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explored for lipid nanoparticle (LNP) purification as a scalable alternative to dialysis. CFF-based processing
allows for buffer exchange by diafiltration (DF) and setting a target product concentration by ultrafiltration
(UF). Herein, we investigate the effect of CFF-based processing on LNP characteristics and process performance
by performing a parameter study through the variation of selected membrane-related and operational parameters.
We used a pre-dilution approach prior to LNP purification to reduce the ethanol content while maintaining LNP
characteristics. Taking advantage of the integration potential of CFF for process analytical technology (PAT), we
successfully established size monitoring for LNPs by integrating at-line dynamic light scattering (DLS), providing
near real-time process insights. During processing, we observed an increase in LNP size and a change in their size
distribution, dependent on processing time but not on the varied process parameters. Following comprehensive
off-line analyses, all other LNP characteristics remained constant and final lipid recoveries were achieved in
the range of 86-89% for all CFF processes. Long-term, the CFF-purified LNPs showed a lower increase in size
compared to the dialyzed LNPs during storage of 14 days. Lastly, examination of purified LNP behavior during
sterile filtration revealed changes in particle size in the upper size range. In general, we provide comprehensive
insights into CFF-based LNP processing and its impact on LNP characteristics and process performance. Such
studies are expected to contribute to the understanding of CFF-based LNP processing and their future application
for size-controlled LNP production.

1. Introduction

which play a key role in nucleic acid encapsulation and release by form-
ing complexes with anionic nucleic acids, LNPs are composed of three

Lipid nanoparticles (LNPs) as clinically advanced non-viral, lipid-
based vector systems have demonstrated significant potential in nucleic
acid delivery over the past decade [1,2]. In addition to cationic lipids,
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other essential components: cholesterol, a phospholipid, and a polyethy-
lene glycol (PEG) lipid, each contributing to the overall functionality of
the particle, as reviewed in detail by Albertsen et al. [3]. Next to a de-
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sired lipid molar ratio of the aforementioned LNP components, the N/P
ratio—representing the balance between cationic lipid amines and nu-
cleic acid phosphate groups—is essential in ensuring efficient nucleic
acid encapsulation while maintaining functional stability [4,5]. Overall,
achieving a precise LNP composition relies on a controlled LNP syn-
thesis process, while maintaining particle characteristics across further
processing requires LNP processing stability.

Using microfluidic mixing devices allows for reproducible and scal-
able LNP synthesis by mixing the nucleic acid-containing aqueous phase
with the lipid-containing organic phase [6]. Here, the mixing parame-
ters total flow rate (TFR) and flow rate ratio (FRR) have been found
to have a significant impact on particle size [7,8,5,9]. Nevertheless, the
subsequent purification step should not be neglected, as further changes
in the physicochemical characteristics of the LNPs have been observed.

Despite its well-known scalability limitations, dialysis is commonly
employed to remove the residual organic solvent and adjust the pH to
neutrality. Kulkarni et al. [10] and Terada et al. [8] have demonstrated
that both solvent removal and pH adjustment contribute concurrently
to the particle size increase of LNPs during dialysis.

Pre-treatment approaches prior to dialysis have also been investi-
gated to enhance particle stability. One pre-treatment method involves
direct dilution with a buffer solution to reduce the ethanol content. This
pre-dilution approach was originally introduced by Jeffs et al. [11], who
employed it directly after the mixing step to improve the in-process
stability of cationic lipid-containing vesicles. Pre-dilution with low-
pH buffer has been later applied to LNPs [12] and further advanced
through the development of an integrated microfluidic device designed
to rapidly dilute the LNPs under controlled conditions [13]. However,
merely diluting the ethanol is insufficient, as a subsequent buffer ex-
change to physiological pH remains necessary.

Compared to dialysis, cross-flow filtration (CFF) represents a time-
and resource-efficient alternative, offering superior scalability and in-
tegration potential. CFF operated in constant-volume diafiltration (DF)
mode allows for gradual buffer exchange with a DF buffer while main-
taining the product volume or in ultrafiltration (UF) mode to concen-
trate the product to the desired concentration [14]. While only one study
has applied CFF for LNP purification [15], other studies have dealt with
CFF applications for other related particle types within the broader cat-
egory of lipid-based particles. The work of Hirsjarvi et al. [16] is among
the few that have explicitly compared CFF with dialysis for hybrid lipid-
polymer particles.

Unlike diffusion-driven dialysis, pressure-driven CFF requires con-
sideration of operational CFF parameters beyond the membrane-related
parameters. However, comprehensive studies on the impact of those
parameters on particle characteristics have rarely been reported. Some
studies have exclusively explored two types of membrane material [17],
molecular weight cut-off (MWCO) [16], or membrane area [18], but no
studies have yet investigated those in combination or different mem-
brane formats like hollow fiber or flat sheet. Sakurai et al. [17] has
suggested that the hydrophobicity of the membrane is one key factor
leading to particle adsorption to the membrane. Typical operational
parameters for CFF include feed and filtrate flow rates and the trans-
membrane pressure (TMP), which is determined by the operating pres-
sures. To date, the reported studies on the variation of those operational
parameters cover DF modes other than constant-volume DF, such as
single-pass DF [18] and discontinuous DF [19].

Others focused on innovative CFF set-ups, such as in-line DF for
continuous processing high in efficiency [20] or a two-step CFF pro-
cess for improved particle characteristics [15]. Interestingly, Worsham
et al. [20] found a permeability limitation of the membrane caused by
the initial exposure to ethanol, suggesting a pre-dilution strategy to sig-
nificantly reduce the amount of DF stages. Efforts to improve scalability
have driven the development of a miniaturized, on-chip CFF purifica-
tion system that enables synthesis and purification on a micro-volume
scale [19]. Alongside scalability, another area of innovation lies in in-
tegrating real-time measurement of particle characteristics, building on
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Fig. 1. Illustration of membrane characteristics and operational filtration param-
eters for the four CFF experiments performed. Abbreviations: CFF: cross-flow
filtration, mPES: modified polyethersulfone, mRC: modified regenerated cellu-
lose, MWCO: molecular weight cut-off, TMP: transmembrane pressure.

the process analytical technology (PAT) framework introduced by the
FDA [21]. While measuring particle characteristics between process
steps is common practice, at-line measurements [22] remain relatively
rare. Significant progress has been made in using sensors for real-time
process monitoring, allowing for time-resolved insights within a single
process step [23]. However, particle size measurements of LNPs during
the constant-volume DF process have so far only been conducted off-line
[15], with at-line monitoring still not achieved.

