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Disclaimer 

Whilst every reasonable care has been taken in preparing this report, and the information in it is believed to be accurate and reliable, it is not guaranteed or represented to 

be so (in either an express or implied way).   

The views expressed in this document are those of Centre for Process Innovation Limited (“CPI”) or its subsidiaries, CPI Innovation Services Limited (“CPIIS”), CPI Enterprises 

Limited (“CPIE”) (collectively “CPI Group”) and are based in good faith upon specific information and data published in this report.   

For the avoidance of doubt, CPI Group is interchangeable and shall be construed as the relevant entity you have contracted with (CPI, CPIIS or CPIE). 

If this report was prepared for you, unless otherwise set out in CPI Group’s proposal and terms and conditions attached to it (“Proposal”), CPI Group’s maximum liability to you 

in relation to any claim arising from or in connection with this report, and any exclusions of its liability for losses shall be as set out in the Proposal.   

Should you disclose this report to any third party, you must make them aware that they are NOT entitled or authorised to rely upon or use it in any way.  This report is licensed 

to you for your use only for the specific purposes that have been agreed between you and CPI Group in the Proposal.] 

If you are a body that is subject to the Freedom of Information Act 2000, Environmental Information Regulations 2004, and/or any other public access and/or disclosure 

obligations, please note that much of the contents of the report contains trade secrets that may relate to patentable materials, trading activities and commercial secrets 

protected by legally enforceable duties of confidentiality that fall within the statutory exemptions to public disclosure.  It is a condition of CPI Group making this report available 

to you that you must not make any public disclosure of this report under any such legislation without consulting CPI Group first and redacting all elements required by CPI 

Group that are exempt from statutory disclosure under relevant legislation. 

This report is a project report for a collaborative project funded by public monies and is not intended to be a full technical report of the project.  It is intended to be a summary 

of the experiments undertaken by CPI Group and a collation of the resulting data.  Access to this report, or any part of it, should not be given to any other person. 

  

Number: CPI-QD-22687               Version: 1.0               Status: Approved    Approved Date: 16 Apr 2026
Evaluation of AXF Pathfinder and Horizon MiniTM for Poly(A) and mRNA Lipid nanoparticle production

This copy of the document was retrieved from the system by Natasha Lethbridge on 16 Apr 2026 and 17:02 GMT+01:00



 

 

3 
 

Commercial in confidence 
CPI Group 

Report compiled by Joyceline Durairaj 

Midhun Ben Thomas 

Natasha Lethbridge 

 

Centre for Process 

Innovation Group 

(CPI Group) 

Wilton Centre 

Wilton 

Redcar 

Cleveland 

TS10 4RF 

United Kingdom 

Telephone 

Website 

+44 (0)1642 455 340 

www.uk-cpi.com 

 

 

 

Number: CPI-QD-22687               Version: 1.0               Status: Approved    Approved Date: 16 Apr 2026
Evaluation of AXF Pathfinder and Horizon MiniTM for Poly(A) and mRNA Lipid nanoparticle production

This copy of the document was retrieved from the system by Natasha Lethbridge on 16 Apr 2026 and 17:02 GMT+01:00



 

 

4 
 

Commercial in confidence 
CPI Group 

Contents 

 

1 Executive summary ............................................................................................. 6 

 

2 Introduction ......................................................................................................... 8 

 

3 Objectives and deliverables .............................................................................. 11 

 

4 Materials and methods ..................................................................................... 12 

4.1 Samples and materials.................................................................................................................... 12 

4.2 Work Package 2: Evaluation of AXF Pathfinder ............................................................................ 12 

4.3 Work package 4: Evaluation of the GMP Continuous Manufacturing Prototype 

Horizon MiniTM ................................................................................................................................. 14 

4.4 Analytical techniques ...................................................................................................................... 15 

4.4.1 Dynamic Light Scattering .................................................................................................................................. 15 

4.4.2 Electrophoresis light scattering ....................................................................................................................... 15 

4.4.3 RiboGreen .......................................................................................................................................................... 15 

5 Results and discussions ..................................................................................... 17 

5.1 WP2: Evaluation of AXF Pathfinder ................................................................................................ 17 

5.1.1 Experimental screening approach 1 - Plates 1 to 4 ....................................................................................... 17 

5.1.2 Experimental screening approach 2 - Ignite+ run and Plates 5 to 7 ............................................................ 20 

5.1.3 Automated RiboGreen Assay Optimisation .................................................................................................... 22 

5.1.4 Experimental run on Optimised Automated RiboGreen Workflow Across FRR 3:1 and 4:1 ..................... 23 

5.1.5 Translation of the Optimised AXF-Pathfinder Process from Poly(A) to GFP mRNA LNPs .......................... 24 

5.2 WP4: Evaluation of Horizon MiniTM................................................................................................ 26 

5.2.1 Translation of AXF-Optimised Mixing Conditions to Horizon MiniTM for Small-Scale Batch 

Production ......................................................................................................................................................... 26 

5.2.2 Evaluation of Horizon MiniTM at 5 L Equivalent Volume (Medium-Scale) .................................................... 32 

Number: CPI-QD-22687               Version: 1.0               Status: Approved    Approved Date: 16 Apr 2026
Evaluation of AXF Pathfinder and Horizon MiniTM for Poly(A) and mRNA Lipid nanoparticle production

This copy of the document was retrieved from the system by Natasha Lethbridge on 16 Apr 2026 and 17:02 GMT+01:00



 

 

5 
 

Commercial in confidence 
CPI Group 

5.2.3 Large-Scale DDAB Production at 50 L scale and Root-Cause Evaluation of Horizon MiniTM 

Emergency Stops ............................................................................................................................................... 36 

5.2.4 Large-Scale batch SM-102 formulation and trouble shooting...................................................................... 37 

 

6 Conclusions......................................................................................................... 44 

 

7 Recommendations ............................................................................................. 45 

 

8 References .......................................................................................................... 46 

 

9 Abbreviations ..................................................................................................... 48 

 

 

Number: CPI-QD-22687               Version: 1.0               Status: Approved    Approved Date: 16 Apr 2026
Evaluation of AXF Pathfinder and Horizon MiniTM for Poly(A) and mRNA Lipid nanoparticle production

This copy of the document was retrieved from the system by Natasha Lethbridge on 16 Apr 2026 and 17:02 GMT+01:00



 

 

6 
 

Commercial in confidence 
CPI Group 

1 Executive summary 

Project RAP-IDD was a collaborative initiative funded by Innovate UK, designed to establish an expedited 

platform for the development, technology transfer, and cGMP manufacturing of mRNA/DNA lipid 

nanoparticles. This joint initiative united diverse capabilities in formulation, process development, 

automation, and mixing technologies. The advanced crossflow (AXF) micro mixing and continuous 

production prototype was created by Micropore Technologies Ltd with assistance from Labman 

Automation Ltd who designed and integrated automation platforms, including automated sample 

handlers and syringe pumps. CPI contributed its expertise to the formulation and process evaluation, 

offering automated analytical capabilities to verify and validate the platform focused on lipid 

nanoparticle (LNP) generation and assessing their critical quality attributes (CQAs) such as size, PDI, 

encapsulation efficiency (EE%), and recovery. This report summarises CPI's role in illustrating the 

feasibility of integrating high-throughput LNP screening with automated characterisation, eventually 

scaling up utilising the same AXF-mixer in both Work Package 2 and 4 (WP2 ; WP4).  

WP2 delineates the commissioning and installation of the AXF Pathfinder in CPI to facilitate high-

throughput LNP screening at a microscale of 550 µL utilising poly A and the cationic lipid DDAB. The AXF 

micromixer platform comprises integrated automated syringe pumps and a 96 deep well plate for 

sample collection, facilitating quick LNP production under diverse process circumstances while 

minimising material consumption. The screened and generated LNPs were characterised for their size 

and EE% using automated dynamic light scattering (DLS) and a Ribogreen robot. This facilitated rapid 

assessment of CQAs and established clear correlations between LNPs CQAs and process conditions, such 

as a reduction in particle size with increasing total flow rate (TFR). The citrate buffer at pH 4.5 yielded 

smaller LNPs compared to pH 6, while maintaining EE% at approximately 90%, indicating robust 

PolyA/mRNA encapsulation using the AXF mixer. Initial trials demonstrated reduced recovery across 

several samples; however, subsequent optimisation of lipid content and process parameters improved 

recovery while preserving the other CQAs. Under ideal conditions, mRNA-loaded cationic lipid LNPs 

exhibited a particle size between 70-140 nm, with enhanced EE% (>90%) and better recovery (>85%) in 

most instances, hence giving a compelling rationale for the refinement of process conditions for further 

assessment. 

