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Abstract 
Messenger RNA (mRNA) has emerged as a transformative platform for 
vaccines and targeted therapies due to its capacity for precise and rapid gene 
expression. The COVID-19 pandemic underscored both its promise and the 
challenges of large-scale production. In response, continuous flow 
manufacturing—guided by Quality by Design (QbD) principles and enabled by 
automation and digital technologies—offers a scalable, consistent, and efficient 
alternative to traditional batch production. 
 
This thesis begins with an overview of vaccine evolution, comparing 
conventional and mRNA vaccine technologies, and highlighting lipid 
nanoparticles (LNPs) as key delivery vehicles. It outlines their composition, 
biological function, and critical quality attributes (CQAs), while introducing 
modern manufacturing methods, including microfluidics and tangential flow 
filtration (TFF). 
 
A comprehensive experimental framework was developed for mRNA-LNP 
production, covering in vitro transcription (IVT), formulation, purification, and 
characterization. Microfluidic mixer types, formulation parameters, and 
purification techniques were systematically optimized. Key process parameters 
(CPPs) were refined using univariate and response surface methodology 
(RSM), establishing robust process windows that enhanced encapsulation 
efficiency and size control while minimizing variability. 
 
Further investigations into lipid composition revealed an optimized formulation 
(ALC-0315/DOPE/ALC-0159/Cholesterol) with superior particle uniformity, 
stability, and transfection efficiency. Finally, an integrated continuous 
manufacturing platform was established, incorporating real-time size and PDI 
monitoring and single-pass TFF. This system achieved high encapsulation 
efficiency, low residual ethanol, and maintained mRNA integrity, meeting 
regulatory standards. 
 
Overall, this study provides a scalable, GMP-compatible approach to mRNA-
LNP production and a framework for future innovations in formulation, real-
time monitoring, and continuous biomanufacturing. 
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1. INTRODUCTION 
 
The development of vaccines epitomizes humanity’s sustained scientific 
progress in combating pathogenic microorganisms. This technological 
evolution can be traced back to the empirical application of cowpox inoculation 
in the 18th century, which marked a paradigm shift from observational immunity 
to systematic scientific investigation. The synergistic advancement of microbial 
isolation techniques and immunological theories has driven transformative 
innovations in vaccine design. In the 19th century, vaccines based on pathogen 
inactivation or attenuation strategies achieved a balance between 
immunogenicity and safety through physicochemical methods [1, 2]. The 20th 
century witnessed the advent of recombinant DNA technology, which enabled 
the expression of specific antigenic epitopes [2]. This advancement gave rise 
to subunit vaccines that circumvented the risks associated with whole-pathogen 
approaches. In the 21st century, the emergence of mRNA–lipid nanoparticle 
(mRNA-LNP) platforms has redefined the logic of vaccine production. By 
coupling in vitro transcription with lipid-based delivery systems, development 
timelines have been compressed from years of biological cultivation to mere 
weeks of molecular engineering [3, 4]. This transformation demonstrates the 
interdisciplinary convergence of synthetic biology and nanomedicine. Iterative 
advancements in manufacturing have significantly improved vaccine 
accessibility and standardization. For instance, mammalian cell culture systems 
have replaced traditional egg-based processes, ensuring greater product 
homogeneity [5]. Microfluidic mixing enables precise hydrodynamic control over 
nanocarriers, while continuous manufacturing enhances cost-efficiency through 
the use of process analytical technology (PAT) and modular integration [5, 6]. 
Vaccine safety management has transitioned from empirical risk assessment 
to rational molecular design. This shift is exemplified by the use of modified 
nucleotides to regulate the innate immunogenicity of mRNA, and by 
chromatographic purification techniques that remove residual host cell proteins 
[7, 8]. Contemporary vaccinology is entering a computation-driven era, where 
CRISPR-mediated epitope prediction and formulation screening powered by 
machine learning are playing increasingly vital roles in accelerating vaccine 
development [9-11], and the adaptability of modular mRNA platforms 
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collectively establish a multidimensional defense matrix against emerging 
infectious diseases [12]. 
 

1.1. Vaccines  
Coronaviruses are a class of enveloped, positive-sense single-stranded RNA 
viruses that can cause a wide range of respiratory infections, from mild colds to 
severe pneumonia. Since the outbreak of COVID-19, there has been an 
unprecedented global focus on coronavirus research, catalyzing rapid 
advances in vaccine technologies, antiviral drug development, and public 
health strategies [13]. Various types of vaccines have been developed globally, 
and they can be broadly categorized into five main types based on their 
preparation techniques: inactivated vaccines/live attenuated vaccines, viral 
vector vaccines, protein subunit vaccines, and mRNA vaccines [14, 15]. 
Vaccine development constitutes a highly structured scientific process 
necessitating rigorous multi-phase validation and iterative optimization. The 
standardized pipeline encompasses: (1) pathogenicity mechanism 
deconvolution, (2) antigenic epitope screening and molecular engineering, (3) 
preclinical safety and efficacy evaluations, followed by (4) GMP-compliant 
process development and manufacturing. Subsequent stages involve phased 
clinical trials (Phase I-III), regulatory review and approval, alongside post-
marketing surveillance incorporating real-world effectiveness assessments and 
manufacturing comparability studies. 
 
However, the development of a vaccine is only the first step toward its large-
scale application. Factors such as storage requirements (e.g., mRNA vaccines 
requiring ultra-low temperatures), the management of adverse effects (such as 
rare cases of blood clotting), and immune durability (e.g., the need for booster 
doses) all play crucial roles in determining a vaccine’s practicality and in 
shaping global vaccination strategies. These factors not only affect the 
vaccine’s effectiveness but also have a profound impact on the distribution and 
vaccination strategies worldwide [16, 17]. 
 



 15 

1.1.1. Inactivated Vaccines/Live Attenuated Vaccines 

Inactivated vaccines are a type of vaccine produced by rendering pathogens 
(viruses or bacteria) non-infectious through physical methods (e.g., heat or 
radiation) or chemical agents (e.g., formaldehyde or β-propiolactone) [18]. This 
process (Figure 1) renders pathogens non-replicative while preserving their 
immunogenicity. The primary advantages of inactivated vaccines include a high 
safety profile—due to the absence of infectious risk—and strong production 
stability, making them particularly suitable for the control of high-risk pathogens 
[19]. 

 
Figure 1. Inactivated Vaccine Production 
 
While inactivated vaccines often exhibit constrained immunological efficacy due 
to transient humoral responses and insufficient cellular immunity, live 
attenuated vaccines (LAVs) have emerged to address these limitations. In 
contrast to the "complete inactivation" strategy of traditional vaccines, LAVs 
utilize precision attenuation methodologies to selectively disable pathogen 
virulence while preserving controlled replicative capacity. A representative 
example is the Edmonston-Zagreb measles vaccine strain, which demonstrates 
a 10,000-fold reduction in neurovirulence relative to its wild-type counterpart 
following over 80 serial passages in chicken embryo fibroblasts yet retains 
robust CD8+ T cell memory induction. 
 
This "controlled pathogenesis mimicry" mechanism enables single-dose 
immunization to confer decades-long protective immunity, achieving 
population-level protection rates exceeding 95% in global poliomyelitis and 
yellow fever eradication initiatives. Crucially, LAV development requires 
meticulous equilibrium between immunogenic potency and genetic stability. 
The principal scientific challenge resides in engineering irreversible attenuation 
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pathways through targeted gene knockout or codon deoptimization strategies—
an innovation frontier actively advanced by reverse genetics platforms and 
synthetic biology approaches. 
 
The technology for inactivated vaccines dates back to the early 20th century, 
initially applied in rabies prevention. It was later widely used in preventing 
diseases like poliomyelitis and hepatitis A [20]. With advancements in 
manufacturing processes, the introduction of aluminum-based adjuvants (e.g., 
aluminum hydroxide) has significantly enhanced the immunogenicity of 
inactivated vaccines. In addition, techniques such as ultrafiltration and 
chromatography have improved antigen purity and reduced the incidence of 
adverse reactions—for example, adverse reaction rates for influenza vaccines 
are typically below 1% [21]. Additionally, the Vero cell culture system has 
enabled large-scale production.  
 
During the COVID-19 pandemic, Chinese companies Sinovac (CoronaVac) 
and Sinopharm (BBIBP-CorV) employed β-propiolactone-based inactivation 
technology to develop some of the world’s earliest inactivated vaccines, which 
were introduced in 2020 [22]. These vaccines have an annual production 
capacity exceeding 5 billion doses. Real-world data indicate that a two-dose 
regimen can reduce the incidence of severe cases by 80–90%, with over 2.5 
billion doses administered primarily in developing countries [23].  
 
The unique strengths of inactivated vaccines include a favorable safety profile 
(suitable for immunocompromised individuals), ease of storage and 
transportation (maintained at 2–8 °C), and broad antigen coverage (eliciting 
multi-epitope immune responses). However, several challenges remain, 
including relatively low immunogenicity (necessitating multiple doses or 
adjuvant enhancement), a 10–20-fold reduction in neutralizing antibody titers 
against variants such as Omicron, and reliance on high-level biosafety 
infrastructure (e.g., P3 laboratories), which contributes to extended production 
timelines (6–8 weeks) [24].  
 
Nonetheless, with continued innovations in adjuvants (e.g., toll-like receptor 
agonists), the incorporation of multivalent antigens (e.g., Delta and Omicron 
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variants), and advancements in delivery systems such as nasal sprays, 
inactivated vaccines are poised to maintain their irreplaceable role in combating 
emerging infectious diseases [25]. 
 

1.1.2. Viral Vector Vaccines 

Figure 2 shows a classic example: how Viral Vector Vaccines production 
process. Viral vector vaccines employ genetically engineered viruses as 
carriers to deliver antigen-encoding genes from target pathogens into human 
cells, thereby inducing an immune response [26, 27]. These vaccines mimic 
natural viral infections and effectively elicit both cellular and humoral immune 
responses [28]. The key advantages of viral vector vaccines include high 
immunogenicity (robust activation of both T and B cell responses), the 
elimination of in vitro protein expression (thereby avoiding complex protein 
production and purification), and the potential for long-lasting immunity. For 
example, certain vectors such as the measles virus can induce prolonged 
immune protection, whereas adenoviral vectors often require booster doses 
[29].

 
Figure 2. Viral Vector Vaccine Production 
 
The development of viral vector vaccines dates back to the 1980s, initially for 
gene therapy and cancer immunotherapy, later expanding to infectious disease 
vaccines [30]. In 2019, Ervebo, an Ebola vaccine based on the vesicular 
stomatitis virus (VSV) vector, became the first commercially approved viral 
vector vaccine [31]. 
 
During the COVID-19 pandemic, several viral vector vaccines received 
emergency use authorization, including AstraZeneca (ChAdOx1-S), Janssen 
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(Ad26.COV2.S), and Sputnik V (Ad26/Ad5) [32, 33]. These vaccines commonly 
use adenoviruses as vectors to deliver the SARS-CoV-2 spike (S) protein gene, 
prompting the immune system to generate antibodies and T-cell responses 
against the spike protein [34]. Large-scale clinical trials and real-world data 
confirm their effectiveness in preventing severe COVID-19 cases and 
hospitalizations [35]. Notably, Janssen’s single-dose vaccine demonstrated 66-
85% protection against severe COVID-19, making it particularly useful for 
emergency vaccination campaigns [36]. 
 
Advantages of viral vector vaccines include strong immunogenicity (capable of 
eliciting both humoral and cellular immune responses), well-established 
production technology (as demonstrated in Ebola vaccine development), and 
favorable storage and transportation requirements (typically maintained at 2–
8 °C). However, several challenges remain. These include pre-existing 
immunity to adenoviral vectors, which may diminish vaccine efficacy; reduced 
effectiveness against emerging variants (e.g., neutralizing antibody titers 
against Omicron BA.1 have been shown to decrease by 5–10-fold, with real-
world protection against infection declining to 40–60%); and rare but serious 
adverse events, such as potential associations between the AstraZeneca and 
Janssen vaccines and thrombotic complications [37]. 
 
Nonetheless, ongoing efforts to optimize vector selection (e.g., employing rare 
serotype adenoviruses), enhance adjuvant formulations (to improve long-term 
immune responses), and explore alternative delivery routes (such as intranasal 
administration) ensure that viral vector vaccines will continue to play a pivotal 
role in future vaccine development and the control of emerging infectious 
diseases [38]. 
 

1.1.3. Protein Subunit Vaccines 

Protein subunit vaccines are a type of vaccine that induces an immune 
response by using recombinant technology to produce and purify key antigenic 
proteins of a pathogen, such as spike proteins or toxins, rather than extracting 
them directly from the pathogen [39, 40]. As protein subunit vaccines do not 
contain the complete virus or bacterium, they offer a high safety profile, posing 
no risk of infection while enabling precise optimization of immunogenic regions 
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to enhance efficacy. Their immune response is primarily mediated by humoral 
immunity (i.e., B cell–mediated antibody production) and typically requires the 
use of adjuvants to augment immunogenicity [41]. 

 
Figure 3. The process of developing a protein subunit vaccine.  
 
The development of protein subunit vaccines (Figure 3) dates back to the mid-
20th century, with early applications in vaccines against pertussis (Infanrix, 
GSK), hepatitis B (Heptavax-B, Merck), and influenza (Fluarix, GSK). Advances 
in recombinant protein technology have enabled the production of high-purity 
antigens using mammalian, yeast, or insect cell expression systems, which can 
be formulated with adjuvants such as AS03, MF59, or CpG oligonucleotides to 
enhance immunogenicity [42, 43]. During the COVID-19 pandemic, Novavax 
(NVX-CoV2373) developed one of the world’s first protein subunit vaccines, 
incorporating a recombinant spike protein formulated with Matrix-M adjuvant to 
enhance immune responses [44]. Clinical trials demonstrated that two doses of 
the Novavax vaccine provided over 90% efficacy, significantly reducing severe 
disease. Additionally, Cuba’s Abdala vaccine (RBD trimer) and India’s 
Corbevax vaccine (RBD dimer) employed low-cost expression systems, with 
an annual production capacity of 100 million and 1 billion doses, respectively, 
significantly increasing vaccine availability in low- and middle-income countries 
[45]. Meanwhile, Sinovac (SCB-2019), Bharat Biotech (Corbevax), and Zhifei 
Longcom (ZF2001) have also introduced protein subunit vaccines, further 
expanding their presence in the global vaccine market [46, 47]. 
 
The primary advantages of protein subunit vaccines include high safety, as they 
do not contain a replicating virus, making them suitable for 
immunocompromised individuals. Additionally, they can precisely target key 
antigenic sites, ensuring a controlled immune response. The production 
process is relatively mature, allowing for scalable manufacturing [48]. 
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Furthermore, these vaccines exhibit good storage stability, with most remaining 
stable at 2-8°C for at least six months (e.g., Novavax), while some require -
20°C long-term storage [49]. Because they can leverage existing vaccine 
production platforms, protein subunit vaccines are highly accessible and play 
an essential role in long-term immunization programs. However, there are 
challenges associated with protein subunit vaccines. First, they have relatively 
lower immunogenicity, requiring multiple doses or adjuvants to enhance their 
effectiveness [50]. Second, the production cycle is longer, as antigen 
purification and protein folding optimization are complex processes that can 
slow down manufacturing [51]. Additionally, protein subunit vaccines may have 
reduced adaptability to new variants. For example, the emergence of Omicron 
led to a decline in neutralizing antibody titers, reducing the vaccine’s protective 
efficacy [52]. Addressing these issues will require ongoing technological 
advancements to enhance the vaccine’s responsiveness to emerging infectious 
diseases [53]. 
 
Despite these challenges, protein subunit vaccines will continue to play a 
crucial role in future vaccine development and infectious disease prevention. 
With advancements in adjuvant technology (e.g., TLR agonists), optimization 
of antigen expression platforms (e.g., plant-based systems), and the 
development of multivalent vaccines (e.g., Omicron + Delta bivalent vaccines), 
the efficacy of protein subunit vaccines is expected to improve [54]. By refining 
vaccine formulations to enhance adaptability to new variants and streamlining 
production to shorten manufacturing cycles, protein subunit vaccines will 
remain a key tool in global immunization strategies and the fight against 
emerging infectious diseases [48, 55]. 
 

1.1.4. mRNA Vaccine  

mRNA vaccines are an innovative type of vaccine that utilizes messenger RNA 
(mRNA) technology to introduce the genetic code for a pathogen’s key antigen 
into human cells, allowing them to produce the antigen protein and induce an 
immune response [10, 56]. This approach mimics natural viral infection, 
activating both cellular (T-cell) and humoral (B-cell) immunity, providing robust 
protection. Since mRNA does not integrate into the host genome and degrades 
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rapidly in the body, these vaccines offer notable safety, immunogenicity, and 
adaptability advantages [57]. 

 

Figure 4. The process of developing a mRNA vaccine.  
 
The development of mRNA vaccines dates back to the 1990s, but challenges 
such as mRNA instability, low delivery efficiency, and overly high reactogenicity 
or immunogenicity initially prevented widespread application. However, 
advancements in lipid nanoparticle (LNP) delivery systems, chemical 
modifications (e.g., pseudouridine modifications), and 5′ cap structure 
optimization have overcome these limitations, enabling efficient delivery, 
enhanced stability, and reduced reactogenicity [58]. During the COVID-19 
pandemic, Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) 
pioneered the first-ever approved mRNA vaccines, receiving Emergency Use 
Authorization (EUA) in late 2020 [59, 60]. Large-scale clinical trials 
demonstrated that two doses of mRNA vaccines a two-dose regimen provided 
over 90% efficacy, significantly reducing severe disease and mortality. As 
mRNA vaccine technology matures, CureVac (CVnCoV), Sanofi-GSK, and 
Arcturus have been actively developing second-generation mRNA vaccines to 
improve tolerability and antigen design [61]. Additionally, mRNA vaccines are 
being explored for preventing influenza, rabies, and Zika virus and are showing 
great promise in personalized cancer vaccine applications [62]. 
 
The key advantages of mRNA vaccines include high immunogenicity, as they 
can simultaneously activate T-cell and B-cell immune responses to provide 
strong and long-lasting protection [63]. Furthermore, mRNA vaccines do not 
require traditional cell culture (e.g., Vero cells), avoiding biosafety risks 
associated with live-virus handling [64]. Their short production cycle, often 
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completed within weeks, makes them ideal for rapidly responding to emerging 
variants. The highly adaptable manufacturing platform allows for rapid vaccine 
design by simply modifying the mRNA sequence, ensuring broad applicability 
[65]. In terms of storage, next-generation mRNA vaccines are being developed 
with improved cold-chain requirements, with some novel formulations 
remaining stable for months at 2-8°C, reducing logistics costs and improving 
global accessibility. 
 
However, mRNA vaccines still face challenges. Firstly, mRNA is highly unstable, 
requiring stringent storage conditions, with early mRNA vaccines (e.g., 
BNT162b2) necessitating ultra-cold storage at -70°C, limiting distribution in 
certain regions [66]. Secondly, rare adverse reactions such as myocarditis and 
pericarditis have been reported, primarily in young males, although most cases 
were mild and resolved without complications. Additionally, the protective 
efficacy against emerging variants has declined over time. For instance, after 
the emergence of the Omicron variant, first-generation mRNA vaccines showed 
reduced protection against infection but still provided high efficacy in preventing 
severe disease, prompting the development of bivalent mRNA vaccines 
(Omicron + original strain) [37]. 
 
Despite these challenges, mRNA vaccines will continue to play a pivotal role in 
vaccine development and global health strategies. Advancements in delivery 
systems (e.g., novel LNPs), improved mRNA stability (e.g., circular RNA or self-
amplifying RNA, saRNA), and antigen design (e.g., multivalent mRNA vaccines) 
will help enhance immune durability and variant protection [67]. Furthermore, 
mRNA vaccine applications are expanding into personalized cancer 
immunotherapy and autoimmune disease treatments. With ongoing 
technological innovations, mRNA vaccines are expected to establish a strong 
presence in both global vaccine markets and precision medicine in the years to 
come [68, 69]. 
 

1.1.5. Comparison of vaccine production processes 

The selection of vaccine production processes requires balancing speed, safety, 
cost, and accessibility. Among them, mRNA vaccines, utilizing in vitro 
transcription technology, can achieve rapid production within 2 to 3 weeks, 
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making them suitable for swiftly addressing viral variants [70]. However, their 
requirements for ultra-low temperature storage (-70°C) and the high costs 
associated with lipid nanoparticles (LNP) limit their global accessibility [71]. In 
terms of core differences, mRNA vaccines have the fastest production speed 
but also the highest costs, higher technical barriers, and relatively limited global 
accessibility. Future optimization directions include developing lyophilized 
formulations to enhance the accessibility of mRNA vaccines. Overall, mRNA 
vaccines, with their rapid production and flexible adjustment capabilities against 
variants, occupy a central position in the future vaccine technology landscape 
and are expected to further improve in stability and global reach through 
technological advancements [72]. 
 