Thus far, comprehensive insights into CFF-based LNP processing
have not been reported, nor have CFF parameter variations and their
impact on LNP characteristics been considered.

In this study, we investigate the impact of membrane-related and
operational CFF parameters on process performance and LNP character-
istics during LNP purification by CFF. To estimate the effect of dilution
with low-pH buffer as a pretreatment procedure on LNP characteris-
tics, we initially performed dialysis experiments with pre- and undiluted
LNPs. The pre-diluted LNPs also served as the starting material for the
CFF experiments, making the dialysis experiments a direct reference
for the corresponding CFF processes. To address time- and resource-
efficient buffer exchange and product concentration, we applied CFF
with constant-volume DF mode over six diafiltration volumes (DVs) fol-
lowed by concentration of LNPs using the UF mode. Across the CFF
experiments, we varied either the membrane characteristics material,
format, and area, or the membrane MWCO and the system pressure set-
ting, as schematically illustrated in Fig. 1. Further, we established at-line
dynamic light scattering (DLS) measurements to gain time-resolved in-
sights into changes in particle size and size distribution in near real-time,
also emphasizing the potential to integrate PAT tools into CFF set-ups for
process monitoring. Subsequently, LNP samples taken between process
steps and at various points throughout the CFF process were subjected
to thorough stability assessment over a 14-day storage period and evalu-
ated regarding particle size, surface charge, encapsulation efficiency, as
well as lipid concentration, molar ratio, and recovery. Lastly, the effect
of sterile filtration on particle size, size distribution, and lipid recovery
was investigated.

2. Materials and methods
2.1. Materials, buffers, and solvents

Unless otherwise specified, chemicals were obtained from Merck
(Darmstadt, Germany). The lipids 1,2-Dioleoyl-3-trimethylammonium-
propane (chloride salt) (DOTAP) and 1,2-Dioctadecanoyl-sn-glycero-
3-phosphocholin (DSPC), kindly provided by Lipoid (Ludwigshafen,
Germany), were used alongside 1,2-Dimyristoyl-rac-glycero-3-methoxy-
polyethylene glycol-2000 (DMG-PEG) purchased from Avanti Polar
Lipids (Alabaster, AL, USA) and cholesterol. Ultrapure water (Purelab
ultra, ELGA LabWater, High Wycombe, UK), sodium acetate trihy-
drate, acetic acid, and tris(hydroxymethyl)aminomethane (tris) were
used for the preparation of acetate (25mM, pH 4.0) and tris (10 mM,
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Fig. 2. Workflow illustration of sequential process steps for LNP synthesis and
purification, sampling, and sample analysis. At-line DLS was performed for CFF
intermediates and final CFF-purified LNPs. Abbreviations: CAD: charged aerosol
detection, CFF: cross-flow filtration, D: dilution, DF: diafiltration, Dia: dialysis,
DLS: dynamic light scattering, DV: DF volume, ELS: electrophoretic light scatter-
ing, F: sterile filtration, M: microfluidics, NA: nucleic acid, RP: reversed-phase,
UF: ultrafiltration. (For interpretation of the colors in the figure(s), the reader
is referred to the web version of this article.)

pH 7.4) buffers. A SenTix62 pH electrode (WTW, Weilheim, Ger-
many) combined with a HI 3220 pH meter (Hanna Instruments,
Woonsocket, RI, USA) was employed for pH adjustments of the buffers
using hydrochloric acid solution (32%), followed by sterile filtration
through 0.2 pm cellulose acetate filters (VWR International, Radnor,
PA, USA). For high performance liquid chromatography (HPLC), wa-
ter and acetonitril (ACN) containing 0.1% trifluoroacetic acid (TFA)
(v/v) were obtained in LC-MS grade from Thermo Fisher Scientific
Inc. (Waltham, MA, USA), LC-MS grade ACN was purchased from
VWR Chemicals (VWR International) and HPLC grade ethanol was
used. Primers (forward: 5’~-ATGGTGAGCAAGGGCGAGTT-3’, reverse: 5'-
CTCGCCCTTGCTCACCATTT-3"), Quant-iT™ RiboGreen™ Assay Kit,
NoLimits™ 20 bp DNA fragments, Triton™ X-100, and 384-well Nun-
clon™ Delta Surface microplates were purchased from Thermo Fisher
Scientific Inc.

2.2. Lipid nanoparticle synthesis and purification

The sequential process steps for lipid nanoparticle synthesis and pu-
rification are illustrated in Fig. 2.

The aqueous nucleic acid stock solution with a concentration
of 119ugmL? in acetate buffer was prepared according to Beckert
et al. [24]. For the lipid stock solution with a total lipid concentration of
12mgmL7, DOTAP, DSPC, DMG-PEG, and cholesterol (50:10:38.5:1.5
mol%) were dissolved in ethanol using a Branson Ultrasonics sonifier
SFX550 (Thermo Fisher Scientific Inc.). Glass syringes in 10 mL (SET-
sonic GmbH, Ilmenau, Germany) and 1 mL (Innovative Labor Systeme
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GmbH, Stiitzerbach, Germany) scales were filled with nucleic acid and
lipid stock solutions, respectively, and clamped into a Nemesys pump
(Cetoni GmbH, Korbuf3en, Germany). LNPs with an N/P ratio of 5 were
synthesized in a connected herringbone-structured microfluidic chip
(Microfluidic ChipShop, Jena, Germany) at a FRR of 5:1 (aqueous:or-
ganic) and a TFR of 20 mL min™.

Synthesized LNPs by microfluidics (M) were either used directly or
further pre-diluted 1:4 (M-D) with pH 4 acetate buffer to reduce the
ethanol content. Subsequent purification was performed by dialysis or
CFF using pH 7.4 tris buffer.

For reference, both synthesized and pre-diluted LNPs were further
dialyzed (M-Dia and M-D-Dia) using 10 kDa Slide-A-Lyzer® dialysis cas-
settes (1-3 mL, regenerated cellulose, Thermo Fisher Scientific Inc.). The
dialysis process involved at least 500 volumes of buffer relative to the
sample and was carried out at 2-8 °C for 4 h and overnight.