 

WP4 sought to examine the continuous manufacturing prototype to determine if the AXF mixer utilised 

in WP2 could be adapted for large-scale production. The objectives of this work package are to assess 

the performance of the prototype utilising various lipid systems, including Pfizer, Onpattro, Moderna, 

and the DDAB lipid system, which has been optimised for lipid content and process parameters from 

work package 2, to determine if the CQAs are preserved during scale-up without substantial re-

optimization. In addition to the various lipid systems, WP4 also assessed the prototype using escalating 

sample quantities, ranging from 200 mL to 1000mL of sample creation. Initial scale-up experiments 

indicated that the prototype successfully generated LNPs with various lipid formulations while preserving 
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acceptable CQAs. This proved that the improved process parameters from the small-scale run can be 

successfully applied to large-scale volumes while maintaining consistent CQAs. Subsequently, extensive 

sample sizes ranging from 5L to 50L were evaluated to assess the resilience of the process under 

extended working conditions 

 

WP4 identified several process and engineering constraints, particularly in DDAB formulations, which 

resulted in lipid aggregation on the AXF mixer insert and pressure accumulation in the pump system. 

These issues caused system interruptions, ultimately necessitating an emergency stop during the 50 L 

sample volume run, thereby underscoring the challenges inherent in the continuous processing of 

specific lipid formulations. This indicated the process constraints that must be addressed prior to 

executing any large-scale operations. This was succeeded by troubleshooting efforts, during which 

different membrane designs were compared, cleaning and priming techniques were improved, certain 

tube components were replaced, and an alternate insert with a different geometry was assessed to 

mitigate fouling. This facilitated our comprehension of the process concerning the interplay between 

equipment configuration, fluid management, and formulation composition. Despite the challenges 

encountered in DDAB formulations, stable continuous production was attained by employing modified 

operating conditions on SM102 formulations, yielding approximately 9.2 L of LNPs with size and PDI 

consistent with those observed in small-scale runs, thereby demonstrating the capability of AXF mixer 

platforms to facilitate scalable LNP production. 

 

In conclusion, CPI's comprehensive involvement in WP2 and WP4 demonstrated the feasibility of 

integrating high-throughput screening, automated characterisation, and scale-up utilising the AXF mixing 

platform. This project demonstrated a robust alignment between consortium competencies and project 

goals, with Micropore Technologies Ltd supplying the fundamental mixing technology, Labman 

Automation Ltd implementing the necessary automation infrastructure, and CPI spearheading the 

formulation and analytical tasks essential for validating platform performance and facilitating 

advancement towards GMP-compliant manufacturing.  
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2 Introduction 

Messenger RNA (mRNA) therapies have revolutionised modern medicine by enabling accurate, transient 

protein expression without the risk of genetic integration (Sui et al., 2025). mRNA has exhibited 

therapeutic potential in diverse applications, encompassing viral vaccines, protein replacement 

therapies, cancer immunotherapies, cellular reprogramming, and genome editing. For therapeutic 

effectiveness, mRNA molecules must arrive at specific target cells and produce enough of the intended 

proteins. However, targeted distribution and endosomal escape remain significant issues for mRNA 

delivery systems, highlighting the need for safe and effective mRNA delivery materials (Hou et al., 2021). 

 

LNPs are clinically relevant delivery vehicles capable of administering mRNA-based therapies, positioning 

them as a promising option for vaccinations (Chaudhary et al., 2021). The clinical efficacy of mRNA 

vaccines during the COVID-19 pandemic not only confirmed the viability of this technology but also 

catalysed swift advancements in mRNA design and delivery. This achievement expedited worldwide 

investment in RNA therapies and underscored the critical significance of resilient formulation and 

manufacturing technologies that can consistently and efficiently produce mRNA-LNPs (Huang et al., 

2022). 

 

Microfluidics mixing platforms are currently prominent in mRNA-LNP research due to their precise fluid 

handling and mixing conditions, which are deemed extremely useful throughout laboratory and 

preliminary development stages. Instruments such as Ignite, Ignite+, and Blaze exemplify the utilisation 

of microfluidic chips or cartridges for process development, facilitating controlled study parameters like 

Flow Rate Ratio (FRR) and TFR, thereby standardising small-scale LNP processes. While the LNP 

productions have been standardised during the transition from small-scale to large-scale production, it 

is necessary to address the disparities in geometries and flow paths utilised in the cartridges. 

Consequently, the Ignite chip and Blaze chip will exhibit distinct microfluidic geometries and flow 

regimes. Additionally, the batch volume necessitates additional work on process parameters, which 

results in the necessity of repetitive conformation of process conditions and further optimisation, even 

though the underlying platform family is related. This remains a considerable challenge from a process 

development perspective.  

 

Traditional microfluidic devices optimise material utilisation and perform well at a small scale; however, 

they often produce limited amounts each run and require extensive screening to define the formulation 

space. The complexity of scaling up pertains to various unit operations, offline analytics, and the 

utilisation of single-use consumables as technology progresses towards continuous manufacturing or 

high throughput. The RAP-IDD project aims to close the gap between formulation screening and large-

scale production by employing a single crossflow mixer suitable for both bench-top and continuous 

production equipment, thereby minimising the additional workload for Research and Development 

(R&D) in transitioning from bench-top to large-scale batch production. 
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Crossflow membrane technology entails the passage of the dispersed organic phase across a porous 

membrane (3-350 μm) while permitting the continuous phase to traverse its surface. Nanoparticles are 

generated via self-assembly when the dispersed phase exits the membrane's pores and engages with 

the continuous phase. This entire mechanism depends on the interaction between crossflow conditions 

and phase exchange at the membrane interface, in contrast to microfluidics, which is only determined 

by channel geometry. This distinction is significant as it provides an alternative method for controlled 

particle creation while establishing a platform that is intrinsically more conducive to reuse and scalability. 

Supporting literature indicates that crossflow micro mixing is effective for the preparation of mRNA-LNPs 

under various mixing settings, underscoring its significance as a feasible manufacturing approach for 

RNA delivery systems (Hussain et al., 2024). 

 

This project RAP-IDD utilised the AXF Pathfinder 20, a benchtop integrated crossflow device equipped 

with a mounting mechanism for AXF-Mini (advanced cross flow) and its corresponding flow paths. This 

instrument was developed with a user-friendly software to facilitate high-throughput formulation 

screening. These are generated in standard multi-well plates (96, 48, and 24 well formats), facilitating 

efficient preclinical development. The exact same AXF cross flow mixer was employed in the continuous 

manufacturing Horizon MiniTM instrument, utilising the same principles and comparable process 

parameters for large-scale production. This study represents a notable advance by diminishing the 

necessity for extensive re-characterization generally mandated when transitioning between various 

small and large-scale mixing systems, such as Ignite and Blaze. In addition to these benefits, the AXF cross 

flow mixer is constructed from stainless steel, providing sustainable alternatives and diminishing reliance 

on single-use consumables while adhering to the core concepts of green biomaterials (Rabiee et al., 

2023).   

 

This report emphasises the two principal technical work packages provided by CPI. WP2 delineates the 

production of approximately 1000 LNP samples at a microvolume scale (550 µL) utilising the AXF 

Pathfinder instrument, incorporating Poly(A) as the payload and a cationic lipid system (DDAB). This is 

succeeded by automated DLS and Ribogreen assays to evaluate the CQAs and select specific formulation 

parameters for re-preparation using GFP-mRNA for in vitro potency assessment.   