The COVID-19 pandemic has been a turning point for RNA vaccine 
development. In 2020, the first two mRNA vaccines were approved, leading to 
significant investments in mRNA technology. By 2025, seven mRNA vaccines 
and three self-amplifying RNA (saRNA) vaccines have been licensed [73]. It is 
anticipated that in the coming years, more mRNA and saRNA vaccines will be 
approved for the treatment of infectious diseases and cancers [74]. Although 
current LNPs are effective for intramuscular injections, they may not be optimal 
for mucosal delivery [75]. For instance, respiratory delivery of RNA vaccines 
can enable non-invasive vaccination and potentially enhance local immune 
responses, capturing respiratory pathogens more effectively at the entry point 
[76]. However, mucus in the respiratory tract and pulmonary surfactants in the 
alveoli present physical barriers to RNA vaccines, potentially leading to 
instability of current RNA formulations and limiting their entry into target cells. 
Additionally, delivering mRNA vaccines to the respiratory tract faces 
formulation challenges, as it requires generating aerosols or dry powders 
suitable for inhalation, along with concerns about inducing respiratory 
inflammation [77]. To address these challenges, research into novel delivery 
systems with improved stability and efficacy in mucosal tissues is necessary. 
After initial successes, RNA vaccines are now entering a consolidation phase. 
They have played a crucial role in mitigating the severity of the COVID-19 
pandemic. Currently, researchers engaged in this platform are eager to see 
where it will lead in the future. And the Table 1 shows the compare of the  
these four types of vaccines. 
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Table 1. A Comprehensive Comparison of Inactivated Vaccines, Viral Vector Vaccines, Protein Subunit Vaccines and mRNA 
Vaccines.  

Inactivated Vaccines Viral Vector Vaccines Protein Subunit Vaccines mRNA Vaccines 
Key Raw Materials 1. Live virus (e.g., SARS-CoV-2) 

2. Inactivating agent (β-

propiolactone) 

3. Aluminum adjuvant 

1. Viral vector (adenovirus, 

VSV)[78] 

2. Mammalian cells (HEK293, 

PER.C6) 

3. Adjuvant 

1. Recombinant protein antigen 

2. Adjuvant (AS03, aluminum salts) 
1. Plasmid DNA template 

2. In vitro transcription 

enzymes 

3. Lipid nanoparticles (LNP) 

Production 

Process 
1. Virus culture (Vero cells/egg-

based) 

2. Inactivation 

3. Purification  

4. Adjuvant mixing 

1. Viral vector production (cell 

culture) 

2. Virus purification (density 

gradient centrifugation) 

3. Formulation 

1. Antigen expression (CHO/yeast) 

2. Protein purification 

(chromatography) 

3. Adjuvant mixing 

1. Plasmid amplification 

2. mRNA transcription 

3. LNP encapsulation 

4. Purification (TFF) 

Production 

Timeline 
Longest (6–8 weeks) Moderate (4–6 weeks) Moderate (5–7 weeks) Shortest (2–3 weeks) 

Technical 

Challenges 
1. High-containment facilities 

(BSL-3) [79] 

2. Inactivation validation 

(residual live virus risk) 

1. Cell culture contamination 

control 

2. Pre-existing immunity 

(adenovirus vectors)[80] 

3. Viral titer consistency 

1. Protein folding and glycosylation 

control 

2. Adjuvant-antigen compatibility 

3. High-purity antigen production 

1. mRNA stability 

2. LNP encapsulation 

efficiency 

3. Scalability and quality 

control [81] 
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Equipment 

Requirements 
1. Large-scale cell culture tanks 

(Vero cells) 

2. BSL-3 validation labs 

1. Suspension cell culture 

systems 

2. Ultracentrifuges (virus 

purification) 

1. Mammalian/yeast fermentation 

tanks 

2. Chromatography systems 

1. Bioreactors (plasmid 

production) 

2. Microfluidic devices (LNP 

encapsulation) 
Cost Low (mature traditional 

processes) 
Moderate (high cell culture 

costs) 
Moderate (high adjuvant/purification 

costs) 
High (Lipids and 5’ capping 

reagents) 
Scalability Moderate (dependent on virus 

culture scale) 
Low (limited by cell culture 

capacity) 
High (compatible with existing 

recombinant protein platforms) 
High (rapid in vitro 

transcription scale-up) 
Storage 

Conditions 
2–8°C (aluminum adjuvant 

stability) 
2–8°C (adenovirus vector 

stability) 
2–8°C (some require -20°C for long-

term storage) 
-70°C to -20°C (LNP 

degradation risk) 
Marketed Sinovac (CoronaVac), Sinopharm 

(BBIBP-CorV) 
AstraZeneca (ChAdOx1), 

CanSinoBio (Ad5-nCoV) 
Novavax (NVX-CoV2373), Zhifei 

Biotech (ZF2001) 
Pfizer-BioNTech (BNT162b2), 

Moderna (mRNA-1273) 
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1.2. Gene Delivery 
Gene delivery therapy aims to introduce exogenous genes into patients to 
repair or replace defective genes or enhance cellular functions, thereby treating 
diseases or improving health conditions [82]. The main principles include gene 
replacement (e.g., CFTR gene replacement for treating cystic fibrosis), gene 
silencing (e.g., siRNA for reducing the expression of mutated genes), gene 
editing (e.g., CRISPR-Cas9 technology for correcting genetic mutations), and 
gene enhancement (e.g., VEGF gene for promoting angiogenesis) [83]. 
 
With the approval of COVID-19 mRNA vaccines, mRNA therapy has become a 
hot topic in the biomedical field. Before the large-scale rollout of mRNA 
vaccines, researchers had already explored the use of exogenous nucleic acids 
such as DNA, siRNA, and miRNA for gene regulation or gene therapy, 
investigating their applications in disease intervention [84, 85]. 
 
To date, various bio-derived and chemical-based delivery materials have been 
developed, some of which have shown promising delivery efficiency. Bio-
derived vehicles, including exosomes and virus-like particles (VLPs, e.g., 
PEG10 VLPs), have demonstrated potential in specific applications. In terms of 
chemically synthesized delivery systems, polymers, inorganic nanoparticles, 
and lipid-based nanoparticles (LNPs) have been widely applied due to their high 
delivery efficiency and versatility. 
 

1.2.1. Viral vector/Virus-Like Particle 

Viral vector delivery was the first technology applied in gene delivery, 
leveraging the natural infection capabilities of viruses to introduce exogenous 
genes into target cells [86]. As early as the 1960s, scientists attempted to use 
retroviruses for gene transduction. The first successful human gene therapy 
trial involved the use of retroviruses to treat a patient with adenosine deaminase 
(ADA) deficiency [87]. During the COVID-19 pandemic, AstraZeneca’s 
adenoviral vector vaccine was successfully developed and launched, further 
demonstrating the significant potential of viral vectors in vaccine development. 



 27 

Different types of viral vectors are suitable for distinct applications. For example, 
adenoviruses (Ad) can infect both dividing and non-dividing cells and enable 
transient, high-efficiency gene expression, making them widely used in vaccine 
development [88]. Lentiviruses, modified from HIV, integrate into the host 
genome, allowing for long-term gene expression, which is particularly beneficial 
in CAR-T cell therapy. Additionally, retroviruses are also utilized in some gene 
delivery applications [89]. 
 
Compared to non-viral vectors (such as LNPs), viral vectors exhibit higher 
cellular uptake efficiency and enable robust gene expression. They are 
particularly advantageous in genetic and neurological disease therapies due to 
their ability to facilitate long-term gene expression [90]. However, viral vectors 
face several challenges. For instance, adenoviruses and adeno-associated 
viruses (AAVs) may be recognized and cleared by the immune system, 
reducing delivery efficiency [91]. Moreover, certain viral vectors pose risks of 
genome integration, potentially leading to genetic mutations. Another limitation 
is their restricted payload capacity (e.g., AAVs have a maximum payload of 
~4.7kb), making it difficult to deliver large nucleic acid molecules. Additionally, 
viral vector production is complex and costly. 
 
Future advancements will focus on optimizing viral vector design to enhance 
targeting and safety, developing hybrid delivery strategies (such as combining 
viral vectors with nanoparticles), exploring the integration of CRISPR gene 
editing technology with viral vectors, and promoting large-scale production to 
expand the clinical applications of viral vector therapies [92]. 
 

1.2.2. Polymeric materials 

Polymeric nanoparticles have attracted significant interest in nucleic acid 
delivery due to their tunable properties and versatile design. Various polymeric 
materials, such as polyethyleneimine (PEI), poly(β-amino esters) (PBAEs), 
poly(lactic-co-glycolic acid) (PLGA), and chitosan, have been developed to 
encapsulate and protect nucleic acids from enzymatic degradation while 
facilitating cellular uptake [93]. These polymers can be chemically modified to 
improve their biocompatibility, stability, and transfection efficiency. Some 
polymeric nanoparticles employ cationic polymers to form electrostatic 
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complexes with negatively charged nucleic acids, enhancing cellular 
internalization [94]. Additionally, biodegradable polymers allow for controlled 
drug release, improving the therapeutic efficacy of gene delivery systems. 
Polymeric nanoparticles offer several advantages, including structural flexibility, 
ease of large-scale production, and the ability to incorporate functional 
modifications such as targeting ligands or stimuli-responsive elements [95]. 
However, their clinical translation remains limited due to concerns about 
cytotoxicity, variability in transfection efficiency, and potential accumulation in 
tissues, which may lead to adverse effects. While polymeric nanoparticles have 
not yet emerged as the dominant nucleic acid delivery system, ongoing 
research in polymer engineering, such as the development of biodegradable 
and charge-altering polymers, may enhance their biocompatibility and expand 
their applications in gene therapy [96]. 
 

1.2.3. Inorganic Nanoparticles 

Inorganic nanoparticles have gained attention in nucleic acid delivery due to 
their unique properties. Gold nanoparticles (AuNPs) can bind negatively 
charged nucleic acids (e.g., siRNA, plasmid DNA) via electrostatic interactions, 
and upon near-infrared (NIR) irradiation, they generate localized heating to 
enhance nucleic acid release and cell membrane permeability [97]. Similarly, 
magnetic nanoparticles (MNPs) made of Fe₃O₄ or Fe₃O₄@Au can be guided 
by an external magnetic field and release nucleic acids through heat under an 
alternating magnetic field. These nanoparticles offer high stability, resisting 
temperature, pH changes, and enzymatic degradation, making them suitable 
for long-term storage [98]. Their structure can be precisely controlled, and by 
conjugating ligands (e.g., antibodies, peptides, aptamers), they enable targeted 
gene delivery. 
 
However, their clinical application is limited due to biocompatibility and toxicity 
concerns, relatively low delivery efficiency, and challenges in large-scale 
production. As a result, inorganic nanoparticles have not become a primary 
nucleic acid delivery method, though future innovations in degradability and 
smart response strategies may expand their potential in targeted therapies. 
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1.2.4. Liposome/Lipid Nanoparticle 

LNPs played a pivotal role in controlling the COVID-19 pandemic and have 
continued to receive widespread attention in the post-pandemic era. With 
excellent biocompatibility and high cellular uptake efficiency, lipid nanoparticles 
have become a central platform for nucleic acid delivery [99]. LNPs encapsulate 
siRNA or mRNA within a lipid bilayer, where ionizable lipids remain neutral at 
physiological pH and become positively charged in the acidic endosomal 
environment, facilitating nucleic acid release and improving delivery efficiency 
[100]. And figure 5 shows the structure difference of liposome and lipid 
nanoparticle. 

 
Figure 5. The structural difference between liposome and mRNA-lipid 
nanoparticles (mRNA-LNP). Liposomes can encapsulate water-soluble drugs (e.g. 
paclitaxel, doxorubicin liposomes). 
 
LNP technology has achieved breakthroughs in gene silencing (e.g., Onpattro®) 
and mRNA vaccines (e.g., COVID-19 vaccines) [101]. However, several 
challenges remain, including temperature sensitivity, limited extrahepatic 
delivery efficiency, and potential immune responses. The success of COVID-
19 vaccines has demonstrated the feasibility of LNPs as nucleic acid delivery 
carriers, yet there is still room for improvement in both manufacturing processes 
and formulation strategies. Current research focuses on (1) optimizing LNP 
formulations for targeted delivery to specific organs such as the lungs and brain, 
(2) developing lyophilization techniques to enhance storage stability and reduce 
reliance on cold chain logistics, and (3) adjusting lipid composition to minimize 
toxicity and off-target effects [102, 103]. 
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As LNP technology advances, post-pandemic research is increasingly 
incorporating additional functionalities, enhancing delivery efficiency, targeting 
specificity, and other biological properties, leading to increasingly complex LNP 
structures and formulations [101, 104]. Therefore, establishing a standardized 
LNP formulation platform is crucial for optimizing manufacturing processes, 
improving reproducibility, and accelerating the development of next-generation 
nucleic acid therapeutics. 

 

1.3. Lipid Nanoparticle in Gene Delivery 
Lipid nanoparticles (LNPs) are a revolutionary gene delivery tool capable of 
safely and efficiently transporting therapeutic nucleic acids, such as mRNA, 
siRNA, or CRISPR components, into target cells. With their intelligent pH-
responsive properties and exceptional delivery efficiency, LNPs have emerged 
as a key platform for gene therapy and vaccine development. Their application 
has not only accelerated the global rollout of COVID-19 mRNA vaccines but 
also paved the way for innovative treatment strategies for genetic disorders, 
cancer, and other major diseases. As LNP technology continues to advance, it 
is expected to drive breakthroughs in next-generation gene therapies, further 
expanding the clinical potential of nucleic acid-based medicines [105]. 
 

1.3.1. LNP Development and Application 

Lipid nanoparticles (LNPs) have their origins in traditional liposomes technology 
and have evolved into highly efficient nucleic acid delivery platforms in a 
process of continuous optimization. Its evolution incorporates the needs of 
materials science, nanotechnology, and gene therapy. Early Liposomes 
technologies were mainly used for small molecule drug delivery, such as Doxil® 
(Adriamycin Liposome), to improve efficacy by increasing circulation time and 
reducing toxicity [106]. However, in the area of nucleic acid delivery, 
conventional liposomes face the bottleneck of inefficient escape from cellular 
endosomes - nucleic acids need to enter the cytoplasm to be effective, and 
liposomes lack an efficient escape mechanism [107]. 
To address this issue, researchers have developed cationic liposomes (e.g., 
DOTAP), hoping to take advantage of their positively charged properties to 
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enhance binding to negatively charged nucleic acids [108]. However, this 
strategy suffers from low encapsulation rates and a tendency to aggregate. In 
addition, the continued positive charge of cationic lipids at physiological pH 
conditions may lead to cell membrane damage, hemolysis and inflammation, 
limiting their use in gene delivery [109].  
 
The introduction of Ionizable Lipids and the optimization of delivery efficiencies 
have been central breakthroughs in the development of LNPs. The 
revolutionary design of ionizable lipids truly laid the foundation for the success 
of LNP in nucleic acid delivery, and in 2018, Alnylam's development of 
Onpattro® (Patisiran) validated the value of LNP in the clinic as the first 
approved siRNA-LNP drug. Subsequently, the 2020 Covid outbreak and the 
global deployment of Pfizer/BioNTech and Moderna's mRNA-LNP vaccine 
further demonstrated the safety, efficacy and rapid production capacity of LNP 
[56, 62]. On this basis, LNP is expected to achieve breakthroughs in more 
disease areas, and more and more mRNA drugs are being developed, such as 
individualized tumor vaccines (e.g. BioNTech's BNT111), and CRISPR editing 
(in vivo knockdown of oncogenes) [110]. And the table 2 shows the previous 
and current application of lipid nanoparticle. 
 
Table 2. The RNA therapy based on the LNP delivery. 

Name Drug Type Indication Approved 

Year 
Stage 

Doxil®[111] Doxorubicin 

Liposome 
Metastatic ovarian cancer 1995 Approved 

Onpattro® siRNA Hereditary transthyretin-

mediated amyloidosis 

with polyneuropathy 

2018 Approved 

Comirnaty®[112] mRNA Vaccine COVID-19 Prevention 2020 Approved 

Spikevax®[112] mRNA Vaccine COVID-19 Prevention 2020 Approved 

ARCT-810[113] mRNA 

Therapeutic 
Hepatitis B Virus Infection TBD Clinical Trial 

Phase 
NTLA-2001[114] CRISPR/Cas9 

Gene Editing 
Transthyretin Amyloidosis 

(ATTR) 
TBD Clinical Trial 

Phase 
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BNT111[68] mRNA Cancer 

Vaccine 
Melanoma TBD Clinical Trial 

Phase 
*Updated 11th July 2024 All clinical trials listed in this table are based on 
ClinicalTrials.gov and official announcements from pharmaceutical companies. 
 
Unlike siRNA-LNP delivery, mRNA molecules are larger (~1000-4000 nt), more 
chemically complex, prone to degradation, and more difficult to encapsulate 
[115]. In addition, mRNA vaccines require intramuscular delivery and activation 
of the immune system, unlike siRNA-LNP, which is rapidly degraded in the liver. 
mRNA-LNP breaks through these technological barriers and is the world's first 
large-scale application of an mRNA drug. 
 
In terms of manufacturing processes, mRNA vaccines need to be produced 
globally on a large scale, with batch-to-batch consistency, while meeting 
stringent sterility and quality control (QC) standards. However, there is still room 
for optimization: most LNPs are currently stored at -20°C to -70°C, resulting in 
high cold chain costs [116]. Lack of Precision Process Monitoring (PAT): Real-
time monitoring of particle size, PDI and encapsulation rate through Dynamic 
Light Scattering (DLS) on-line testing improves quality control. Freeze-drying 
storage processes are also being explored, as well as end-to-end automation 
with microfluidic modules, on-line purification (Tangential Flow Filtration, TFF) 
and filling systems. The LNP production process has evolved from manual 
laboratory preparation to highly automated continuous flow production. In the 
future, with the development of material innovation, intelligent control and green 
manufacturing, the LNP industry will further push the boundaries of efficiency 
and safety. With the maturity of freeze-drying technology, AI design, and 
targeted modification, LNP is expected to reach a higher level in the 
industrialization of gene drugs [117]. 
 

1.3.2. The Composition and Self-assembly Mechanism 

Lipid nanoparticles (LNPs) are composed of ionizable lipids, helper 
phospholipids, cholesterol, and PEG lipids, forming a core-shell structure that 
encapsulates nucleic acids. Their mechanism relies on the protonation of 
ionizable lipids in acidic endosomes, disrupting the membrane structure to 
release nucleic acids into the cytoplasm, achieving efficient drug delivery [99].  
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The spherical morphology of LNPs arises from the thermodynamic drive to 
minimize interfacial energy in aqueous environments, combined with the 
molecular geometry of lipid components that favors curved, closed structures. 
In microfluidic systems, the rapid mixing of lipid-containing organic and 
aqueous phases further accelerates this self-assembly process, enabling the 
spontaneous formation of uniform, spherical nanoparticles that efficiently 
encapsulate nucleic acids. And the mechanism of LNP formulated and the 
structure of mRNA-LNP is shown schematically in Figure 6. 

 

 

Figure 6. Structure and self-assembly mechanism of mRNA-LNP. Lipids dissolved 
in organic solvents rapidly self-assemble into bilayer structures upon mixing with an 
aqueous mRNA solution. Driven by hydrophobic forces and surface tension, these 
structures spontaneously curve and enclose the mRNA, forming spherical lipid 
nanoparticles for efficient encapsulation and delivery. And the mRNA is the active 
ingredient and ionizable lipid to bind electrostatically to the nucleic acid. Cholesterol 
stabilizes the nanoparticle structure and mediates cytokinesis via the low-density 
lipoprotein (LDL) receptor [118]. Helper lipid accelerates the structural transformation 
of LNP in cells and accelerates drug release. PEG-lipid improves the overall stability 
of LNP and prolongs the circulation time of LNP. 
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1.3.2.1. Ionizable/Cationic Lipids 

Ionizable lipids are key and main components of lipid nanoparticle (40mol%-
50mol%) delivery systems, with their acid dissociation constant (pKa) 
determining LNP ionization behavior and surface charge, thereby affecting 
stability, toxicity, and delivery efficiency. Early permanently charged cationic 
lipids, such as DOTAP (1,2-dioleoyl-3-trimethylammonium-propane), used for 
nucleic acid delivery, tended to interact with negatively charged serum proteins 
in the bloodstream, leading to LNP aggregation and rapid clearance by the 
mononuclear phagocyte system (MPS), thus reducing circulation half-life. 
Additionally, these lipids exhibited high hemolytic activity, potentially disrupting 
red blood cell membranes, causing hemoglobin release, and increasing toxicity 
risks [119]. This limitation also contributed to the failure of gene therapy 
formulations based on DOTAP/DOTMA in clinical trials during the last century. 
 