For purification by CFF, a KrosFlo Research KRIIi CFF system
equipped with an automatic back pressure valve (Spectrum Labs, Ran-
cho Dominguez, CA, USA), a stirred 50 mL reservoir (Sartorius Stedim
Biotech GmbH, Goéttingen, Germany), and an Ohaus® Scout® Pro bal-
ance (Ohaus, Parsippany, NJ, USA) was used. The filter modules used
differ in MWCO (10 kDa and 100 kDa) as well as in the membrane’s char-
acteristics material, format, and area: modified polyethersulfone (mPES)
hollow fiber filter modules with 20 cm? (Spectrum® MicroKros, Repli-
gen, Waltham, MA, USA) and modified regenerated cellulose (mRC) flat
sheet filter modules with 50 cm?2 (Hydrosart®, Sartocon® Slice 50, Sar-
torius). It has to be noted that the shear rates induced by the membrane
vary between the two membrane formats but are independent of the
MWCO. With each filter module, one DF/UF process was performed
at room temperature with a constant feed flow rate of 15mLmin,
which represents a consistent shear rate induced by the pump. For sim-
plicity, the CFF experiments are named based on the combination of
membrane material and MWCO in kDa: mPES-10, mPES-100, mRC-10,
mRC-100. Aiming for a processing time within fifty to seventy minutes,
the CFF set-ups were adjusted by setting required pressures to account
for MWCO-related differences in membrane permeability. The TMP was
set to 0.2 bar for both processes with the 10 kDa membranes (mPES-10,
mRC-10) to increase the permeate flux, whereas for the ones with the
100 kDa membranes (mPES-100, mRC-100) a permeate capillary smaller
in diameter adjusted the back pressure to restrict the permeate flux.
Constant-volume DF (12 mL DV) was conducted with pre-diluted LNPs
exchanging six DV. The retentate was sampled through an injection plug
(Fresenius Kabi, Bad Homburg, Germany) every DV (M-D-DV[1-6]). By
decoupling the DF buffer, LNPs were subsequently concentrated twofold
by UF (M-D-DV6-UF).

All CFF-derived samples were immediately analyzed by at-line DLS.
All samples were stored at 2-8°C and analyzed off-line by DLS, elec-
trophoretic light scattering (ELS), reversed-phase (RP)-charged aerosol
detection (CAD), and a fluorescence-based assay after 1, 7, and 14 days.
After 7 days, 400 uL of the final samples derived from dialysis and
CFF processes were manually sterile-filtered through 0.22 pm, 0.1 cm?
Millex® polyvinylidene fluoride syringe filters (M-Dia-F, M-D-Dia-F, M-
D-DV6-UF-F), which corresponds to 40 L. m2, and analyzed.

Supplementary dialysis experiments with pre-diluted and undiluted
LNP solution were executed as described in Appendix A.1.1.

2.3. Analytics

2.3.1. Light scattering

Light scattering techniques were employed to monitor particle size
and surface charge. DLS was used to measure at-line and off-line par-
ticle sizes. Measurements were performed using a Zetasizer Nano ZSP
with the Zetasizer software version 7.12 (Malvern Instruments Ltd.,
Malvern, UK). Measurements were performed in a low-volume quartz
cuvette (ZEN2112, Malvern Panalytical Ltd., Malvern, UK) and with a
laser beam focused at a wavelength of 633 nm with an attenuation of
5. Scattering was detected at an angle of 173°. The refractive index (RI)
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of the LNPs was set to 1.333 with an absorption value of 0.01, while
the dispersant had a RI of 1.341 and a viscosity of 1.919 cP. Samples de-
rived from processes without the dilution step (M, M-Dia, M-Dia-F) were
diluted to a lipid concentration of 0.5 mg mL'!, while all other samples
were measured directly. Duplicate measurements were performed us-
ing automatic measurement durations, with two sub-measurements for
at-line samples and three sub-measurements for off-line samples.

Using the same device and software, ELS was performed to assess
the surface charge of the LNPs. Measurements were carried out using a
folded capillary cell (DTS1070, Malvern Panalytical Ltd.). A dielectric
constant (g,) of 78.5 was applied, and the Helmholtz—Smoluchowski
equation was used for calculations. Samples were measured directly
except for those from processes without the dilution step (M, M-Dia, M-
Dia-F), which were set to a total lipid concentration of 1 mg mL . Each
sample was measured in duplicate at 60V, with two sub-measurements
interrupted by a 120 s delay.

2.3.2. Reversed phase - charged aerosol detection

Lipid concentration and molar ratio were analyzed using the previ-
ously developed and calibrated RP-CAD method by Beckert et al. [24].
In brief, a 2.1 x 150 mm ACQUITY® BEH Phenyl column (1.7 pm par-
ticle size, 130 A pore size, Waters, Milford, CT, USA) was employed
alongside a VanGuard™ pre-column (2.1 X 5 mm). The column was
connected to a 3000 RS HPLC system (Dionex Corporation, Sunnyvale,
CA, USA) equipped with a 3000 RS diode array detector and a Corona
Veo CAD RS, all operated via Chromeleon 6.8 software (Thermo Fisher
Scientific Inc.). The column and autosampler temperatures were set to
50°C and 8°C, respectively. CAD settings comprised a 35 °C evapora-
tion temperature, a 3.6 s filter constant, and a power function value of
1.3. Under a flow rate of 0.3 mL min’!, with 0.1% TFA (v/v) in water
as mobile phase A and 0.1% TFA (v/v) in ACN as mobile phase B, the
method started at 40% B for 4 min, followed by two linear gradients
to 70% B (1 min) and 100% B (11.25 min). After 2 min at 100% B, a
one-minute gradient was applied to return to initial conditions. Samples
were diluted with ethanol to achieve final concentrations corresponding
to those within the calibration curves and measured in duplicate using
an 8 uL injection volume. The total lipid concentrations prior to and af-
ter the process steps dialysis and CFF and the volume were used for lipid
recovery calculations.

2.3.3. Fluorescence-based assay

Nucleic acid encapsulation was determined using the fluorescence-
based assay kit Quant-iT™ RiboGreen™. Samples were analyzed ac-
cording to the manufacturer’s protocol, with the following modifica-
tions: NoLimits™ 20bp DNA fragments were used for reference mea-
surement with and without 1% Triton™ X-100. Samples were diluted
and treated with dye in both conditions. Samples were prepared in
duplicate, 384-well black polystyrene microplates were used, and flu-
orescence was measured (Ao, =480nm, 4., = 520nm) with a Spark®
microplate reader (Tecan Group Ltd., Mannedorf, CH). The encapsula-
tion efficiency (EE), defined as the proportion of nucleic acids encapsu-
lated within LNPs, was determined using equation (1):

— ftotal - ffree

EE * 100%. (€9)

total

Here, fi,. denotes the blank-corrected fluorescence of nucleic acids
in the sample after treatment with Triton™ X-100 and f,.. represents
the blank-corrected fluorescence of the unencapsulated nucleic acids lo-
cated outside the LNPs.

