicted values could indicate an issue in the filtration process
(e.g., fouling caused by magnesium pyrophosphate precipitation
in the diluted crude IVT). The fouling analysis also provided

an estimate for when the TFF filter should be replaced, based
on a considerable difference between the membrane’s intrinsic
resistance and resistance observed after membrane washing.

Nomenclature

K, Cake filtration constant for crossflow filtration, m™!

K; intermediate pore blocking constant, (-)

K standard pore blocking constant, m~3

Ry intrinsic membrane resistance, m~!

Ry gel layer resistance, m™!

R, membrane resistance, m™!

R, membrane pore resistance, m~!

TMP, transmembrane pressure originating from cake resis-
tance, N/m?

TMP, transmembrane pressure originating from pore block-
ing/shrinking resistance, N/m?

Ver feed tank volume, mL

Vp total volume of diafiltration buffer, mL

[ time final, s

LMH unit of measurement for flux, L/m?/h

r inner radius of the fiber (m)

RFU relative fluorescence units (-)

particle resuspension rate, s~

concentration, mg/mL

D diafiltration buffer flow rate, mL/s

FT feed tank outflow flow rate, mL/s

J permeate flux, m/s

P permeate flow rate, mL/s

Q volumetric flow rate, m3/s

R rejection factor, (-)
transmembrane pressure, N/m?

a unobstructed (clean, unfouled) membrane surface area,
m?2

i denote solute i, (-)

n number of fibers in the hollow fiber module, (-)

nt number of nucleotides in mRNA molecule, (-)

t time, s

u viscosity, N.s/m?

o blocked area per unit filtrate volume, m™

constant rejection factor, (-)
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