To overcome these challenges, researchers developed ionizable cationic lipids 
with pKa values between 6.0 and 7.0, which exhibit environmental 
responsiveness. These lipids remain positively charged in acidic environments 
(e.g., pH 4.0), enhancing nucleic acid encapsulation efficiency, while they 
become nearly neutral at physiological pH (7.4), reducing toxicity during 
circulation. Once inside the endosome/lysosome, where pH drops below the 
lipid’s pKa, they regain positive charge, facilitating endosomal escape and 
effective nucleic acid release into the cytoplasm [120]. Current research also 
suggests that pKa plays a role in LNP targeting, with studies indicating that 
LNPs with pKa values of 6.2–6.5 are optimal for hepatic siRNA delivery, 
whereas those with pKa values of 6.6–6.9 are better suited for intramuscular 
administration of mRNA vaccines [121]. 
 
Ionizable lipids generally consist of three key components: the amino head 
group, which determines the lipid’s pKa and charge state; the hydrophobic tail, 
which influences membrane fusion, stability, and degradation rate; and the 
internal linker that connects the two. Through combinatorial chemistry, 
researchers can fine-tune the tail structure to further optimize LNP performance. 
Pfizer’s ALC-0315, used in COVID-19 vaccines, employs a four-branched tail 
design, demonstrating that increasing lipid tail branching (e.g., methyl or ethyl 
branches) enhances membrane fusion capability and improves endosomal 



 35 

escape efficiency [122]. Moderna’s SM-102 incorporates hydrolyzable groups 
such as ester and carbonate bonds, allowing metabolic breakdown into non-
toxic products, thereby reducing long-term accumulation risks [123]. In terms of 
production processes, the development of coatings such as polysarcosine or 
polysorbate as alternatives to PEG lipids is being explored to mitigate PEG 
lipid-induced allergic reactions [124]. 

 
Figure 7. This is the structural diagram of the ionizable lipid SM-102 (used in 
Moderna's Spikevax®). It consists of three main components: the amino head group, 
internal linker, and hydrophobic tail, and is the main component in LNP formulations. 
The amino head group is highlighted with a green circle, the internal linker is marked 
with a black box, and the hydrophobic tail is indicated by a blue box. 
 
Currently, high-throughput screening (HTS) techniques play a crucial role in 
optimizing ionizable lipids. Researchers typically employ in vitro and in vivo 
HTS to identify optimal lipid structures from hundreds of candidates, selecting 
LNP formulations with high delivery efficiency and low toxicity [125]. 
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Furthermore, AI-driven computational design is advancing the field by 
predicting structure-activity relationships (SAR) and guiding rational chemical 
modifications of lipid structures [126]. Regarding LNP targeting, the currently 
approved ionizable lipids are primarily used for hepatic LNP delivery, such as 
in siRNA therapeutics, while mRNA vaccines have relatively low targeting 
requirements. However, increasing research efforts are directed toward LNP 
delivery to specific tissues such as the lungs, bone marrow, spleen, and T cells. 
Lung-targeted delivery holds potential for gene therapy, while bone marrow and 
spleen-targeted LNPs could enable immune cell delivery for cancer treatment. 
LNP-mediated RNA delivery to T cells could enhance CAR-T cell therapy [127]. 
Additionally, LNP formulations designed to overcome the blood-brain barrier 
(BBB) are showing promise for gene therapy applications in central nervous 
system disorders [128]. 
 
In terms of manufacturing processes, it is essential to consider the impact of 
newly designed ionizable lipids. Highly branched lipids may require a reduction 
in cholesterol content to prevent excessive rigidity. Differences in lipid solubility 
may necessitate adjustments in ethanol-to-aqueous phase flow ratios or 
temperature settings to ensure optimal formulation and production efficiency 
[129]. 
 

1.3.2.2. Phospholipids (Helper Lipids) 
Phospholipids, a class of helper lipids, play a crucial role in the formation of lipid 
nanoparticles (LNPs) and in facilitating endosomal escape, typically accounting 
for approximately 10 mol% of LNP formulations. In both preclinical and clinical 
applications, DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) and DOPE 
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) have been widely used for 
many years. Given their established roles, studying the structure-activity 
relationships (SAR) of phospholipids and optimizing their chemical structures 
to enhance the physical and biological properties of LNPs holds significant 
importance [130]. 
 
Traditional phospholipids have inherent limitations, such as high structural 
rigidity and difficulty in chemical modification. To address these challenges, Liu 
et al. developed hundreds of ionizable phospholipids (iPhos), among which 
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9A1P9, featuring a zwitterionic head group and three alkyl tails [131]. The 
unique structure of iPhos lipids allows them to adopt a cone shape more readily 
within endosomes, ultimately enhancing membrane destabilization and cargo 
release. Furthermore, iPhos-based LNPs have shown potential for targeted 
delivery to the liver, spleen, and lungs, making them highly promising for organ-
specific delivery in mRNA therapeutics and CRISPR-Cas9 gene editing 
systems. 
 
Unlike cholesterol and ionizable lipids, phospholipids currently do not follow a 
fixed design paradigm; both phosphoethanolamine (PE) and phosphocholine 
(PC) head groups have been successfully incorporated into LNP formulations 
for nucleic acid delivery [132]. However, their impact on LNP formulation and 
manufacturing processes differs, highlighting the need for further optimization 
in lipid composition to improve formulation stability and delivery performance. 
Developing a better understanding of phospholipid roles in LNP assembly and 
refining their integration into formulations remains a key research focus. DOPE, 
characterized by its conical molecular geometry due to unsaturated oleoyl 
chains, inherently adopts an inverse hexagonal phase under physiological 
conditions rather than a lamellar bilayer, precluding self-assembly into closed 
liposomal structures. Although cholesterol modulates membrane fluidity, it fails 
to suppress DOPE’s intrinsic non-lamellar phase propensity, leading to bilayer 
destabilization. In contrast, DSPC’s saturated linear chains stabilize the 
lamellar phase, synergizing with cholesterol to enhance membrane rigidity and 
thereby enabling robust liposome formation. 
 
Overall, phospholipids play a critical role in mRNA-LNP delivery, and ongoing 
studies continue to validate their potential for enhancing delivery efficiency, 
organ targeting, and endosomal escape mechanisms. These advancements 
pave the way for the future development of mRNA therapeutics and gene 
editing technologies, providing novel insights for improving LNP-based drug 
delivery platforms. 
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1.3.2.3.  Cholesterol 

Cholesterol, as a key auxiliary component in lipid nanoparticles (LNPs), 
accounts for approximately 40 mol% of the lipid phase composition and plays 
a crucial role in LNP stability, membrane fusion, delivery efficiency, and 
targeting capability. Consequently, optimizing cholesterol focuses on functional 
modifications, alternative lipid development, and formulation synergy, which not 
only enhance LNP performance but also introduce new challenges in 
manufacturing processes [133]. 
 
Current research on cholesterol optimization is primarily directed toward two 
key aspects. The first is imparting pH responsiveness and cell targeting 
properties. For instance, cholesteryl oleate incorporated into LNPs enables 
preferential targeting of hepatic endothelial cells, while 20𝛼-hydroxycholesterol 
(20𝛼-OH) significantly enhances mRNA delivery to endothelial cells within the 
liver [134]. The second approach explores natural cholesterol alternatives, with 
Iravani et al. screening various plant-derived cholesterol analogs and 
discovering that β-sitosterol-modified LNPs (eLNPs) not only significantly 
improve transfection efficiency but also reduce immune risks associated with 
animal-derived components [135]. Additionally, synthetic sterol-cholesterol 
complexes improve water solubility, facilitating the pre-mixed lipid formulation 
of LNPs for large-scale manufacturing. 
 
In LNP manufacturing, cholesterol modifications also introduce new technical 
challenges. Certain cholesterol derivatives, such as CHEMS, may increase 
solution viscosity, impacting microfluidic mixing efficiency, necessitating 
adjustments in chip channel design and flow rate ratios. Moreover, the inclusion 
of functionalized cholesterol may disrupt the balance of other lipid components, 
such as ionizable lipids, requiring design of experiments (DoE) to optimize LNP 
formulations for a balance of delivery efficiency, stability, and manufacturability. 
 
Overall, the role of cholesterol in LNP systems is shifting from passive structural 
support to active functional regulation. Through chemical modifications, 
alternative lipid development, and synergistic formulation design, cholesterol 
can enhance LNP targeting specificity and safety, expanding its potential 
applications in gene delivery [136]. However, these improvements also 
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increase the complexity and cost of manufacturing, necessitating modular 
design, continuous-flow production, and AI-driven optimization to enable 
scalability and cost-effectiveness. Looking ahead, functionalized cholesterol 
may play a pivotal role in overcoming LNP liver-targeting limitations and 
broadening gene therapy applications to new indications. 

 

1.3.2.4. PEGylated Lipids 

PEGylated lipids are incorporated at the lowest proportion in LNP formulations, 
typically around 1–2 mol%, primarily to reduce nanoparticle aggregation, 
prolong circulation time, and evade clearance by the mononuclear phagocyte 
system (MPS) [137], In most clinical LNP formulations, PEG-lipids with 
polyethylene glycol chain lengths of ~2 kDa (PEG2000) are typically used, 
striking a balance between circulation time extension and efficient cellular 
uptake. In most LNP formulations, PEG2000 is commonly used to balance 
circulation time and cellular uptake. Shorter PEG chains (e.g., PEG1000) 
enable faster shedding and improved delivery, while longer chains (e.g., 
PEG5000) prolong blood circulation. The desorption rate also depends on the 
hydrophobic anchor length—shorter or unsaturated tails (e.g., C14) detach 
faster than saturated long tails (e.g., C18). Recent PEG-lipid designs 
incorporate cleavable linkers or responsive moieties to optimize in vivo behavior 
and reduce immunogenicity [71, 138]. However, due to their long-chain 
macromolecular nature, the PEG layer hinders LNP interactions with target 
cells, reducing endosomal escape efficiency and ultimately lowering 
transfection rates. Research on the desorption rates of PEGylated lipids with 
different alkyl chain lengths has revealed that shorter alkyl chains result in faster 
PEG detachment, which correlates with higher LNP delivery efficiency [138]. 
These findings emphasize that PEG lipid chain length and concentration 
significantly influence LNP pharmacokinetics, pharmacodynamics, and 
biodistribution [139]. 
 
Despite its advantages, PEGylation also introduces adverse effects, such as 
hypersensitivity reactions (via complement system activation), the accelerated 
blood clearance (ABC) phenomenon, and systemic reactogenicity due to anti-
PEG antibodies upon repeated administration [140]. To address these 
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challenges, researchers are developing PEG alternatives, including 
poly(glycerol) and poly (amino acids), which offer potential improvements in 
LNP delivery efficiency and safety. 
 
Due to its low proportion in LNP compositions, PEGylated lipids have a minimal 
impact on the manufacturing process. However, PEG lipid optimization is 
shifting from a simple stealth function toward dynamic, responsive, and 
multifunctional designs, aiming to overcome immunogenicity limitations and 
enhance delivery efficiency. 

 

1.3.2.5. Lipid nanoparticle Mechanism of Transfection 

During lipid nanoparticle formulation process, ionizable lipids, helper 
phospholipids, cholesterol, and PEGylated lipids self-assemble with nucleic 
acids through rapid precipitation, forming a core-shell structured lipid 
nanoparticle (LNP). The LNP shell effectively protects nucleic acids from 
RNase degradation in circulation, maintaining stability and ensuring efficient 
delivery. 

 
Figure 8. The mechanism of action of mRNA-LNP. Compared to unprotected 
mRNAs, they can be better captured by cells with the help of LNPs. LNPs are taken up 
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by the cell and then preserved in the endosome. The pH within endosomes 
progressively decreases (from ~6.5 to 4.5–5.0), a process that reprotonates ionizable 
lipids, conferring them a positive charge. This facilitates electrostatic interactions with 
negatively charged phospholipids in the endosomal membrane, thereby inducing 
membrane fusion or disruption to enable endosomal escape. Upon reaching the neutral 
cytoplasmic environment (pH ≈7.4), lipid deprotonation destabilizes the nanoparticle 
structure, leading to gradual mRNA release from the lipid matrix. The liberated mRNA 
is subsequently captured by free ribosomes to initiate translation. The mRNA is 
expressed and does not enter the nucleus and no gene conservation occurs. 
 
After systemic administration, lipid nanoparticles (LNPs) are taken up by cells 
primarily via non-specific endocytosis, a process facilitated by their nanoscale 
size (~80–100 nm), neutral or slightly negative surface charge, and PEGylated 
coating, which also helps prolong circulation and reduce recognition by the 
mononuclear phagocyte system (MPS) [140, 141]. Once internalized, LNPs are 
encapsulated within early endosomes, which progressively acidify as they 
mature into late endosomes [109]. This pH drop (from ~6.5 to ~5.0) leads to the 
protonation of ionizable lipids within the LNP, converting them into positively 
charged species [88, 141]. These cationic lipids interact electrostatically with 
the negatively charged phospholipids in the endosomal membrane, disrupting 
membrane integrity through several mechanisms: (1) membrane fusion, where 
lipids merge with the endosomal bilayer to form transient pores; (2) non-lamellar 
phase transition, where structural rearrangement into an inverted hexagonal 
phase promotes membrane destabilization; (3) the proton sponge effect, where 
osmotic swelling due to proton accumulation induces endosomal rupture; and 
(4) charge-driven membrane perturbation, leading to leakage [141]. These 
mechanisms collectively enable the release of the encapsulated nucleic 
acids—such as mRNA—into the cytoplasm, where they can be translated by 
ribosomes. If the LNP fails to escape the endosome, its cargo is routed to 
lysosomes for enzymatic degradation, and the resulting waste may be removed 
from the cell via exocytosis [141]. Therefore, efficient endosomal escape is a 
major barrier to intracellular delivery and a key determinant of therapeutic 
efficacy. Its success is influenced by the physicochemical properties of the LNP, 
including the pKa and molecular geometry of ionizable lipids, the chain structure 
of helper lipids, the length and desorption rate of PEG-lipids, and the overall 
formulation design that governs the LNP’s responsiveness to the endosomal 
environment [99]. 
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As nucleic acids dissociate from the LNP core and enter the cytoplasm, they 
exert their respective functions [142]. For instance, mRNA is translated by 
ribosomes into functional proteins, typically without integrating into the host 
genome, allowing for transient expression. Meanwhile, LNP lipid components 
(such as ionizable lipids and cholesterol) are metabolized or excreted, while 
PEGylated lipids gradually detach during delivery. Eventually, the LNP particles 
are degraded by lysosomes. Through this sophisticated delivery mechanism, 
LNPs function as an "intelligent courier system" for nucleic acid therapeutics, 
balancing efficiency and safety, and significantly advancing the field of gene 
therapy [84]. 

 

1.3.3. LNP CQAs and Analysis Method 

The Critical Quality Attributes (CQAs) of lipid nanoparticles (LNPs) are 
fundamental parameters that ensure safety, efficacy, and consistency, 
encompassing physical, chemical, biological, and stability aspects [143]. And 
Figure 9 shows general detection methods and equipment of LNP analysis. 

 
Figure 9. Analytical strategies and equipment methods for mRNA-LNP analysis. 
This figure demonstrates the effects of various key parameters during the preparation 
of mRNA-lipid nanoparticles (LNPs), including lipid ratios, flow rates, mRNA 
concentrations, and different mixer types. The figure also lists the various analytical 
methods used to characterise LNPs, such as particle size analysis, dynamic light 
scattering and NanoFCM, to help optimize the quality and properties of LNPs. 
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These attributes provide comprehensive quality control, covering LNP 
physicochemical properties and biological functionality, forming the foundation 
for the stability and therapeutic performance of gene delivery systems. During 
manufacturing, a Quality by Design (QbD) approach, combined with Process 
Analytical Technology (PAT), is essential for real-time monitoring and 
optimization, ensuring compliance with regulatory standards, enhancing clinical 
translation, and facilitating the industrialization of nucleic acid therapeutics. 
Table 3 summarizes the commonly used analytical techniques in lipid 
nanoparticle (LNP) manufacturing and quality control (QC) environments [143]. 
In early discovery and preclinical research stages, a broader range of 
techniques is typically employed—similar to those used for other nanoscale 
delivery systems—including physicochemical characterization, drug loading 
analysis, in vitro release studies, protein expression, immunogencity, and the 
stability evaluation. However, the listed methods reflect the current standard 
practices for routine QC and process monitoring during large-scale LNP 
production. 
Table 3. CQAs for LNP and analytical methods and criteria [143, 46]. 

Critical Quality Attributes Analytical Method Unit Acceptance Criteria 

Size dynamic light scattering nm 20-200 

PDI (Polydispersity Index) dynamic light scattering - < 0.2 

Zeta Potential (Surface charge) dynamic light scattering mV >±20mV 

Filled particles% RiboGreen Assay/Nano 

Flow Cytometry 

% - 

EE% (Encapsulation 

Efficiency) % 

RiboGreen Assay % ≥ 90% 

Morphology TEM/CryoEM - - 

 

1.3.3.1. Particle Size and PDI (Polydispersity Index) 

In nanoparticle preparation, particle size (nm) and polydispersity index (PDI) 
are critical parameters determining physical properties, biological behavior, and 
clinical potential. Size directly governs biodistribution and targeting particles of 
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80-150 nm (e.g., siRNA drug Onpattro®) efficiently penetrate liver sinusoidal 
endothelial gaps for hepatocyte targeting, while inhaled mRNA vaccines require 
sub-100 nm particles to reach deep alveoli, and sub-50 nm particles with cell-
penetrating peptides can cross the blood-brain barrier [144]. PDI (ranging 0-1) 
reflects size uniformity, where high PDI (>0.3) causes delivery variability and 
dose inconsistency. Microfluidic technology achieves clinical-grade PDI (<0.1) 
through precise mixing. Notably, size and PDI regulation are decoupled—
increasing cholesterol content improves PDI with minimal size effects, 
necessitating design of experiments (DoE) for lipid optimization [145]. The 
synergy between process innovation and formulation engineering is 
transforming passive delivery into precision medicine. Future integration of AI-
driven modeling and interdisciplinary approaches will enable next-generation 
gene therapies through nanometer-scale precision control. During early 
formulation screening and method validation, complementary techniques 
including nanoparticle tracking analysis (NTA), nano-flow cytometry 
(NanoFCM), and cryo-electron microscopy (cryo-EM) were employed to 
validate size distribution and structural morphology, especially for complex or 
polydisperse systems [121]. While dynamic light scattering (DLS) remains the 
most widely used technique for measuring nanoparticle size and polydispersity 
index (PDI), recent advances have led to the development of refined platforms 
such as NanoFlowSizer (NFS), which enables real-time, in-process monitoring 
in manufacturing settings [146]. 
 

1.3.3.2. Zeta Potential 

In nanoparticle systems, zeta potential (surface charge, mV) is a critical 
parameter characterizing colloidal stability, biodistribution, and cellular 
interactions. Measured via electrophoretic mobility, its value determines 
dispersion stability—near-neutral or slightly negative potentials (-10 to +10 mV) 
minimize nonspecific protein adsorption and prolong circulation, while highly 
positive potentials (>+20 mV) enhance cell membrane binding but trigger 
aggregation and immune clearance [146]. For LNPs, COVID-19 vaccines (e.g., 
Comirnaty®) maintain zeta potential at -2 to +2 mV through PEGylation, 
balancing immune evasion and hepatic targeting. In contrast, cationic 
liposomes (e.g., DOTAP-based vectors) exhibit zeta potentials >+30 mV, 
improving cellular uptake at the cost of toxicity [147]. Zeta potential must be 
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contextually optimized: brain-targeted LNPs require mild negativity (-5 to -10 
mV) to bypass blood-brain barrier repulsion, while pH-responsive nanoparticles 
shift to positive charge in acidic tumor microenvironments to enhance uptake. 
Current strategies employ lipid composition tuning (e.g., ionizable lipid pKa 
design) and surface engineering (e.g., polysarcosine coatings) [148]. Future 
integration of stimuli-responsive materials and computational modeling will 
enable on-demand charge programming, ushering in an era of intelligent 
nanomedicine. For the measurement, Zeta potential was traditionally measured 
by electrophoretic light scattering (ELS) which still based on the DLS, but newer 
methods like phase analysis light scattering (PALS) offer higher sensitivity, 
especially for low-conductivity or viscous samples, improving accuracy in 
formulation development. 
 