2.3.4. Statistical evaluation

MATLAB® R2021a (The MathWorks Inc., Natick, MA, USA) was used
for data analysis and visualization. Replicate measurements are reported
as the mean *+ standard deviation.
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Fig. 3. Effects of dilution as a pre-treatment step prior to dialysis on LNP Z-
average and zeta potential. The procedure of LNP synthesis, pre-dilution, dial-
ysis, and storage at 2-8 °C for up to 14 days was carried out four times (n=4)
and samples were measured in duplicates (m =2). Abbreviations: D: dilution,
Dia: dialysis, LNP: lipid nanoparticle, M: microfluidics.

3. Results
3.1. Reduction of ethanol content by dilution

To evaluate a potential stabilizing effect of dilution with pH 4 buffer
as a pre-treatment procedure prior to dialysis into pH 7.4 buffer, LNPs
were synthesized, dialyzed either undiluted or pre-diluted (cf. Fig. 2),
and stored at 2-8 °C. Fig. 3 illustrates changes in the Z-average and zeta
potential values of LNPs across those different process stages.

Post-synthesis by microfluidics, particle sizes of undiluted (M) and
pre-diluted (M-D) LNPs were within the same range. While dialysis led
to an overall size increase, no substantial differences were observed
between directly dialyzed (M-Dia) and pre-diluted (M-D-Dia) LNPs. Sim-
ilarly, consistent size increases over time were observed for synthesized
or dialyzed LNPs, regardless of whether they were un- or pre-diluted.
Zeta potential measurements exhibit significant variability for synthe-
sized LNPs, while a consistent surface charge of 20 to 25mV was ob-
served for dialyzed LNPs.

The effect of the surrounding solution composition on zeta potential
measurements was assessed by an additional dialysis experiment into pH
4 buffer (cf. Supplementary Figure A.1). Stable zeta potential measure-
ments were observed for LNPs present in pH 4 buffer after the removal
of ethanol (cf. Supplementary Figure A.2).

The effect of the dialysis buffer pH on the size increase during dialy-
sis was further evaluated by step-wise dialysis in an additional dialysis
experiment (cf. Supplementary Figure A.1). The two-step dialysis allows
for the initial removal of ethanol, followed by a subsequent adjustment
to physiological pH. Regardless of the pre-dilution, dialysis into pH 4
buffer led to a size increase, further enhanced upon subsequent dialysis
into pH 7.4 buffer, eventually reaching a comparable size as observed
with direct dialysis into pH 7.4 buffer (cf. Supplementary Figure A.2).
Further, a similar increase in particle size was observed over the storage
period for direct or two-step dialyzed LNPs.

In summary, dilution with pH 4 buffer after LNP synthesis reduces
the ethanol content of the surrounding solution, but neither stabilizing
nor destabilizing effects on the particle size were observed.

3.2. Cross-flow filtration—flow and pressure characteristics

Membrane-related and operational CFF parameters were varied in
a process parameter study to investigate their impact on LNP char-
acteristics during LNP purification by CFF. The four CFF experiments
systematically differed in membrane MWCO and pressure setting as well
as membrane material, format, and area (cf. Fig. 1).
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Fig. 4. Profiles of TMP, permeate flux, and effective permeability during CFF-
based processing. CFF experiments were performed with mPES-10 (a), mPES-
100 (b), mRC-10 (c), and mRC-100 (d) membranes in DF/UF mode with UF
highlighted with shaded bars. Abbreviations: CFF: cross-flow filtration, DF: di-
afiltration, DV: diafiltration volume, mPES: modified polyethersulfone, mRC:
modified regenerated cellulose, TMP: transmembrane pressure, UF: ultrafiltra-
tion.

Fig. 4 illustrates changes in the monitored TMP, permeate flux, and
effective permeability throughout CFF-based DF for buffer exchange and
UF for product concentration.

Comparing the runs using 10 kDa MWCO membranes under constant
TMP, a higher permeate flux was observed for the mPES than mRC mem-
brane (cf. Fig. 4 (a), (c)), which might be attributed to the membrane
material and format. A similar observation occurred during the runs
with 100 kDa MWCO membranes under constant permeate back pres-
sure (cf. Fig. 4 (b), (d)). Comparing those runs under constant permeate
back pressure, a three-times lower TMP was observed for the mPES
than mRC membrane, which may be linked to the membrane format
and area. Interestingly, changes in the permeate fluxes were observed
for 100 kDa MWCO membranes under constant permeate back pressure,
with a pronounced decrease for mPES-100 throughout the entire process
compared to a rather moderate drop for mRC-100 during the first 0.5 DV
(cf. Fig. 4 (b), (d)). However, the TMP remained constant in both cases.

Through the effective permeability, which relates the permeate flux
to the TMP, it can be derived that the membrane material and format—
mPES hollow fiber filter modules are generally more permeable than
mRC flat sheet filter modules—as well as the MWCO—larger MWCO
are more permeable—affect the CFF process. Lower TMPs and higher
permeate fluxes were observed for the 100 kDa than the 10 kDa MWCO
membranes, which is further attributed to the MWCO-related pressure
control applied in the respective CFF set-ups.

Overall, no difference in terms of pressure or permeate flux was ob-
served in either of the processes regarding the two CFF-based processing
modes—DF for buffer exchange and UF for concentration. In summary,
the observed profiles of the TMP, permeate flux, and effective perme-
ability throughout processing can be linked to the membrane-related
and operational CFF parameters.

3.3. Cross-flow filtration—lipid nanoparticle characteristics

Throughout LNP purification by CFF, the Z-average was directly
measured at-line for every DV and supplemented with off-line data from
day 1, as shown in Fig. 5.
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The increase in LNP particle size represents the key finding through-
out processing by CFF. Final Z-average values ranging between 90 to
116 nm were observed by at-line DLS after DF for six DV and UF, rep-
resenting a substantially higher increase in particle size compared to
those purified by dialysis (cf. Fig. 5 (a)-(d)). With an increase of ap-
proximately 10nm, the final Z-average values of dialyzed LNPs were
less than 50% of those measured for the DF/UF-purified LNPs.

The comparison of at-line and off-line DLS measurements reveals a
consistent pattern in particle size. For CFF-purified LNPs from the third
or fourth DV onward, Z-average values from at-line DLS analyses consis-
tently exceed those obtained from off-line analyses on day 1 (cf. Fig. 5
(a)-(d)). It has to be noted that the at-line DLS measurements confirm
the Z-average increase observed in the off-line data, which highlights
DLS as a suitable at-line monitoring tool.