 

WP4 delineates the assessment of the GMP Continuous Manufacturing Prototype Horizon MiniTM, thus 

extending this research into scale-up and continuous manufacturing. CPI and Micropore Technologies 

Ltd assessed the continuous AXF prototype Horizon MiniTM with escalating batch quantities and various 

lipid systems to determine if the AXF-based mixing methodology could be effectively scaled from 

screening to bigger manufacturing while preserving product quality. This encompassed the installation 

and health, safety, and environmental assessment of the prototype, scaled manufacturing trials, 

automated analytical comparison with previous screening data, and evaluation of larger production runs 

up to the intended continuous production regime. WP2 and WP4 collectively embody the fundamental 
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scientific advancement of RAP-IDD: transitioning from rapid, automated formulation screening to 

scalable continuous manufacturing through a singular, foundational mixing method. 
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3 Objectives and deliverables 

CPI contributed to Project RAP-IDD to support the development and evaluation of a fast-track platform 

for LNP formulation screening and scalable manufacture using AXF-based mixing technology. CPI’s role 

in the project was focused on formulation development, process evaluation and automated analytical 

characterisation to assess the performance of the AXF-Pathfinder screening platform and the GMP 

continuous manufacturing prototype Horizon MiniTM. The agreed objectives for CPI were as follows: 

• To install, commission and evaluate the AXF-Pathfinder system for high-throughput LNP 

formulation screening. 

• To generate LNP formulations across a range of process conditions using Poly(A) / mRNA and 

lipid formulations and assess their CQAs using CPI’s automated analytical platform. 

• To identify and down-select promising formulation and process conditions for further functional 

assessment. 

• To evaluate the scalability of the AXF-based mixing approach using the GMP continuous 

manufacturing prototype across increasing batch volumes and representative lipid systems. 

• To assess whether key product quality attributes can be maintained during scale-up and 

continuous manufacture. 

• To generate process understanding to support future development, optimisation and 

commercialisation of the RAP-IDD platform. 

 

Based on these objectives, CPI’s work was structured across two main work packages: 

 

WP2: Evaluation of AXF-Pathfinder and integrated characterisation 

In this work package, the AXF-Pathfinder was installed and commissioned at CPI to enable high-

throughput LNP formulation screening. CPI generated up to 1000 -loaded LNP variants at ~550 µL scale 

under a range of process conditions and characterised them using the automated analytical platform for 

particle size, Polydispersity index (PDI), EE% and recovery. A down-selected set was then prepared with 

GFP-mRNA for transfection studies, while also supporting project design activities and future 

commercialisation planning. 

 

WP4: Evaluation of the GMP Continuous Manufacturing Prototype Horizon MiniTM 

In this work package, CPI and Micropore Technologies Ltd evaluated the GMP continuous manufacturing 

prototype to assess translation of the AXF-based mixing approach from screening scale to larger-scale 

LNP production. Scale-up studies were carried out across representative lipid systems, including SM102, 

DLin-MC3-DMA, ALC-0315 and DDAB, over batch volumes ranging from 200 mL to 1000 mL and up to 

5000 mL. Continuous undiluted production runs were also performed, including an extended 1 hour run 

producing ~ 9.2 L of LNP dispersion. Large-scale evaluation included triplicate 50 L batches with the DDAB 

lipid package, supported by characterisation and comparative data analysis to assess product quality, 

process robustness and scalability. 
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4 Materials and methods 

4.1 Samples and materials 

Raw materials for the LNP formulations were sourced from by MedChemExpress this includes, 

Didodecyldimethyl ammonium bromide (DDAB); Cholesterol; 1,2-Distearoyl-sn-glycero-3-

phosphocholine (DSPC); 1,2-Dimyristoyl-sn-glycerol, methoxypolyethylene glycol 2000 (DMG PEG 2000); 

Heptadecan-9-yl8-((2-hydroxyethyl)(6-oxo-6-(undecyloxy)hexyl)amino)octanoate (SM102); 

(6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl4-(dimethylamino)butanoate (DLin-MC3-DMA); 

((4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate) (ALC-0315); 2-[(polyethylene 

glycol)-2000]-N,N-ditetradecylacetamide (ALC-0159) while Polyadenylic acid was from Sigma Aldrich. 

Ethanol was sourced from VWR, and the green fluorescence protein messenger RNA (GFP-mRNA) were 

supplied by CPI.  

4.2 Work Package 2: Evaluation of AXF Pathfinder 

To establish an optimised formulation window for the AXF Pathfinder platform, preliminary screening 

studies were conducted by altering process parameters, including lipid molar ratios, ionic strength, and 

pH of the encapsulation buffer, various N/P ratios, different FRR (3:1, 4:1, and 5:1), and varied TFR (10 

mL/min to 150 mL/min). The aqueous phase concentration (133 µg/mL) was maintained consistently 

throughout WP 2. The samples were formed in 96-deep well plates and diluted fourfold with 10 mM Tris 

buffer at pH 7.4 to decrease the ethanol concentration. The diluted samples were aliquoted using a liquid 

handling robot (FELIX 2) into 96-well plates for analysis of their size and PDI using Wyatt DLS. A Ribogreen 

robot (AJ) conducted the assay to evaluate the EE% and recovery of the produced LNPs. 

 
Figure 1 : Assessment parameters 
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Figure 2 : Plate map. R: ramp well; W: waste well; Sample produced / well:  0.55 mL; Dilution volume: 10 mM Tris 

buffer at pH 7.4 (1.65 mL); Total volume of LNP /well: 2.2 mL. 

 
Figure 3 : Process workflow diagram 

Number: CPI-QD-22687               Version: 1.0               Status: Approved    Approved Date: 16 Apr 2026
Evaluation of AXF Pathfinder and Horizon MiniTM for Poly(A) and mRNA Lipid nanoparticle production

This copy of the document was retrieved from the system by Natasha Lethbridge on 16 Apr 2026 and 17:02 GMT+01:00



 

 

14 
 

Commercial in confidence 
CPI Group 

 
Figure 4 : List of 96 well plate experiments conducted in WP2 

4.3 Work Package 4: Evaluation of the GMP Continuous 

Manufacturing Prototype Horizon MiniTM 

The optimum parameters selected from WP2 were utilised as the process parameters for WP4 to assess 

the resilience and scalability of the AXF cross flow mixer. This work package was created to assess if the 

LNP CQAs can be sustained across escalating production quantities and to provide continuous LNP 

formulation over an extended duration. Three lipid formulations were assessed (SM102, DLin-MC3-DMA, 

ALC-0315) alongside with a cationic lipid system (DDAB). This work package executed a phased scale-up 

strategy, commencing with small-scale batches (10–1000 mL), advancing to medium-scale (up to 5 L), and 

ultimately transitioning to continuous production (~9.2 L) and large-scale batch operations (50 L), thereby 

facilitating the identification of any scale-dependent effects, fouling, or pressure accumulation within the 

system. Simultaneously, process parameters such as the N/P ratio (set at 6), FRR (3:1), and TFR were 

upheld to guarantee uniformity. The samples acquired from this work package were diluted tenfold with 

a 10 mM Tris buffer solution at pH 7.4. These samples were analysed for size and PDI using the Malvern 

Zetasizer. Ribogreen analysis was performed using either Opentrons or Tecan, and manual Ribogreen 

analysis was conducted when Opentrons was inoperative. 
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4.4 Analytical techniques 

4.4.1 Dynamic Light Scattering 

The particle size and PDI of mRNA/-LNPs from WP2 was read using Wyatt DLS reader.  60 μL of the LNP 

sample was diluted with 200 μL of Tris buffer in a shallow 96 well plate using the liquid handler FeliX and 

read on Wyatt DLS reader. Zetasizer ZS instrument (Malvern Panalytical) was used for the continuous 

production samples. The LNPs were diluted and then transferred to a disposable plastic microcuvette 

(ZEN0040)/96 well plate and equilibrated to measurement temperature of 25 °C. Hydrodynamic diameter 

was measured in back scatter mode at an angle of 173°. Automatic measurement duration was set up 

with 3 measurements per sample.  

