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Abstract: The development and optimization of lipid nanoparticle (LNP) formulations through
hydrodynamic mixing is critical for ensuring the efficient and cost-effective supply of vaccines.
Continuous LNP formation through microfluidic mixing can overcome manufacturing bottlenecks
and enable the production of nucleic acid vaccines and therapeutics. Predictive process models
developed within a QbD Biopharma 4.0 approach can ensure the quality and consistency of the
manufacturing process. This study highlights the importance of continuous LNP formation through
microfluidic mixing in ensuring high-quality, in-specification production. Both empty and nucleic
acid-loaded LNPs are characterized, followed by a TFF/buffer exchange to obtain process parameters
for the envisioned continuous SPTFF. It is shown that LNP generation by pipetting leads to a
less preferable product when compared to continuous mixing due to the heterogeneity and large
particle size of the resulting LNPs (86–104 nm). Particle size by continuous formation (71 nm) and
the achieved encapsulation efficiency (EE) of 88% is close to the targeted parameters for Pfizer’s
mRNA vaccine (66–93 nm, 88%EE). With the continuous encapsulation of nucleic acids in LNPs and
the continuous production of mRNA in in vitro transcription, the basis for the holistic continuous
production of mRNA is now established. We already showed that a fully autonomous process
requires the incorporation of digital twins and a control strategy, with predictive process models and
state-of-the-art PAT enabling real-time-release testing. This autonomous control can considerably
improve productivity by about 15–20% and personnel as well as chemical reduction of about 30%.
The results of this work complement this, laying the basis for fully continuous, bottleneck-free
production of mRNA and other cell- and gene-therapeutic drug/vaccine candidates in a GMP- and
QbD-compliant Biopharma 4.0 facilities on a flexible scale.

Keywords: mRNA vaccine manufacturing; in vitro transcription; lipid nanoparticles; continuous
biomanufacturing; digital twins; machine learning; autonomous operation

1. Introduction

The production of mRNA on a commercial scale has only recently been undertaken,
with a focus on rapidly delivering the COVID-19 vaccines to the market and patients [1,2].
Due to this urgency, there has been little emphasis on process optimization, leaving room
for significant improvements in various aspects of the production process. These aspects
include plasmid production, in vitro transcription [3], purification [4], encapsulation [5],
and storage and transport [6].

The reason why current commercial mRNA production batches are limited to a few
hundred liters is due to constraints associated with the lipid-based encapsulation process
utilized to generate lipid nanoparticles (LNPs). Because mRNA is highly sensitive, the
duration of the encapsulation process must be minimized, thereby limiting the batch
size [6].

Microfluidic mixing method has been identified as the most successful manufacturing
technology for preparing lipid nanoparticles at a GMP scale [7]. However, the chaotic mixer
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device is most widely used to prepare mRNA-LNPs [8]. Additionally, the manufacturing
process for LNPs is complex and involves several different lipids at specific ratios, including
some highly specialized ones, as well as organic solvents [6]. By changing the volume ratio
or flow rate ratio between the two phases, the size of LNPs can be controlled [9].

This is especially important since the size of lipid nanoparticles used in drug delivery
is a crucial factor affecting their biodistribution and uptake. Smaller particles between 20
and 150 nm are more effective at escaping kidney filtration and show initial aggregation
effects in the liver and spleen, while larger particles above 150 nm are more likely to be
trapped in these organs [10]. For subcutaneous injections, smaller particles are preferred as
they facilitate uptake by lymphatic vessels and capillaries. Specifically, liposomes of 40 nm
have a higher lymphatic uptake rate compared to larger particles, with approximately 76%
of them being absorbed by the lymph nodes [11].

To ensure a timely and cost-effective supply of vaccines, it is crucial to continue
developing and optimizing lipid nanoparticle (LNP) formulations through hydrodynamic
mixing. This can be achieved through studies that examine LNP formation, both empty and
with nucleic acid load, followed by TFF/buffer exchange to obtain process parameters for
envisioned continuous SPTFF. This approach can help overcome manufacturing bottlenecks
and enable the production of nucleic acid vaccines and therapeutics through continuous
manufacturing that is controlled and optimized in real-time by PAT and Digital-Twins. The
development of validated, predictive process models within a QbD Biopharma 4.0 approach
can help ensure the quality and consistency of the manufacturing process. By investing
in these advancements, we can secure a resilient and sustainable supply of vaccines and
therapeutics for the future.