The increase in Z-average occurred proportionally with the number
of DVs, with noticeable differences between each of the four CFF runs,
as shown in Fig. 5 (e). Starting from the measurement at the first DV, the
CFF run with the mRC-10 membrane consistently produced the largest
LNPs, with progressively smaller LNPs observed in the order of mPES-
10, mPES-100, and mRC-100. Overall, the increase in particle size seems
independent of the varied membrane-related and operational CFF pa-
rameters as well as the DV.

However, the illustration of the Z-average over the processing time
exhibits a clear trend (cf. Fig. 5 (f)) of the time-dependent increase in
particle size. Differences in membrane characteristics or applied opera-
tional CFF parameters appear to influence LNP size primarily through
their effect on processing time. Consequently, the lower the permeate
flow rate, the longer the processing time, resulting in larger final parti-
cle sizes.

Generally, the Z-average is derived from the intensity-weighted size
distribution. The progression of the change in the intensity-weighted
size distribution throughout the CFF is exemplarily shown for mPES-10
in Fig. 6, with the Z-average values for the starting material (M-D) and
the final CFF-purified LNPs (M-D-DV6-UF) indicated by vertical lines.

Initially starting from a mono-disperse distribution, a second popula-
tion is observed that increases in intensity throughout the CFF. Similar
trends were observed for the other CFF runs (cf. Supplementary Fig-
ure A.3), with a more or less pronounced second population or overlap
between the two populations. It has to be noted that the formation of
a second population could not be observed for purification by dialysis
(data not shown). Instead, only a shift of the mono-disperse distribution
along the X-axis compared to the starting material was observed, which
explains the increase in the Z-average.

Along with the Z-average and size distribution, a trend throughout
CFF-based processing can also be observed for the zeta potential (cf.
Fig. 5 (a)-(d)). For synthesized, diluted LNPs containing 4.17% ethanol
(M-D), which served as the starting material for the CFF, the zeta po-
tential values are around zero but exhibit large standard deviations.
As the CFF processing progresses, the zeta potential increases, eventu-
ally reaching a plateau after four DVs (M-D-DV4). Prior to reaching this
plateau, larger standard deviations of the zeta potential measurements
were observed, which can be attributed to the presence of ethanol (cf.
Section 3.1). Overall, the surface charge profile of LNPs indicates the
progression of buffer exchange throughout CFF-based processing.

Throughout LNP purification by CFF, lipid concentration, molar ra-
tio, and recovery were determined every DV by RP-CAD to complement
LNP characteristics and evaluate the process performance. Fig. 7 illus-
trates changes in total lipid concentration and recovery for all four
CFF processes across processing. Similar trends were observed for all
four processes. The total lipid concentration decreased with each DV,
which can be attributed to the sampling procedure. Here, one-twelfth
of the process volume is sampled every DV and automatically replaced
by the DF buffer due to constant-volume DF mode. By UF-based prod-
uct concentration, the initial concentration (M-D) was again reached
or exceeded. No changes in the lipid molar ratio could be observed
(cf. Supplementary Figure A.4). Further, final recoveries ranging from
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86% to 89% were achieved, reflecting the overall performance of CFF
processes in such small scales. Although dialysis experiments yielded
higher recoveries ranging from 89% to 99%, notable dilution effects
were observed with dilution factors between 1.3 and 1.5. The encapsu-
lation efficiencies are comparable across all experiments and remained
constant throughout the process, regardless of whether the LNPs were
pre-diluted, dialyzed, or purified by CFF.

In summary, both at-line and off-line measurements showed a similar
trend of increasing z-average values across CFF-based processing. Here,
intensity-based size distributions revealed the appearance of a second

| @ Lipid concentration @ Recovery |

Fig. 7. Changes in total lipid concentration and recovery across processing. RP-
CAD-derived total lipid concentration and percentage recovery are illustrated
for the CFF runs with mPES-10 (a), mPES-100 (b), mRC-10 (c), and mRC-100
(d) membranes. UF is highlighted by shaded bars. Abbreviations: CAD: charged
aerosol detection, CFF: cross-flow filtration, DV: diafiltration volume, mPES:
modified polyethersulfone, mRC: modified regenerated cellulose, RP: reversed-
phase, UF: ultrafiltration.

population, with a continuous increase in its proportion. Overall, LNP
particle size is primarily influenced by the effect of applied CFF settings
on total processing time.
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Fig. 8. Changes in Z-average and zeta potential during storage. Z-average and
zeta potential values during the storage of 14 days at 2-8 °C are shown for LNPs
processed by dialysis or CFF using a mPES-10 membrane. Abbreviations: CFF:
cross-flow filtration, D: dilution, Dia: dialysis, DV: diafiltration volume, LNP:
lipid nanoparticle, M: microfluidics, mPES: modified polyethersulfone, UF: ul-
trafiltration.

3.4. Storage stability

LNPs were subjected to a short-time storage stability examination at
2-8°C for up to 14 days. Changes in Z-average and zeta potential at all
processing states are depicted for mPES-10 in Fig. 8.

Over storage, the Z-average of LNPs increased slightly. Interestingly,
the Z-average increase during storage was more pronounced for dia-
lyzed LNPs compared to LNPs purified by CFF. Similar trends were ob-
served for the other CFF runs (cf. Supplementary Figure A.5). Dialyzed
LNPs showed mono-disperse size distributions during storage (data not
shown).

Along with the zeta potential remaining constant (cf. Supplementary
Figure A.5), no changes were observed in the other LNP characteristics
of lipid concentration, lipid molar ratio, and encapsulation efficiencies
throughout the storage period (data not shown). In summary, a more
pronounced particle size increase over the storage period was found for
the dialyzed LNPs compared to the CFF-purified LNPs.

3.5. Sterile filtration

Filter experiments were conducted after dialysis and CFF to assess
the impact of sterile filtration on the removal of larger particles. CFF in
DF-UF mode led to the formation of a second, larger-sized LNP popula-
tion (cf. Fig. 6), resulting in larger Z-average values for CFF-purified
LNPs compared to dialyzed LNPs (cf. Fig. 5). Fig. 9 illustrates the
intensity-weighted size distribution for CFF-purified LNPs (M-D-DV6-
UF) and further sterile filtered LNPs (M-D-DV6-UF-F) for all performed
CFF experiments.

Through sterile filtration of CFF-purified LNPs, the presence of
intermediate-sized species increased, the Z-average decreased, and re-
coveries ranged between 73% and 91% (cf. Table 1). Sterile filtration of
the CFF-purified LNPs by mRC-10, which showed the largest Z-average
and rather broad size distribution, resulted in an overall Z-average re-
duction of 5 nm and clearance of the larger LNP population at 1000 nm.
It has to be noted that no particles larger than 1000 nm were observed in
any of the other systems either. These intensity-weighted size distribu-
tions still exhibit a more or less pronounced second population, which
can be attributed to the size distribution before sterile filtration.

