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Lipid nanoparticle (LNP) technology has become extremely demanding for delivering RNA-products
and other drugs. However, there is no platform to manufacture pharmaceutical-grade LNPs with
desired particle size from a wide range in continuous mode. We have developed a unique platform
to obtain any specific size-range of LNPs from 60 to 180 nm satisfying pharmaceutical regulatory
requirements for polydispersity index, sterility, dose uniformity and bio-functionality. We applied
design of experiment (DoE) methodology and identified the critical process parameters to establish
the process for global application. Cross-point validation within the response map of DoE confirmed
that the platform is robust to produce specific size (+ 10 nm) of LNPs within the design-range. The
technology is successfully transformed to production scale and validated. Products from R&D, pilot
and production batches for a candidate SARS-CoV-2 mRNA-vaccine generated equivalent biological
responses. The data collectively established the robustness and bio-uniformity of doses for global
RNA-vaccine/drug formulation.

The RNAs (mRNA, miRNA, shRNA, siRNA, tRNA etc.) are very promising candidates for therapeutics but dif-
ficult to deliver into intracellular milieu. Formulation of RNAs through formation of lipid nanoparticle (LNP)
overcomes the challenges'™. The selection of lipid composition in proper ratio, LNP formation process, optimiza-
tion of buffer for RNA sample preparation, stabilization and formulation buffers for the RNA-LNPs collectively
play vital roles to control the size and homogeneity of particles®.

Different sizes of RNA-LNPs are required for different therapeutics based on target organ or tissue or the
desired physiological responses®~. Therefore, US FDA emphasizes on the size and size distribution of particles
as “critical quality attributes (CQA)” for liposome drug'’. The polydispersity index (PDI) value of the LNPs
should be<0.30 to qualify as a drug as per regulatory requirement''. Formation and stabilization of RNA-LNPs
are crucial because, for most of the cases, sizes and PDI of LNPs get changed during the steps of manufactur-
ing process'?. Hence, production of LNPs with specific size and PDI according to the regulatory requirement
remains a big challenge®.

Ostwald ripening is an intrinsic property of LNPs. Small LNPs gradually fuse to form larger LNPs to get better
energetically stabilized condition'. Natural Ostwald ripening is comparatively a slower process, and it takes long
time to grow larger LNPs at rest. In fact, gradual enlargement of LNPs at rest is a challenge for the technology
to overcome for achieving longer shelf life of doses'. Here, we have invented and established a suitable process
to overcome these challenges through DoE approach.
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Results and discussion

The technological aspects of the process flow are shown in Fig. 1. We found that after the formation of LNPs, a
low-frequency sonication at a specific range in a continuous motion system has provided a suitable kinetics of
the organic growth of LNPs in such a manner that the rate can be monitored and utilized to harvest LNPs within
a desired size-range (Fig. la—c). This invention is based on the preliminary observation that different level of
sonication has varying effects on LNP size (Fig. le), and it can be reproduced if the sonication field is properly
identified (Fig. 1f). We have designed a decision tree based on this observation and proceeded for detail char-
acterization of the findings including scale-up (Fig. 1d); manual process (Fig. 1g) was used for small-scale batch
and continuous process (Fig. 1h) was used for large-scale batch.

This is a novel aspect in LNP formation and processing technology. First, through a simple DoE model (Sup-
plementary Fig. 1a,b), we have obtained a time dependent enlargement of LNPs in different pH and produced a
kinetic surface response plot (Fig. 2a, b and Supplementary Fig. 2-4). After obtaining this pH- and time-depend-
ent kinetic map of LNP-growth (Supplementary Table 1 and 2), we have tested the model through performing
cross-point validation by choosing seven specific sizes of LNPs covering two extreme diagonals, 4 mid-points
around the edges and the center-point of the surface response map (Fig. 2a). The hypothesis was as such that if
the kinetic map model is true than one should be able to obtain LNPs within a specific size-range by selecting the
combinations of specific time-point and certain pH. The hypothesis was found factual as we were able to harvest
different desired sizes of LNPs from different quadrants of the kinetic map-model following the recommended
conditions deciphered from the model (Fig. 2¢c, Supplementary Table 3). This observation has clearly suggested
that the range-boundary for the kinetic model is functional, and therefore, practically achievable.

Xioameng et al. showed that liposomes with decreasing sizes can be prepared using ultrasonication and by
manipulating the buffer to solvent flowrate ratios with a microfluidic device'®. They have applied ultrasonication
in higher range (50-60 kHz) to disintegrate particles. We found that high-frequency ultrasonication is detrimen-
tal for mRNA stability (Supplementary Fig. 1¢), and therefore, is not suitable for application for delicate alike
molecules. On the contrary, we have used lower range of sonication (25 kHz) to provide kinetic energy to the
particles to accelerate their movement in the system (Figs. 1b, e, 2a, b). The low-frequency sonication, instead of
forced degradation, plausibly have escalated the fusing of LNPs to generate larger LNPs in a controllable manner.
This enlargement of the LNPs-size can reasonably be attributed to the enhanced Ostwald ripening phenomenon
due to the kinetic force generated by low-moderate sonication.

Primarily, LNP and RNA interact through charge-charge interaction. The interaction is based on the net
positive charge on ionizable lipid (e.g., MC3) and the net negative charge on mRNA in a buffer system. The pH
of the buffer system may affect overall interaction of lipid and RNA due to the pKa value of the ionizable lipid
along with charge-charge interaction. If buffer pH is reduced to acidic range then the interaction with mRNA
will be stronger and vice versa; if buffer pH increases to 6.4 (pKa value of MC3), the ionizable lipid may become
charge-neutralized where electron association and disassociation is likely in balance, and therefore, MC3 may
not interact with RNA at this pH>!2. Besides, other factors e.g., osmotic pressure, mechanical condition, thermal
properties etc. may impact the charge-charge interaction and thereby can affect mRNA-LNP formation. In this
study, the mRNA-LNP formation was achieved at a desired pH and the LNP size was enhanced by application
of suitable sonication to harvest LNPs at a desired size-range.