State-of-the-Art in Lipid Nanoparticle Manufacturing

The produced mRNA needs to be protected from early degradation to transport the
mRNA into the cytosol of antigen-presenting cells and maintain its high efficacy [12–14].
This can be achieved using lipid nanoparticles. Lipid nanoparticles for the encapsulation
of nucleic acids usually consist of four main components: an ionizable lipid, a sterol, a
polyethylene glycol lipid (PEG lipid), and a neutral phospholipid. Ionizable lipid contains
ionizable amine groups that are positively charged at low pH and can interact with the
anionic nucleic acids to form particles. In addition to initiating particle formation, cationic
ionizable lipid serves to facilitate membrane fusion during internalization [12,15–17]. The
PEG lipid is thought to prevent aggregation during storage as the PEG chain is hydrophilic
and thus coats the particle, acting as a steric barrier [18]. In addition, the PEG lipid serves
to control the thermodynamically stable particle size. Thus, by increasing the amount
of the PEG lipid in the lipid mixture, the particle size can be decreased [12,18,19]. The
neutral phospholipid forms a bilayer just below the peripheral PEG layer in the LNPs
and the sterol is present, distributed in the LNPs [18,19]. For the formulation, the nucleic
acids are placed in aqueous buffer with a low pH and the lipids appear in an organic
phase such as ethanol without counterions so that the ionizable lipid is uncharged [18].
When both solutions are mixed, nanoparticles form spontaneously due to hydrophobic
and electrostatic interactions between the positively charged amine groups of the ionizable
lipid and the negative charges of the phosphate backbone of the nucleic acid [18,20].

Figure 1 shows how LNPs could be formed and look like. The exact structure of the
LNP core and its dependence on the lipid composition and the localization of the nucleic
acids has not yet been conclusively clarified [12].

Various methods are available for the preparation of lipid nanoparticles. Former meth-
ods include thin-layer hydration and ethanol injection [16,18,21]. The simplest method for
the preparation of LNPs on a laboratory scale is considered to be preparation via pipet-
ting [21]. These three methods have the disadvantage of usually producing nanoparticles
with heterogeneous, larger particles and low encapsulation efficiencies, and they are also
difficult to scale up [16,18,21,22]. In developing the optimal formulation and formulation
parameters, very small volumes in the µL range are generated by mixing in microfluidic
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devices. However, larger batches are required for production scale manufacturing, so
the mixing of the two solutions is generally performed using T-mixers. In this process,
both methods can generate LNPs of similar size of <100 nm and morphology by rapid
mixing [18,23]. Rapid mixing is achieved in the T-mixer by converting the laminar input
flows into a turbulent flow at the mixing point with a Reynolds number of approximately
11,000 [24,25]. The size of the particles is particularly influenced by the total flow rate (TFR)
and the flow ratio (FRR), in addition to the lipid composition [26]. For the encapsulation of
the mRNA vaccine, usually one part lipid solution is mixed with three parts of the aqueous
buffer containing the mRNA to be encapsulated [18].
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Figure 1. Schematic representation of what the spontaneous formation of lipid nanoparticles might
look like, since the exact structure of LNPs has not yet been conclusively determined. LNPs consisting
of an ionizable cationic lipid (lipids with red head at pH 5.5 and 6.5; and uncharged black head at
pH 7.4), a PEG lipid (lipids with blue PEG chain at lipid head), a styrene and a neutral phospholipid
(both not shown for simplification), and the drug substance (green helices), which is dependent on
pH. The charge distribution is indicated with minus signs for negative charges and plus signs for
positive charges.

In order to limit the particle size to <100 nm in the other production methods, methods
such as extrusion or sonication are needed [18,26,27]. This is necessary because optimal
uptake of the uncharged nanoparticles by the lymph nodes where the immune response is
triggered occurs at a particle size of 10–100 nm [28].

After mixing the two phases, the ethanol must be removed and the pH raised so that
the ionizable lipid is again uncharged. This can be achieved via dilution with aqueous
buffer, dialysis or tangential flow filtration [18,23]. When the ionizable lipid is neutral again,
it is less soluble. This leads to the formation of larger lipid domains, which accelerates the
fusion process of the LNPs. As a result, the LNPs increase in size, so that up to 36 vesicles
fuse to form a final LNP [18].