1.3.3.3. Filled Particles% and Encapsulation Efficiency (EE%) 
In lipid nanoparticle (LNP) formulation development, Filled Particles% and 
Encapsulation Efficiency (EE%) serve as dual critical metrics, evaluating 
delivery system quality through "particle validity" and "payload economy" [149]. 
Filled Particles% reflects the proportion of nucleic acid-carrying particles 
(e.g., >95% in mRNA vaccines), minimizing empty particle competition for 
cellular uptake pathways. EE% quantifies the percentage of encapsulated 
nucleic acid relative to total input (e.g., >90%), directly determining material 
utilization and production costs. While both can be preliminarily screened via 
RiboGreen fluorescence assays, process optimization requires advanced 
strategies: tuning ionizable lipid/nucleic acid charge ratios promotes 
preferential encapsulation, and microfluidic turbulent mixing enhances 
uniformity, synergistically improving both metrics. The COVID-19 mRNA 
vaccine exemplifies this balance, achieving >90% in both parameters through 
precise lipid/mRNA ratio control [150]. Future integration of in-line fluorescence 
monitoring with microfluidic real-time feedback systems will enable dynamic 
parameter adjustment. Machine learning models analyzing historical process 
data to predict optimal N/P ratios and mixing conditions promise to revolutionize 
LNP manufacturing by reducing trial-and-error cycles and advancing intelligent 
precision production. Encapsulation efficiency (EE%) and filled particle 
percentage are commonly assessed using fluorescence-based assays or 
ultracentrifugation techniques. Recent advances, such as nano-flow cytometry 
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(NanoFCM) and single-particle imaging, now enable direct quantification at the 
individual particle level, offering higher resolution and improved accuracy for 
heterogenous populations [149]. 
 

1.3.3.4. Morphology 

The morphology of lipid nanoparticles (LNPs) is a critical determinant of their 
delivery efficiency, stability, and biodistribution. Typically exhibiting a core-shell 
structure, LNPs compress nucleic acids within a lipid core surrounded by a 
stabilizing outer layer of phospholipids, cholesterol, and PEG lipids. Cryo-TEM 
reveals that COVID-19 vaccine LNPs (e.g., Comirnaty®) display a uniform 
core-shell morphology (50 nm core, 5-10 nm shell), essential for efficient 
delivery [151]. Advanced techniques like SAXS and AFM further decode lipid 
phase behavior and surface topology, linking smooth PEG-coated surfaces to 
prolonged circulation [152]. Morphology control strategies—such as branched 
ionizable lipids (e.g., ALC-0315) and microfluidic turbulence—enable spherical 
monodisperse particle. Emerging research explores stimuli-responsive 
morphologies (pH/light-triggered transformations) and AI-driven design to 
predict structure-function relationships. Challenges remain in maintaining 
morphological consistency during scale-up and addressing dynamic biological 
interactions. Understanding LNP morphology bridges nanoscale engineering to 
clinical efficacy, paving the way for intelligent delivery systems. Cryo-
transmission electron microscopy (cryo-TEM) is particularly suitable for 
observing lipid nanoparticles (LNPs) because it allows visualization of particles 
in their near-native hydrated state without staining or drying. Compared to 
conventional TEM or SEM, cryo-TEM preserves the delicate lipid bilayer 
structure and internal morphology, providing nanometer-scale resolution of size, 
shape, lamellarity, and encapsulated content. This makes it ideal for validating 
LNP structural integrity and heterogeneity during formulation development. 
 

1.3.3.5. Cell Experiment 

In the development of lipid nanoparticles (LNPs), biological experiments serve 
as the cornerstone for validating delivery efficiency, safety, and functionality. 
Transfection efficiency testing is particularly critical, as it determines whether 
LNPs can effectively deliver nucleic acids to target cells and exert therapeutic 
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effects. Cytotoxicity assessment is essential to ensure biosafety, while for 
specific LNPs, targeting specificity validation is required to guarantee precise 
delivery. Looking ahead, integrating organoid models, single-cell sequencing, 
and computational modeling will further enhance the predictive power of 
biological testing, accelerating the translation of LNPs from bench to bedside. 

1.3.4. LNP future strategy 

The development of mRNA-LNP-based COVID-19 vaccines began with the 
genomic analysis of SARS-CoV-2 and the identification of the spike protein as 
a key antigenic target. Subsequently, mRNA encoding the antigen was 
synthesized via in vitro transcription and encapsulated within lipid nanoparticles 
(LNPs) to enhance in vivo stability and transfection efficiency. During the 
preclinical phase, the vaccine was systematically evaluated for immunogenicity 
and safety in vitro and in animal models, with further optimization of mRNA 
structure and lipid formulation to improve delivery performance. Clinical trials 
proceeded through Phase I (safety and tolerability), Phase II (immune 
response), and Phase III (protective efficacy). Under the urgency of the 
pandemic, regulatory authorities employed rolling review and Emergency Use 
Authorization (EUA) pathways to expedite approval. Following favorable Phase 
III outcomes, a New Drug Application (NDA) or Biologics License Application 
(BLA) was submitted, and upon approval, the vaccine was authorized for 
market release. Post-marketing surveillance through Phase IV trials continues 
to assess long-term safety and effectiveness. 
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Figure 10.Six characteristics of successful nucleic acid-lipid nanoparticle drug 
delivery systems. The incorporation of ester bonds by ionizable lipids can improve the 
safety of LNPs. Targeted and off-target delivery needs to be measured using both 
biodistribution and functionalization metrics. In the case of RNA-LNP, for example, 
95% of the RNA may be retained in endosomes and biodistribution does not predict 
functional delivery of RNA. Conditions permitting, toxicological studies should be 
carried out in non-human primates. 
The future evolution of lipid nanoparticle (LNP) manufacturing will focus on 
technological integration and precision control: Microfluidic advancements with 
real-time sensors (e.g., NanoFlowSizer) enable dynamic parameter 
optimization (flow rate/temperature), while continuous-flow architectures—
integrated with tangential flow filtration (TFF) systems—shorten nucleic acid 
drug production cycles to under 30 days. AI-driven platforms like MIT's LNP-
OPT leverage generative AI to analyze historical data, predicting optimal N/P 
ratios and particle sizes (<5% error), while digital twins simulate lyophilization 
ice crystal effects to refine cryoprotectants [153]. Clinically, CureVac's Dry-Print 
technology unifies mixing-purification-lyophilization, and portable microfluidic 
devices (e.g., NanoGenerator®) empower point-of-care production of 
personalized neoantigen vaccines (e.g., BioNTech's CAR-T mRNA therapies) 
[154]. Ultimately, LNP manufacturing will converge continuous flow, AI design, 
green chemistry, and precision medicine into a closed-loop ecosystem bridging 
labs to clinics. 
 

1.4. LNP Formulation and Manufacturing 
Lipid-based nanoparticles (LNPs) have evolved from traditional liposome 
technologies, which have been studied as drug delivery systems for over half a 
century. While liposomes typically exhibit lamellar bilayer structures, LNPs 
used for nucleic acid delivery often display non-lamellar internal morphologies, 
such as inverted micelles or amorphous cores, tailored to enhance 
encapsulation efficiency and cellular uptake. Traditional liposome preparation 
techniques have been adapted and optimized to meet the specific demands of 
nucleic acid delivery, forming the foundation for current LNP production 
strategies. The following section reviews several conventional preparation 
methods, highlighting their mechanisms and limitations to inform future process 
optimization. 
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1.4.1. Thin-film hydration 

The thin-film hydration method (also known as the Bangham method or hand-
shaking technique), recognized as the pioneering liposome preparation 
technology, involves three fundamental steps: dissolving lipid components 
(cationic DOTAP, phospholipids, and cholesterol) in organic solvents like 
chloroform to form a homogeneous mixture, followed by solvent removal via 
rotary evaporation under vacuum to create a uniform lipid film on the flask 
wall—a rate-limiting step requiring hours of drying [155]. Subsequent hydration 
with nucleic acid-containing buffer (siRNA/mRNA) induces lipid film detachment 
and self-assembly into multilamellar vesicles, which are then processed 
through membrane extrusion or sonication to yield monodisperse nanoparticles. 
While valued for its minimal equipment requirements and low cost in laboratory-
scale production, this method faces critical limitations including low nucleic acid 
encapsulation efficiency (<30%), broad size distribution (PDI>0.3), and organic 
solvent residue risks, driving its gradual replacement by modern microfluidic 
technologies in industrial applications [156]. 
 

1.4.2. Ethanol Injection 

Ethanol Injection (EI) is a classical method for LNP preparation, which involves 
the dissolution of lipids in ethanol to form a homogeneous solution, followed by 
a rapid injection of nucleic acid-containing aqueous phase, which results in the 
self-assembly of lipids to form LNPs, and the eventual removal of the ethanol 
by dialysis or ultrafiltration to complete the purification [157]. The core 
mechanism of this method, proposed by Batzri and Korn in 1973, is based on 
the self-assembly behavior of lipids at the interface between ethanol and the 
aqueous phase, leading to the rapid formation of nanoparticles. The main 
advantage of this method is the mildness of the process, which avoids the risk 
of nucleic acid degradation at high temperatures, and has been used in the 
development of early siRNA-LNPs. However, its limitation is the difficulty in 
controlling ethanol residues, especially when ethanol forms azeotropes with 
water, and the difficulty in completely removing the solvent by conventional 
methods [158]. In addition, the method has a weak control of particle size 
homogeneity, which is significantly affected by the injection rate and tends to 
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lead to a high polydispersity index (PDI) (<0.25). To address these issues, the 
researchers proposed an improved strategy by using an aqueous phase 
injection of ethanol and removing the solvent by rotary evaporation to reduce 
the ethanol residue and optimize the particle size distribution. However, this 
method still has some limitations, such as the low solubility of some lipids in 
ethanol, and the possibility that ethanol may trigger the denaturation of some 
bioactive molecules, thus affecting its application. 
 

1.4.3. Reverse Phase Evaporation 

Reverse Phase Evaporation (REV) is a liposome preparation method, first 
proposed by Szoka and Papahadjopoulos in 1978, whose main feature is the 
formation of anticellular micelles or water-in-oil (w/o) emulsions during the 
preparation process, which significantly improves the encapsulation rate of 
water-soluble drugs [159]. Compared with the thin-film hydration and ethanol 
injection methods, this method can achieve up to 65% encapsulation of water-
soluble drugs in low ionic strength media (e.g., 0.01 M NaCl), and it is one of 
the most effective ways to encapsulate hydrophilic drugs in conventional 
liposome preparation methods. The preparation process involves dissolving the 
lipids in an organic solvent, followed by addition of an aqueous phase and 
emulsification using intermittent ultrasound to form anticellulose micelles, and 
then placing the emulsion in a rotary evaporator for evaporation under reduced 
pressure to evaporate the organic solvent to form a viscous gel, after which the 
addition of an aqueous phase is continued and further evaporation is carried 
out until sufficient hydration is achieved, and the gel collapses and forms an 
aqueous suspension of the liposomes when enough of the organic solvent is 
removed. This method is more effective in retaining the aqueous phase and 
improving the drug-carrying capacity of hydrophilic drugs, but there are some 
limitations. It is not applicable to easily degradable molecules (e.g., peptides) 
because the water-soluble drug is directly dissolved in the aqueous phase and 
comes into direct contact with organic solvents during emulsification and 
evaporation, as well as being subject to sonication [160]. In addition, the 
method is prone to residual organic solvents during preparation, which may 
interact with lipids or drugs and affect the quality and safety of the final product. 
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1.4.4. Microfluidic Technology 

Microfluidics Technology (Microfluidics) is a fluid manipulation technology 
based on micron-scale channels (10-100 μm), with its core principle lying in the 
precise design of microscale hydrodynamic behaviors (e.g., laminar flow, 
diffusion-dominated mixing, surface tension effects) to achieve high-precision 
control of picolitre- to nanoliter-scale fluids [161, 162]. The integration of 3D 
printing, nanomaterials, and intelligent sensing technologies in the early 21st 
century further expanded its application boundaries in organ-on-a-chip, single-
cell sequencing, and drug delivery [163]. In recent years, microfluidics has 
gradually become the technological paradigm in the synthesis of lipid 
nanoparticles (LNPs), replacing traditional liposome preparation processes 
(e.g., ethanol injection, reverse evaporation) and providing revolutionary 
solutions for the clinical translation of nucleic acid drugs and mRNA vaccines, 
owing to its advantages in high throughput, reproducibility, and modularity [164]. 

 
Figure 11. A basic microfluidic device and co-flowing junction. High flow rates can 
produce smaller sized lipid nanoparticles, however, when flow rates are too high, 
microfluidic devices inevitably have some problems. For example, the microfluidic 
chip is short-circuited and the pump is unable to inject the chip at the set rate due to 
resistance. 
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Microfluidic technology drives the rapid mixing of the lipid-containing organic 
phase and nucleic acid-containing aqueous phase within microchannels, where 
solvent polarity changes trigger rapid lipid precipitation and self-assembly, 
yielding monodisperse lipid nanoparticles [165]. Compared to conventional 
methods, microfluidics enables rapid homogeneous mixing of lipid-alcohol and 
aqueous buffer phases within milliseconds through precise fluid control in 
microchannels. Additionally, active mixing strategies (e.g., acoustic agitation, 
electroosmotic actuation) further enhance mixing uniformity for complex fluids, 
such as high-viscosity nucleic acid solutions. Studies confirm that 
microfluidically synthesized LNPs significantly improve nucleic acid cellular 
uptake efficiency and reduce immunogenicity due to their uniform coating 
structures and well-defined core-shell interfaces [166]. 
 
In industrial-scale applications, the scalability and process controllability of 
microfluidics have emerged as critical advantages. The microfluidic platforms 
adopted by BioNTech and Moderna for COVID-19 mRNA vaccine production 
integrate online dynamic light scattering (DLS) and Raman spectroscopy for 
real-time monitoring of particle size and encapsulation efficiency, enabling 
seamless scaling from laboratory to hectoliter reactors [167]. Currently, the 
technology is advancing toward intelligent manufacturing, where machine 
learning algorithms optimize fluid parameters (e.g., flow rate, mixing ratio) to 
adaptively regulate LNP targeting and drug release kinetics, laying the technical 
foundation for personalized precision medicine [168]. 
 
Laminar flow occurs when mixed fluid flows in parallel layers without forming a 
perpendicular or opposite flow to the main direction, and each molecule follows 
the path of the previous one. In contrast, turbulence occurs when the fluid 
undergoes irregular fluctuations, resulting in continuous mixing of size and 
direction. For tube flow, Reynolds numbers less than 2300 indicate laminar flow, 
2300-4000 indicate transitional flow, and values greater than 4000 indicate 
turbulence dominated by inertial forces. 
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Figure 12. Schematic diagram of fluid flow as a function of Reynolds number 

 
The type of flow is governed by viscous and inertial forces, usually measured 
by the Reynolds number. To characterize the flow properties, the Reynolds (Re) 
number was calculated using the following equation (1) below, where ρ(kg/m³) 
is the density of the fluid, u(m/s) is the velocity of the fluid, Dh(m) is the 
characteristic dimension (When the channel is circular, the Dh is diameter of 
the pipe), and μ(Pa·S) is the viscosity of the fluid. A(m2) is the cross-sectional 
area of the fluid channel and Pwet(m) is the wetted perimeter of the channel (i.e., 
the perimeter of the fluid contact). In addition, at low Reynolds numbers (less 
than 2300), fluid flow is primarily dominated by viscous forces, resulting in a 
laminar state.  
 

	
 
The Péclet number (Pe) is a crucial parameter in microfluidic systems, 
describing the balance between convective transport and molecular diffusion, 
where u(m/s) is the local velocity, l(m) is the characteristic length, and D(m2/s) 
is the mass diffusion coefficient. A higher Péclet number implies that convective 
transport significantly surpasses diffusion, which helps minimize molecular 
exchange between the dispersed and continuous phases, thereby enhancing 
encapsulation efficiency. These calculations can precisely regulate the mixing 
speed and other parameters to ensure the stable synthesis of high-quality LNP, 
which provides a key process guarantee for the production of gene drugs and 
vaccines [169] 
 

1.5. mRNA manufacturing and Purification 
Less than a week after the outbreak of the COVID-19 pandemic, scientists 
swiftly released the complete genome sequence of the novel coronavirus 
(SARS-CoV-2). This rapid genomic analysis enabled researchers to commence 
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the design and development of mRNA vaccines based solely on the viral 
genetic information, without the need to obtain actual pathogen samples, 
thereby significantly reducing vaccine development timelines. Traditionally, 
vaccine development necessitates the isolation, cultivation, and inactivation of 
pathogens—a process that is both time-consuming and complex. In contrast, 
mRNA vaccine development requires only the known genetic sequence of the 
pathogen. Following the release of the SARS-CoV-2 sequence, Moderna 
developed its first batch of candidate vaccines in just 28 days, a response 
speed unprecedented in prior vaccine development efforts [170].  

1.5.1. DNA Template Prepared 

The construction and production of plasmid DNA predominantly utilize 
Escherichia coli expression systems, where target genes are inserted into 
specific plasmid vectors via molecular cloning, followed by restriction 
endonuclease digestion, ligase-mediated recombination, bacterial 
transformation, high-density fermentation, and chromatographic purification 
(e.g., anion-exchange chromatography) to obtain high-purity supercoiled 
plasmids. Linearization is achieved through restriction enzyme-specific 
cleavage or recombinase treatment to eliminate autonomous replication risks 
of circular DNA and enhance biosafety in mRNA in vitro transcription (IVT) and 
gene therapy. While this system offers advantages such as mature processes, 
cost-effectiveness, and scalability, limitations including endotoxin 
contamination, supercoiled structural heterogeneity, and byproduct 
interference from incomplete linearization require optimization of plasmid 
design (e.g., antibiotic marker-free backbones) and precise enzymatic reaction 
control to improve product quality and safety. 
 

1.5.2. mRNA In vitro transcription reaction 

In vitro transcription (IVT) of mRNA is a cell-free process that synthesizes 
primary mRNA using a linearized DNA template (containing T7/SP6 promoters 
and target sequences), RNA polymerase (e.g., T7 RNA polymerase), 
nucleotides (NTPs), and modified nucleosides (e.g., pseudouridine). This is 
followed by enzymatic or co-transcriptional addition of 5' cap structures and 3' 
Poly(A) tails to enhance stability and translational efficiency[171]. The final 
therapeutic-grade mRNA is purified via chromatography (e.g., oligo-dT affinity) 
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or tangential flow filtration to remove unreacted components and double-
stranded RNA byproducts. While IVT offers rapid production (within days), 
adaptability (to pathogen mutations and personalized antigen design), and 
absence of genomic integration risks, challenges persist, including mRNA 
instability, potential immunogenicity, and high purification costs at scale. 
Furthermore, despite its accelerated workflow, optimizing reaction conditions 
and scaling up production require computational modeling (e.g., multiphysics 
simulations) and machine learning algorithms to enhance yield and batch 
consistency. Future advancements necessitate nucleotide modification (e.g., 
N1-methylpseudouridine), improved capping analogs (e.g., CleanCap®), and 
efficient purification strategies (e.g., CRISPR-based dsRNA removal) to ensure 
product quality and clinical safety [172]. 
 

1.5.3. mRNA Purification 

Following in vitro transcription (IVT) of mRNA, industrial-scale purification 
constitutes a critical step to ensure product purity, safety, and functionality. 
Current methodologies predominantly employ chromatographic methods, 
precipitation techniques, and tangential flow filtration (TFF) for mRNA 
purification. In mRNA precipitation purification, most technologies operate via 
modulation of intermolecular electrostatic interactions among RNA molecules. 
High-concentration ammonium sulfate (1.8-2 M) disrupts electrostatic repulsion 
between RNA molecules, inducing aggregation and precipitation. However, this 
approach demonstrates limited efficiency in removing T7 RNA polymerase. 
TFF employs ultrafiltration membranes to separate substances by molecular 
weight, serving purposes such as concentration, buffer exchange, and removal 
of low-molecular-weight impurities. Nevertheless, TFF primarily functions as a 
pretreatment step prior to chromatography and final buffer formulation. 
Chromatographic methods remain central to industrial mRNA purification, 
utilizing poly(A) tail interactions with oligo(dT) ligands immobilized on 
chromatographic columns through AT base-pairing (hydrogen bonding). High-
salt conditions suppress electrostatic repulsion to facilitate binding, followed by 
low-salt elution [173].  
 