LNPs of different sizes can be prepared by manipulating the process and recipes for LNP formation. The size
of the LNP can be manipulated even by tuning the excipient for the formulation. For example, Deng et al. have
showed that different sizes of LNPs can be obtained by changing the concentration of an osmolyte, viz., sucrose!”.
A recent study using microfluidic device has shown that lipid concentration and flowrate ratios can significantly
affect the particle size and PDI value'®. They have also showed that the effect of these parameters can be affected
by addition of the cargo molecules, viz., siRNA. Different sizes of LNPs over a mean diameter from 50 to 150 nm
were produced by adjusting the ratio of the alcohol-to-aqueous volumetric flow rate using microfluidic mixing
device'®". Microfluidic device geometry associated with the mixing of aqueous and non-aqueous phases and
mass transfer influence the size of LNPs!?. These methods are suitable for achieving specific size-range of LNPs
but not robust enough to produce a desired size-range of LNPs without significant efforts to develop specific
method. On the contrary, this is such a robust technology that can provide LNPs within 60 nm to 180 nm size
range with a+ 10 nm diameter maintaining the PDI value within the regulatory limit.

LNPs are usually made with an organic solvent necessary for the constituting lipid components. Ethanol has
been remained as the most widely used solvent for this purpose. Ethanol must be removed to make the formula-
tion suitable for clinical administration. Two methods are generally adopted in industry to remove ethanol, viz.,
diafiltration and dialysis. The buffer (generally, at pH 7.4) is exchanged as the media of choice for formulation
of the doses during this process. LNPs undergo maturation process during this step as such that smaller LNPs
gradually fuse to conform larger LNPs to achieve stabilization®***!. This phenomenon may not be an exclusive
property for LNP made with MC3 but likely a common property for LNPs made with other ionizable lipids
as observed for DOTMA-LNPs and DODMA-LNPs®. This phenomenon has been collectively attributed to
Ostwald ripening, osmotic pressure of the system in action, influence of buffer system on fractional charge of
the ionizable lipid, mechanical condition, thermal properties etc. There were efforts to minimize such effects
by employing special technologies. The infinite dilution method is a technique in the field for offsetting the
effect where, after formation into a suitable buffer, the LNPs are subjected for high dilution to reduce the chance
of high-frequency physical contact of LNPs in the system*. The final formulation for the method is achieved
through buffer exchange or buffer concentration using TFF or diafiltration?"?2. The other method relies on dialysis
against a suitable buffer®?. Both of these methods are in use with appropriate tuning of the method; though
the constitutive size enlargement over the time does not stop unless the critical diameter for LNPs for a specific
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1: T-mixer (dotted for the extension of scale-up), 2: LNP container, 3: flow control pump,

4: sonication field (dotted for the extension of scale-up), 5: TFF reservoir, 8: persitaltic pump
7a: stabilization buffer bag (1x), 7b: formulation buffer bag (10x), 8: diaphram pump, 9: feed
outlet, 10 and 14: flow control valve with pressure sensor, 11: ultrafiter cassette, 12 and 13:
permeate outlet, 15: flow and pressure control valve, 16: retentate outiet, 17: sterilization filter,

Figure 1. Schematics of the developed process and comparison with existing method. (a) LNP is formed using

a simple T-mixer serviced by flow-controlled syringe pumps.

The process flow is indicated by arrow; dotted

arrow indicates zoom view of the LNP size. (b) The DoE model and result of the DoE experiments revealed that
in a sonication field the size of the LNPs gradually increased with the growing time and pH. Desired size of LNP
can be achieved by selecting specific ‘operation space’ (dotted oval). (c) Single step buffer exchange is associated
with the gradual size enlargement of LNP (top) but a 2-stage buffer exchange restricts LNP size (bottom). (d)
Process development decision tree. (e) Different level of sonication power produced different level of effect on
size enlargement of LNP. (f) A schematic diagram of relative position of the flow-path of fluid in sonication field
of a water bath sonicator. (g) Process flow for small volume (1 ml and 10 ml) batches. (h) Process flow for large

batch in continuous mode.
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Figure 2. DoE of mRNA-LNPs formation, cross-point validation and buffer change. (a) Gradual changes

in LNP size in respect of varying time and pH; specific size ranges of LNPs are depicted in different colors.
Numerical values in white circle indicate representative conditions for the model validity test. (b) Relevant data
for PDI values are shown. (c) A representative histogram set from triplicate experiments of model validity test is
shown after LNP formation. (d.f) The effect of buffer change on LNP size during stabilization and formulation,
and (e,g) relevant PDI values, respectively. n=3 for all experiments.

system is achieved®. This observation has been suggesting that there might be alternative driving force(s) that
can affect Ostwald ripening.

We found that a 2-stage dialysis or solvent exchange, either by dialysis or using TFE, can attenuate the phe-
nomenon (Figs. 1c, 2d, e). Two-stage dialysis has been applied previously by other groups where MES or other
buffers were used?*?*. We have used a new buffer in our system, viz., HEPES-acetate in the first step at pH 6.7 and
PBS-based formulation buffer for the second step, that has resulted stable particle size; neither of the two buffers
alone could stop gradual size enlargement of the LNPs (Supplementary Fig. 5). DoE analysis has revealed that
the HEPES-acetate concentration in buffer treatment is critical for stabilizing the size of nascent LNPs (Fig. 2d,
e, Supplementary Fig. 6, 7 and Supplementary Table 4-6). LNPs can be dialyzed against formulation buffer after
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mRNA-LNPs formation Stabilization and formulation

Required conditions (CPPs) Required condition (CPPs) for stabilization Required condition (CPPs) for formulation
Particles size range (nm) Buffer pH | Sonication time (s) | Buffer composition % of buffer | Buffer composition % of buffer
60-80 ~(4.2-4.7) | 20-100
80-100 ~(4.4-4.7) | 10-100
100-120 ~(4.6-5.0) | 10-100 50 mM HEPES, 50 mM sodium acetate, | g0 5 1xPBS, pH 7.2 or 20 mM Tris-HCl, 88+2
120-140 ~(4.7-5.0) | 25-90 pH6.7 pH7.2 100
140-160 ~(4.8-5.0) | 35-90
160-180 ~(4.7-5.0) | 70-85

Table 1. Critical process parameters for LNP formation, stabilization and formulation.

stabilization without significant variation in sizes of LNPs where buffer strength and pH have critical impacts
(Fig. 2f, g, Supplementary Fig. 8, and Supplementary Table 7-9). DoE derived critical buffer compositions sta-
bilized LNPs at 60-180 nm (+ 10 nm) diameter range maintaining PDI value <0.200 for successive processing
steps (Supplementary Fig. 9, 10 and Supplementary Table 10, 11).