LNP formulation for (p)DNA delivery has been reported in the literature, e.g., for LNP
systems as transfection reagents for plasmid DNA (pDNA) [29], for enahnced oral delivery
of DNA [30], for increased efficiency of DNA-vectored vaccines/immunoprophylaxis in
animals [31], for spherical nucleic acids for intracellular DNA and RNA delivery [32], for
transfection of cell model lines [33], as nanocarrier to deliver a cancer vaccine against
the benchmark target tyrosine-kinase receptor HER2 in C57BL/6 mice [34], as well as
in evaluating studies regarding the role of the influential Microfluidic Formulation of
DNA-Loaded Multicomponent Lipid Nanoparticles for Gene Delivery factors [26].

2. Materials and Methods
2.1. pDNA Production

The pDNA encoding the mRNA BNT162b2 was produced via fermentation of E.coli in
a 2.5 L bioreactor (Sartorius, Göttingen, Germany). After cell harvest via centrifugation,
alkaline lysis of the cells was followed by UF/DF to concentrate the pDNA and exchange the
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buffer. Subsequently, the pDNA was further purified using an anion exchanger (Fractogel®

EMD DEAE, Merck Millipore, Burlington, MA, USA) and finally transferred in a 50 mM
sodium citrate buffer at pH4 using UF/DF. For linearized pDNA, after the chromatography
step, the pDNA was buffered into the reaction buffer for subsequent linearization with the
EcoRI restriction enzyme (Thermo ScientificTM, Waltham, MA, USA) before the linearized
pDNA was transferred into the acidic aqueous buffer.

2.2. Formulation of LNPs

The formation of the LNPs is first carried out in a batchwise manner via pipetting.
Empty LNPs were prepared as positive control. Encapsulation of linearized pDNA was
performed as it is present in the reaction mix for in vitro transcription. For this, the
experimental plan shown in Table 1 was carried out, with all experiments performed on
a 1.5 mL scale and experiments 0 and 1 additionally on a 0.5 mL scale. An ionizable
lipid (ALC-0315; Cayman Chemical, Ann Arvor, MI, USA), a sterol (cholesterol; Cayman
Chemical, Ann Arvor, MI, USA), a PEG lipid (ALC-0159; Cayman Chemical, Ann Arvor,
MI, USA), and a phospholipid (1,2-distearoyl-sn-glycero-3-phosphocholine, DSPC; Avanti
Polar Lipids, Alabaster, AL, USA) were used for the formulation. Since the encapsulated
pDNA encodes the BNT162b2 mRNA, the molar ratios of the lipids in the lipid mix were
also based on the Pfizer/BioNTech mRNA vaccine formulation [12,35].

Table 1. Experimental plan for the LNP formulation.

Exp. No. mRNA/pDNA mRNA/pDNA
(mg/mL)

Ion. Lipid
(mg/mL)

PEG-Lipid
(mg/mL) DSPC (mg/mL) Cholesterol

(mg/mL)

0 (pos. control) 0 11.8 1.4 2.5 5.5
1 pDNA 0.27 11.8 1.4 2.5 5.5
2 lin. pDNA 0.27 11.8 1.4 2.5 5.5

Subsequently, the scale-up for the continuous LNP formulation took place. For this, a
total of 12 mL was mixed rapidly with a flow rate ratio of 3:1 (aqueous:organic) in a T-mixer.
The continuous LNP formulation took place in the facility shown in Figure 2.
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Figure 2. Set-up of the mixing section for the continuous LNP formulation.

2.3. Analytics of LNP

For the encapsulated nucleic acids in LNPs, there are several critical quality attributes
(CQAs; see Table 2) that must be within a defined range for the product to be released. These
CQAs are derived from the quality target product profile (QTPP). It includes the intended
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clinical use, route of administration, dose, type of lipid nanosystem, and final product
quality, safety, and efficacy [36,37]. As this study is based on the Pfizer/BionTech studies,
the clinical application is a vaccine with a dose of 30 µg administered intramuscularly and
encapsulated in lipid nanoparticles [35].

The CQAs can be determined by different analytical methods. For LNP, most methods
are based on the evaluation of the MALS/DLS signal in combination of a separation. For
the separation of particles according to their size, flow field fractionation (FFF) and size
exclusion chromatography (SEC) are the main methods listed in the literature [38–45]. In
addition to MALS/DLS, UV and RI detectors are used for the detection of LNP. Encapsula-
tion efficiency (EE) can be determined via chromatographic methods such as ion exchange
chromatography (IEX), reversed phase chromatography (RP) or SEC [39,40,46]. In addition,
a ribogreen assay or cryo-electron microscopy can be used (Cryo-EM) [39,40,47]. For LNP
properties such as lipid identity, composition- and lipid-related impurities as well as LNP
morphology, no acceptance criteria are currently documented [39].