Exemplified by the ÄKTA Oligo(dT) chromatography system(figure 13 shows 
below), specifically engineered for PCC applications at process development 
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and manufacturing scales, this technology integrates upstream and 
downstream unit operations (e.g., continuous perfusion culture and inline 
inactivation), significantly reducing footprint, resin consumption, and overall 
process time[174]. With real-time monitoring (e.g., UV absorbance, conductivity 
feedback) and validated linear scale-up strategies, PCC stabilizes the 
purification of labile molecules (e.g., viral vectors or mRNA-protein complexes), 
maintaining >95% target product activity retention. Compared to batch 
chromatography, PCC enhances productivity by 30-50%, reduces buffer usage 
by over 60%, and decreases column volume to one-third of conventional 
processes [175].  

 
Figure 13. The AKTA PCC. An automated liquid chromatography system for Oligo-
dT purification equipped with multiple fluid pathways and reservoir bottles for efficient 
nucleic acid separation. The results were analysed in high performance liquid 
chromatography (HPLC), indicating the successful elution of Oligo-dT. 
 
Nevertheless, challenges such as complex valve-switching logic and dynamic 
equilibrium control require optimization through multivariate modeling (e.g., 
mass balance equations coupled with computational fluid dynamics) and AI-
driven algorithms to address column efficiency decay and cross-contamination 
risks [176]. Future integration with modular bioreactors and adaptive control 
platforms will accelerate the industrialization of continuous biomanufacturing. 
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1.6. LNP Purification  
The post-formulation purification of lipid nanoparticles (LNPs) is designed to 
remove unencapsulated nucleic acids (e.g., free mRNA/DNA), free lipids 
(unbound lipid molecules), and organic solvents (e.g., ethanol), while 
accomplishing buffer exchange to adapt to storage or administration conditions 
[81, 101]. This process achieves multiple objectives through selective 
separation techniques: eliminating unencapsulated nucleic acids reduces 
immunogenicity and off-target risks; removing free lipids prevents their self-
assembly into heterogeneous particles or induction of in vivo toxicity; controlling 
residual organic solvents (e.g., ethanol ≤0.1%, compliant with ICH Q3C 
standards) ensures injection safety; and transitioning to an optimized buffer 
system (e.g., pH 7.4 PBS) maintains long-term colloidal stability of LNPs [177]. 
Current mainstream purification strategies rely on physical size-based 
separation mechanisms. 
 

1.6.1. Dialysis 

Dialysis, a classical purification technology based on semipermeable 
membrane diffusion, selectively removes small-molecule impurities while 
retaining lipid nanoparticles for solvent exchange and impurity clearance [178]. 
The core procedure involves loading crude LNPs into dialysis tubing 
(MWCO10-50 kDa) immersed in a target buffer (e.g., PBS or Tris-HCl), where 
ethanol and other small molecules passively diffuse out driven by concentration 
gradients, typically requiring multiple buffer changes to reduce residual ethanol. 
Dialysis offers notable advantages at lab scale: low equipment cost (no pumps 
or pressure control), operational simplicity, and near-zero shear stress to 
preserve LNP structural integrity [179]. However, limitations include prolonged 
processing time, low throughput (milliliter-scale), and inefficient removal of free 
lipid aggregates with sizes comparable to LNPs. Mitigation strategies include 
gradient dialysis, prefiltration (e.g., 0.22 μm filters for large particles), or hybrid 
workflows combining dialysis with tangential flow filtration (TFF). Although 
largely replaced by high-efficiency TFF in industrial production, dialysis retains 
value in small-scale research, early process development, and shear-sensitive 
formulations (e.g., mRNA-protein complexes) [180]. 
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1.6.2. Ultra-filtration 

Ultra-filtration (UF) is a membrane-based purification technology that 
selectively retains lipid nanoparticles (LNPs, 50-150 nm in diameter) using 
ultrafiltration membranes with controlled molecular weight cutoffs (MWCO 10-
300 kDa), while removing small-molecule impurities such as free nucleic acids, 
organic solvents, and salts. The core procedure involves circulating crude LNPs 
under high-speed centrifugal force across the membrane surface, where 
permeate carries away impurities, and retentate is concentrated for buffer 
exchange to obtain high-purity LNPs. However, the high-speed centrifugal force 
imposes stringent equipment requirements, and shear forces during the 
process may induce particle rupture, leading to mRNA loss. Despite being 
gradually replaced by tangential flow filtration (TFF) in large-scale production, 
ultra-filtration remains widely utilized in small-scale laboratory settings and 
rapid buffer optimization studies due to its operational simplicity and high 
efficiency [181]. 
 

1.6.3. Tangential flow filtration 

The inefficiency of dialysis and the structurally disruptive high shear forces 
inherent in ultrafiltration collectively drove the breakthrough development of 
tangential flow filtration (TFF) for lipid nanoparticle (LNP) purification [182]. TFF 
revolutionizes traditional filtration through crossflow design, where fluid flows 
parallel to ultrafiltration membranes, selectively retaining LNPs while removing 
unencapsulated nucleic acids, free lipids, and organic solvents, with continuous 
tangential scouring significantly reducing membrane fouling. By precisely 
regulating transmembrane pressure (TMP), tangential flow rate, and 
concentration factor, TFF achieves >90% LNP recovery while maintaining 
polydispersity index (PDI) and encapsulation efficiency [183]. Compared to 
ultracentrifugation and dialysis, TFF has become a cornerstone technology in 
industrial mRNA vaccine production due to its high throughput (hectoliter-scale 
batch processing), linear scalability (membrane area 0.1-10 m²), and low-shear 
stress design [169]. 
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Figure 14. A tangential flow filtration (TFF) system, comprising a feed tank, pump, 
and filtration module, purifies and concentrates targets (e.g., LNPs or mRNA) by 
directing samples parallel to ultrafiltration membranes (selected by molecular 
weight cutoff). During recirculation, low-molecular-weight impurities (e.g., free 
nucleotides, solvents) exit as permeate, while targets are retained in the retentate. Its 
tangential flow mode and transmembrane pressure control minimize membrane fouling, 
making TFF vital for scalable biopharmaceutical manufacturing. 
 
Challenges such as flux decline from membrane fouling and residual surfactant 
interference are addressed through membrane material modifications (e.g., 
hydrophilic PES coatings), inline turbidity monitoring, and periodic backflushing 
to enhance process robustness. Future integration with continuous 
manufacturing and artificial intelligence-driven dynamic parameter modulation 
(e.g., real-time TMP/flow rate optimization) will further elevate the production 
efficiency and quality consistency of gene therapies, advancing their transition 
toward cost-effective and compliance-ready therapeutics 
 

1.7. Conclusion 
This review systematically traces the evolution of vaccine development from 
empirical inoculation methods to the contemporary era of mRNA–lipid 
nanoparticle (mRNA-LNP) platforms, highlighting how technological 
convergence across microbiology, immunology, nanomedicine, and synthetic 
biology has revolutionized vaccine design and production. By categorizing 
vaccines into inactivated, viral vector, protein subunit, and mRNA types, the 
review compares their preparation techniques, production challenges, storage 
requirements, and global accessibility. Special attention is given to mRNA 
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vaccines, which, owing to their rapid production speed and high adaptability, 
have redefined vaccine manufacturing paradigms, despite challenges related 
to stability and distribution. 
 
Expanding beyond vaccines, the review delves into gene delivery technologies, 
analyzing the advantages and limitations of viral vectors, polymeric 
nanoparticles, inorganic nanoparticles, and lipid-based systems. Among these, 
lipid nanoparticles (LNPs) are identified as the most promising carriers for 
nucleic acid therapeutics due to their superior biocompatibility, delivery 
efficiency, and modular design. Detailed discussions cover the composition of 
LNPs (ionizable lipids, helper lipids, cholesterol, PEG-lipids), their endosomal 
escape mechanisms, and critical quality attributes (CQAs) essential for 
ensuring product consistency and therapeutic performance. Furthermore, the 
review emphasizes the importance of process development in mRNA and LNP 
production, including the evolution from traditional liposome preparation 
methods to advanced microfluidic-based continuous manufacturing. Key 
manufacturing challenges, such as encapsulation efficiency, stability, and 
scalable purification via tangential flow filtration (TFF), are addressed, 
underscoring the integration of quality-by-design (QbD) principles and real-time 
process analytical technologies (PAT). 
 
The comprehensive understanding established here lays a solid theoretical 
foundation for subsequent experimental studies. Specifically, it underscores the 
critical role of LNP formulation parameters (such as lipid composition, particle 
size, and encapsulation efficiency) and purification strategies (such as TFF and 
dialysis) in determining the biological performance of nucleic acid therapeutics. 
This insight will guide the optimization of LNP synthesis conditions, buffer 
systems for dialysis, and the implementation of scalable, reproducible, and 
GMP-compliant manufacturing processes. The detailed discussion on CQAs 
will also inform the design of robust analytical methodologies necessary for 
real-time monitoring and quality control in experimental setups, ultimately 
advancing the transition from laboratory research to clinical translation. 
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2. Experiments Sections and Materials, 
Reagent & Equipment 

 

2.1. Materials and Reagent 

2.1.1. mRNA In Vitro Reaction Reagent 

Table 4. mRNA IVT reaction reagent and experiment concentration 

 

2.1.2. mRNA Lipid Nanoparticle Formulation & Analysis 

Table 5. LNP microfluidic formulation reagent and materials 

Materials Supplier Catalogue/Lot Number Stock Concentration 

Cholesterol BOC Science B21LN11182 N/A 

ALC-0315 BOC Science B23V12291 N/A 

Dlin-MC3-DMA AVT 1224606-06-7 N/A 

Materials Supplier Catalogue/Lot Number Stock Concentration 

ATP Roche 4980824103 10 mM 

CTP Roche 4980875103 10 mM 

UTP Roche 4979818103 10 mM 

GTP Roche 4980859103 10 mM 

IPP Roche 8140677103 0.05 U/µL 

T7 polymerase Roche 8140669103 246.1 U/µL 

RNase inhibitor Roche 09537589103 1 U/µL 

HEPES Gibco 15630080 1 M 

Magnesium acetate Sigma-Aldrich M2545 2 M 

DTT Thermo Fisher R0861 1 M 

Spermidine Sigma-Aldrich S2626 6.4 M 

eGFP DNA template 
 

- - 
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SM102 BOC Science BL-M000103 N/A 

DSPC BOC Science BL-M000029 N/A 

DOPE BOC Science B24V03292 N/A 

PEG-2000-Mal AVT 474922-22-0 N/A 

ALC-0159 BOC Science B22V04063 N/A 

Ethanol VWR 23C304006 N/A 

Acetate buffer Thermo Fisher R0861 1 M 

PBS buffer Sigma-Aldrich S2626 1 M 

HEPES buffer Sigma-Aldrich 83264 1 M 

Tris Buffer Thermo Fisher A11379 1 M 

 

2.1.3. E. coli and Cell Line Material 

Table 6. E. coli Culture Reagent 

Materials Supplier Catalogue/Lot Number Stock Concentration 

Tryptone Sigma-Aldrich T4532 N/A 

Yeast Extract Sigma-Aldrich 07533 N/A 

NaCl Thermo Fisher J21618.36 N/A 

Agar Thermo Fisher 30391623 N/A 

Kanamycin Sulfate Thermo Fisher 15160054 100 X, 10 mg/mL 

Plasmid Extract Kit QIAGEN 27104 N/A 

 
Table 7. HEK293 Cell Line Reagent 

Materials Supplier Catalogue/Lot Number Stock Concentration 

DMEM Sigma-Aldrich D6429 1 x 

FluoroBrite™ DMEM Gibco A1896701 1 x 

Fetal Bovine Serum Thermo Fisher A5670701 1 x 

Pen-Streptomycin Thermo Fisher 15071163 5000 Unit/mL 

Trypsin-EDTA Thermo Fisher 15160054 0.25% phenol red 
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PBS buffer Gibco 10010023 1 x 

mRNA Trans-IT Kit Mirus MIR2225 N/A 

 

2.2.  mRNA Phase Prepare 

2.2.1. DNA template prep and linearization 

Enhanced Green Fluorescent Protein (eGFP) was selected as a model gene 
due to its high stability, strong fluorescence signal, and extensive use as a 
reporter in gene delivery and expression studies. The eGFP plasmid was 
initially amplified by transforming Escherichia coli DH5α competent cells via the 
heat shock method. Briefly, 5 μL of eGFP plasmid (10–100 ng) was added to 
50 μL of chemically competent DH5α cells, incubated on ice for 30 minutes, 
heat-shocked at 42°C for 45 seconds, and then placed back on ice for 2 minutes. 
Subsequently, 500 μL of LB broth was added, and the mixture was incubated 
at 37°C with shaking at 200 rpm for 1 hour. The transformed cells were plated 
onto LB agar plates containing 100 μg/mL ampicillin and incubated overnight at 
37°C. Single colonies were picked and inoculated into 5 mL of LB broth with 
ampicillin (100 μg/mL), and grown overnight (8–12 h) at 37°C, 200 rpm. The 
culture was then scaled up to 50–100 mL for high-yield plasmid extraction. 

Plasmids were extracted using the QIAGEN Plasmid Miniprep Kit following the 
manufacturer’s protocol. Lysis, neutralization, and binding to silica membranes 
were carried out under standard alkaline lysis conditions. The plasmid DNA was 
eluted in nuclease-free water or TE buffer. DNA concentration was measured 
using a NanoDrop 2000 spectrophotometer via the absorbance of the 260 nm 
wavelength UV light, while sample purity was evaluated by 260/280 and 
260/230 absorbance ratios. Acceptable purity was defined as a 260/280 ratio 
of 1.8–2.0 and a 260/230 ratio >2.0. If the concentration of eluted plasmid was 
insufficient for downstream applications (typically <100 ng/μL), samples were 
further concentrated using a centrifugal DNA concentrator (e.g., Amicon Ultra-
0.5, 30 kDa MWCO) at 14,000 × g for 10–15 minutes. To prepare for in vitro 
transcription (IVT), the plasmid was linearized using the restriction enzyme SfiI 
(New England BioLabs). The digestion was performed in a total volume of 50 
μL containing 2–3 μg of plasmid DNA, 1× CutSmart buffer, and 1 μL of SfiI-HF 
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enzyme, and incubated at 50°C for 10–15 minutes. Complete linearization was 
verified by running 1–2 μL of the reaction mixture on a 1% agarose gel stained 
with GelRed or SYBR Safe dye. Linearized plasmids were then purified to 
remove enzymes and potential contaminants using phenol: chloroform (1:1 v/v) 
extraction. An equal volume of equilibrated phenol:chloroform was added to the 
digestion mixture, vortexed vigorously for 30 seconds, and centrifuged at 
13,000 × g for 10 minutes at room temperature. The aqueous (top) phase was 
carefully collected and mixed with 2.5× volume of cold ethanol and 0.1 volume 
of 3 M sodium acetate (pH 5.2), followed by incubation at –20°C for 1 hour. 
DNA was pelleted by centrifugation at 14,000 × g for 15 minutes, washed with 
70% ethanol, air-dried, and re-dissolved in nuclease-free water.  

The final linearized, purified plasmid was quantified again via NanoDrop and 
stored at –20°C until use in the IVT reaction. 

 

Figure 15. DNA plasmid after linearised process, ready for the in vitro 
transcription (IVT) reaction. The initial segment of the plasmid comprises the 
Medi_5'UTR, a non-translated region located upstream of the promoter. The EGFP 
(Enhanced Green Fluorescent Protein) gene serves as a reporter gene for investigating 
gene expression, encoding a fluorescent marker protein widely utilized for labeling, 
quantifying, or visualizing protein expression in cellular systems. The poly(A) 
sequence facilitates mRNA maturation and stability. The origin of replication (ori) 
governs plasmid replication, while the ampicillin resistance gene (AmpR) confers 
ampicillin resistance, enabling cell or E.coli growth in antibiotic-supplemented media. 
Restriction enzyme recognition sites—including EcoRI, BamHI, and PacI—are 
strategically positioned within the plasmid sequence to enable targeted DNA sequence 
insertion or deletion through enzymatic cleavage. 
 

2.2.2. mRNA IVT Production 

RNA replicons are synthesized through in vitro transcription (IVT) using 
linearized DNA templates. The T7 RNA polymerase binds to the T7 promoter 
of the DNA template, reads the sequence, and synthesizes the corresponding 
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RNA molecules. To optimize the IVT reaction, a custom buffer was used instead 
of a commercial one. For the batch mRNA IVT reaction, prepare the 10 X buffer 
reagents (10 mL each) can easy to start the IVT experiments. And keep it in the 
4 degrees for the fresh. Table 8 shows the details for the IVT buffer reagents. 

Table 8. 10 X IVT buffer reagents 

Component Stock concentration Final Concentration Volume Ratio 

HEPES 1 M 400 mM 4.0 mL 

Magnesium acetate 2 M 420 mM 2.1 mL 

DTT 1 M 100 mM 1.0 mL 

Spermidine 6.4 M 20 mM 0.031 mL 

Triton X-100 - 0.01 % (v/v) 0.01 mL 

Nuclease free water - Up to 10 mL 2.85 mL 

 
A typical IVT reaction includes the following components: i) linearized plasmid 
DNA (pDNA) with a T7 promoter; ii) nucleoside triphosphates (NTPs) for the 
four bases (10mM each); iii) ribonuclease inhibitor to inactivate RNase; iv) 
pyrophosphatase to degrade accumulated pyrophosphate; v) magnesium ions 
as a cofactor for T7 polymerase. The reaction was carried out at 37°C for two 
hours and stored in the -80°C freezer for further use. And Figure 17 and table 
9 shows the experiment regent details. 

 
Figure 16. The process of in vitro transcription (IVT) for synthesizing RNA from 
a plasmid template. It shows the addition of various components like NTPs, RNase 
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inhibitor, magnesium acetate, and other buffer components, followed by incubation at 
37°C for 120 minutes to produce the RNA. The reaction system incorporates RNase 
Inhibitor to prevent RNA degradation by ribonucleases during transcription, and 
Pyrophosphatase (PPase) to remove undesired pyrophosphate groups from mRNA. 
Magnesium acetate functions as a cofactor to activate the catalytic activity of T7 RNA 
polymerase in mRNA synthesis. Spermidine stabilizes RNA tertiary structures and 
prevents improper folding or instability during in vitro transcription. HEPES buffer 
maintains a stable pH environment to facilitate enzymatic activity, while T7 RNA 
polymerase directs mRNA synthesis according to the DNA template. Dithiothreitol 
(DTT), a reducing agent, protects T7 RNA polymerase from oxidative inactivation. The 
coordinated action of these components ensures high efficiency and stability in mRNA 
production. 

Table 8. 1mL IVT composition 

Name of reagent Stock conc. IVT conc. Volume of reagent  

ATP 100 mM  10 mM 0.1 mL 

CTP 100 mM 10 mM 0.1 mL 

GTP 100 mM 10 mM 0.1 mL 

UTP/N1-Me-pseudo UTP 100 mM 10 mM 0.1 mL 

m7G(5’)ppp(5’)(2’OMeA)pG 

(Capping reagent) 

100 mM 10 mM 0.1 mL 

T7 Polymerase 2461 U/ µL 246.1 U/ µL 0.1 mL 

IPP 1 U/ µL 0.05 U/ µL 0.05 mL 

RNase inhibitor 40 U/ µL 1 U/ µL 0.025 mL 

DNA template (eGFP) 1 µg/ µL 0.05 µg/ µL 0.05 mL 

IVT Buffer(10X) 10 X 1X 0.1 mL 

RNase free water - - 0.175 mL 

Total   1 mL 

Determination of mRNA yield and concentration was performed after 
purification, and concentration measurements at this step were not meaningful 
due to the presence of magazines and trace losses during purification. 

2.2.3. mRNA Purification 

Following purification using the Monarch RNA Cleanup Kit, the mRNA 
concentration was measured using the NanoDrop One spectrophotometer. The 
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average post-purification concentration reached approximately 4,905 ng/µL. 
Taking into account the 2× dilution factor introduced during the purification step, 
the corrected yield of the crude IVT product was estimated to be around 9,810 
ng/µL. This high recovery rate (>70%) confirmed the efficiency of the spin-
column-based purification protocol and ensured that sufficient RNA was 
obtained for downstream applications. 
 