To obtain LNPs with specific size, while other methods rely on development of a specific process that involves
precise composition of components, flowrate ratios, mixing device etc.*?, our method depends on classical
DoE model and two simple parameters, viz., pH and sonication time leaving other parameters undisturbed.
Maintaining and monitoring of pH of the system and the elapsed time are the easiest critical process parameters
compared with any other relevant process parameters for example, chemical compositions, flowrate ratio, mixing
mode etc. The tuning of the chemical composition, which requires significant commitments, is not critical in this
technique, and therefore, easy to adopt for manufacturing of LNPs in bulk scale for similar formulations. It has
been shown that LNPs can continuously fuse together to form larger particle in solution®? due to the driving
force associated with Ostwald ripening'’. We have exploited this classical phenomenon of the LNP formation
and maturation process, and through a systematic sampling approach has determined the suitable condition to
obtain desired particle size for LNPs at a given pH (Supplementary Table 12). So that any specific size of LNPs
can be obtained within the range of 60 nm to 180 nm for the specific composition of LNP, albeit from lower to
higher size with the proceeding of time. The suitable conditions for manufacturing LNPs within the mentioned
size is shown in Table 1.

Every single row in Table 1 reflects a process decision to obtain LNPs within the indicated particle size-range
by following relevant values of critical process parameters (CPPs), viz., pH and sonication time. For example,
the first row suggests that to obtain LNPs within 60-80 nm diameter the process pH can be maintained within
4.2 to 4.7 and sonication time would be 20 to 100 s. Figure 2a represents a visual description of the situations,
where the green band represents the 60-80 nm LNPs. The surface response map reflects that when the pH of
the system is 4.2 then 100 s sonication time would produce LNPs with desired size-range, and with the increase
in pH value the sonication time would be gradually less. However, the maximum pH value would be 4.7 and the
relevant sonication time would be 20 s to obtain LNPs within this size-range. Higher than this pH, e.g., pH 5
would not produce LNPs within this size-range. Accordingly, the system would produce 80-100 nm LNPs at pH
4.5 and 100 s sonication, which cannot be obtained at pH 4.2. At certain condition, the combination of the pH
and sonication time is unique. Therefore, though it looks like that values for pH and sonication time in Table 1
are overlapping but practically it is not.

Most of the methods and devices being used for LNP preparation are compromised for preparing sterile LNP
preparation for application as injectable drug. Many of these technologies need specific devices, e.g., micro-
mixing cartridges (or alike), which are very expensive and have limitations on handling large volume batch
preparation. A suitable process engineering design has been reported applicable for manufacturing bulk size
batches using ethanol precipitation method?”. Though this technology is suitable for making large batch but the
cleaning (CIP) and sterilization (SIP) process for the relevant system is cuambersome, as well as this technology
is not suitable for making LNPs with dynamic size-range. Furthermore, the process vessel of the system needs to
be changed based on the batch size that require higher capital investment and bigger footprint. Our system, on
the other hand, is based on a simple T-mixer conjugated with in-line coil-flow cell system made with any suitable
materials like polymer or glass or ceramics or metals under a low-frequency sonication field (Fig. 1a, b, f). Due
to its simple construction these cells can be easily sterilized, packed, stored, transported, and used. These cells
are economical, and therefore, can be discarded after a single run, which eliminates the need of cleaning and
sterilization after a batch. Scaling up of the batch sizes can be achieved in continuous mode by simply adding
of new cells in parallel, which eliminates the need of process tuning in respect of varying batch sizes (Fig. 1h).

The yield percentage and the efficiency of mass balance are two key determinants for the robustness of pro-
cesses. To check the productivity (process robustness and yield) and functional significance (bioequivalence)
of the produced LNPs, we have considered an mRNA-based vaccine candidate against SARS-CoV-2 virus?*%.
We found that the LNPs within the 60 to 120 nm have produced suitable antibody response in mice model***.
LNPs out of this range elicited weaker response; particularly, larger than 140 nm LNPs did not produce any
detectable antibody in mice?®?. According to the DoE-derived process, we have produced mRNA-LNPs with
particle size 75+ 10 nm (Supplementary Table 12. The values for relevant productivity parameters were found in
close proximities between 3 different scales of batches (Fig. 3a—c, Supplementary Fig. 11-13, and Supplementary
Table 12-14) and established the similar process capability in any size of batches. Importantly, all doses were
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Figure 3. Characterization of the method for scale-up process and evaluation of the bioequivalency of

doses obtained from scale-up process. (a) The sizes of LNPs do not change during different steps of dose
manufacturing and handling; solid line, LNP size and dotted line, relevant PDI values. (b) The changes in LNP
size for each steps are shown for individual batch for all 3 batch sizes and found non-significant. Relevant PDI
values are shown at the bottom in dark shade. (c) The yield for different sizes of batches. (d,e) Copy numbers

of mRNA and mRNA encapsulation efficiency in LNP for different size batches, respectively. Data were
analyzed using one-way ANOVA and found non-significant; n =4 for all experiments of (a—e). (f) Antibody
titer in response of vaccination in rabbits from 3 different size batches (n=6); data were compared by Mann-
Whitney test, ****p value < 0.0001, ***p value < 0.001, **p value <0.01, *p value < 0.05. (g) Neutralization of
GFP-expressing SARS-CoV-2 pseudovirus in ACE2-expressing HEK cells by vaccinated sera (1 x, 10 xand