Table 2. Critical Quality Attributes for LNP Formulation [39].

Quality Attribute Acceptance Criteria

Encapsulation Efficiency >80%
LNP Size <100 nm

Polydispersity Index <0.3
LNP Charge ±20 mV

Lipid Identity and Content, Lipid-related Impurities N/A
LNP Morphology N/A

2.3.1. Encapsulation Efficiency

The encapsulation efficiency is determined using the anion exchange chromatography
TSKgel® DNA-NPR (7.5 cm × 4.6 mm, 2.5 µm particle size; Tosoh Bioscience, Tokyo,
Japan). For this purpose, the LNP sample is measured without pretreatment and followed
by lysis. Lysis of LNP is induced by the addition of Triton X-100 as described in the
literature [26,33,48,49] and the pDNA peak is analyzed by area. The encapsulation efficiency
can then be determined using the following formula [26,33]:

EE =
ALysed LNP − ANot Lysed LNP

ALysed LNP
·100. (1)

2.3.2. Size Characterization

The size and size distribution of the generated LNPs is determined by SEC-MALS/DLS.
Size exclusion chromatography is performed using TSKgel G5000PWxl-CP (Tosoh Bio-
science, Tokyo, Japan). The modified particles of the column are positively charged and
thus can prevent interactions of LNPs with the resin [45]. 1xPBS at pH is used as the mobile
phase and isocratically pumped through the system at a flow rate of 0.3 mL/min. After the
LNP exit the column, the LNP sample passes through a UV detector and the MALS/DLS
detector (DAWN®; Wyatt Technology Corporation, Santa Barbara, CA, USA). The latter, in
combination with the Astra software (version 8.1.1; Wyatt Technologie Corporation, Santa
Barbara, CA, USA), enables the determination of particle sizes (distribution). This deter-
mines the temporal variance σi from the elution profile and subsequently the molecular
diffusion coefficient Di from this using Equation (2) and knowledge of the capillary radius
Rc of the capillary used and the elution time t0 [50].

Di =
RC

2·t0

24·σi
2 . (2)
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Using the Boltzmann constant kB, the temperature T and the viscosity of the eluent η,
the hydrodynamic diameter Dh,i can be calculated with the Stokes–Einstein equation [50].

Dh,i =
kB·T

6·π·η·Di
. (3)

Knowing the standard deviation of the hydrodynamic diameter σDh (Equation (4)) and
the mean hydrodynamic diameter Dh, the polydispersity index (PDI) can be determined
using Equation (5) [50].

σDh
2 =

∫ Dhmax
Dhmin

(
Dh − Dh

)2P(Dh)dDh∫ Dhmax
Dhmin

P(Dh)dDh
. (4)

PDI =
(

σDh

Dh

)2
. (5)

2.4. Ultra-/Diafiltration

The TFF set-up for the scalable mRNA machine published by Hengelbrock et al. [51]
was also used in this work, with slight modifications. The exchange buffer (1X PBS, pH
7.4) was continuously added by a HPLC pump (Knauer K501, KNAUER Wissenschaftliche
Geräte GmbH, Berlin, Germany) with a permeate matching flow rate to keep the total
volume constant. A total of 9 diavolumes were used for buffer exchange, which corresponds
to a buffer exchange of more than 99%. The examined hollow fiber module (Type C02-E100-
05-S, Repligen Corporation, Boston, MA, USA) has an effective length of 200 mm and a
fiber inner diameter of 0.5 mm. With 6 fibers, this results in an effective filter area of 20 cm2.
The fiber material is mPES (modified polyethersulfone) and the MWCO (molecular weight
cut-off) is 100 kDa.

The mean pressure on the feed side can be calculated as the average of the feed
pressure PF and the retentate pressure PRet. The difference between the mean pressure on
the feed side and the permeate side is known as the transmembrane pressure (TMP) (as
shown in (Equation (6)). In order to maintain optimal conditions, the TMP is regulated
throughout the process using a control valve (see Figure 3).