To evaluate RNA quality and detect residual impurities, both crude and purified 
mRNA samples were analyzed by ion exchange chromatography (IEX-HPLC), 
in collaboration with a postdoctoral researcher in our group with expertise in 
analytical method development. The crude IVT sample was serially diluted 
(1:10, then 1:10, then 1:2), yielding a total dilution factor of 1:200 prior to 
injection. The Monarch-purified mRNA sample was diluted 1:50 followed by 1:2, 
resulting in a final dilution of 1:100, or effectively 1:200 when considering the 
initial dilution during the purification step. The chromatograms confirmed a 
significant reduction in unincorporated nucleotides and other byproducts after 
purification. 

Residual nucleotide content was also evaluated through quantitative analysis. 
As expected, CTP was undetectable in all samples, suggesting its complete 
consumption during transcription, while ATP, UTP, and GTP remained at 
detectable levels, consistent with partial usage. The purified samples exhibited 
reduced free nucleotide signals, further supporting the efficacy of the cleanup. 
To assess RNA integrity and verify transcript size, fragment analysis and 
capillary electrophoresis were performed using the Agilent Bioanalyzer and 
Advanced Analytical Fragment Analyzer systems. These assays were 
conducted with the support of a postdoctoral colleague specializing in nucleic 
acid analytics. The electropherograms confirmed the presence of a sharp, 
single peak corresponding to the expected transcript length, with minimal 
degradation products, indicating high-quality RNA suitable for transfection and 
translation studies.  

Overall, this multi-modal analytical strategy ensured the accuracy of mRNA 
quantification, the removal of synthesis-related impurities, and the integrity of 
the final product, providing a reliable basis for downstream functional assays. 
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2.3. Fabrication and Setup of Microfluidic Device 

2.3.1. Introduction of T-mixer 

The PEEK High Pressure Tee Assembly is precisely designed to withstand the 
environmental pressures in high-pressure regions of a system. Made from the 
inert material PEEK, it offers excellent chemical resistance. The assembly 
includes three F-300 Fingertight Fittings and is compatible with 1/16 OD 
stainless steel or PEEK tubing. It can withstand a maximum operating pressure 
of 3500 psi (241 bar). The swept volume is 0.57 µL, and the through hole has 
a diameter of 0.5 mm. And the Figure 17 shows organic phase (blue) and 
aqueous phase (red) flow and mix process in T-mixer. And after the formulation, 
the lipid nanoparticle (yellow) will flow through the output side. 

Microfluidic System for Sample Flow of T-mixer 

 

Figure 17. The Schematic of fluid flow in T-Mixer 

In the context of LNP microfluidic production, this PEEK High Pressure Tee 
Assembly is essential for ensuring precise fluid control and stable performance 
under high-pressure conditions. Its ability to handle high pressures and provide 
reliable fluid mixing is critical for the accurate production of lipid nanoparticles, 
where consistent flow rates and mixing efficiency are key to optimizing the final 
product quality. The injection tubing is connected to the syringe via a Luer fitting, 
ensuring stable fluid delivery and sealing performance. The mixer should be 
thoroughly cleaned before and after use, and dried with compressed air. After 
LNP synthesis, anhydrous ethanol should be passed through to thoroughly 
flush out any residual organic and aqueous phases in the channels. 
 
During formulation, lipid solutions in ethanol (organic phase) and aqueous 
buffer containing nucleic acids were loaded into separate syringes and 
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connected to the PEEK T-mixer inlets via Luer fittings. A dual-channel syringe 
pump was used to drive both phases simultaneously, with total flow rates (TFR) 
ranging from 4 to 24 mL/min, and flow rate ratios (FRR) of aqueous to organic 
phase systematically varied from 1:1 to 10:1 to evaluate their impact on LNP 
properties. The total volume processed per run was 4 mL, and approximately 3 
mL of LNP suspension was collected at the outlet. Immediately after collection, 
the crude LNPs were diluted with 10 mM PBS buffer (pH 7.4) to a final volume 
of ~15 mL to ensure particle stabilization and prepare samples for downstream 
characterization and purification steps. All operations were performed under 
sterile conditions, and the microfluidic chip was flushed thoroughly with 
anhydrous ethanol after each run. 
 

2.3.2. Introduction of Swirl Mixer 

Various microfluidic chips can be selected depending on the preparation 
conditions. Dr. Jordan MacInnes designed four swirl mixers (SW 0.5*1, SW 
0.5*2, SW 0.5*4, SW 0.25*1) for microfluidic preparation of different material 
systems [184]. Among them, microfluidic devices and chip mixers incorporating 
SW 0.5*2 and SW 0.5*4 structures were used for lipid nanoparticle (LNP) 
synthesis. The mixing tube has a cross-sectional area of 0.275 mm³ and a 
hydraulic diameter (Dh) of 0.00065 m. And figure 18 shows the mixing details 
of two phase. Mixed streams of morphology present swirl. 

Microfluidic System for Sample Flow of Swirl Mixer 

 

Figure 18. The Schematic of fluid flow in Swirl Mixer 

The organic and aqueous phases are mixed at a predefined flow rate ratio, and 
the mixing process is optimized through precise control of syringe flow rate and 
injection volume, ensuring uniform mixing and improved LNP formation 
efficiency and stability. The injection tubing is connected to the syringe via a 
Luer fitting, ensuring stable fluid delivery and sealing performance. The mixer 
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should be thoroughly cleaned before and after use and dried with compressed 
air. After LNP synthesis, anhydrous ethanol should be passed through to 
thoroughly flush out any residual organic and aqueous phases in the channels. 
 
For experiments using the Swirl Mixer, the operation procedure remained 
consistent with that of the T-mixer setup, while the total flow rate (TFR) was 
increased to a range of 28–240 mL/min to accommodate higher-throughput 
synthesis. 
 

2.3.3. Introduction of Herringbone Mixer 

The Herringbone Mixer was purchased from Darwin Microfluidics, and the 
Fluidic 1460 Herringbone Mixing Chip, designed by Microfluidic ChipShop, is 
intended to facilitate the rapid and efficient mixing of different liquids in 
microfluidic systems. This chip features herringbone-shaped channels, which 
enhance mixing efficiency by introducing chaotic advection, thereby reducing 
the required channel length for effective mixing. The chip includes two distinct 
channel designs (Structure A and B), providing greater experimental flexibility. 
In LNP microfluidic synthesis, Channel A was selected due to pump flow rate 
limitations. The channel has a depth of 200 µm, a width of 600 µm, and a mixing 
section height of 75 µm. This configuration ensures thorough mixing of the 
organic and aqueous phases within a short distance, improving the uniformity 
and stability of LNP formation. The injection tubing is connected to the syringe 
via a Luer fitting, ensuring stable fluid delivery and sealing performance. And 
the Figure 19 shows the herringbone mixer flow details. The two phases are 
mixed well under the mix of the bump. 

Microfluidic System for Sample Flow of Herringbone Mixer 

 

Figure 19. The Schematic of fluid flow in Herringbone Mixer 
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The chip is equipped with Mini Luer ports, allowing seamless and leak-free 
integration with other microfluidic components. The material of choice is 
polycarbonate (PC). Although lipids and certain plastics may exhibit 
compatibility issues to some extent, studies have shown that PC or cyclic olefin 
polymer (COP) has excellent chemical inertness and solvent resistance, posing 
no significant impact on LNP synthesis. Furthermore, these materials offer high 
optical clarity, making them suitable for fluorescence detection, microscopic 
observation, and other analytical applications, making them an ideal choice for 
LNP microfluidic production. The mixer should be thoroughly cleaned before 
and after use and dried with compressed air. After LNP synthesis, anhydrous 
ethanol should be passed through to thoroughly flush out any residual organic 
and aqueous phases in the channels. The Herringbone mixer follows the same 
procedure, with its TFR setting ranging from 1 mL/min to 6 mL/min. 
 

2.3.4. Theoretical calculations and Compare of mixers design 

In the LNP synthesis process, the Reynolds number (Re) is calculated based 
on the microfluidic chip's channel dimensions and input flow rate parameters to 
determine the fluid flow state. By adjusting the flow rate (u) and hydraulic 
diameter (Dₕ), the fluid can be maintained in the turbulent region (Re > 4000), 
enhancing the mixing efficiency between the two phases. Optimizing chip 
dimensions and fluid parameters improves mixing efficiency, ensuring uniform 
and stable LNP formation. And 3 microfluidic mixers details shows below (Table 
9). 

Table 9. Microfluidic Mixers details 

Mixer Mixed mechanism Tubing 

Size 

Swept 

Volume 

Pressure drop Model 

(ΔP) 

Materials 

T-mixer Molecular diffusion 0.275 mm³ 0.57 µL Simplified Channel, 

Intersection Disturbance 

PEEK 

plastic 

Swirl 

Mixer 

Centrifugal force-

induced secondary 

flow, Dean vortex. 

0.93 mm³ 2.05 µL Helical path, rotating 

chamber 

PEEK 

plastic 
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Herringb

one 

mixer 

Chaotic flow, 

periodic asymmetric 

structures disrupt 

laminar flow 

0.12 mm³ 0.20 µL Minimal structural 

disturbance, linear path 

PEEK 

plastic 

In microfluidic systems, pressure drop (ΔP) is a critical factor affecting flow 
stability and device compatibility. The T-mixer exhibits moderate pressure drop 
due to its simple straight-through geometry. In contrast, the Swirl Mixer 
introduces higher pressure drop resulting from its extended curved channels 
and vortex-inducing chamber, especially under elevated flow rates. The 
Herringbone Mixer maintains relatively low to moderate pressure drop by 
leveraging passive microstructures for mixing without significantly elongating 
the flow path. This balance makes it particularly suitable for applications 
requiring enhanced mixing with minimal backpressure. 

2.3.5. Syringe Pumps Introduction 

The Fusion 4000X is a motorized multi-channel syringe pump with dual 
independent drive channels, enabling pulsation-free and highly reproducible 
flow control. Its programmable multi-step flow mode allows users to input 
complex fluid delivery profiles, supporting programming via the device, making 
it ideal for LNP synthesis, microfluidic mixing, and pharmaceutical formulation 
research. This device was purchased from Chemyx and can be expanded to a 
four-syringe push-pull system, supporting syringe sizes from 0.5mL to 100mL, 
with a flow rate range of 1 mL/min to 170.5 mL/min. It features a touchscreen 
interface, USB, RS232, and TTL control, making it GMP and lab-compliant, 
easy to clean, and highly reliable. The precision-machined metal body and all-
glass touchscreen enhance stability and user convenience. 
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LNPs Formation by Syringe Pumps for Flow Control 

 

Figure 20. The LNP lab formulation process by syringe pumps and microfluidic 

mixer. 

Figure 20 shows the lab formulation experiment. This is an ultra-high precision 
syringe pump offering ±<0.35% accuracy and ±<0.05% reproducibility. It boasts 
an extremely wide flow rate range, from 0.0001 µL/min to 170.5 mL/min, and 
possesses a powerful 85lb thrust to overcome high backpressure in microfluidic 
chips. The Fusion 4000X supports a wide range of experimental applications 
and lays the foundation for future transition to piston pumps, further improving 
stability and adaptability in fluid delivery processes. 
 

2.3.6. Piston Pumps Introduction 

The Vapourtec R-Series (Vapourtec’s V-3 precision peristaltic pump) is a 
modular flow chemistry system, primarily utilizing its continuous production 
pump module in the continuous synthesis of lipid nanoparticles (LNPs). The 
pump in this series is a piston pump (plunger pump), in which a stepper motor 
drives a piston to move reciprocally within a precisely machined pump chamber, 
thereby directly propelling fluid flow. Since the linear displacement of the piston 
is strictly correlated with the step count of the motor, the system achieves high-
precision flow rate control, making it well-suited for LNP synthesis, which 
requires precise proportional mixing. The pump operates within a flow rate 
range of 0.01–50 mL/min and pumping at 10 bar, generating smooth output 
flow across the full pressure range with an accuracy error of less than ±1%, 
enabling seamless scalability from milligram-scale laboratory synthesis to 
kilogram-scale industrial production. Additionally, the system offers high 
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expandability, allowing the integration of additional sensors to accommodate 
complex reaction conditions, such as photochemical reactions or high 
temperature/high-pressure environments. Consequently, the Vapourtec R-
Series is not only applicable to laboratory-scale microfluidic synthesis of LNPs 
but also meets the requirements for continuous production of active 
pharmaceutical ingredients (APIs) under good manufacturing practice (GMP) 
conditions. 
 

2.4. LNP preparation by Microfluidic 

2.4.1. N/P Ratio Calculation 

In mRNA-LNP formulations, the N/P ratio—defined as the molar ratio of 
ionizable nitrogen groups (from cationic lipids) to phosphate groups (on nucleic 
acids)—is a critical parameter influencing nanoparticle stability, size, and 
delivery efficiency. Electrostatic interactions between these oppositely charged 
components drive nanoparticle self-assembly. An imbalanced N/P ratio can 
lead to aggregation, poor encapsulation, or reduced transfection efficiency. 
 
For calculation, an average molecular weight of 330 g/mol is commonly used 
for nucleotide monophosphates (AMP, GMP, CMP, UMP) to estimate the 
phosphate content across different mRNA sequences. For instance, at an 
mRNA concentration of 0.17 mg/mL (≈6.25 mmol/mL), using 1 mL of organic 
phase (Dlin-MC3-DMA) and 3 mL of aqueous phase, the N/P ratio can be 
accurately determined to guide formulation optimization. 
 
 

	 mmolmol	
	
	
	

N/P	ratio=	 	
 
nNucleic acid is the amount of nucleic acid in moles and MNucleic acid is the molar 
mass of nucleic acid. 
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Table 10. The different N/P Ratio Experiment Setting 
N/P ratio C(Mc3)  C(Nucleic Acid)  
1: 1 1.56 mmol/L 1 mg/ml 0.17 mg/ml 170 μg/ml 
4: 1 6.25 mmol/L 4 mg/ml 0.17 mg/ml 170 μg/ml 
6: 1 9.36 mmol/L 6 mg/ml 0.17 mg/ml 170 μg/ml 
10: 1 15.6 mmol/L 10 mg/ml 0.17 mg/ml 170 μg/ml 

 
The length of the nucleic acid is not specified in the calculations, and this is 
because the length of the nucleic acid does not affect the mass concentration 
used. Using the values obtained for single-stranded RNA and the above 
calculation, for example, the amount of substance of P required is also fixed at 
1.545 x 10-6 mol, while keeping the N/P ratio and the amount of substance of N 
constant. The mass concentration of nucleic acid is related to the amount of 
substance of P as follows: 
 
nnucleic acid is the amount of substance (moles) of the nucleic acid and Mnucleic 

acid is the molar mass of the nucleic acid. For a 1000 nt RNA, one mRNA 
molecule has 1000 anions; whereas for a 2000 nt RNA, one mRNA molecule 
has 2000 anions and the amount of substance (moles) required is only half that 
of 1000 nt. Still, the corresponding the molar mass of the RNA is doubled (not 
taking into account the weight difference of the different bases). So, the final 
value does not change when the two are multiplied. Therefore, it is more 
convenient to convert mRNA to mass concentration for calculations when using 
mRNA. 

2.4.2. Preparation of Lipid Nanoparticle 

In liposome preparation, DSPC and cholesterol were combined at a 3:2 molar 
ratio to provide structural integrity—DSPC enhances membrane stability, while 
cholesterol improves fluidity and durability. For mRNA-LNP formulations, FDA-
approved ionizable and PEGylated lipids were directly included to ensure 
biocompatibility and formulation consistency. 

Orgacin Phase: The organic phase was prepared by dissolving the lipid 
mixture in anhydrous ethanol to form a clear, homogeneous solution. Ethanol 
was chosen for its ability to dissolve both polar and nonpolar lipids. Lipids were 
weighed into glass vials to avoid solvent-container interactions, and the solution 
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was sonicated in a sealed container to minimize ethanol evaporation and 
ensure reproducibility. 

Use only anhydrous ethanol to prevent lipid aggregation due to water 
contamination. Protect light-sensitive lipids from light, and use the solution 
promptly to avoid concentration shifts or precipitation. Record all preparation 
details for traceability. 

Aqueous Phase: In this step, 25 mM sodium acetate buffer (pH 4.0) was used 
as the aqueous phase for lipid nanoparticle (LNP) synthesis, without including 
nucleic acid cargo during formulation. This strategy was chosen due to the 
limited availability of mRNA and the need to optimize formulation and process 
parameters under controlled conditions. Although nucleic acids were not 
incorporated, the lipid self-assembly behavior—including particle size, 
polydispersity index (PDI), and morphology—can still be effectively simulated 
using PBS. 

Using NaAc buffer as the aqueous phase allows reliable evaluation of key 
formulation variables such as flow rate ratio (FRR), total flow rate (TFR), lipid 
composition, and mixing performance. Since these parameters are primarily 
governed by lipid–aqueous interactions rather than the nucleic acid itself, 
"empty" LNPs provide a reproducible, cost-effective model for early-stage 
process development, ensuring robustness before scaling up or loading 
therapeutic payloads. 

Formulation by Microfluidic: The prepared organic and aqueous phases 
were loaded into syringes and installed onto a dual-channel syringe pump 
system. Syringe brand and model were entered into the system interface to 
ensure accurate calibration of inner diameter and plunger stroke. Flow 
parameters—including separate flow rate (to set different flow rate ratio), and 
injection volume—were configured according to experimental design. After 
verifying secure syringe installation and channel assignment, the mixing 
process was initiated. To minimize errors from flow rate instability at the 
beginning and end of the run, only the central portion of the eluent was collected, 
while initial and terminal fractions were discarded. The collected sample was 
immediately diluted using an isotonic, pH-neutral buffer (e.g., 10mM PBS pH 
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7.4) to stabilize the nanoparticles for downstream characterization and 
purification procedures. 

 

2.4.3. mRNA-LNP Formulation 

Through a combination of spectrophotometry, ion exchange chromatography 
(IEX-HPLC), and capillary electrophoresis, the purification and analytical 
workflow provided comprehensive insights into mRNA quality. These analyses 
confirmed the RNA concentration and yield, removal of unincorporated 
nucleotides and reaction byproducts, and transcript integrity and size uniformity. 
Importantly, fragment analysis revealed minimal degradation and a dominant 
peak at the expected transcript length, supporting suitability for downstream 
applications such as transfection. In addition to purity and integrity, functional 
mRNA requires structural features such as a 5' cap and a 3' poly(A) tail. The 5' 
cap structure (typically added co-transcriptionally or enzymatically post-IVT) 
enhances stability and translation efficiency by protecting against exonuclease 
degradation and facilitating ribosome recognition. Meanwhile, the poly(A) tail 
improves mRNA stability and nuclear export, and prolongs translational activity 
in the cytoplasm. These elements are critical for ensuring efficient gene 
expression in both in vitro and in vivo applications. 

Several of the analyses were conducted with the assistance of postdoctoral 
researchers in our group, whose support and technical expertise are gratefully 
acknowledged. 
 
To prepare mRNA-lipid nanoparticles (mRNA-LNPs), a 25mM sodium acetate 
buffer (pH < 4.5) was selected as the aqueous phase solution. This acidic buffer 
facilitates electrostatic interactions between ionizable lipids and negatively 
charged plasmids. Under acidic conditions, ionizable lipids carry a positive 
charge, thereby enhancing their binding affinity with the plasmid. The mRNA 
concentration was adjusted according to the experimental design, and the 
concentration was calibrated using NanoDrop prior to synthesis. After 
calibration, the mRNA solution was transferred into a container, and air bubbles 
were expelled to ensure the accuracy and stability of subsequent operations. 
Once everything is prepared, the pump can be set according to the 
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experimental requirements to mix the two phases and obtain mRNA-LNPs. All 
process parameters, including total flow rate, flow rate ratio, concentration, and 
lipid-to-cholesterol ratio, are detailed in the accompanying figures. All 
experimental procedures were performed under room temperature conditions. 
 

2.4.4. mRNA-LNP Purification 

High ethanol content (~25%) in freshly prepared LNPs can significantly distort 
particle size measurements and promote nanoparticle fusion. To ensure 
accurate characterization and maintain product stability, immediate 5× dilution 
with buffer is recommended post-synthesis. If dialysis is used for purification, 
the sample should be transferred into the buffer promptly (within 5 minutes). 
Early dilution and purification are critical to prevent size deviation and ensure 
reproducible results. And figure 21 shows different purification process. An 
efficient purification process and buffer system are also crucial for maintaining 
LNP stability and enabling subsequent experiments. 

 

Figure 21. The different purification and characterization, schematic diagrams 

Dialysis: Dialysis serves as the most fundamental purification method for 
nanoparticles, aiming to remove residual organic solvents, unencapsulated 
nucleic acids, and free lipids. The crude LNP suspension is placed within a 
dialysis bag or cassette featuring an appropriate molecular weight cut-off, 
immersed in a large volume of buffer solution (such as PBS). Under gentle 
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stirring at low temperatures, small molecules are progressively removed via 
passive diffusion whilst retaining the nanoparticles. Repeated exchange of the 
external buffer solution maintains the concentration gradient, enhancing both 
the purity and biocompatibility of the LNPs. Following dialysis, the LNPs may 
undergo concentration and filtration before being stored under suitable 
conditions for subsequent applications. 
 