On the contrary, no substantial changes in size distribution, and
therefore in Z-average, were observed after sterile filtration of dialyzed
LNPs. Generally, lower lipid recoveries were found after sterile filtration
of pre-diluted (M-D-Dia-F) than undiluted, dialyzed LNPs (M-Dia-F) (cf.
Table 1), indicating a concentration dependency.
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Fig. 9. Intensity-weighted size distribution for CFF-purified and sterile-filtered
LNPs. Next to the size distributions, the Z-average values for the CFF-purified
(M-D-DV6-UF) and further sterile filtered LNPs (M-D-DV6-UF-F) are marked by
vertical lines. Abbreviations: CFF: cross-flow filtration, D: dilution, DV: diafil-
tration volume, F: sterile filtration, LNP: lipid nanoparticle, M: microfluidics,
mPES: modified polyethersulfone, mRC: modified regenerated cellulose, UF: ul-
trafiltration.

Table 1

Lipid recoveries after sterile filtration. The percentage lipid recov-
eries of sterile-filtered LNPs after purification by CFF or dialysis
are listed. Abbreviations: CFF: cross-flow filtration, D: dilution,
Dia: dialysis, DV: diafiltration volume, F: sterile filtration, LNP:
lipid nanoparticle, M: microfluidics, mPES: modified polyether-
sulfone, mRC: modified regenerated cellulose, UF: ultrafiltration.

Recovery / %

mPES-100 mPES-10 mRC-100 mRC-10
M-D-DV6-UF-F 91 72 83 91
M-Dia-F n.d. 87 96 96
M-D-Dia-F 76 74 89 79

In summary, sterile filtration of LNPs introduced changes in the par-
ticle size distribution in the larger size range, resulting in a higher
proportion of intermediate-sized particles.

4. Discussion
4.1. Effects of pre-dilution prior to purification by dialysis

Initially, a series of dialysis experiments was conducted with pre-
diluted and undiluted LNPs to assess the impact of pre-dilution with a
low-pH buffer as a pre-treatment step on LNP characteristics.

In general, pre-dilution was reported to improve particle charac-
teristics of lipid-based particles. Jeffs et al. [11] observed enhanced
process stability and higher encapsulation efficiencies for cationic, lipid-
containing vesicles, while Kimura et al. [13] specifically identified a
slight decrease in particle size for LNPs. Although we did not observe
any of those changes in LNP characteristics due to pre-dilution, it is
worth noting that the LNPs showed stable behavior.

As LNP dilution with a buffer reduces the ethanol content, related
changes in particle characteristics may be linked to the altered behavior
of lipids. Ethanol interacts with the polar head groups of lipids at the
lipid-water interface due to its dual lipophilic and hydrophilic nature.
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In the case of lipid bilayers, this ethanol-lipid interaction expands the
membrane surface, creating cavities within the hydrophobic core, which
are subsequently occupied by lipid tails from the opposing membrane
leaflet, leading to a reduction in membrane thickness [25,26]. Next to
this so-called interdigitation process, ethanol-lipid interactions might
also enhance the likelihood of fusion due to reduced lipid hybridization
and enhanced exposure of lipid tails [27]. Their study also demonstrated
increased fusion activity for liposomes with non-protein-containing lipid
bilayers next to elevated membrane fluidity. So far, fusion processes in
the presence of ethanol have only been studied in the context of lipo-
somes fusing to model bilayer membranes, but to the best of the authors’
knowledge, neither studied for LNPs fusing to model bilayer membranes
nor LNP-LNP fusion.

The dilution process design for LNPs is rarely reported in the litera-
ture. Next to dilution by simple pipetting, Kimura et al. [13] designed a
microfluidic on-device dilution system integrating dilution next to LNP
synthesis. Compared to pipette-induced dilution or direct dialysis, their
rapid dilution approach yielded smaller LNPs, with the smallest parti-
cles observed at the highest dilution flow rates. They also hypothesized
that ethanol dilution within milliseconds prevents the formation of in-
terdigitated structures and particle fusion. Reducing the ethanol content
immediately after LNP synthesis is further supported by molecular dy-
namics simulations [28] and the observations that longer hold times
before dilution [13] or dialysis [29] led to an increase in particle size.
So far, no studies on buffer selection for pre-dilution of LNPs have been
reported. The authors ultimately chose the synthesis buffer as the di-
lution buffer, which has also been used for liposomes [30]. However,
others selected a dilution buffer pH of 6 for LNPs, which fell between
the pH of the synthesis and dialysis buffers [13]. In contrast to the ef-
fect of buffer selection for pre-dilution of LNPs, the impact of buffer pH
during dialysis on the size increase of LNPs has already been studied
[10,8].

In summary, pre-dilution with pH 4 buffer specifically reduced the
ethanol content without altering the LNP characteristics, making it suit-
able for use as a pre-treatment for LNPs prior to CFF-based purification.

4.2. Design of cross-flow filtration-based processing

A CFF-based process in DF/UF mode allows for setting a target prod-
uct concentration directly after buffer exchange, which is not possible
with dialysis. In such filtration-based processes, it is crucial to consider
membrane-related and operational parameters, their relationship, and
their interaction with or influence on the target product to be filtered.

As ethanol is known to influence the permeability of membranes,
LNPs were pre-diluted to lower the ethanol content by a factor of four.
Although some studies on liposomes incorporated ethanol dilution prior
to constant-volume DF [31,32] or continuous in-line DF [33,20] result-
ing in increased efficiency [20], this approach has not yet been applied
to LNPs. An ethanol-dependent limited permeability of the membrane
at the beginning of the process would be reflected by either a lower
permeate flux under constant TMP (mPES-/mRC-10) or a higher TMP
under constant permeate back-pressure (mPES-/mRC-100) compared to
the following process profiles, which, however, could not be observed
in our CFF runs.

In the design of filtration processes, membrane-related parameters
influence the configuration of operational parameters, which, unlike in
diffusion-driven dialysis, must be considered in pressure-driven, CFF-
based DF. Since most of all referred CFF studies employed membrane
MWCOs of 100kDa or higher to keep the processing time within lim-
its, we additionally included a 10 kDa MWCO, which is commonly used
for dialysis, alongside the 100 kDa MWCO membrane to provide a com-
parative perspective. The authors decided on a constant TMP enabled
through an automatic valve on the retentate side for the CFF runs with
the 10kDa MWCO membrane. In comparison, a capillary on the per-
meate side led to a constant permeate back pressure for the runs using
the 100 kDa MWCO membrane. Comprehensive parameter studies con-
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sidering membrane-related next to operational parameter variations in
constant-volume DF have not been reported within the broader category
of lipid-based particles.