 

4.4.2 Electrophoresis Light Scattering 

Zeta potential of LNPs were characterised using a Zetasizer ZS instrument (Malvern Panalytical). The LNPs 

were diluted in an appropriate buffer, before transfer to a disposable folded capillary cell (DTS1070) and 

equilibrated to the measurement temperature of 25 °C. Automatic measurement duration was set up 

with 3 measurements per sample. 

 

4.4.3 RiboGreen Assay 

The Ribogreen assay for WP2 was carried out through Analytik Jena (CPNO) robotic platform using an 

optimised workflow which facilitated a high throughput and hand free assessment of the formulations.    

Liquid handling robotic platforms like FeliX and Janus Varispan arms was utilised for transferring 50 µL 

samples into 96 well plates followed by LNP rupturing using TE/Triton-X.  Subsequent incubation of the 

plate for around 10–18-minute at 37°C aided the total release of the Poly(A) or mRNA payload, which was 

read by fluorescence-based assessment for their encapsulation effectiveness. This automated technique 

ensured durability across various buffer systems, including Tris, citrate, and acetate, and was calibrated 

to accommodate concentrations up to 4 µg/mL, thereby guaranteeing the monitoring of CQAs with high 

reproducible precision. For WP4, the Ribogreen assay was performed with the Opentrons liquid handler 

for sample plating, followed by incubation in a thermomixer and analysis via Tecan. When complications 

arose with the Opentrons, the Ribogreen assay was conducted manually using the Invitrogen™ Quant-

iT™ RiboGreen RNA assay kit (ThermoFisher). The experiment was conducted following the 

manufacturer's protocol in a black 96-well plate, utilising a calibration curve both with and without Triton 

X-100, a reagent that disrupts LNPs. The plate was examined using a Spark® plate reader (Tecan), 

employing an excitation wavelength of 485 nm and an emission wavelength of 535 nm. The data 

processing involved generating calibration curves of relative fluorescence against known concentrations 
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and drawing linear trendlines. The properties of the trendline were utilised to determine the 

mRNA/Poly(A) content of the samples. EE% was determined using the findings from both total and free 

mRNA/Poly(A) assays according to the equation shown below. The mRNA/Poly(A) concentration 

mentioned refers to the total mRNA/Poly(A) concentration, as indicated by the fluorescence signal 

generated by RiboGreen dye binding to mRNA/Poly(A) in the presence of Triton X-100.  

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐸𝐸%) =
𝑇𝑜𝑡𝑎𝑙 𝑚𝑅𝑁𝐴 − 𝑓𝑟𝑒𝑒 𝑚𝑅𝑁𝐴

𝑇𝑜𝑡𝑎𝑙 𝑚𝑅𝑁𝐴
𝑥 100 
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5 Results and discussions 

5.1 WP2: Evaluation of AXF Pathfinder 

To establish an optimised formulation window for the AXF Pathfinder platform, preliminary screening 

studies were conducted by changing process parameters such as lipid molar ratios, ionic strength and 

pH of encapsulation buffer, different N/P ratios, varied FRR (3:1; 4:1 and 5:1) and varied TFR (10 mL/min 

-150 mL/min). However, the aqueous phase concentration (133 µg/mL) was kept constant throughout 

this work package.  The samples were formulated in the 96 deep well plates and was diluted fourfold 

with 10mM Tris buffer pH 7.4 to reduce the ethanol concentration. The diluted samples where aliquoted 

using a liquid handling robot (FeliX) into 96 well plates to be analysed using Wyatt DLS for their size and 

PDI while the Ribogreen robot (AJ) did the assay to analyse the EE% and recovery of the formulated LNPs. 

5.1.1 Experimental screening approach 1 - Plates 1 to 4 

This screening method utilised Lipid package A (DDAB (50): DSPC (10): DMG-PEG2000(1.5): Cholesterol 

(38.5)) selected based on prior research conducted for IDDC at CPI. Parameters such as ionic strength 

and pH of the encapsulation buffer were examined, specifically 50 mM citrate at pH 6 and 10 mM citrate 

at pH 4.5. Two N/P ratios were evaluated: N/P 6 and 8, with a FRR of 3:1 and TFR was varied from 10 to 

120 mL/min. The results indicated a reduced particle size and a PDI of  ~98 nm - ~200 nm and ~0.08 - 

~0.3 for  LNPs that utilised 10 mM citrate at pH 4.5 as the encapsulation buffer, compared to 50 mM 

citrate at pH 6, which yielded sizes  ~120 nm - ~250 nm with a PDI ranging from 0.1 to 0.4, regardless of 

the lipid's permanent cationic nature. 
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Figure 5 : Consolidated particle size graph for Plates 1-4 

This indicates that, even with cationic lipids, the ionic strength and pH of the encapsulation buffers may 

influence the particle size and PDI of LNPs. The kinetics of nanoprecipitation and the electrostatic 

shielding from the environment are significantly influenced by the ionic strength and pH of the buffer. At 

reduced ionic strength, specifically 10 mM citrate, the solution contains a limited number of ions. Thus, 

it doesn’t disrupt the electrostatic attraction between the positively charged DDAB and the negatively 

charged Poly(A), resulting in the formation of smaller particles when combined in the crossflow mixer. In 

a 50 mM citrate buffer, the elevated salt concentration results in an increased ion presence in the 

solution. Consequently, a phenomenon known as Debye screening occurs (Dan, 2015), which mitigates 

the interaction between cationic lipids and thereby diminishing their attraction. As a result, when LNPs 

are generated under these screened conditions, they are more prone to forming looser complexes that 

subsequently reorganise and fuse, ultimately leading to a broader particle size distribution.  
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Figure 6 : Consolidated Ribogreen recovery for Plates 1-4 

The pH may influence the situation, as citric acid possesses three pKa values: 3.13, 4.76, and 6.4. 

Consequently, at pH 6, it is more deprotonated and negatively charged compared to pH 4.5. At pH 6, 

citrate may significantly disrupt cationic lipids, hence altering the environment surrounding the lipid 

combination and compromising the homogeneity of these complexes. Additionally, Poly(A) may 

experience pH-dependent structural alterations; under acidic conditions, namely at pH 4.5, it could 

assume a more compact configuration (Gleghorn et al., 2016) in conjunction with the synergistic effects 

of the mixing kinetics of the AXF mixer, resulting in reduced size and PDI. The EE% for all four plates was 

about 100%, demonstrating the efficacy of AXF Pathfinder membrane mixing, and a trend of decreasing 

size with increasing TFR was observed. This tendency accords with the anticipated behaviour of the 

crossflow system and corresponds with the findings of the Pathfinder study (Hussain et al., 2024). 

However, the recovery of the samples was determined to be below the specification, less than 85%, for 

all four plates. Although 10 mM citrate at pH 4.5 enhanced particle size, elevating the charge ratio to N/P 

8 did not improve recovery. The data indicated that N/P 6 in 10 mM citrate buffer at pH 4.5 is the optimal 

setting for further optimisation. This scenario yielded the most advantageous overall equilibrium of 

particle size and recovery performance, establishing a solid foundation for subsequent formulation 

development on the AXF-Pathfinder platform.  

 

0

20

40

60

80

100

0 20 40 60 80 100 120 140

R
e

c
o

v
e

ry
 (

%
)

Total flow rate (mL/min)

Recovery

 Plate 1: 50 mM citrate pH 6 (N/P 6)  Plate 2: 10 mM citrate pH 4.5 (N/P 6)

 Plate 3: 50 mM citrate pH 6 (N/P 8)  Plate 4: 10 mM citrate pH 4.5 (N/P 8)

Number: CPI-QD-22687               Version: 1.0               Status: Approved    Approved Date: 16 Apr 2026
Evaluation of AXF Pathfinder and Horizon MiniTM for Poly(A) and mRNA Lipid nanoparticle production

This copy of the document was retrieved from the system by Natasha Lethbridge on 16 Apr 2026 and 17:02 GMT+01:00

peterdavis
Highlight



 

 

20 
 

Commercial in confidence 
CPI Group 

5.1.2 Experimental screening approach 2 - Ignite+ run and Plates 5 to 7 

Initial screening experiments yielded minimal recovery. To troubleshoot this, we had to determine 

whether the fault originated from the formulation itself or from the automated Ribogreen assay method. 