100 x represents vaccines manufactured from different batch sizes). The data shown here is from 640 x dilution
of sera. Compare with a commercially available anti-spike antibody all vaccinated sera showed reduced number
of GFP-positive cells (n=4). (h) The neutralization curve shows the immunized rabbit sera outclassed the
commercial SARS-CoV-2 antibody with no significant differences for 3 different size batches (n=4); the ICs,
values were found at 480 + 30 x dilutions. (i) HIV1-based SARS-CoV-2 pseudovirus neutralization by vaccinated
sera was evaluated by RT-PCR (n=4); the IC;, values were found at 280 + 40 x dilutions and superior than the
commercial antibody.

found free of bioburden (data not shown), which is a critical qualification for parenteral dose preparation. To
scale-up the process, unlike other processes, addition of the mixing chamber in parallel and maintaining the
same flow rate were found fitting. In our study we have scaled up the process successfully from 1 ml/min (manual
process) to 10 ml/min (semiautomatic process) to 60 ml/min (continuous process) that can translate into 60 ml/h
to 600 ml/h to 3600 ml/h in continuous mode, which has been signifying that the process is robust and easy for
adjustment from R&D to manufacturing scale and vice versa.

The doses from the R&D-, pilot- and largescale-processes were tested chemically and found equipotent, which
has confirmed dose similarities (Fig. 3d, e). However, it is essential to characterize the bioequivalence of doses
produced from different processes to confirm that the doses from all 3 different-size batches are similarly bioac-
tive and can be applied interchangeably. Though the vaccine was previously characterized in mice model**¥,
rabbit was used in this study to apply larger dose. The mRNA-LNP vaccine did not show any reportable toxic-
ity in animals (Supplementary Fig. 14). Compared to the lower dose (1 pg/50 pl) used in mice, the larger dose
(10 pg/500 pl) was favorable to keep the relative volume error lower between doses. The hypothesis was that
the equipotent antibody responses shall be obtained from the doses produced from 3 different size batches.
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The similar level of antibody titers with comparable neutralization capacity against two different SARS-CoV-
2-pseudoviruses were highly remarkable that has clearly established the bioequivalence of doses produced from
the R&D-, pilot-, and large-scale processes (Fig. 3f-i). Hereby, our study has established a simple and robust
process for producing clinical grade LNPs, which can be used for delivering RNAs (and/or other drugs) to achieve
desired biological response.

Conclusion

Collectively, we presented here a novel aspect of size regulation of LNPs using combined effects of pH and soni-
cation. The phenomenon has been exploited to produce LNPs with desired size in continuous mode satisfying
regulatory requirement. This report may facilitate relevant research and manufacturing of pharma-grade LNP
products. Though we have reported here manufacturing of LNP formulation within 60-180 nm, nevertheless
further study can reveal suitable conditions for extended range of LNPs. For example, LNPs around 40 nm has
been shown recently is suitable for delivery to the lungs’®, and extended study of our technology can be helpful
for manufacturing such a desired size-range of LNPs. The pharmaceutical science has entered into a new era
with the approval of first-in-class mRNA-LNP vaccine for SARS-CoV-2. As per available information, numbers
of mRNA-LNP vaccine/drugs are under development and clinical evaluation, and numerous new research pro-
grams in this field have been soaring® . The device is simple, inexpensive, single-use disposable platform and
scalable, and therefore, easily adaptable for global application. This simple, robust, continuous process platform
can significantly boost the development and manufacturing of mRNA-vaccine/drugs in bulk scale by eliminat-
ing technological bottleneck, which may revolutionize the field and ensure quick availability of latest life-saving
drugs to the global populations at an affordable cost.

Materials and methods

Materials. Cholesterol (Nippon Fine Chemical Co., Ltd, Japan), Dlin-MC3-DMA (AVT Pharmaceutical
Tech Co. Ltd., China), DSPC (Nippon Fine Chemical Co., Ltd), DMG-PEG2000 (AVT Pharmaceutical Tech Co.
Ltd., China), Ethyl alcohol (Tedia, USA), sodium acetate (FUJIFILM Wako Pure Chemical Corporation, Japan),
acetic acid (Sigma Aldrich, Germany), water for injection (WFI), HEPES (FUJIFILM Wako Pure Chemical
Corporation, Japan), sodium acetate (FUJIFILM Wako Pure Chemical Corporation, Japan), sodium hydroxide
(Merck Germany), disodium hydrogen phosphate (FUJIFILM Wako Pure Chemical Corporation, Japan), potas-
sium dihydrogen phosphate (FUJIFILM Wako Pure Chemical Corporation, Japan), sodium chloride (Merck,
Germany), potassium chloride (FUJIFILM Wako Pure Chemical Corporation, Japan) were used in relevant
experiments. Water for injection (WFI) was used for water.

Seven Excellence pH/ion meter (Mettler Toledo, Switzerland), Excellence Plus High-Performance Micro-
balance (Mettler Toledo, Switzerland) and Precision balance (Mettler Toledo, Switzerland), General T-mixture
(In-house developed), SB—4200DTS sonication system (Ningbo science Biotechnology Co., Ltd., China) were
used. The AKTA flux S and AKTA flux 6 TFF system (GE Healthcare, Sweden) and 0.1 m> NMWCO 100 kDa
PES cassette (Sartorius Stedim, Germany) were used in buffer exchange step for 100 x scale-up batch.

mRNA production. The in vitro transcription (IVT) of mRNA was performed with S-adenosylmethionine
and 3'-O-Me-m7G(5")ppp(5')G RNA Cap analog (NEB, USA) using MEGAscript™ T7 Transcription Kit (Ther-
moFisher, USA), and Ribonucleotide Solution Set (NEB, USA); final concentration of ribonucleotides was as
follows: ATP and UTP—13.13 mM, and GTP and CTP—9.38 mM. The reaction was carried out for 2 h at 37 °C
followed by DNase treatment for 15 min at 37 °C. Dephosphorylation was done using Antarctic Phosphatase
(NEB, USA) according to supplier’s manual. IVT capped mRNA was purified using phenol:chloroform:isoamyl
alcohol, and MEGAclear™ Transcription Clean-Up Kit (ThermoFisher, USA).