Specifically, those lipid-based particles may be sensitive to applied
pressures and specific types of pumps, valves, membrane material, or
membrane format, as each of these factors can generate its shear rate,
leading to various shear forces that could further affect the particle
characteristics. The selected membrane materials mPES and mRC ex-
hibit a hydrophilic nature, facilitating water permeability and prevent-
ing fouling [14]. Regardless of the membrane material, comparable
lipid recoveries of approximately 86% to 89% were achieved, signifi-
cantly surpassing the reported 73% recovery for LNP purification by CFF
[171 and closely aligning with studies on liposome purification by CFF
[19,22,32]. Comparable lipid recoveries stand in contrast to the differ-
ently pronounced permeability drops observed throughout the different
CFF runs, which typically indicate fouling behavior. Overall, optimiz-
ing surface areas or processing larger volumes can help reduce product
accumulation on the membrane, thereby enhancing overall recovery.

Besides potential interactions, membrane-related and operational
parameters may influence the target product. Our strategy to include
monitoring tools aligns with the PAT initiative [21], as at-line mea-
surements provide near real-time process insights. To the best of the
authors’ knowledge, we are the first to have implemented at-line DLS
enabling tracking of the LNP particle size and size distribution through-
out CFF-based processing, resolving characteristic changes from DV to
DV. Among lipid-based particles, Forbes et al. [22] claimed at-line mon-
itoring of liposome particle size but focused on in-process monitoring
between process steps rather than on time- or DV-resolved insights into
CFF using CFF intermediates. DLS would also be suitable for on-line
implementation using a suitable flow cell, but this has not yet been
reported for LNPs. An advancement has led to spatially resolved DLS,
which has already been applied to turbid nanoemulsions [34] and lipo-
somes purified by single-pass CFF [18]. Sheybanifard et al. [18] not only
monitored the product but also employed in-line near-infrared spec-
troscopy to quantify residual ethanol, which could similarly be applied
to monitor ethanol depletion over constant-volume DF and UF.

4.3. Effects of cross-flow filtration-based purification on lipid nanoparticles

Despite being a time- and resource-efficient purification procedure,
CFF is rarely reported for LNPs, and even less frequently are the UF/DF
process dynamics examined through a holistic analysis of CFF interme-
diates. Given the limited research on CFF intermediates in CFF-based
LNP purification, the following summarizes the key findings and their
implications.

We found a time-dependent size increase of LNPs, which seems inde-
pendent of selected processing parameters. So far, the LNP size increase
over CFF-based DF has been merely described by Geng et al. [15]. They
examined a DF process for three different LNP formulations and ob-
served a stabilized LNP size after two DV for all three formulations.
After two DV, approximately 87% of the initial buffer and ethanol are
expected to be removed, assuming unrestricted membrane permeability
for smaller molecules [14].

Moreover, Geng et al. [15] observed differences in the way of parti-
cle fusion depending on the purification procedure, as the initial absence
of ethanol led to more homogeneous particles than its initial presence
during DF to physiological pH, but clearly stated that the fusion is pH-
driven. Fusion behavior is also observed to be pH-dependent during
dialysis [10] and is hypothesized to depend on the ionizable lipid and
its pKa [8]. Although DOTAP is a pH-insensitive, permanent cationic
lipid, changes in the amount of positive charge seem to affect LNP fu-
sion behavior. In particular, the PEG lipid plays a key role in the colloidal
stability and fusion behavior of LNPs. The molar content of the PEG lipid
affects particle size and defines its equilibrium size, which also depends
on the pH of the solution [35,36]. Overall, the size increase of LNPs
may be linked to the PEG-dependent equilibrium size and the presence
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of a cationic lipid, combined with a pH increase throughout the pro-
cess. Studies on CFF-based DF processes of liposomes have shown no
particle size increase [22,32], which might be attributed to the struc-
tural differences between LNP and liposomes. Another factor that might
have influenced this outcome is the process condition applied in those
studies, where ethanol was solely removed without increasing the pH or
altering the buffer [22,32]. Others observed similar behavior of cationic
liposomes performing discontinuous DF with DF cycles consisting of
concentration and manual dilution [19].

Since the observed size increase during our DF/UF processes is
closely linked to the processing time of LNPs, the potential influence
of shear forces must be considered. The time-dependent LNP size in-
crease indicates that the pump-induced shear rate has more impact on
particle size than the membrane-induced shear rates. This conclusion is
drawn from the fact that the membrane-induced shear rates are format-
dependent, while the pump-induced shear rates were constant across all
experiments. Thus, the time-dependent increase in LNP size can be at-
tributed to the pump cycles, which correspond to the processing time.
To reduce processing time, single-pass CFF may offer an effective strat-
egy for LNP purification. Here, too, liposome studies have shown no size
increase of their PEGylated liposomes during continuous processing by
single-pass CFF [18] or during continuous, in-line single-pass DF using
such serially connected filter membranes [33].

Besides the observed size increase across CFF-based LNP purification,
an increase in size was also observed in the individual CFF interme-
diates over the storage time, which contrasts with the observed size
deviations seen from at-line to off-line (day 1) of later CFF intermedi-
ates. The observed deviations between at-line and off-line DLS measure-
ments could be assigned to two overlapping phenomena. A systematic,
method-derived offset upwards in size for at-line DLS for all CFF inter-
mediates may co-occur with the tendency of enhanced size increase of
early CFF intermediates compared to later CFF intermediates. The latter
tendency can be observed across 14 days of storage.

LNP size was the only measured particle characteristic that changed
during storage. All LNPs exhibited a size increase, with the most pro-
nounced growth in early CFF intermediates and dialyzed LNPs, which
initially measured half the size of the final CFF-purified LNPs. Storage-
related size increase for dialyzed LNPs with an identical lipid molar ratio
and cargo has already been shown in our previous work [24]. Although
PEG-lipid content plays a crucial role in preventing fusion, final DF/UF-
purified LNPs exhibit less fusion than dialyzed LNPs, even though the
PEG content is identical, suggesting that storage-induced fusion behav-
ior may be independent of PEG-lipid concentration. Storage-related size
increase of LNP purification intermediates and after CFF-based purifica-
tion was so far only observed by Geng et al. [15]. Their final DF-purified
LNPs after eight DV showed a size increase of 6.1 nm over a 2-month
storage. Due to the different LNP sizes of the starting material, over-
all processing time, and DV, absolute size comparisons were omitted.
Our DF processes for six DV had comparable or higher process times
and hence resulted in different sizes after DF due to the found time
dependency. Exemplarily, DF time in the mRC-100 CFF process was
comparable to the DF process presented by Geng et al. [15], leading
to a size increase of 2.1 nm over two weeks of storage. Overall, storage-
induced size increases of CFF intermediates appear comparable across
the CFF runs. For further concentrated LNPs by UF following DF, storage
stability data has not been reported in the literature.