DDAB LNPs were synthesised via typical microfluidic mixing with Ignite+ at a TFR of 10-120 mL/min, FRR 

of 3:1, and 10 mM citrate at pH 4.5 as the encapsulation buffer. The prepared LNPs were diluted with 4X 

Tris buffer, and CQAs were assessed using the Malvern Zetasizer and a manual Ribogreen assay. The 

experiment demonstrated a particle size that ranged from ~89 - ~109 nm. The manual Ribogreen assay 

exhibited EE% above 99% and significant recovery of LNPs that ranged from ~85% - ~100%, which 

suggested that the inadequate recovery from previous plates may not be attributable to the formulation 

but rather necessitated an optimised automated Ribogreen approach. It was essential to examine the 

mixing or incubation duration, as well as the liquid handling procedures, since EE% and recovery may be 

significantly affected by assay time, sample handling conditions, and dye interaction kinetics (Bizmark et 

al., 2024). 

 
Figure 7 : Ignite+ runs particle size graph  

Upon confirmation that the effects of the analytical procedure were impacting - recovery, the formulation 

development proceeded. For plates 5-7, lipid package B was chosen based on literature (Roces et al., 

2020) utilising the DDAB lipid package system for LNP formulation (DDAB(40): DSPC(10): DMG-

PEG2000(2): Cholesterol (48)). The previously optimised parameters such as N/P ratio of 6 and 10 mM 

citrate buffer at pH 4.5 was chosen, and the effects of three distinct FRR conditions (3:1, 4:1, and 5:1) 

were examined across a range of TFR conditions, specifically 40-150 mL/min for FRR 3:1 and 70-150 

mL/min for FRR 4:1 and 5:1. The results indicated a reduction in particle size from ~134 nm - ~86 nm and 

a PDI of around 0.2 for FRR ratios of 3:1 and 4:1. The automated Ribogreen assay findings demonstrated 

an EE% above 99% and an enhanced recovery rate of up to 80%. However, with FRR of 5:1, the particle 

size increased (~145 - ~120 nm) with a PDI of ~0.3, indicating the production of a more polydispersed 

sample. 
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Figure 8 : Consolidated particle size graph for Plates 5-7 

Lipid package B enhanced sample recovery, showing superior structural stability compared to lipid 

package A. This may be attributed to the elevated cholesterol content, which likely enhanced the 

mechanical stability and compactness of the particles. The marginally elevated DMG-PEG2000 

concentration enhanced surface shielding and decreased aggregation. Decreasing DDAB content likely 

diminished the cationic properties of the particle, hence lowering nonspecific adsorption. These 

modifications may have enhanced colloidal stability and diminished material loss during sample transfer 

(Hald Albertsen et al., 2022). 

 
Figure 9 : Consolidated Ribogreen recovery for Plates 5-7 
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5.1.3 Automated RiboGreen Assay Optimisation 

An automated Ribogreen assay optimisation was conducted to identify the root cause of the recovery 

issue, with the aim to enhance it. Samples were created using the AXF-Pathfinder under a FRR of 3:1, 

TFR of 90 – 150 mL/min, N/P of 6, 10 mM citrate buffer at pH 4.5, and the lipid package B [DDAB 40%, 

DSPC 10%, DMG-PEG2000 2%, cholesterol 48%]. A comparison of the standard manual Ribogreen 

method was made versus three robot-prepared Ribogreen plates: regular robot incubation, prolonged 

robot incubation to 18 minutes instead of 15 minutes, and robot preparation followed by thermomixer 

incubation with no lid.  

 

The results demonstrated that the incubation procedure significantly influenced recovery more than 

liquid handling. All four plates exhibited comparable EE%, however the recovery fluctuated based on the 

method of plate incubation employed. The thermomixer incubated robot plate demonstrated good 

recoveries, hence eliminating the possibility of liquid handling errors. Prolonging the incubation period 

from 15 minutes to 18 minutes enhanced the recovery of the automated plate samples to 90% - 98%. 

This demonstrated that the original procedure underestimated sample recovery, as the test failed to get 

the requisite fluorescence signal at normal robotic incubation settings. The signal relies on a sequence 

of events, including dye diffusion, dye accessibility to exposed Poly(A)/mRNA relative to total 

Poly(A)/mRNA, and the successful disruption of particles to render available for binding (Bizmark et al., 

2024).  

Table 1 : Recovery comparison of manual Vs automated Ribogreen plates. 

 Recovery 

Sample Name TECAN 

Manual plate 

 F1.24 Reader 

Robot plate 

Standard 

method 

F1.24 Reader 

Robot plate18 

 min incubation 

F1.24 Reader 

Robot plate 

Thermomix 

incubation 

90 mL/min 80 77 90 128 

100 mL/min 83 84 90 130 

110 mL/min 84 74 95 126 

120 mL/min 80 73 98 122 

130 mL/min 91 82 98 134 

140 mL/min 82 80 98 122 

150 mL/min 77 75 99 126 

AQ Control 125 121 128 134 
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5.1.4 Experimental Run on Optimised Automated RiboGreen Workflow Across 

FRR 3:1 and 4:1 

After the completion of the automated Ribogreen optimisation, two more experimental runs were 

conducted utilising the optimised formulation conditions of 10 mM citrate at pH 4.5 and a N/P ratio of 6, 

while comparing FRR 3:1 and FRR 4:1 through a TFR range of 40–150 mL/min. The results from these 

experiments indicated a particle size between ~65 - ~100 nm, with EE% exceeding 99%, while recovery 

varied from 90% - 98% in most instances, demonstrating a significant enhancement in recovery. The 

dataset indicated that PDI generally increased with higher flow rates, however the CV% remained low, 

signifying that the platform continued to yield reliable data despite a broadening in particle-size 

distribution at elevated mixing rates.  

 
Figure 10 : Consolidated particle size graph for Plates 8 and 9 

 
Figure 11 : Consolidated Ribogreen recovery for plates 8 and 9 
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5.1.5 Translation of the Optimised AXF-Pathfinder Process from Poly(A) to GFP 

mRNA LNPs 

After optimising the formulation and the automated RiboGreen workflow with Poly(A), the procedure 

was adapted for GFP mRNA utilising 10 mM citrate at pH 4.5, with a N/P ratio of 6 and FRR of 3:1 and 4:1 

within a TFR range of 110 – 150 mL/min. Under these process parameters, the resultant mRNA LNPs 

exhibited good CQAs, with particle diameters averaging ~85 – ~95 nm in most scenarios, EE% above 95%, 

and recovery surpassing 80% for most samples. At elevated TFRs, recovery reduced, indicating increased 

particle instability or sample rupture due to intensified mixing conditions. The results indicate that the 

improved technique continued to produce small, highly encapsulated mRNA LNPs despite the transition 

from Poly(A) to the more structurally sensitive GFP mRNA. 

 

 
Figure 12 : Consolidated Particle size graph for plates 10 and 11 
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Figure 13 : Consolidated Ribogreen recovery for plates for 10 and 11  

The in vitro transfection efficiency was consistently below 20% in all conditions, despite the acceptable 

physicochemical properties, suggesting that the CQAs did not translate into robust biological potency. 

From a formulation standpoint, this indicated that the primary constraint was not particle formation, but 

rather the capacity of the DDAB-containing LNPs to effectively deliver and release the mRNA within cells. 

Permanently cationic lipids like DDAB provide robust mRNA complexation and high encapsulation; yet 

they may be inferior to ionisable systems in promoting optimal intracellular release and functional 

expression (Wang et al., 2023). The data indicate that although the chosen process parameters were 

adequate for producing well-structured GFP mRNA LNPs, additional optimisation of lipid composition, 

RNA quality, and formulation functionality is necessary to enhance transfection efficacy. 

 
Figure 14 : In vitro mRNA transfection assay graph for plates 10 and 11 
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 Figure 15 : Cell viability assay graph for plates 10 and 11 

5.2 WP4: Evaluation of Horizon MiniTM 

To verify the translation of the optimised process parameters from WP2 for a continuous production of 

LNPs, we moved the AXF mixer from the Pathfinder platform to the Horizon MiniTM. This WP examined 

the transferability of processes and compared the responses of various lipid formulations to these 

settings.  