Ultrafiltration: After dialysis, ultrafiltration is used to further concentrate and 
purify the LNP suspension. The sample is diluted with cold PBS and transferred 
to a centrifugal filter unit (e.g., 30 kDa MWCO), then centrifuged at low 
temperature to reduce the volume. This concentration-dilution cycle can be 
repeated to remove remaining small molecules and adjust the buffer. Unlike 
dialysis, which relies on passive diffusion over time, ultrafiltration offers faster 
processing through pressure-driven separation and is suitable for volume 
adjustment, buffer exchange, or final concentration prior to storage. However, 
excessive centrifugal force or prolonged operation may risk nanoparticle 
aggregation or partial loss, especially for fragile formulations. 
 

Tangential Flow Filtration: Tangential flow filtration was used for the 
purification of crude LNP suspensions, employing a hollow fiber membrane with 
appropriate molecular weight cutoff. The sample was diluted with a neutral 
buffer to reduce viscosity and minimize membrane fouling. During diafiltration, 
buffer was continuously added while permeate was removed to maintain a 
constant volume, enabling efficient removal of unencapsulated nucleic acids 
and residual solvents. After purification, the system was thoroughly cleaned and 
disinfected to ensure membrane integrity and sterility. 

Compared to dialysis, TFF offers faster processing and greater scalability by 
actively driving buffer exchange under controlled flow and pressure. Unlike 
centrifugal ultrafiltration, TFF reduces shear-related damage and sample loss, 
making it more suitable for sensitive formulations. However, its operation 
requires more complex equipment and careful maintenance to prevent 
membrane fouling and ensure consistent performance. 
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In this research, dialysis was employed as an essential step for LNP purification. 
The TFF methodology and associated optimization experiments are presented 
exclusively in Chapter 5. 

2.5. Characterization and analysis of mRNA-LNP 
All values in this study were expressed as means ± SD (standard deviation). 
Experiments were independently repeated at least three times, with more than 
three experimental batches conducted per condition. For each experimental 
setup, three technical replicates were performed to ensure reproducibility. 
Differences among groups were analyzed using one-way analysis of variance 
(ANOVA) with GraphPad Prism 9.0 software. Statistical differences were 
considered significant at ****P < 0.0001; ***P < 0.001; **P < 0.01 and *P < 0.05. 
 

2.5.1. Size &PDI 

The particle size and polydispersity index (PDI) of lipid nanoparticles (LNPs) 
are measured by Dynamic Light Scattering (DLS) using the NanoBrook 90 plus 
Pals Particle size Analyzer (Brookhaven Instrument, NY, USA). Measurements 
were conducted under controlled laboratory conditions, with room temperature 
maintained at 25 °C, which was also set as the default measurement 
temperature. The viscosity and refractive index (RI) values were input based 
on the properties of the aqueous buffer used (e.g., 10 mM PBS, pH 7.4). To 
validate the parameter settings, a 100 nm polystyrene standard sample was 
used for calibration. The system settings were confirmed when the 
measurement error was within 1%. DLS detects particle size based on 
Brownian motion, with smaller particles moving faster, and the hydrodynamic 
diameter is determined by the particle’s diffusion coefficient. And the detect 
shows below in figure 22. To ensure optimal signal acquisition, the instrument's 
auto-attenuation function was employed to automatically adjust laser intensity 
and detector sensitivity based on sample turbidity. Each sample was measured 
with five replicates, with each run lasting 45 seconds. 
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Figure 22. The mechanism of DLS detection. 

The average hydrodynamic diameter was calculated from the correlation 

function using the Stokes–Einstein equation: 
 
where D is the translational diffusion coefficient, kB is the Boltzmann constant, 
T is the absolute temperature (in Kelvin),in the detection process is 25 °C 
(298.15 K) , η is the dynamic viscosity of the dispersant, during the experiments 
is 0.8872 mPa·s in water. and dH is the hydrodynamic diameter. The 
instrument’s software automatically computes dH by fitting the autocorrelation 
function to a cumulant or distribution model based on the measured diffusion 
coefficient. And the Refractive Index (RI) is 1.330 in detection. 
 
Nano Flow Sizer: Building on this, NanoFlowSizer (NFS) uses Spatially 
Resolved Dynamic Light Scattering (SR-DLS) technology with Near Infrared 
(NIR) light to detect the depth of scattered light, enhancing measurement 
accuracy (shows in figure 23), the same measurement parameters 
(temperature, viscosity, RI) were used to ensure consistency and comparability 
between methods. Autocorrelation curve from intensity fluctuations, reflecting 
Brownian motion of particles. NFS is particularly suitable for measuring high-
turbidity samples, minimizing the effects of flow, and providing real-time, 
precise particle size monitoring. This gives NFS a distinct advantage in LNP 
production, ensuring size consistency, optimizing formulation and processes, 
and enhancing stability, encapsulation efficiency, and drug release properties. 
Compared to traditional DLS, NFS offers a more efficient and reliable solution 
for high-quality LNP production, with significant application potential. 
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Figure 23. The detection details of Standard DLS and SR-DLS. In standard dynamic 

light scattering (DLS, top figure), the laser beam illuminates the entire sample volume, 

with scattered light collected as a global signal. In scattered-reflection dynamic light 

scattering (SR-DLS, bottom figure), the laser penetrates vertically through a transparent 

window (e.g., glass), collecting scattered signals at multiple depths within the flowing 

sample. The autocorrelation function on the right reflects the ‘decay of correlation with 

time delay’ in particle motion. 

In addition to its high measurement accuracy and real-time monitoring 
capabilities, NFS offers a modular design, making it particularly suitable for the 
needs of LNP production. This modularity allows for the flexible replacement of 
components based on experimental requirements and the easy addition of 
extra sensors to measure parameters such as temperature and pressure. This 
feature enables NFS to provide continuous monitoring during LNP production, 
offering real-time feedback on changes in particle size, distribution, and other 
critical physical parameters. Such continuous monitoring helps optimize 
formulations and production processes, ensuring the consistency and quality of 
LNPs. Furthermore, NFS’s adaptability allows it to handle high-concentration 
and high-turbidity samples, which is essential for complex systems in LNP 
production. With real-time data feedback, NFS effectively enhances the 
automation and control of LNP production, offering significant potential for a 
wide range of applications. In experimental measurements, all procedures 
should be strictly followed according to the Standard Operating Procedure 
(SOP) to ensure the accuracy and reproducibility of the experimental results. 
According to the SOP, the first step is to calibrate the instruments to ensure 



 83 

their proper functioning. Before conducting measurements, the samples must 
be processed as per the prescribed procedure, such as dilution, dissolution, 
and pre-treatment, to remove any impurities or bubbles that might interfere with 
the measurements. 
 

2.5.2. Encapsulation Efficiency%  

Nano Flow Cytometry and RiboGreen assays were employed to evaluate the 
encapsulation efficiency of mRNA-LNPs. Nano Flow Cytometry was used to 
analyze individual LNP particles, enabling simultaneous detection of size and 
fluorescence-labeled RNA encapsulation on a per-particle basis. The samples 
were diluted and stained with fluorescent RNA-binding dye prior to 
measurement, and encapsulated vs unencapsulated particles were gated using 
control formulations. RiboGreen assay was used as a complementary method. 
mRNA concentrations were measured before and after RNase treatment to 
determine the proportion of protected (encapsulated) RNA. Fluorescence was 
recorded using a microplate reader, and encapsulation efficiency was 
calculated as the ratio of RNase-protected signal to total signal. Together, these 
methods provided both population-level and particle-level insights into mRNA 
encapsulation. 

Ribogreen Assay: The Quant-iT RiboGreen® RNA Assay is a fluorescence-
based method widely used for quantifying nucleic acids. In the context of 
mRNA-loaded lipid nanoparticles (mRNA-LNPs), this method enables the 
determination of encapsulation efficiency (EE%) by taking advantage of the 
dye’s selective binding to free, unencapsulated RNA. Since intact LNPs shield 
the encapsulated RNA from dye access, only free RNA contributes to 
fluorescence signals prior to LNP disruption. To calculate encapsulation 
efficiency, the LNP sample is divided into two aliquots. One aliquot is analyzed 
directly to measure the free (unencapsulated) RNA. The second aliquot is 
treated with 1% Triton X-100, a non-ionic surfactant that disrupts the LNP 
structure and releases all encapsulated RNA, allowing measurement of the total 
RNA content. 

The encapsulation efficiency is determined using the following equation: 
Encapsulation Efficiency (%) = (Total RNA − Free RNA) / Total RNA × 100  
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Standard curves were prepared using serial dilutions of RNA standards in TE 
buffer, and both pre- and post-lysis samples were incubated with RiboGreen 
dye. Fluorescence was recorded using a plate reader (Excitation: 480 nm; 
Emission: 520 nm), and RNA concentrations were interpolated from the 
standard curve. All measurements were performed in duplicates or triplicates 
to ensure data consistency. This approach offers a simple, sensitive, and high-
throughput method for quantifying RNA encapsulation without requiring 
particle-level resolution. However, care must be taken to avoid surfactant-
induced degradation or fluorescence quenching, and appropriate controls must 
be included to correct for background signals. 

While Nano Flow Cytometry provides particle-resolved encapsulation 
information, RiboGreen is especially suitable for early-stage formulation 
screening and routine quality control, offering a cost-effective and efficient 
solution when total encapsulation levels are the primary concern. 

The High Range and Low Range Curve Schematic 

 

Figure 24. The high (left) and low (right) range standard curve line. By measuring 

the fluorescence intensity readings of the sample and comparing them against the 

concentration range of the standard curve, the mRNA concentration of the sample is 

determined, thereby enabling the calculation of the encapsulation efficiency. 

Nano Flow Cytometry: In the experiment, SYTO RNA Select and other 
membrane-permeable nucleic acid dyes are used to label mRNA encapsulated 
within LNPs, effectively distinguishing between empty LNPs and drug-loaded 
LNPs. Empty LNPs, lacking nucleic acid content, only display scattering signals, 
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while drug-loaded LNPs simultaneously show both scattering and fluorescence 
signals. 
 
SYTO 9 introduction: Alow-molecular-weight membrane-permeant green 
fluorescent dye, penetrates the phospholipid bilayer of lipid nanoparticles 
(LNPs) via its amphiphilic structure (hydrophobic aromatic rings and hydrophilic 
amino groups), enabling fluorescence emission upon binding to encapsulated 
nucleic acids (e.g., dsDNA or RNA). While the dense bilayer of intact LNPs 
partially restricts SYTO9 permeation efficiency, optimizing dye concentration, 
incubation time, and temperature enhances nucleic acid interaction, thereby 
quantitatively evaluating LNP encapsulation efficiency and structural integrity, 
which provides critical quality control data for gene delivery system 
development. 
 
Experimental Steps: Nano flow cytometry (nFCM) was used to quantify LNP 
particle concentration and assess nucleic acid encapsulation efficiency. SYTO 
9, a membrane-permeable nucleic acid dye, was employed to stain 
encapsulated RNA. For LNPs above 2×10¹⁰ particles/mL, samples were first 
diluted and stained with 10× SYTO 9, followed by a 30-minute incubation at 
room temperature in the dark. Lower-concentration samples were stained 
directly without pre-dilution, adjusting dye concentration proportionally. All 
stained samples were further diluted (100–200×) prior to analysis, aiming for a 
particle flow rate of 2,000–12,000 particles/min. Data were analyzed using 
standard nFCM software to evaluate particle count, fluorescence positivity, and 
size distribution. 

2.6. Cell line and E. coli Culture work 

2.6.1. E. coli culture 

The Escherichia coli strain (DH5α) containing the target plasmid (pVAX1) was 
inoculated under sterile conditions into LB liquid medium containing an 
appropriate concentration of kanamycin. After inoculation, the culture bottle 
was placed in a 37°C incubator with shaking at 200 rpm to ensure adequate 
oxygen supply. The culture was incubated for 12-16 hours until the bacterial 
culture reached the log phase. After incubation, the cells were collected by 
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centrifugation, and plasmid DNA was extracted using the QIAGEN® Plasmid 
Kit, strictly following the QIAGEN protocol to ensure high purity and yield. The 
extracted plasmid was verified by gel electrophoresis for integrity and quantified 
using NanoDrop to ensure it was suitable for subsequent experiments. 
 

2.6.2. Cell Line Experiment 

HEK293 cells (ATCC, CRL-1573) were selected for their robust growth and high 
transfection efficiency, making them widely applicable in gene expression and 
delivery studies. Cells were maintained under standard culture conditions using 
DMEM supplemented with fetal bovine serum and antibiotics. Cell viability and 
density were routinely monitored to ensure consistent physiological status for 
downstream applications. When cells reached optimal confluence, they were 
passaged and reseeded in multi-well plates to prepare for transfection. Cells 
were plated approximately 18–24 hours prior to transfection to ensure 
adherence and uniform growth. Cell density was adjusted according to cell type 
and experimental requirements to achieve ≥80% confluency at the time of 
transfection. 

2.6.3.  Transfection Experiment 

Plasmid transfection was conducted using Lipofectamine™ 3000, which served 
as a positive control for evaluating LNP-based delivery efficiency due to its high 
transfection efficacy and well-characterized mechanism. For naked mRNA 
transfection, the Trans-IT mRNA kit was employed, providing efficient 
cytoplasmic delivery and stabilization of mRNA under optimized conditions. To 
ensure comparability, all mRNA used across different transfection approaches 
(LNP-based or reagent-based) originated from the same batch, eliminating 
variability associated with material differences. eGFP-mRNA-loaded LNPs 
were used to evaluate transfection efficiency under varying concentrations. The 
LNPs were filtered and diluted in culture medium to generate a concentration 
gradient for dose–response analysis. Transfection was performed by adding 
defined volumes of LNP solution to the culture wells, followed by incubation 
under standard conditions. Fluorescence expression was monitored to assess 
delivery performance across different concentrations. 
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2.6.4. Principal Component Analysis 

Principal Component Analysis (PCA) was applied to the Design of Experiments 
(DoE) dataset to identify the major sources of variation linking critical process 
parameters (CPPs) with critical quality attributes (CQAs). Input variables 
included total flow rate (TFR), flow rate ratio (FRR), lipid concentration, DSPC-
to-cholesterol molar ratio, and PEG-lipid percentage. Output variables were 
particle size (nm) and polydispersity index (PDI). Prior to analysis, all variables 
were mean-centered and scaled to unit variance. PCA was performed using 
JMP software (version X), and the results were visualized through a scree plot 
of explained variance, a biplot combining loadings and scores, and a 
correlation-based heatmap. The first two principal components captured the 
majority of the variance (>70%), highlighting strong negative correlations 
between flow-related parameters (TFR, FRR) and particle size, consistent with 
the heatmap analysis. The biplot further illustrated clustering of experimental 
runs according to flow settings, confirming that high flow rates and higher FRRs 
consistently resulted in smaller, more monodisperse LNPs. These PCA findings 
were interpreted alongside DoE and heatmap results, serving primarily as an 
exploratory validation tool rather than a central analytical method in this study. 
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3. The impact of Critical Process Parameters 
(CPPs) on Critical Quality Attributes 
(CQAs) in mRNA-LNP microfluidic 
Manufacturing 

 
Microfluidic technology offers a stable and precise platform for the production 
of mRNA-loaded lipid nanoparticles (mRNA-LNPs), allowing for the flexible 
adjustment of critical process parameters (CPPs), such as total flow rate (TFR), 
flow rate ratio (FRR), and lipid concentration. These parameters directly 
influence critical quality attributes (CQAs), including particle size, polydispersity 
index (PDI), and encapsulation efficiency (EE%). A comprehensive 
understanding of the relationship between CPPs and CQAs is essential for 
achieving high-quality and reproducible LNP formulations. The implementation 
of the Quality by Design (QbD) approach further enhances this process by 
embedding quality into both products and manufacturing workflows through 
systematic design and process understanding [143]. 

From a cost-effectiveness perspective, the Quality by Design (QbD) approach 
emphasizes the optimization of critical process parameters (CPPs) to minimize 
material waste. For example, improving encapsulation efficiency (EE%) can 
reduce the consumption of costly mRNA, while optimizing mixing parameters 
can maximize the utilization of solvents and lipids, thereby lowering overall 
production costs. Moreover, continuous manufacturing significantly reduces 
batch-to-batch variability, thereby minimizing rework and compliance risks. By 
integrating QbD principles, a continuous mRNA-LNP production platform can 
strengthen the relationship between CPPs and critical quality attributes (CQAs), 
simultaneously improving product quality and enabling economic scalability 
[186]. This approach provides robust data to support large-scale mRNA 
therapeutics production and establishes a foundation for meeting stringent 
regulatory requirements. 

Looking ahead, a microfluidic-based continuous production platform holds 
great promise for improving the global accessibility of mRNA-based 
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therapeutics, paving the way for the commercialization of gene and nucleic acid 
medicines. In this study, several widely used microfluidic mixers will be 
systematically investigated through experimental evaluation and comparative 
analysis. The study aims to explore their effects on critical quality attributes 
(CQAs) and further optimize key performance indicators (KPIs), thereby 
providing both theoretical support and practical guidance for the continuous 
manufacturing of lipid nanoparticles [187]. In the DoE study conducted using 
JMP software, five input factors were evaluated: total flow rate (TFR), flow rate 
ratio (FRR), total lipid concentration, DSPC-to-cholesterol molar ratio, and the 
percentage of PEG-lipid. The output responses included particle size, 
polydispersity index (PDI), and encapsulation efficiency (EE%). A full-factorial 
or custom design matrix was generated to systematically explore the 
interactions between formulation and process parameters. 
 

3.1. T-mixer 
The simple linear geometry of the T-mixer ensures minimal variation in flow 
conditions, which makes it easy to predict and optimize operating parameters 
based on the Reynolds number. Increasing the flow rate will increase the 
Reynolds number and thus shorten the mixing time, but may affect the 
homogeneity of lipid precipitation. 
 

3.1.1. The Essential Calculation and flow rates screened 

 
By calculating the Reynolds number, the flow characteristics of the T-mixer can 
be quantitatively evaluated. This helps to optimize the flow rates and flow ratios, 
thereby increasing the mixing efficiency and consequently enhancing the 
critical quality attributes (CQAs) of the LNP. Table 11 shows the liposome 
formulation results and Re number, total pressure drops (bar), mixing time 
change. 
 
Table 11. Process of Preparing Liposome Parameters by T-Mixers 

Total flow rate 

(mL/min) 
Aqueous : solvent (EtOH) ratio = 3/1 



 90 

 Re 
Total pressure 

drops (bar) 
Mixing time 

(ms) 
Size (nm) PDI 

4 509.3 2.8 13.3 276.9±13.3 0.316±0.032 
6 763.9 4.2 8.8 293.7±10.4 0.285±0.035 
8 1018.6 5.6 6.3 241.8±9.3 0.241±0.024 
10 1273.2 7.0 5.3 195.8±7.6 0.254±0.017 
12 1527.9 8.5 4.4 127.1±6.2 0.207±0.016 
16 2237.2 11.3 3.3 79.3±4.2 0.145±0.010 
20 2546.5 14.1 2.4 70.9±5.6 0.157±0.011 
24 3155.8 16.9 2.1 67.8±4.6 0.149±0.013 
28 3565.7 19.7 1.8 58.3±5.9 0.160±0.01 

*Calculations of Reynolds number, total pressure drop and mixing time were generated 
according to the mixer channel. Considering the actual length of the tubing, the waste 
volume per experiment was approximately 1.46 mL. The organic phase was composed 
of DSPC and cholesterol in a 3:2 composition ratio (as for mRNA-LNP) dissolved in 
anhydrous ethanol at a total concentration of 16 mg/mL. Aqueous phase is 25mM NaAc 
Buffer, pH 4.0. Same as formulation buffer. Size and PDI were measured by DLS assay. 
Three independent replicate experiments were performed to assess the stability and 
reproducibility of the results. Formulation has been previously tested with water and 
does not leak at the flow rates shown in the chart. The syringe pump used for the 
experiment was also calibrated. 
 