Stability of mRNA after sonication. Purified mRNA stability was tested after 25 kHz and 50 kHz soni-
cation treatment in water bath. At first, 1 ml purified mRNA was taken in a tube and placed in the sonication
field of water sonication bath; thereafter mRNA samples were subjected for either 50 kHz or 25 kHz sonication
for 180 s. The mRNA samples (before sonication, after 25 kHz sonication, and after 50 kHz sonication) were
analyzed in SEC-HPLC (Ultimate 3000, ThermoFisher, USA).

Formulation of mMRNA-LNPs.  All activities were performed in ISO class 7 working area. The mRNA-
LNPs formulation process was conducted following the process decision tree and flow diagram (Fig. 1d); detail
description is given below.

MRNA-LNPs formation. The optimum condition of mRNA-LNPs formation was revealed through DoE
approach. 6.25 mM sodium acetate buffer at different pH were used to find out the optimum buffer pH condi-
tion for mRNA sample preparation. The lipids MC3, DSPC, Cholesterol and DMG—PEG,, were diluted to a
working solution at the molar ratio of 50:10:38.5:1.5. After sterile filtration through 0.22-micron nylon filter,
lipid mixture and mRNA solution were mixed through T-mixer maintaining a flow rate ratio of 1:3 (flow rate
ratio, lipid composition: aqueous =12.5 ml/min: 37.5 ml/min). Total 54 batches are prepared in 3 different buffer
groups, viz., pH 4.18, pH 4.5 and pH 5.0. The samples were subjected for sonication at 25 kHz for indicated time
points. The LNP samples were purified by SEC, and filtered through 0.22-micron PES filter for bioburden reduc-
tion. The particle size and PDI of LNPs were analyzed as IPC.
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DoE of LNP formation and size optimization. The pH and time dependent (with 3 levels of pH opti-
mality and 0-100 s time-span) randomized 2-level factorial DoE design was obtained using DesignExpert 13
software (Stat-Ease, USA). The model was further potentiated by 5-levels of time constraints at 0, 20, 40, 60, 80,
and 100 s with 3 replicate points (blocks). The dataset from the surface response map was analyzed in DesignEx-
pert 13 for the validity of the DoE model. Poisson regression method was followed for the calculation of maxi-
mum likelihood analysis where p values less than 0.0500 indicate model terms are significant.

Cavitation zone/sonication field in water bath. The optimum sonication filed was identified for water
bath sonication system by aluminum foil signal measurement method*'. Briefly, aluminum foil was placed in
sonication bath at the bottom, then the bath was filled with water up to the desired level and ultrasonication was
applied for 2 min. The damaged spots on the foils were marked and a surface response map was plotted. The
same process was repeated at 1 inch interval from the bottom to the top of the water level. Relevant damage-
spots on the aluminum foils were used and surface response maps were plotted; the 3D zone was identified from
surface response maps.

Stabilization of LNPs. LNP samples were subjected for dialysis for approximately 18 h. Samples were fur-
ther dialyzed in 100 kDa regenerated cellulose (RC) tube at 22 +2 °C against indicated buffers (50 mM HEPES
pH 6.7, 50 mM HEPES/sodium acetate pH 6.7, 1 x PBS pH 7.2 and 1 x PBS pH 7.4) at 3 different dilutions (75%,
90%, and 100%) for stabilization of LNPs. Samples were measured at indicated time point for particle size and
PDI using Zetasizer Nano ZSP.

Formulation of LNP. Formulation of LNPs for representative samples were achieved by dialysis using
100 kDa RC tube at 22+2 °C for 3-4 h in indicated buffers following classical screening design; the parti-
cle size and PDI were analyzed as IPC. Formulated samples were subjected for dose qualification as described
previously®.

Process scale-up. The process was evaluated to confirm whether the process is reproducible and scalable.
1x(10 ml) and 10x (100 ml) batches were done manually using a T-mixer and syringe. For 100 (1000 ml)
batch, continuous mode process was used.

Process scale-up at 10x.  For each 100 ml batch preparation, 30 ml lipid mixture and 90 ml mRNA solution
were prepared in relevant buffers (from stock), and passed through sterile 0.22-micron nylon and PES filter,
respectively. Lipid mixture and mRNA solution were mixed through T-mixer maintaining flow rate ratio 1:3. The
formed LNP were subjected to sonication for indicated time points for size optimization. LNP samples were dia-
lyzed against 88% of 50 mM HEPES/sodium acetate, pH 6.7 for 18 h followed by a second dialysis against 88% of
1xPBS, pH 7.2. for 3 h. The LNP samples were filtered through 0.22-micron PES filter for bioburden reduction
and were subjected for QC analysis as described elsewhere®. The particle size and PDI were analyzed as IPC.

Process scale-up at 100x. For each 1000 ml batch preparation, 300 ml lipid mixture and 800 ml mRNA solu-
tion were prepared in relevant buffers (from stock), and passed through sterile 0.22-micron nylon and PES filter,
respectively. Lipid mixture and mRNA solution were mixed through T-mixer maintaining flow rate ratio 1:3 in
a continuous mode, and passed through sonication coil (sonicated for indicated time), and collected in 1st TFF
reservoir. LNP sample were stabilized in 1st TFF against 88% of 50 mM HEPES/sodium acetate, pH 6.7 through
100 kDa molecular weight cut-off filter. The retentate sample were collected in 2nd TFF reservoir for formula-
tion, where 20 mM Tris-HCI, pH 7.2 was used as formulation buffer. The retentate sample was collected in a
sterile pyrogen-free 2 D bag after sterile filtration through Sartopore 2 filter (0.45|0.2-micron PES, Sartorius).
Formulated samples were subjected for QC analysis as described elsewhere®. The particle size and PDI were
analyzed as IPC.