 

5.2.1 Translation of AXF-Optimised Mixing Conditions to Horizon MiniTM for 

Small-Scale Batch Production 

Small-scale LNP formulations were developed utilising optimised parameters from WP2 for the DDAB 

lipid package and three clinically relevant ionisable lipid systems: Moderna (SM-102), Onpattro (DLin-

MC3-DMA), and Pfizer (ALC-0315), at a N/P of 6, a FRR of 3:1, a TFR of 120 mL/min,  and  10 mM citrate 

buffer at pH 4.5  with Poly(A)  as the payload. The obtained LNPs was diluted tenfold with Tris buffer pH 

7.4 to attain the sample volume followed by analysis of their CQAs. The experimental run commenced 

with the minimum sample volume of 200 mL, escalating to 1000 mL, to determine whether the 

CQAs could be sustained with an increase in sample volume. Successful scale-up is reliant on effective 

mixing, self-assembly pathways, and solvent exchange behaviour as throughput increases. 
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5.2.1.1 DDAB formulation- small scale (200mL - 1000mL batch) 

The initial lipid formulation tested on the Horizon MiniTM was DDAB. Three experiments with varying 

quantities of 200 mL, 500 mL, and 1000 mL were conducted. The experimental trials produced LNPs with 

particle sizes of 118.1 nm (200 mL), 98.7 nm (500 mL), and 115.7 nm (1000 mL), exhibiting PDI between 

0.239 and 0.259, a 100% of EE%, and a recovery rate of 83-86%. The results demonstrated that the DDAB 

system could be adapted to Horizon MiniTM while preserving the CQAs within the specifications. 

Table 2 : DDAB formulations: small scale batch (200mL - 1000mL scale) 

Run Size (nm) PDI EE% Conc (µg/mL) Recovery (%) 

200 mL 118.10 ± 1.65 0.259 ± 0.002 100.0 8.6 86.0 

500 mL 98.69 ± 2.66 0.239 ± 0.006 100.0 8.3 83.6 

1000 mL 115.70 ± 1.55 0.242 ± 0.014 100.0 8.7 86.8 

 

   

  

 
Figure 16 : PSD curves: DDAB formulation (small scale batch) 

5.2.1.2 SM102 formulation- small scale (200 mL – 1000 mL batch) 

The SM-102 formulation had the most uniform particle consistency during the scale-up from 200, 400, 

500, 600, 800, to 1000 mL samples. The particle size remained consistently between ~94 - ~97 nm. The 

PDI of the samples was lower to that of the DDAB formulations, ranging from ~0.019 - ~0.109. The 
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Ribogreen assay performed via the Opentrons liquid handling robot, achieved an EE% that exceeded 99% 

for all samples, with recovery rates between ~87% - 100%. This signifies that the improved process 

conditions were effectively integrated into the Horizon system for the SM102 lipid package. Ionisable 

lipids like SM-102 are predominantly neutral at physiological pH but become protonated in acidic 

formulation conditions, facilitating robust RNA complexation during nanoparticle synthesis, promoting 

effective encapsulation and more uniform particle distributions.  

 

Table 3 : SM-102 formulations: small scale batch (200 mL – 1000 mL scale) 

Run Size (nm) PDI EE% Conc (µg/mL) Recovery (%) 

200 mL 97.37 ± 0.86 0.073 ± 0.016 99.7 6.5 87.3 

400 mL 95.38 ± 2.71 0.109 ± 0.009 99.5 7.5 100.0 

500 mL 94.95 ± 1.72 0.019 ± 0.018 99.5 7.4 98.6 

600 mL 96.74 ± 2.18 0.101 ± 0.038 100.0 7.5 100.0 

800 mL 95.94 ± 1.16 0.088 ± 0.017 100.0 7.3 97.8 

1000 mL 97.81 ± 1.59 0.043 ± 0.014 100.0 7.2 96.7 
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Figure 17 : PSD curves: SM-102 formulation (small scale batch) 

 

5.2.1.3 Onpattro formulation- small scale (200 mL – 1000 mL batch) 

The Onpattro formulation exhibited a higher particle size of ~114 - ~121 nm in comparison to SM102 

formulations, while the PDI varied from ~0.058 - ~0.132, with an EE% above 96% and a recovery rate of 

100% across all sample sizes. The results demonstrated that the process transfer was successful, as the 

system remained consistent and highly encapsulating; however, the resulting particles were consistently 

larger than SM-102. From a formulation perspective, this is not unexpected. Onpattro lipid system was 

initially created for siRNA administration, and its structure and ionisation characteristics notably differ 

from SM-102 and ALC-0315. These molecular variations alter the rate at which the lipid phase reorganises 

around nucleic acid during solvent exchange, affecting the equilibrium between nucleation and particle 

formation, ultimately resulting in a larger hydrodynamic size. 

Table 4 : Onpattro formulations: small scale batch (200 mL-1000 mL scale) 

Run Size (nm) PDI EE% Conc (µg/mL) Recovery (%) 

200 mL 121.3 ± 2.02 0.111 ± 0.029 96.5 8.4 100.0 

400 mL 116.5 ± 1.66 0.091 ± 0.006 97.4 8.1 100.0 

500 mL 118.7 ± 2.47 0.132 ± 0.037 97.1 8.3 100.0 

600 mL 114.4 ± 1.10 0.076 ± 0.002 97.8 8.8 100.0 

800 mL 114.6 ± 2.48 0.074 ± 0.016 97.7 9.2 100.0 

1000 mL 114.6 ± 1.35 0.058 ± 0.047 97.9 8.6 100.0 
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Figure 18 : PSD curves: Onpattro formulation (small scale batch) 

 

5.2.1.4 Pfizer formulation- small scale (200 mL – 1000 mL batch) 

The Pfizer formulation LNPs exhibited the smallest and most stable size profile, with particle sizes 

between ~90 - ~95 nm and PDI values from ~0.09 - ~0.125, while the EE% exceeded 98% with a recovery 

of 100%. The CQAs indicated that this lipid system was effectively transferred to the Horizon MiniTM 

system. The Pfizer LNPs exhibited lower particle sizes comparable to the SM-102 formulations. This may 

be attributed to the structural similarity of ALC-0315 and SM-102 than either is to MC3, and both were 

designed for modern RNA-LNP systems where compact particles, high encapsulation, and efficient 

expression are required (Ferraresso et al., 2022).  

 

 

Number: CPI-QD-22687               Version: 1.0               Status: Approved    Approved Date: 16 Apr 2026
Evaluation of AXF Pathfinder and Horizon MiniTM for Poly(A) and mRNA Lipid nanoparticle production

This copy of the document was retrieved from the system by Natasha Lethbridge on 16 Apr 2026 and 17:02 GMT+01:00



 

 

31 
 

Commercial in confidence 
CPI Group 

Table 5 : Pfizer formulations: small scale batch (200 mL-1000 mL scale) 

Run Size (nm) PDI EE% Recovery% 

200 mL 95.80 ± 0.70 0.125 ± 0.034 98.88 104.36 

400 mL 92.68 ± 0.76 0.091 ± 0.018 99.22 119.32 

500 mL 92.42 ± 1.77 0.090 ± 0.013 99.13 114.95 

600 mL 90.89 ± 0.90 0.091 ± 0.008 99.32 120.00 

800 mL 93.70 ± 0.94 0.092 ± 0.019 98.92 114.10 

1000 mL 93.46 ± 1.50 0.107 ± 0.017 98.84 110.67 

 

  

  

  
Figure 19 : PSD curves: Pfizer formulation (small scale batch) 

The small-scale Horizon data indicated that the AXF-optimised parameters were predominantly 

applicable to Horizon MiniTM; however, the efficacy of that translation was dependent upon the lipid 
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package utilised. The standard process conditions effectively ensured high encapsulation across all four 

systems, indicating that the mixer and hydrodynamic regime were fundamentally robust. However, its 

final particle size, dispersity, and recovery remained significantly influenced by lipid chemistry. 