TMP =
PF + PRet

2
− PPer. (6)
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buffer pump), MF1 (feed mass flow indicator), PI1 (feed pressure indicator), HF (hollow fiber module),
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tank).
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Equation (7) calculates the permeate flux LMH, which is obtained by normalizing the
permeate flow flow

.
VPer to the membrane area AMem:

LMH =

.
VPer
AMem

. (7)

Equation (8) can be used to calculate the apparent sieving coefficient Sapp,i, which
indicates the relative concentrations of component i in the feed cF,i and permeate cPer,i [52]:

Sapp,i =
cPer,i

cF,i
. (8)

By using the apparent sieving coefficient Sapp,i it is possible to calculate the apparent
retention of component i Rapp,i in the process via Sapp,i by Equation (9):

Rapp,i = 1 − Sapp,i. (9)

The concentration increase in the retained components in the retentate is given by the
volume concentration factor VCF as shown in Equation (10) [53].

VCF =
VF,start

VRet,end
. (10)

The focus of the study was to characterize the separation of ethanol, leftover lipids,
and non-encapsulated nucleic acids as well as the neutralization towards the target pH
value of 7.4. The mixed LNP solution after passing the T-mixer was initially combined
with a 2 DV exchange buffer to stop the LNP formation reaction. This diluted solution was
initially concentrated back to a VCF of 1, before starting the continuous buffer exchange.
The initial volume VF,start thus equals the final volume of retentate VRet,end.

3. Results
3.1. LNP Formation in Batch

In order to demonstrate the feasibility of the LNP formulation, small-scale experiments
were first performed in batch. The influence of the scale from 0.5 mL to 1.5 mL and the
influence of the encapsulated nucleic acid were investigated. The chromatograms of SEC
and AEX analysis and particle size analysis by MALS/DLS for empty and pDNA-loaded
LNP in a 0.5 mL scale are shown in Figure 4. The low maximum UV signal of approximately
11 mAU for empty LNPs and approximately 2 mAU for LNP with pDNA, respectively, and
the low DLS count rate of 2.8 × 106 (empty LNP) and 5.4 × 105 (pDNA LNP), respectively,
suggest that few LNPs are generated in the 0.5 mL scale. With a hydrodynamic radius range
of 44 nm to 69 nm (empty) and 45 nm to 66 nm (pDNA), respectively, heterogeneous particle
size distributions are present. Moreover, the mean hydrodynamic radius of 52 ± 6 nm for
the empty LNPs and the LNPs with pDNA, corresponding to a particle size of 104 nm,
is larger than the maximum particle size of 100 nm allowed by QA. This results in a
polidispersity index of 0.012 for both the empty LNP and the LNP with pDNA, which, on
the in contrast, fulfills the QA requirements.

Although LNPs were generated in the 0.5 mL scale, they were only slightly concen-
trated, possibly due to the challenging handling of the small volumes, which at 0.5 mL is
close to the dead volume of the hollow fiber module of 0.3 mL. Therefore, to investigate
the influence of scale on particle size and encapsulation efficiency, the batch approach was
tripled to a total of 1.5 mL.
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Figure 4. SEC chromatogram and DLS signal ((a,b) empty) as well as the cumulative and differential
distribution of hydrodynamic radius ((c,d) pDNA) of LNP prepared batchwise in 0.5 mL scale. The
DAD Signal is colored blue. In (a,c), the red colored dots represent the hydrodynamic radius and
the green dashed lines represent the DLS Count Rate. In (b,d), however, the green dashed line is the
cumulative number fraction and the red line is the differential number fraction.

Figure 5 shows the analytical results of the LNP formulations with and without pDNA
in the 1.5 mL scale. In contrast to the 0.5 mL approach, the UV signal is stronger by a factor
of 2.5 (empty LNP) and 129 (LNP containing pDNA). In addition, a higher DLS count rate
by a factor of 2 (empty) and 19 (pDNA) is observed. Both indicate a significantly higher
particle concentration than in the 0.5 mL scale. Thus, the mean hydrodynamic radii of
48 ± 6 nm for the empty nanoparticles and 43 ± 4 nm for the nanoparticles loaded with
pDNA are slightly smaller than in the 0.5 mL scale. This indicates a higher mixing speed,
which has a positive effect on particle size [24,25,54] during pipetting. The particle size
ranges of 39 to 69 nm (empty) and 34 to 63 nm (pDNA) also deviate accordingly from those
in the smaller scale. The maximum particle size has not changed, but the minimum particle
size has become smaller, resulting in a broader distribution and a PDI of 0.02. Thus, more
particles meet the quality criteria, but are still at the limit of the maximum permissible
particle size. In contrast to the size, the achieved encapsulation efficiency of the pDNA of
90% is not critical, as it is significantly above the minimum permissible EE of 80%.
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Figure 5. SEC chromatogram and DLS signal ((a,b) empty) as well as the cumulative and differential
distribution of hydrodynamic radius ((c,d) pDNA) of LNP prepared batchwise in 1.5 mL scale.
(e) Encapsulation efficiency of pDNA containing LNP. The DAD Signal is colored blue. In (a,c),
the red colored dots represent the hydrodynamic radius and the green dashed lines represent the
DLS Count Rate. In (b,d), however, the green dashed line is the cumulative number fraction and
the red line is the differential number fraction. In (e), the black line represents the feed solution
chromatogram, the blue line is the permeate and the green and red line represent the retentate, with
the green line being the retentate treated with Triton.