Lipid nanoparticles (LNPs) size and PDI analysis. Lipid nanoparticle size distribution (size and poly-
dispersity) were analyzed using Malvern Zetasizer Nano ZSP system along with single use, clear, disposable
sizing cuvette (DTS0012). For each sample preparation, 975 pl filtered relevant buffer/dispersant was taken in a
cuvette (DTS0012) and then mixed well with 25 pl filtered sample by pipetting. The run method was prepared
for measurement type—‘size’ in the ‘measure’ tab in the Zetasizer software where cell equilibration temperature
(20 °C), equilibration time (300 s), measurement angle (173 °C Backscatter ‘NIBS default’), measurement dura-
tion (automatic), delay between measurement (60 s), data processing or analysis model (general purpose ‘nor-
mal resolution’) were set. The respective refractive index (RI), viscosity and dielectric constant (DC) were used
for analysis. The relevant values are as follows: RI: 1.46, viscosity:1.00 and DC: 72 for 6.25 mM sodium acetate
pH 4.18, pH 4.50 and 5.00, RI: 1.464, viscosity:1.00 and DC: 72 for 50 mM HEPES pH 6.7, 50 mM HEPES/
ACETATE pH 6.7, 50 mM HEPES pH 7.2, RI: 1.454, viscosity:1.00 and DC: 79 for 1 x PBS pH 7.2 and 7.4 and
RI:1.350, viscosity:1.00 and DC: 79 for 20 mM Tris-HCIl pH 7.2. After completion of analysis, the size distribu-
tion by number percentage and histogram with oversize curve for each sample was deduced.

Analysis of copy number and percentage of encapsulated mRNA in LNP. RT-qPCR technique
was performed according to GoTaq’1-Step RT-qPCR (Promega, USA) kit instructions using LNPs and RNase
treated LNP samples. Reverse transcription was done at 37 °C for 15 min then hold for 10 min at 95 °C for
reverse transcriptase inactivation and GoTaq® DNA polymerase activation. Primers, 0751F and 592R, were used
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for amplification of the target. Denaturation was done at 95 °C for 10 s, annealing at 45 °C for 30 s, extension at
68 °C for 30 s for 40 cycles (QuantStudio 12 K Flex, ThermoFisher, USA). After completion of PCR cycle, melt
curve was analyzed for integrity checking.

Animal management and vaccination. The study is reported in accordance with ARRIVE guidelines.
A total of 24 New Zealand white rabbit (female) of 10-12 weeks old were selected and isolated 5 days before
immunization. After careful observation and conditioning, they were subjected for vaccination. The tempera-
ture in the experimental animal room was 26 °C (+2 °C) and the relative humidity was 60 +5%. The room was
HVAC controlled ISO class 7 room with 70% fresh air intake and full exhaust. The rabbits were individually
housed in cage with proper water and food, and kept under 12 h of day-night cycle. Animal cages were cleaned
and locations of cages were rotated daily. Animals were separated into 4 different groups consisting 6 rabbits
in each group. Randomization was done using the standard=RAND() function in Microsoft Excel; treatments
were given single-blinded in numerical order. GBPD060 formulations (from 1 x, 10 x, and 100 x batch size) and
vehicle were administered intramuscularly (IM) in quadriceps as per study design for treatments and placebo,
respectively. The study plan and procedures were approved by the internal ethical review board (IECB-PCS:
Internal Ethical Clearance Board for Pre-Clinical Study) of Globe Biotech Limited, which is complied with the
local and international regulation.

Antibody titer analysis. Serum from the rabbit of different groups were analyzed by enzyme-linked immu-
nosorbent assay (ELISA) to determine sera antibody titers. ELISA plate (Corning, USA) was coated with 1 ug/
ml SARS-CoV-2 Spike S1+ S2 ECD-His recombinant protein (Sino Biological, China) in Dulbecco’s phosphate-
buffered saline (DPBS) (ThermoFisher, USA) for 2 h at room temperature. Plate was washed for 3 times with
DPBS +0.05% Tween 20 (Scharlau, Spain) and then blocked with PBS + 1% BSA (ThermoFisher, USA) +0.050%
Tween-20 for 2 h at 37 °C. The plate was washed for 3 times then incubated with rabbit sera and SARS-CoV-2
Spike antibody (Sino Biological, China) for 2 h at 37 °C. After washing for 3 times, the plate was incubated with
HRP-conjugated goat anti-rabbit IgG (H+L) secondary antibody (ThermoFisher, USA) for 50 min at room
temperature. Final washing was done for 3 times and then developed for colorimetric reaction with Pierce TMB
substrate (ThermoFisher, USA) for 10 min. The reaction was stopped with 1 N HCI and the plate was read at
450 nm wavelength within 30 min.

Pseudovirus preparation and in vitro neutralization. Adenovirus and retrovirus based pseudovirus

were prepared for SARS-CoV-2 in vitro and in vivo neutralization assay as described previously?>*’.

Neutralization assay. ACE2-expressing HEK293 cell (Innoprot, Spain) were seeded in two 96-well TC-
treated plate at a concentration of 2.2 x 10* cells/well and incubated for overnight. One plate was used for adeno-
based pseudovirus and other plate for retro-based pseudovirus, respectively. Two separate plates were used for
serum preparation. Different rows of the plate were used for different group, such as A1-A10 for treatment
group 1 (1 x: 10 ml batch), BI-B10 for treatment group 2 (10 x: 100 ml batch), C1-C10 for treatment group 3
(100%: 1000 ml batch), D1-D10, E1-E10 and F1-F10 for control, commercial anti spike and only cell group,
respectively. Sera from different mice of same group were collected and pooled for neutralization assay. 10 pl
sera from vaccinated mice was added in 90 ul complete DMEM media, and were serially twofold diluted up-to
9 times. 1.2x 10° pseudovirus in 50 pl was added into different wells that contained serially diluted serum and
mixed properly. The SARS-CoV-2 pseudovirus and serum mixture was incubated for 1.5 h at 37 °C. Then, 100 ul
of pseudovirus and serum mixture was transferred on pre seeded cells. 5 ug/ml poly L-lysine (Wako, Japan) was
added into each well for enhancing the transduction. Then, incubation was performed at 37 °C for 48 h and
GFP-fluorescence were measured using Varioskan LUX (ThermoFisher, USA). Number of virus particle inside
the cells were determined by qPCR (QuantStudio 12 K Flex, ThermoFisher, USA).