5.2.2 Evaluation of Horizon MiniTM at 5 L Equivalent Volume (Medium-Scale) 

Upon the successful transfer of the AXF-optimized conditions into the Horizon MiniTM at a small scale, a 

medium-scale production of a 500 mL Horizon MiniTM run diluted tenfold with Tris buffer to generate a 5 

L final sample volume was evaluated to determine whether the same process remained robust at 

medium scale. Under the optimised formulation conditions of 10 mM citrate pH 4.5, N/P 6, FRR 3:1, and 

TFR 120 mL/min, three ionisable lipid packages Moderna, Onpattro, and Pfizer were assessed. 

 

All three lipid systems exhibited higher EE% and a tight particle size distribution, indicating successful 

translation of the method to a 5L scale. The Moderna formulation demonstrated a particle size ranging 

from ~92.9 - ~101.7 nm, with a PDI of ~0.049 - ~0.127, and displayed an EE% of ~99.8 - 100% and a 

recovery above 97%. The Onpattro formulation yielded particles of ~114.2 - ~118.9 nm, with a PDI of 

~0.070 - ~0.112, an EE% exceeding 98%, and a recovery rate of ~96 - 100%. The Pfizer formulation 

demonstrated the smallest and most stable particles, measuring between ~91.0 - ~93.8 nm, with a PDI 

of ~0.062 - ~0.096 and an EE% above 98% consistently. The data indicate that the medium-scale 

procedure maintained the similar CQAs observed at the small scale: ALC-0315 and SM-102 produced 

smaller particles, whereas MC3 consistently yielded larger particles, although all three systems remained 

strongly encapsulated and colloidally acceptable.  

 

This medium-scale study demonstrated that the Horizon MiniTM process effectively scaled to the 5 L 

equivalent, with all three ionisable lipid systems yielding LNPs with acceptable CQAs. These results 

indicate that the chosen process window remained effective beyond small-scale screening, while also 

affirming that final CQAs are dependent on the lipid package, as each lipid exhibited distinct responses 

under identical mixing conditions. 

Table 6 : SM-102 formulations: medium scale batch (5L scale- analysed at different time point) 

Time Size (nm) PDI EE% Conc (µg/mL) Recovery (%) 

0.5 min 98.24 ± 0.53 0.124 ± 0.021 100 7.50 100 

1.0 min 101.70 ± 0.95 0.109 ± 0.022 100 7.26 97.09 

1.5 min 94.33 ± 1.34 0.082 ± 0.027 100 7.49 100. 

2.5 min 92.90 ± 1.57 0.072 ± 0.026 99.90 7.53 100 

3.0 min 94.71 ± 1.30 0.074 ± 0.032 99.92 7.64 100 

3.5 min 93.35 ± 2.10 0.127 ± 0.065 99.87 7.67 100 

4.0 min 94.10 ± 1.08 0.049 ± 0.006 99.82 7.59 100 
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Figure 20 : PSD curves: SM-102 formulation (Medium scale batch) 
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Table 7 : Onpattro formulations: medium scale batch (5L scale- analysed at different time point) 

Time Size (nm) PDI EE% Conc (µg/mL) Recovery (%) 

0.5 min 118.20 ± 2.21 0.109 ± 0.040 98.43 7.24 96.77 

1.0 min 118.90 ± 1.22 0.099 ± 0.016 98.47 7.51 100 

1.5 min 114.20 ± 1.17 0.084 ± 0.008 98.65 7.32 97.91 

2.0 min 116.20 ± 0.94 0.070 ± 0.012 98.77 7.74 100 

2.5 min 116.60 ± 1.08 0.083 ± 0.020 98.84 7.77 100 

3.0 min 116.20 ± 1.05 0.112 ± 0.029 98.89 7.9 100 

4.0 min 115.80 ± 1.56 0.095 ± 0.017 98.64 7.9 100 
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Figure 21 : PSD curves: Onpattro formulation (Medium scale batch) 

 

Table 8 : Pfizer formulations: medium scale batch (5L scale- analysed at different time point) 

Time Size (nm) PDI EE% Recovery% 

0.5 min 92.94 ± 0.68 0.096 ± 0.017 98.58 120.44 

1.0 min 92.93 ± 1.59 0.062 ± 0.011 99.98 118.35 

1.5 min 91.01 ± 1.95 0.080 ± 0.008 100 124.46 

2.0 min 92.81 ± 1.68 0.080 ± 0.021 100 126.99 

2.5 min 92.84 ± 1.44 0.072 ± 0.015 100 123.35 

3.0 min 92.73 ± 0.12 0.096 ± 0.001 100 123.65 

3.5 min 93.78 ± 0.82 0.077 ± 0.022 100 124.02 

4.0 min 93.34 ± 1.91 0.095 ± 0.014 100 124.75 
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Figure 22 : PSD curves: Pfizer formulation (Medium scale batch) 

5.2.3 Large-Scale DDAB Production at 50 L scale and Root-Cause Evaluation of 

Horizon MiniTM Emergency Stops 

Following the successful small- and medium-scale transfer on the Horizon MiniTM, the next phase 

involved testing the process under large-scale DDAB/Poly(A) conditions, aiming for a final volume of 50 

L, utilising the previously established formulation parameters of 10 mM citrate at pH 4.5, N/P ratio of 6, 

FRR of 3:1, and TFR of 120 mL/min. This phase aimed to determine if the AXF-derived process remained 

scalable while operated for extended periods and at significantly increased material throughput. The 

large-scale transition in microfluidic LNP manufacturing is not solely determined by hydrodynamics; the 

extended run time also affects any tendency toward surface deposition, corrosion, pressure drift, and 

formulation-driven instability.  
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The initial 50 L DDAB experiment was unsuccessful. Multiple emergency stops occurred, with the longest 

continuous run lasting around 17 mins, due to the pressure build up in the lipid pump.  Visual inspection 

revealed lipid aggregation on the insert, suggesting that the failure was not merely an instrument-control 

problem but was associated with physical fouling within the flow route. At this point, the procedure was 

conducted utilising a standard membrane (5 µ × 100 µ). The evident fouling on the insert indicated that 

the DDAB formulation lacked adequate stability throughout extended continuous processing, resulting 

in deposition and increased hydraulic resistance rather than a singular pump failure.  

A subsequent troubleshooting study examined the conventional membrane against a wider CFD 

membrane (10R3.50), with both assessed for a duration of up to 30 minutes utilising the identical DDAB 

formulation. However, the system experienced repeated crashes, accompanied by pressure build up in 

both the aqueous and lipid pumps, with individual run lengths varying from a few seconds to 10 minutes. 

Lipid aggregation was detected again on the insert of both the membrane. This significant finding reveals 

that the problem cannot be resolved by expanding pore size or changing the membrane geometry. The 

issue surfaced in the DDAB system itself as it exhibited a tendency to aggregate and foul under 

continuous recirculating exposure rather than physical limitations of the insert.  

A consequent cleaning and passivation procedure was performed utilising a slightly altered organic 

phase priming, wherein the material was primed till it reached the AXF mixer, accompanied by a three-

fold reduction in DDAB concentration from 9.79 mg/mL to 3.26 mg/mL, using the CFD membrane at a 

TFR of 150 mL/min. Despite these modifications, the recurrent emergency stops occurred during a 

duration of a few seconds to 5.5 minutes of operation. Lipid aggregation was once more observed, 

showing that the problem was not just due to residual fouling from prior runs or merely to higher lipid 

content; rather, it arose from the incompatibility of the DDAB formulation over extended large-scale 

operations. 