Many studies have highlighted the importance of production param-
eters during microfluidic mixing [7,8,5] when controlling LNP charac-
teristics such as size. However, Vargas et al. [9] has also found that those
identified correlations change through subsequent dialysis, emphasiz-
ing the consideration of dialysis or any other treatment or purification
step. On-chip dilution has been introduced as a size-controlled treatment
strategy [13], which still had to undergo a purification step. In this con-
text, LNP purification by CFF is far too little explored and reported in
the literature. With the observed time-dependent increase in particle
size, the authors state that CFF might be the purification process for tar-
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geted, size-controlled LNPs. However, this is why several questions in
this study still require further investigation. The question arises about
how far the LNPs are from their equilibrium size. Our observations that
dialyzed LNPs increased in size over storage to a greater extent than CFF-
purified LNPs may indicate CFF as a representable purification method
to achieve the equilibrium size faster. Additionally, modifications in CFF
design, such as extending the processing time, might enable the LNPs
to reach equilibrium size. The influence of pump-induced shear rates on
the size increase of LNPs remains a key consideration, and since shear-
sensitive pumps are now available on the market, a comparative study
would be interesting. Furthermore, the emergence of a second larger
LNP population raises the question of what triggers this behavior and
whether it could indicate particle instability, making an investigation
into the formation and morphology of such particles urgently required.
Progress toward optimizing filtration performance can only be made af-
ter reassessing and clarifying these questions related to controlling the
target LNP characteristics. In the future, an investigation into various
operating conditions, membranes, and advanced membrane technolo-
gies, along with their associated shear forces and fouling behavior, may
be undertaken.

4.4. Effects of sterile filtration on lipid nanoparticles purified by cross-flow
filtration

Although sterile filtration is a crucial step in biopharmaceutical man-
ufacturing, it is often seen as problematic regarding nanoparticle ther-
apeutics due to the similarity between nanoparticle size and filter pore
size. Besides filtration capacity, nanoparticle characteristics and their
recovery are essential parameters for evaluation.

Sterile filtration of the CFF-purified LNPs led to significant changes in
the intensity-weighted size distributions but resulted only in a minor re-
duction in Z-average. According to the size distribution and contrary to
our expectations, LNPs larger than the 0.22 pm pore size were still found
in the filtrate. Due to a lack of literature describing this phenomenon, the
authors propose several hypotheses. One possibility may be that LNPs
undergo deformation into a more elliptical or oval shape due to filtra-
tion forces, allowing them to pass through the filter pores. Literature
on nanoparticle deformability is relatively rare, but Hirsjarvi et al. [16]
found same-sized hybrid polymer-lipid particles in the CFF filtrate, even
though their particle size exceeded the evaluated MWCO. Conversely,
the increased intensity of particles between the two most pronounced
populations suggests simultaneous fragmentation and hence formation
of intermediate-sized particles, which may be due to experienced shear
forces during filtration. However, those hypotheses could not be eval-
uated in this study. It has to be noted that the hydrodynamic diameter
assessed encompasses the hydration shell of the particle, which is the
underlying principle of the DLS measurement.

In contrast to our findings, no substantial change in the particle
size and size distribution was observed in the sterile filtration study
of Messerian et al. [37] with similar-sized LNPs. Further, our lipid re-
coveries ranged between 72% and 96%, with 96% being close to those
reported lipid recoveries. Messerian et al. [37] examined the effects of
different pressures on filtration and found deposits on the membrane,
which were further analyzed in-depth by Messerian et al. [38]. They ob-
served an amorphous 100 nm-thick deposit on the surface of a 0.2 um
polyethersulfone filter, suggesting that it may form due to a combination
of size-based retention, adsorption, filtration forces, and LNP coales-
cence. Adsorption is based on material-product interactions, and given
that LNP surfaces exhibit a broad range of functional groups, physical
or chemical interactions may occur. The adhesion forces of hydropho-
bic functional groups on the filter could be evaluated using the method
described by Wang et al. [39], who utilized atomic force microscopy to
study the interactions between hydrophilic functional groups and LNPs.

Compared to filtration studies under desired pressures [37,38], we
performed sterile filtration by hand, which could be linked to variations
in recovery. Further, a concentration dependence is evident, as higher
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recoveries were observed for the dialyzed LNPs compared to pre-diluted,
dialyzed LNP. In general, adjusting the process volume, LNP concentra-
tion, or filter area could further contribute to optimizing recovery. For
high lipid concentrations, sterile filtration of purified PEGylated lipo-
somes has been reported to achieve recoveries of up to 100% [33].

In summary, sterile filtration affected LNP size distribution but did
not erase populations larger than or around 200 nm completely, possibly
due to shear-induced deformation or fragmentation of LNPs.

5. Conclusion

In conclusion, we present a CFF parameter study for LNP purification
by DF/UF, investigating the impact of CFF-based processing on process
performance and particle characteristics.

A series of dialysis experiments revealed that pre-dilution of LNPs
with synthesis buffer as a pretreatment procedure allows for reducing
the ethanol content prior CFF-based purification without affecting the
LNP characteristics. Time- and resource-efficient buffer exchange and
product concentration were addressed by constant-volume DF mode
over six DV followed by LNP concentration by UF. Although the sys-
tematic strategy varying either the membrane characteristics material,
format, and area, or the membrane MWCO and the system pressure
setting has been introduced to investigate their parameter impact on
particle characteristics, a contrary dependency was found—a processing
time-dependent particle size increase. With the novel aspect aiming for
near real-time monitoring by implementing at-line DLS measurements,
time-resolved insights into changes in particle size and size distribution
were provided. A noticeable trend was observed in particle size increases
during storage, with an enhanced size increase of dialyzed LNPs and
early CFF intermediates compared to later CFF intermediates and final
CFF-purified LNPs, leading to several hypotheses for the underlying rea-
son, including the equilibrium size of LNPs. Sterile filtration of purified
LNPs again introduced changes in the particle size and size distribution,
suggesting shear-induced particle deformation and fragmentation.

Overall, this parameter study, combined with at-line and off-line an-
alytics yielding intensified process insights, provides a solid foundation
for future investigations into the formation behavior and morphology
changes by CFF-based LNP processing, hence paving the way for future
CFF applications for size-controlled LNP purification.
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