Statistical analysis. DesignExpert 13 and Microsoft Excel were used for statistical analysis. The standard
deviation was considered as data acceptance criteria; p <0.05 were considered significant.

Data availability
The data that support the findings of this study are available within the article and its supplementary document
file, or are available from the corresponding author upon reasonable request.

Received: 4 December 2021; Accepted: 28 April 2022
Published online: 07 June 2022

References
1. Kallen, K.-J. & Thef3, A. A development that may evolve into a revolution in medicine: mRNA as the basis for novel, nucleotide-
based vaccines and drugs. Ther. Adv. Vaccines 2, 10-31 (2014).

. Schlake, T, Thess, A., Fotin-Mleczek, M. & Kallen, K.-J. Developing mRNA-vaccine technologies. RNA Biol. 9, 1319-1330 (2012).

. Pascolo, S. Vaccination with messenger RNA. Methods Mol. Med. 127, 23-40 (2006).

. Kulkarni, J. A. et al. The current landscape of nucleic acid therapeutics. Nat. Nanotechnol. 16, 630-643 (2021).

. Samaridou, E., Heyes, J. & Lutwyche, P. Lipid nanoparticles for nucleic acid delivery: Current perspectives. Adv. Drug Deliv. Rev.
154-155, 37-63 (2020).

. Danaei, M. et al. Impact of particle size and polydispersity index on the clinical applications of lipidic nanocarrier systems. Phar-
maceutics 10, E57 (2018).

G W N

(=2}

Scientific Reports |

(2022) 12:9394 | https://doi.org/10.1038/s41598-022-12100-z nature portfolio



www.nature.com/scientificreports/

7. Chen, S. et al. Influence of particle size on the in vivo potency of lipid nanoparticle formulations of siRNA. J. Controll. Release 235,
236-244 (2016).

8. Andar, A. U, Hood, R. R,, Vreeland, W. N, DeVoe, D. L. & Swaan, P. W. Microfluidic preparation of liposomes to determine particle
size influence on cellular uptake mechanisms. Pharm. Res. 31, 401-413 (2014).

9. Lokugamage, M. P. et al. Optimization of lipid nanoparticles for the delivery of nebulized therapeutic mRNA to the lungs. Nat.
Biomed. Eng. 5, 1059-1068 (2021).

10. FDA—Liposome Drug Products; Chemistry, Manufacturing, and Controls; Human Pharmacokinetics and Bioavailability; Labe-
ling Documentation. Guidance for Industry; April 2018 Pharmaceutical Quality/CMC.; U.S. Department of Health and Human
Services Food and Drug Administration Center for Drug Evaluation and Research (CDER), 2018.

11. Chen, M,, Liu, X. & Fahr, A. Skin penetration and deposition of carboxyfluorescein and temoporfin from different lipid vesicular
systems: In vitro study with finite and infinite dosage application. Int. . Pharm. 408, 223-234 (2011).

12. Terada, T. et al. Characterization of lipid nanoparticles containing ionizable cationic lipids using design-of-experiments approach.
Langmuir 37, 1120-1128 (2021).

13. Igyarto, B. Z., Jacobsen, S. & Ndeupen, S. Future considerations for the mRNA-lipid nanoparticle vaccine platform. Curr. Opin.
Virol. 48, 65-72 (2021).

14. De Smet, Y., Deriemaeker, L., Parloo, E. & Finsy, R. On the determination of Ostwald ripening rates from dynamic light scattering
measurements. Langmuir 15, 2327-2332 (1999).

15. Gindy, M. E. et al. Stabilization of Ostwald ripening in low molecular weight amino lipid nanoparticles for systemic delivery of
siRNA therapeutics. Mol. Pharm. 11, 4143-4153 (2014).

16. Huang, X. et al. Ultrasound-enhanced microfluidic synthesis of liposomes. Anticancer Res. 30, 463-466 (2010).

17. Li, C. & Deng, Y. A novel method for the preparation of liposomes: Freeze drying of monophase solutions. J. Pharm. Sci. 93,
1403-1414 (2004).

18. Jahn, A, Vreeland, W. N., DeVoe, D. L., Locascio, L. E. & Gaitan, M. Microfluidic directed formation of liposomes of controlled
size. Langmuir ACS J. Surf. Colloids 23, 6289-6293 (2007).

19. Jahn, A. et al. Microfluidic mixing and the formation of nanoscale lipid vesicles. ACS Nano 4, 2077-2087 (2010).

20. Kulkarni, J. A. et al. On the formation and morphology of lipid nanoparticles containing ionizable cationic lipids and siRNA. ACS
Nano 12, 4787-4795 (2018).

21. Forbes, N. et al. Rapid and scale-independent microfluidic manufacture of liposomes entrapping protein incorporating in-line
purification and at-line size monitoring. Int. J. Pharm. 556, 68-81 (2019).

22. Roces, C. B. et al. Manufacturing considerations for the development of lipid nanoparticles using microfluidics. Pharmaceutics
12, 1095 (2020).

23. Leung, A. K. K,, Tam, Y. Y. C,, Chen, S., Hafez, I. M. & Cullis, P. R. Microfluidic mixing: A general method for encapsulating
macromolecules in lipid nanoparticle systems. J. Phys. Chem. B 119, 8698-8706 (2015).

24. Belliveau, N. M. et al. Microfluidic synthesis of highly potent limit-size lipid nanoparticles for in vivo delivery of siRNA. Mol. Ther.
Nucleic Acids 1, €37 (2012).