5.2.4 Large-Scale batch SM-102 formulation and trouble shooting 

During the initial large-scale assessment for SM-102 at 120 mL/min, experiments took place utilising both 

the regular membrane and the CFD membrane (10R3.50). In both scenarios, the system failed prior to 

completion due to pressure accumulation in the aqueous and lipid pumps, with the duration of the run 

being around 30 minutes for the regular membrane and 15 minutes for the CFD membrane. The 

collected samples remained monodispersed despite this operational instability, with PDI < 0.1 and EE% 

> 95%. This suggests that while the formulation itself could produce high-quality LNPs, the process 

hardware configuration was not reliable enough for long-term large-scale operation. Lipid aggregation 

was also discovered on the insert, supporting the theory that increasing fouling was the primary cause. 
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Table 9 : SM-102 formulations: Large scale batch (comparison of standard and CFD membrane)  

Standard 

membrane 

Time Size (nm) PDI EE% 

10 102.10 ± 0.64 0.082 ± 0.037 98.2% 

20 102.10 ± 1.67 0.064 ± 0.021 98.0% 

25 103.00 ± 1.62 0.073 ± 0.015 98.3% 

30 106.90 ± 1.15 0.090 ± 0.021 97.3% 

CFD 

membrane 

Time Size (nm) PDI EE% 

10 105.40 ± 1.41 0.078 ± 0.011 98.4% 

12 102.70 ± 1.45 0.068 ± 0.033 98.6% 

15 105.20 ± 1.29 0.072 ± 0.018 98.6% 

 

 

  

  
 

Figure 23 : SM-102 formulation large scale batch PSD curves (Standard membrane) 
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Figure 24 : SM-102 formulation large scale batch PSD curves (CFD membrane) 

 

A revised run was then carried out using a different slotted insert in conjunction with the conventional 

membrane. Compared to the previous non-slotted insert, which had a rougher finish with grooves in the 

2.0–2.5 µm range, this insert featured a slightly smaller central diameter (9.85 mm), slotted ends, and a 

significantly smoother electropolished surface finish of 0.11 µm. Additional hardware modifications 

included replacing the intake tube and switching from the smaller 10-32 outlet (ID 1.016 mm) to a M6 

outlet (ID 2.232 mm). Under these conditions, the run was successful as the Horizon MiniTM did not enter 

emergency stop, and stable production continued for 70 minutes, producing around 8.4 L of sample. DLS 

measurements every 5 minutes confirmed that the particles remained monodispersed throughout the 

run (PDI < 0.1), indicating that the better insert arrangement significantly decreased fouling and flow 

restriction from previous runs. 

Table 10 : SM-102 formulations: Large scale batch (standard membrane and slotted insert) 

Time Size (nm) PDI EE% Recovery (%) 

5 124.9 ± 3.68 0.088 ± 0.012 
  

10 125.1 ± 2.60 0.100 ± 0.012 90.77 102.5 

15 128.8 ± 1.35 0.089 ± 0.004 
  

20 128.5 ± 2.33 0.094 ± 0.020 91.12 100.7 

25 120.4 ± 1.44 0.095 ± 0.004   

30 124.1 ± 2.04 0.076 ± 0.005 91.51 99.1 

35 124.6 ± 3.11 0.069 ± 0.026 
  

40 125.2 ± 2.36 0.075 ± 0.022 92.11 104.1 
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45 120.5 ± 1.06 0.082 ± 0.026 
  

50 122.6 ± 1.99 0.092 ± 0.003 92.33 97.0 

55 117.1 ± 1.94 0.102 ± 0.012 
  

60 117.9 ± 2.57 0.092 ± 0.027 92.04 96.2 

70 114 ± 2.05 0.111 ± 0.023 92.13 100.1 
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Figure 25 : SM-102 formulations: Large scale batch (standard membrane and slotted insert) PSD curves at different 

time point 

 At this point, the size of the LNPs were slightly larger than what we had previously observed on the small 

and medium scale batches. To align the CQAs, a revised run was carried out using the regular membrane 

and slotted insert, and the TFR was raised to 160 mL/min. Under these conditions, approximately 9.2 L 

of LNPs were generated, and the run lasted for 60 minutes. Samples were examined for size and PDI 

every five minutes. The samples were discovered to be monodispersed with a PDI <0.1, and the LNP size 

decreased to 96 nm, which was consistent with the earlier CQAs observed for the SM-102 formulation. 

This shows that an increased TFR limits particle formation due to their rapid mixing capability, while the 

slotted insert shape maintained the operational stability essential for the large-scale process. 
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Table 11 : SM-102 formulations: Large scale batch (standard membrane and slotted insert) TFR 160 mL/min 

Time Size (nm) PDI EE% 

5 95.93 ± 0.69 0.063 ± 0.021 
 

10 98.59 ± 2.95 0.052 ± 0.036 95.89 

15 96.43 ± 1.99 0.053 ± 0.025 
 

20 96.45 ± 2.83 0.077 ± 0.061 96.74 

25 94.70 ± 1.42 0.082 ± 0.003 
 

30 95.75 ± 2.36 0.047 ± 0.004 96.88 

35 96.01 ± 1.32 0.053 ± 0.018 
 

40 98.95 ± 1.16 0.051 ± 0.035 96.47 

45 95.82 ± 2.11 0.086 ± 0.022 
 

50 96.94 ± 1.44 0.067 ± 0.015 96.78 

58 91.68 ± 0.56 0.063 ± 0.017 96.67 
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Figure 26 : SM-102 formulations: Large scale batch (standard membrane and slotted insert) PSD curves at different 

time point; TFR 160 mL/min 
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6 Conclusions 

Project RAP-IDD demonstrated that the AXF-Pathfinder was effective in quickly identifying a robust 

formulation and process window, whereas the Horizon MiniTM indicated that this window could be 

adapted for large scale-relevant production, although with clear formulation-dependent constraints. In 

WP2, the optimal DDAB- condition was determined to be 10 mM citrate at pH 4.5, with a N/P ratio of 6 

and a FRR of 3:1–4:1, which provided the most favourable balance of particle size, PDI, encapsulation, 

and recovery following the optimisation of the automated RiboGreen assay; notably, the findings 

indicated that the initially low recoveries were primarily an artefact of the analytical method rather than 

a true failure of the formulation.  

In WP4, the identical process logic effectively adapted to ionisable lipid systems, specifically SM-102 and 

ALC-0315, which preserved robust CQAs from small to medium scale. Notably, SM-102 was ultimately 

operable at large scale after optimising the insert and flow path hardware. On the contrary, the DDAB 

system posed significant challenges at a large scale due to its increased tendency for aggregation, 

membrane fouling, and pressure build-up, suggesting that there are scalability limitations in the existing 

Horizon configuration. The integrated work packages demonstrate that both platforms possess technical 

merit and complement each other: the Pathfinder is ideal for rapid formulation and process screening, 

whereas the Horizon MiniTM can provide scalable continuous production when lipid chemistry, mixer 

geometry, and analytical methods are suitably coordinated. 
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7 Recommendations 

As a result of the intensive investigations carried out by CPI to meet the project RAP-IDD’s objectives, CPI 

makes the following recommendations: 

1. Establish 10 mM citrate at pH 4.5 with a N/P ratio of 6 as the standard development condition for 

subsequent DDAB and comparator investigations, as this formulation exhibited the most 

consistency throughout Pathfinder screening. 

2. Lock the optimal automated RiboGreen protocol for subsequent investigations, incorporating 

extended incubation conditions, standardised reading settings, and suitable plate incubation 

techniques to ensure recovery data remain untainted by assay artefacts. 

3. Prioritise FRR 3:1 and 4:1 for future development and use FRR 5:1 only, when necessary, because 

lower FRRs provided the best overall balance between size, dispersity, and recovery. 

4. Progress in ionisable lipid systems, particularly SM102 and ALC-0315, positions them as the 

favoured candidates for Horizon MiniTM scale-up, as they demonstrated superior translation from 

small to medium scale and enhanced large-scale operability compared to DDAB. 

5. Approach the large-scale production of DDAB as a co-optimization challenge involving formulation 

and hardware, with future efforts directed at minimising aggregation and fouling by enhancements 

in formulation, surface/insert design, and flow-path engineering, rather than reiterating the 

unaltered setup. 
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9 Abbreviations 

LNP- Lipid nanoparticle 

WP- work package 

mRNA- Messenger Ribonucleic acid 

Poly(A)- Polyadneylic acid 

FRR- Flow Rate Ratio 

TFR- total Flow Rate 

EE%- Encapsulation efficiency 

PDI- Polydispersity index 

DLS- Dynamic Light Scattering 

ELS- Electrophoretic Light Scattering 

GFP- Green fluorescence protein 

CQA- Critical Quality Attributes 

AXF- Advanced Cross Flow 
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