In order to additionally investigate the influence of the encapsulated nucleic acid,
linearized pDNA was encapsulated in addition to pDNA. Although this is not used as
a therapeutic agent, it serves as a template as a starting point for mRNA formulation.
Consequently, it plays a central role in in vitro transcription. In contrast to the encapsulation
of pDNA in the 1.5 mL scale, the UV signal and DLS count rate are lower by a factor of four
and two, respectively (cf. Figure 6). With a mean hydrodynamic radius of 60 ± 10 nm, the
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particles are significantly larger than the other batch-prepared LNPs. The particle size varies
from 36 nm to 75 nm, indicating a much broader distribution. This also indicates the PDI
with a value of 0.027. In addition, the encapsulation efficiency of 32% is significantly lower
than that achieved with pDNA encapsulation. Reasons for this could be the simultaneous
presence of linearized, non-linearized and incompletely linearized pDNA as well as the
presence of any impurities caused by the linearization enzyme.
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Figure 6. (a) SEC chromatogram and DLS signal as well as (b) the cumulative and distribution of
hydrodynamic radius of LNP with linearized pDNA prepared batchwise in 1.5 mL scale. (c) Encap-
sulation efficiency of linearized pDNA containing LNP. The DAD Signal is colored blue. In (a), the
red colored dots represent the hydrodynamic radius and the green dashed line represents the DLS
Count Rate. In (b), however, the green dashed line is the cumulative number fraction and the red line
is the differential number fraction. In (c), the black line represents the feed solution chromatogram,
the blue line is the permeate and the green and red line represent the retentate, with the green line
being the retentate treated with Triton.

In addition to the chromatographic analysis methods, images of the LNP were also
obtained using transmission electron microscopy (see Figure 7). These also show that
the batchwise production produces both relatively large particles (Figure 7b) and smaller
particles (Figure 7a), mirroring the broad particle size distribution.

The lipid nanoparticles generated on a batch scale produce relatively large particles,
which are in the particle size range of 86–104 nm (the particle size corresponds to the
particle diameter). Thus, a majority of the generated particles would not meet the QA
requirements of having a maximum particle size of 100 nm. In contrast, around 90% of
pDNA can be encapsulated and a PDI of maximum 0.027 can be achieved, which meets the
QA requirements. The batch production of LNPs by pipetting is not expected to generate
the required high mixing rates for small particles. In addition, the uptake and release of the
mixture with the pipette leads to fluctuations in mixing and mixing speed, which results in
the heterogeneous particle size distribution. The results of the batchwise LNP formulation
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are in line with the expectations that relatively large particles with a large particle size
distribution can be obtained during production with the pipette [21,22,25].
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Figure 7. TEM images of the produced LNPs. (a) Smaller particles; (b) large particle in the sample.