25. Rungta, R. L. et al. Lipid nanoparticle delivery of siRNA to silence neuronal gene expression in the brain. Mol. Ther. Nucleic Acids
2, e136 (2013).

26. Chaudhary, N., Weissman, D. & Whitehead, K. A. mRNA vaccines for infectious diseases: Principles, delivery and clinical transla-
tion. Nat. Rev. Drug Discov. 20, 817-838 (2021).

27. Wagner, A. et al. GMP production of liposomes—A new industrial approach. J. Liposome Res. 16, 311-319 (2006).

28. Baray, J. C. et al. BANCOVID, the First D614G Variant mRNA-Based Vaccine Candidate Against SARS-CoV-2 Elicits Neutralizing
Antibody and Balanced Cellular Immune Response (2020). https://doi.org/10.1101/2020.09.29.319061.

29. Nag, K. et al. An mRNA-based vaccine candidate against SARS-CoV-2 elicits stable immuno-response with single dose. Vaccine
39, 3745-3755 (2021).

30. Pardi, N., Hogan, M. J., Porter, E W. & Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 17,
261-279 (2018).

31. Jiang, L. et al. Dual mRNA therapy restores metabolic function in long-term studies in mice with propionic acidemia. Nat. Com-
mun. 11, 5339 (2020).

32. Rosa, S. S., Prazeres, D. M. E, Azevedo, A. M. & Marques, M. P. C. mRNA vaccines manufacturing: Challenges and bottlenecks.
Vaccine 39, 2190-2200 (2021).

33. Wang, Y. et al. mRNA vaccine: A potential therapeutic strategy. Mol. Cancer 20, 33 (2021).

34. Miao, L., Zhang, Y. & Huang, L. mRNA vaccine for cancer immunotherapy. Mol. Cancer 20, 41 (2021).

35. Patel, S. et al. Messenger RNA delivery for tissue engineering and regenerative medicine applications. Tissue Eng. Part A 25,91-112
(2019).

36. Davies, N. et al. Functionalized lipid nanoparticles for subcutaneous administration of mRNA to achieve systemic exposures of a
therapeutic protein. Mol. Ther. Nucleic Acids 24, 369-384 (2021).

37. Ramaswamy, S. et al. Systemic delivery of factor IX messenger RNA for protein replacement therapy. Proc. Natl. Acad. Sci. 114,
E1941-E1950 (2017).

38. Kole, R., Krainer, A. R. & Altman, S. RNA therapeutics: Beyond RNA interference and antisense oligonucleotides. Nat. Rev. Drug
Discov. 11, 125-140 (2012).

39. Weng, Y. et al. Improved nucleic acid therapy with advanced nanoscale biotechnology. Mol. Ther. Nucleic Acids 19, 581-601 (2020).

40. Lundstrom, K. RNA-based drugs and vaccines. Expert Rev. Vaccines 14, 253-263 (2015).

41. Yuan, B,, Jiang, Y. & Zhu, L. Study on the Processing Methods of Aluminum Foil Measurement Signals for Ultrasonic Cleaning
Parameters. In 2011 Second International Conference on Digital Manufacturing & Automation 1180-1183 (IEEE, 2011). https://
doi.org/10.1109/ICDMA.2011.290.

Acknowledgements

The study was funded by Globe Biotech Limited. We thank Md. Harunur Rashid, the chairman of Globe Pharma-
ceuticals Group of Companies, Ahmed Hossain, Md. Mamunur Rashid, Md. Shahiduddin Alamgir and Abdul-
lah Al Rashid, the directors of Globe Pharmaceuticals Group of Companies for their continuous support and
encouragement. We also thank Md. Raihanul Hoque, Dibakor Paul, Mithun Kumar Nag, and Zahir Uddin Babor
for their support for facility and information management system.

Author contributions
K.N. and N.S. conceptualized the project. K.N., N.S., S.X., EH.S., J.I, M.R.K. and ].C.B. designed experiments
and analyzed data. S.K, EH.S,, S.C,, ].I, HK,, UB., M.R.K. and J.C.B. performed experiments. K.N., S.X., E.H.S,,

JL,

M.R.K. drew the schematic figures. K.N., N.S., S.K.,, EH.S,, J.I, M.R.K,, ].C.B.,, E.H.B. and M.M. wrote the

Scientific Reports |

(2022) 12:9394 | https://doi.org/10.1038/s41598-022-12100-z nature portfolio


https://doi.org/10.1101/2020.09.29.319061
https://doi.org/10.1109/ICDMA.2011.290
https://doi.org/10.1109/ICDMA.2011.290

www.nature.com/scientificreports/

manuscript. K.N. and N.S. supervised the study. All authors discussed the results and assisted in the preparation
of the manuscript.

Funding
Globe Biotech Limited funded this research.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-12100-z.

Correspondence and requests for materials should be addressed to K.N. or N.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:9394 | https://doi.org/10.1038/s41598-022-12100-z nature portfolio


https://doi.org/10.1038/s41598-022-12100-z
https://doi.org/10.1038/s41598-022-12100-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	DoE-derived continuous and robust process for manufacturing of pharmaceutical-grade wide-range LNPs for RNA-vaccinedrug delivery
	Results and discussion
	Conclusion
	Materials and methods
	Materials. 
	mRNA production. 
	Stability of mRNA after sonication. 
	Formulation of mRNA-LNPs. 
	mRNA-LNPs formation. 
	DoE of LNP formation and size optimization. 
	Cavitation zonesonication field in water bath. 
	Stabilization of LNPs. 
	Formulation of LNP. 
	Process scale-up. 
	Process scale-up at 10 ×. 
	Process scale-up at 100 ×. 

	Lipid nanoparticles (LNPs) size and PDI analysis. 
	Analysis of copy number and percentage of encapsulated mRNA in LNP. 
	Animal management and vaccination. 
	Antibody titer analysis. 
	Pseudovirus preparation and in vitro neutralization. 
	Neutralization assay. 
	Statistical analysis. 

	References
	Acknowledgements