3.2. Continuous LNP Formation

A T-mixer was used for the continuous preparation of lipid nanoparticles containing
pDNA, in which much higher mixing rates can be achieved than with the pipette [22,24,25].
The LNP are then diafiltered to remove the ethanol and bring the particles to physiological
conditions. The chromatograms and particle size distributions of the continuous LNP
formation are shown in Figure 8. Due to the higher mixing rate, particles with a hydrody-
namic radius of 35 ± 2 nm, averaged over the whole process, are produced in contrast to
the batchwise production. The particle radius remains almost constant during diafiltration
after the T-mixer, and since it is smaller than the critical particle size, which corresponds to
the particle diameter of 100 nm, it meets the quality requirements. Moreover, it is within the
size range of the SARS-CoV-2 vaccine candidates nCoVsaRNA (Imperial College London)
and ARCoV (Walvax Biotechnology), which have an average particle size of 75 nm and
89 nm, respectively [55,56]. For the Pfizer/BioNTech’s Comirnaty mRNA vaccine, on which
the composition of the LNP generated in this study is based, mean particle sizes ranging
from 66 nm to 93.4 nm have been documented in the literature across different batches.
Consequently, the mean particle size of the continuously produced LNP falls within this
in range [57–59]. Furthermore, the constant high mixing rate can reduce the width of the
particle size distribution to about 15 nm, as opposed to about 30 nm in the batchwise
production. This also corresponds to the PDI, which is 0.004 ± 0.0003, in contrast to the
minimum PDI of about 0.012 for batchwise production.
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Figure 8. SEC chromatogram and DLS signal ((a) outlet of the T-Mixer (b) diafiltration volume 9)
as well as the cumulative and differential distribution of hydrodynamic radius ((c) outlet of the
T-Mixer (d) diafiltration volume 9) of LNP prepared continuously. (e) Hydrodynamic radius in the
retentate versus the diafiltration volumes. The DAD Signal is colored blue. In (a,c), the red colored
dots represent the hydrodynamic radius and the green dashed lines represent the DLS Count Rate.
In (b,d), however, the green dashed line is the cumulative number fraction and the red line is the
differential number fraction.

In contrast, the encapsulation efficiency of 88% after T-mixer (cf. Figure 9) is not
significantly different from that generated in batch. It is also comparable to the EE of 88%
of the mRNA vaccine Comirnaty generated by Pfizer/BioNTech [57] and the EE of approx.
90% of the SARS-CoV-2 vaccine candidate ARCoV (Walvax Biotechnology) [60]. Conveying
the retentate in a circle during batch UF/DF presumably destroys some particles, so that the
encapsulation efficiency decreases to a final 70% during the course of UF/DF (cf. Figure 9).
With the intended use of continuous UF/DF via SPTFF, this is no longer expected, so that
the high encapsulation efficiency can be preserved.
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Figure 9. AEX chromatogram of UF/DF (a) outlet of the T-Mixer and (b) diafiltration volume 9.
(c) Encapsulation efficiency over the diafiltration volumes. The grey lines represent the permeate, the
black and red lines represent the retentate, with the red line being the retentate treated with Triton.

After T-mixing, the resulting LNP mixture was first mixed with 2 DV of exchange
buffer to stop LNP formation reaction. Consequently, ultrafiltration (UF) was first per-
formed to concentrate the solution back to a VCF of 1. Then, continuous buffer exchange
was performed by diafiltration (DF). The course of the UF/DF is shown in Figure 10a.
During UF/DF, a constant permeate flux (LMH) of 26 L/m2/h on average was obtained.
The TMP, however, increases from approx. 0.8 bar to approx. 1.3 bar during the UF/DF. In
addition to removing the ethanol and buffering it into a physiological environment, UF/DF
serves to separate unreacted lipids and thus increase the purity of the LNP. From the
flowthrough peak of the AEX chromatogram containing the unreacted lipids in Figure 10,
it can be seen that it decreases significantly in the retentate (b), whereas it increases in the
permeate (c). Consequently, UF/DF can be used to increase the purity of the LNP.
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Figure 10. (a) Course of UF/DF (LMH (red points) and TMP (green points)). AEX chromatogram of
UF/DF (b) retentate and (c) permeate.

In addition to the chromatographic analysis methods, images of the continuous pro-
duced LNP were also obtained using transmission electron microscopy (see Figure 11).
Figure 11a shows the retentate after UF and Figure 11b the retentate at the end of DF. The
TEM images also show that continuous production produces smaller particles than the
batchwise production, as well as that the particle size does not change during UF/DF.
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Figure 11. TEM images of the produced LNPs. (a) Retentate after ultrafiltration; (b) Retentate at the
end of diafiltration.
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3.3. LNP Quality in Batch and Continuous Mode

In this study, LNPs were first generated in 0.5 mL and 1.5 mL batch scales with
and without (linearized) pDNA to be encapsulated. This was followed by a scale-up to
a 12 mL scale, where pDNA was continuously encapsulated using a T-mixer. Table 3
shows the mean hydrodynamic radii, their minimum and maximum values, the resulting
polydispersity indices and the obtained encapsulation efficiencies of the batchwise and
continuous production of LNP.

Table 3. Comparison of mean hydrodynamic radius, minimum and maximum hydrodynamic radius,
polydispersity index as well as obtained encapsulation efficiency of batchwise and continuously
produced LNP in 0.5 mL, 1.5 mL and 12 mL scale with and without (linearized) pDNA.

Scale (mL) Preparation
Method Nucleic Acid

Mean
Hdrodynamic
Radius (nm)

Min.
Hydrodymanic

Radius

Max.
Hydrodynamic

Radius
Polydispersity

Index
Encapsulation
Efficiency (%)

0.5 Batch – 52 ± 6 44 69 0.012 –
0.5 Batch pDNA 52 ± 6 45 66 0.012 –
1.5 Batch – 48 ± 6 39 69 0.017 –
1.5 Batch pDNA 43 ± 4 34 63 0.021 90
1.5 Batch lin. pDNA 60 ± 10 36 75 0.027 32
12 Continuous pDNA 35 ± 2 30 45 0.004 88

In the batchwise experiments, the smallest mean hydrodynamic radius generated is
43 nm in the 1.5 mL scale formulation of pDNA. This is almost 10 nm higher than that
obtained in the continuous formulation. Both the widest particle size distribution and the
largest mean particle size are in the LNP loaded with linearized pDNA, with all other batch
experiments having a mean particle size of approximately 50 nm. Moreover, only 32%
of the linear pDNA used could be encapsulated. In contrast, close to 90% of pDNA was
encapsulated in both the batch and continuous formulations.

4. Discussion and Conclusions

In this study, lipid nanoparticles were first generated in a batchwise manner by
pipetting. These would not meet the quality requirements with a particle size of around
86–104 nm and a particle size distribution width of around 30 nm. The heterogeneity and
large particle size occur due to the too low mixing speed and fluctuating velocities during
pipetting. This highlights the need for continuous LNP formation by microfluidic mixing
to secure high-quality in-specification production [6].

Besides the non-continuous feasibility of pipetting and not meeting quality require-
ments, scale-up is required for continuous production of up to 10 million doses of mRNA
within three days. For this purpose, a T-mixer was chosen and pDNA was encapsulated in
a larger volume of 12 mL. Using the T-mixer, which induces rapid mixing by converting the
laminar input streams into a turbulent stream at the mixing point [24,25], and controlling
the volumetric flow rate more precisely, a much better and more homogeneous mixing of
the aqueous and ethanol streams is achieved. This produces a much smaller particle size of
71 nm and a more homogeneous particle size distribution. Thus, the generated particles
meet the quality requirements from Table 2. Moreover, the particle size and the achieved
encapsulation efficiency of 88% coincide with the mean particle size range from 66 nm to
93 nm and the EE of 88% of Pfizer’s mRNA vaccine, on which the composition of the LNPs
in this study is based [57–59]. This suggests that the results of this study encapsulating
the pDNA encoding the mRNA vaccine BNT162b2 are transferable to the encapsulation
of mRNA.

With the continuous encapsulation of nucleic acids in lipid nanoparticles and the
continuous production of mRNA in in vitro transcription, as demonstrated by Hengelbrock
et al. [51], the basis for the holistic continuous production of mRNA is now in place. For
a fully autonomous process, the incorporation of the process model of Helgers et al. [61]
and a control strategy is essential. The latter was developed for the fully continuous
mRNA process based on PID controllers by Schmidt et al. [62]. For model-based predictive
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control, the implementation of PAT strategies is necessary [63], which has already been
shown for diverse material systems [64–68]. The application of PAT also enables real-time-
release-testing, which guarantees sufficient product quality and robustness [69–71]. This
autonomous control, based on the integration of process model and PAT, could already
be implemented in reality by Uhl et al. [72] for the production of pDNA and can now be
transferred to the mRNA process based on this study and the studies by Hengelbrock
et al. [51], Vetter et al. [73] and Schmidt et al. [62]. With such an autonomous continuous
process, on the one hand, considerable time can be saved compared to the conventional
process based on offline analytics [64,67]. On the other hand, a continuous process can
reduce costs by increasing the time-space yield [61] and save labor and material costs
through automation [62,74,75].

In summary, LNPs were continuously generated in a T-mixer in this study. These meet
the quality requirements of an mRNA vaccine with an average particle size of 71 nm and
an encapsulation efficiency of 88%. In addition, impurities such as unencapsulated lipids
can be separated by the following UF/DF, which increases the purity of the generated LNP.
In combination with continuous in vitro transcription as reported for the scalable mRNA
machine [51] as well as SPTFF, this provides the basis for fully continuous bottleneck-free
production of mRNA and other cell and gene therapy drug/vaccine candidates in a GMP-
and QbD-compliant Biopharma 4.0 facility, enabled by predictive, validated process models
and state-of-the-art PAT.
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