As the total flow rate increased, both the Reynolds number and total pressure 
drop rose markedly, while the corresponding mixing time decreased from 13.3 
ms to 1.8 ms. These changes reflect a substantial enhancement in microfluidic 
mixing efficiency under high-Re conditions. Experimental results demonstrated 
that increasing the flow rate led to a pronounced reduction in the particle size 
of lipid nanoparticles (LNPs), from 276.9 nm at 4 mL/min to 58.3 nm at 
28 mL/min. Concurrently, the polydispersity index (PDI) exhibited a consistent 
downward trend, reaching a minimum of 0.145, suggesting improved 
nanoparticle uniformity. 
 
These findings indicate that elevated flow rates in T-mixer systems promote 
more efficient nanoprecipitation and self-assembly of LNPs, resulting in smaller 
and more homogeneous particles. However, at excessively high flow rates (e.g., 
≥24 mL/min), slight fluctuations in particle size and PDI were observed, possibly 
due to shear-induced instabilities or reduced residence time. This suggests the 
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existence of an optimal flow rate range balancing mixing efficiency and 
formulation stability. 
 
The synthesis of blank lipid nanoparticles further validated the strong 
correlation between Reynolds number–based predictions and experimental 
outcomes, offering deeper insights into the mixing characteristics of the T-mixer 
system. These findings provide a robust theoretical and experimental 
foundation for optimizing mixing parameters, refining mRNA-LNP formulation 
processes, and supporting scalable manufacturing and performance evaluation.  
 
3.1.2. Effect of Flow Setting (TFR, FRR & Lipid Concentration) 
 
As a simple and commonly used microfluidic mixer, the design features and 
operational flexibility of the T-mixer make it an ideal modelling tool for analyzing 
the effects of Critical Process Parameters (CPPs) on Critical Quality Attributes 
(CQAs). The effects of three critical parameters, Total Flow Rate, Flow Rate 
Ratio and Lipid Concentration, on particle size (Size), polydispersity index (PDI) 
and encapsulation efficiency (EE%) are analyzed below. Choosing 
NanoFlowSizer to measure size and PDI, and the EE% measured by Ribogreen. 

 
Figure 25. The schematic of the variation of size (A-C), PDI (D-F) and 
encapsulation efficiency (G-I) with total flow rate (mL/min), flow rate ratio and 
lipid concentration (mg/mL) of T-mixer. The effect of Flow Rate Setting (T-mixer): 



 92 

Based on Reynolds number systematic experiments and analyses were conducted to 
investigate the effects of total flow rate (TFR, 1–26 mL/min) and flow rate ratio (FRR, 
1:1–20:1). Considering the actual length of the tubing, the waste volume per experiment 
was approximately 1.46 mL. The composition of the mRNA-lipid nanoparticles 
included ALC-0315: DOPE: Chol: ALC-0159, with total lipid concentrations shown in 
the figures. eGFP was selected as the mRNA component, with an approximate length 
of 3039 nucleotides (nts). The lipids were dissolved in anhydrous ethanol, and the 
mRNA was dissolved in 25 mM sodium acetate buffer at pH 4.0. And the N/P ratio is 
6:1. The eGFP-mRNA used in the experiments was from the same production batch. 
Three independent replicate experiments were performed to assess the stability and 
reproducibility of the results. Error bars represent ±SD, and if not visible, the error is 
hidden within the bar plots (±SD, n=9). 
 
Experimental data demonstrate significant regulatory effects of total flow rate, 
flow rate ratio, and lipid concentration on the size, uniformity, and encapsulation 
efficiency of lipid nanoparticles (LNPs) (Figures 25 A-C). When maintaining a 
fixed flow ratio (3:1) and lipid concentration (16 mg), increasing the total flow 
rate from 1 mL/min to 26 mL/min reduced particle size linearly from 156 ± 15 
nm to 62 ± 5 nm (60.3% reduction), while the polydispersity index (PDI) 
decreased from 0.41 ± 0.12 to 0.20 ± 0.04 (Figures 25 A,D). These results 
indicate that enhanced fluid mixing efficiency at higher flow rates suppresses 
excessive particle growth and improves size uniformity. However, when 
exceeding 16 mL/min, encapsulation efficiency (EE%) dropped significantly 
from 92% to 80% (Figure 25 G), likely due to insufficient mixing time for 
complete drug-lipid integration. 
 
At fixed total flow rate (16 mL/min) and lipid concentration (16 mg), variations 
in flow rate ratio (aqueous:organic phase) exhibited nonlinear effects (Figures 
25 B,E,H). Optimal performance occurred at 3:1 ratio, yielding minimal particle 
size (73 ± 4 nm) and lowest PDI (0.16 ± 0.04). Extreme ratios (1:1 or 20:1) 
increased size to 190 ± 18 nm and 257 ± 16 nm, respectively, with PDI rising 
to 0.30 ± 0.07. This pattern correlates with phase mixing homogeneity—the 3:1 
ratio likely represents a balance point for solvent diffusion, while extreme ratios 
induce phase separation that compromises uniformity. Notably, EE% peaked 
at 92 ± 6% under 9:1 ratio (Figure 25 H), suggesting moderate organic phase 
dilution promotes ordered lipid alignment. 
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Lipid concentration displayed threshold-dependent behavior (Figure 25 C,F,I). 
Gradual size increase from 53 ± 4 nm to 73 ± 4 nm and stable PDI (0.16-0.19) 
were observed at concentrations ≤16 mg. Beyond this threshold, size surged 
to 94 ± 7 nm with PDI elevation to 0.29 ± 0.03, indicating structural 
reorganization of lipid molecules into complex multilayered arrangements. EE% 
plateaued above 87% at concentrations ≥10 mg (p = 0.62), demonstrating 
saturation of drug-loading capacity at moderate concentrations. 
 
Interactions between critical process parameters (CPPs) significantly influence 
product quality. The synergistic combination of total flow rate (16 mL/min) and 
flow ratio (3:1) achieved balanced mixing efficiency and interfacial behavior, 
optimizing particle size (73 nm), PDI (0.16), and EE% (87%) simultaneously. 
However, at extreme flow ratios (20:1), increasing lipid concentration to 20 mg 
only partially restored EE% (43% → 86%) while worsening PDI by 72% (0.14 
→ 0.30), revealing limitations in parameter compensation strategies. 
 
Based on these findings, we recommend a core operational window: total flow 
rate 16 mL/min, flow ratio 3:1, and lipid concentration 16 mg/mL. Within this 
range, particle size remains <75 nm, PDI <0.2, and EE% >87%. For industrial 
translation, three control priorities emerge: 1) Avoid insufficient mixing at low 
flow rates (<12 mL/min); 2) Prevent phase separation at extreme ratios (>6:1); 
3) Limit lipid concentration to ≤16 mg to avert structural transitions. Future 
studies should employ real-time monitoring (e.g., Nano Flow Sizer) to track 
nucleation dynamics and computational fluid dynamics to optimize mixer design, 
thereby advancing scalable LNP production. 
 
3.1.3. Effect of Different Lipid Nanoparticle Composition 
 
The flow rate optimization experiments conducted with the T-mixer have 
identified an operational window for achieving efficient mixing under various 
flow conditions, providing a solid foundation for further exploration of mRNA-
LNP formulation optimization. Building upon this, the present study will 
systematically investigate key formulation parameters (CPPs), including PEG-
lipid content (1.5%-25%), lipid-to-cholesterol ratio (1:1-9:1), and N/P ratio (1:1-
10:1), to evaluate their effects on critical quality attributes (CQAs) such as 



 94 

particle size, polydispersity index (PDI), encapsulation efficiency (EE%), and 
stability. PEG-lipid content is a critical factor in determining the stability and 
biodistribution of LNPs; however, excessive proportions may increase particle 
size and affect PDI. The lipid-to-cholesterol ratio directly impacts the membrane 
fluidity and structural stability of the nanoparticles. Meanwhile, the N/P ratio 
serves as a core parameter for nucleic acid drug delivery efficiency, where 
optimization is essential for enhancing mRNA encapsulation efficiency and 
biological activity. By studying the combined effects of these variables, this 
research aims to comprehensively understand their interactive influence on 
LNP performance. 
 
The objective of this study is to use experimental data to optimize mRNA-LNP 
formulation parameters, achieving precise control over particle size, reduced 
polydispersity index, and improved encapsulation efficiency. Ultimately, these 
findings will provide theoretical and experimental support for the production of 
stable, reproducible, and application-specific LNPs. Choosing NanoFlowSizer 
to measure size and PDI, and the EE% measured by Ribogreen. 

 
Figure 26. The schematic of the variation of size (A-C), PDI (D-F) and 
encapsulation efficiency (G-I) with PEG-lipid ratio, Lipids: Cholesterol ratio and 
N/P ratio of T-mixer. The effect of Organic Phase Compositions (T-mixer): The PEG-
Lipid content (1.5mol%-20mol%), the lipid to cholesterol ratio (1:1-9:1), and different 
N/P ratios (1:1-10:1) were determined separately. The most stable TFR :16 mL/min and 
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FRR (A:O=3:1) were selected. And Lipid concentration was stabilized at 16 mg/mL. 
eGFP was selected as the mRNA component, with an approximate length of 3039 
nucleotides (nts). The lipids were dissolved in anhydrous ethanol, and the mRNA was 
dissolved in 25 mM sodium acetate buffer at pH 4.0. The eGFP-mRNA used in the 
experiments was from the same production batch. Three independent replicate 
experiments were performed to assess the stability and reproducibility of the results. 
Error bars represent ±SD, and if not visible, the error is hidden within the bar plots 
(±SD, n=9). 
 
As shown in Figure 26 (A, D, G), increasing the PEG-lipid ratio from 1.5% to 
25% (with fixed lipid: cholesterol ratio 3:2 and N/P ratio 6:1) significantly altered 
nanoparticle properties. Particle size increased linearly from 73 ± 4 nm (1.5%) 
to 96 ± 8 nm (25%) (31.5% growth), while polydispersity index (PDI) rose from 
0.16 ± 0.04 to 0.24 ± 0.03 (Figure 26 D). This suggests that elevated PEG 
content may retard lipid self-assembly through steric hindrance, prolonging 
particle growth. Encapsulation efficiency (EE%) decreased from 87 ± 2% to 64 
± 4% (26.4% reduction), indicating excessive PEGylation likely disrupts lipid-
drug interactions. 
 
Under fixed PEG-lipid (1.5%) and N/P ratio (6:1), lipid: cholesterol ratio 
exhibited nonlinear effects (Figure 26 B,E,H). Adjusting the ratio from 1:1 to 3:2 
increased size from 48 ± 5 nm to 57 ± 4 nm, reduced PDI from 0.18 ± 0.05 to 
0.16 ± 0.03, and enhanced EE% from 54 ± 4% to 87 ± 2%. However, further 
increasing the ratio to 9:1 caused drastic size expansion (236 ± 10 nm, +314%), 
elevated PDI (0.30 ± 0.09), and reduced EE% (66 ± 4%), emphasizing the need 
for moderate cholesterol content (3:2–4:1) to prevent structural instability. 
 
At fixed PEG-lipid (1.5%) and lipid: cholesterol ratio (3:2), increasing N/P ratio 
(nucleic acid: lipid charge ratio) from 1:1 to 10:1 progressively improved EE% 
from 64 ± 7% to 89 ± 4% (+38.4%) (Figure 26 C,F,I). Notably, the smallest 
particle size (60 ± 3 nm) and lowest PDI (0.16 ± 0.02) occurred at N/P 4:1, 
suggesting balanced charge-mediated assembly dynamics. 
 
Multivariate analysis identified 1.5% PEG-lipid, 3:2 lipid: cholesterol ratio, and 
6:1 N/P ratio as optimal for balancing size (73 ± 4 nm), PDI (0.16 ± 0.04), and 
EE% (87 ± 2%). Deviations (e.g., PEG-lipid >10% or lipid: cholesterol ratio 
beyond 3:2–4:1) significantly compromised uniformity and drug loading. 
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Recommended screening priorities include PEG-lipid ≤5%, lipid: cholesterol 
ratio 3:2–4:1, and N/P ratio 6:1–10:1 to ensure stability and encapsulation 
performance. 
 
The T-mixer demonstrates superior performance in lipid nanoparticle (LNP) 
synthesis by enabling precise control over hydrodynamic parameters (total flow 
rate, flow ratio) and formulation variables (lipid concentration, PEGylation, lipid: 
cholesterol ratio, N/P ratio), allowing tailored optimization of particle size (48–
257 nm), monodispersity (PDI 0.08–0.41), and encapsulation efficiency (54–
94%). Unlike conventional methods, its microfluidic design ensures robust 
nanoparticle production across broad operational ranges (1–26 mL/min) and 
reveals previously unrecognized parameter interdependencies. Notably, 
extreme dilution conditions (20:1 flow ratio) can be partially mitigated by lipid 
concentration adjustment (43%→86% EE%), while strategic parameter offsets 
(e.g., increasing N/P ratio from 6:1 to 10:1 at 6:1 flow ratio) enhance EE% 
(87%→89%) without significantly compromising PDI (0.16→0.17). These 
findings uncover a nonlinear synergy between hydrodynamic and 
compositional factors, challenging traditional empirical thresholds and 
advancing rational formulation design for complex nanosystems. 
 

3.2. Swirl Mixer 
The complex curved channels and integrated mixing elements (such as spiral 
structures) of the Swirl Mixer significantly enhance fluid mixing efficiency. Its 
unique geometric design allows for effective mixing across a wider range of 
Reynolds numbers. As flow rate increases, the Swirl Mixer utilizes vortices and 
secondary flows to further improve mixing efficiency and reduce mixing time. 
This design maintains excellent mixing performance even at high flow rates, 
optimizing nanoparticle uniformity and critical quality attributes (CQAs) [188]. 
While the Swirl Mixer excels in efficient mixing, its more complex flow effects 
may require finer parameter adjustments to ensure stability. 

3.2.1. The Essential Calculation and flow rates screened 

The Swirl Mixer’s complex curved channel design and integrated mixing 
elements (spiral structures & layered configurations) enhance mixing efficiency 
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through vortex flow and secondary flows, achieving efficient mixing across a 
broader range of Reynolds numbers [189]. Its mixing performance is more 
stable and less dependent on extreme flow rate conditions [190]. The Swirl 
Mixer effectively breaks the limitations of traditional diffusion mixing by 
introducing swirling flow in the channel, making it suitable for a wider range of 
flow rates. Its turbulent characteristics allow it to maintain good mixing 
performance at high flow rates. Table 12 shows the liposome formulation 
results and Re number, total pressure drops (bar), mixing time change. 
 
Table 12. Process of Preparing Liposome Parameters by Swirl Mixers 

Total flow rate 

(mL/min) 
Aqueous: solvent (EtOH) ratio = 3/1 

 Re 
Total pressure 

drops (bar) 
Mixing time 

(ms) 
Size 

(nm) 
PDI 

28 1069.5 0.2 1.311 67.9±6.3 0.134±0.017 
40 1527.9 0.3 0.918 63.5±5.7 0.103±0.014 
60 2291.8 0.9 0.612 60.7±3.4 0.085±0.005 
80 3055.7 1.6 0.459 58.5±2.5 0.071±0.006 
100 3819.7 2.3 0.367 57.5±2.0 0.067±0.004 
120 4583.6 3.5 0.306 55.3±1.6 0.060±0.004 
140 5347.6 4.8 0.262 54.9±2.2 0.075±0.007 
160 6111.5 6.2 0.229 53.6±2.5 0.089±0.010 
180 6875.5 7.9 0.204 54.4±2.8 0.083±0.011 
200 7660.8 9.7 0.188 52.2±2.6 0.071±0.008 
240 9167.3 14.0 0.153 50.2±3.1 0.094±0.014 

*Calculations of Reynolds number, total pressure drop and mixing time were generated 
according to the Swirl mixer channel. Considering the actual length of the tubing, the 
waste volume per experiment was approximately 2.08 mL. The organic phase was 
composed of DSPC and cholesterol in a 3:2 composition ratio (as for mRNA-LNP) 
dissolved in anhydrous ethanol at a total concentration of 16 mg/mL. Aqueous phase is 
25mM NaAc Buffer, pH 4.0. Same as formulation buffer. Size and PDI were measured 
by DLS assay. Three independent replicate experiments were performed to assess the 
stability and reproducibility of the results. Formulation has been previously tested with 
water and does not leak at the flow rates shown in the chart. The syringe pump used for 
the experiment was also calibrated.  
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As the flow rate increases from 28 mL/min to 240 mL/min, the Reynolds number 
rises significantly, indicating intensified turbulence unique to the Swirl Mixer 
design. This enhanced turbulence contributes to the steady decrease in mixing 
time from 1.311 ms to 0.153 ms, showcasing the mixer’s capability to rapidly 
achieve uniform mixing, even at high flow rates. 
 
Compared to other mixers, the Swirl Mixer consistently produces smaller 
nanoparticles (size reduced from 67.9 nm to 50.2 nm) with a narrower 
distribution (PDI from 0.134 to 0.060), particularly at higher flow speeds. This 
highlights its advantage in generating more homogeneous lipid nanoparticles, 
a critical requirement for precision in mRNA-LNP formulations. 
 
The distinct characteristics of the Swirl Mixer make it particularly suited for high-
speed, high-throughput processes, enabling rapid and efficient LNP production 
with superior quality and scalability. 
 

3.2.2. Effect of Flow Setting (TFR, FRR & Lipid Concentration) 

As an advanced microfluidic mixer, the Swirl Mixer, with its complex curved 
channel design and integrated mixing elements, offers superior mixing 
efficiency and flexibility. Its design makes it particularly suitable for analyzing 
the effects of Critical Process Parameters (CPPs) on Critical Quality Attributes 
(CQAs). Below, the impact of parameters such as TFR, FRR, and Lipid 
Concentration on particle size (Size), polydispersity index (PDI), and 
encapsulation efficiency (EE%) is evaluated. Choosing NanoFlowSizer to 
measure size and PDI, and the EE% measured by Ribogreen. 
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Figure 27. The schematic of the variation of size (A-C), PDI (D-F) and 
encapsulation efficiency (G-I) with total flow rate (mL/min), flow rate ratio and 
lipid concentration (mg/mL) of Swirl Mixer. The effect of Flow Rate Setting (Swirl-
mixer): Based on Reynolds number calculations and the specific design of the T-mixer, 
systematic experiments and analyses were conducted to investigate the effects of total 
flow rate (TFR, 28–160 mL/min) and flow rate ratio (FRR, 1:1–20:1). Considering the 
actual length of the tubing, the waste volume per experiment was approximately 2.08 
mL. The composition of the mRNA-lipid nanoparticles included ALC-0315: DOPE: 
Chol: ALC-0159 (48.5: 12.5: 38.5: 1.5, mol%), with total lipid concentrations shown 
in the figures. And the N/P ratio is 6:1. eGFP was selected as the mRNA component, 
with an approximate length of 3039 nucleotides (nts). The lipids were dissolved in 
anhydrous ethanol, and the mRNA was dissolved in 25 mM sodium acetate buffer at 
pH 4.0. The eGFP-mRNA used in the experiments was from the same production batch. 
Three independent replicate experiments were performed to assess the stability and 
reproducibility of the results. Error bars represent ±SD, and if not visible, the error is 
hidden within the bar plots (±SD, n=9). 
 
Under fixed flow ratio (3:1) and lipid concentration (16 mg), increasing the total 
flow rate from 28 mL/min to 160 mL/min (Figure 27 A) in the Swirl Mixer reduced 
particle size from 195.6 ± 10 nm to 58.4 ± 4 nm (70.1% reduction), with 
polydispersity index (PDI) decreasing from 0.28 ± 0.04 to 0.08 ± 0.04 (minimum 
at 100 mL/min) (Figure 27 D). Encapsulation efficiency (Figure 26G) peaked at 
91 ± 3% (80 mL/min) before slightly declining to 83 ± 3% at 160 mL/min, 
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indicating an optimal mixing intensity window (80–100 mL/min). Compared to 
T-mixer, Swirl Mixer achieved smaller particles (<65 nm) and lower PDI (<0.1) 
at higher flow rates (>60 mL/min). 
 
At fixed 80 mL/min flow rate, varying the flow ratio (1:1→20:1) revealed 
nonlinear effects: minimal size (62.3–64.1 nm) and PDI (0.09–0.098) occurred 
at 3:1–4:1 ratios, while EE% peaked at 94 ± 4% under 6:1 ratio (Figure 27 H). 
Lipid concentration (Figure 27 C,F,I) exhibited threshold behavior: EE% 
increased from 74 ± 3% (1 mg) to 93 ± 3% (10 mg) then stabilized (90 ± 4% at 
16–20 mg), whereas PDI reached its lowest value (0.077 ± 0.01) at 4 mg before 
rising to 0.17 ± 0.03 beyond 16 mg. 
 
Swirl Mixer outperforms T-mixer in two key aspects, the first is High-Flow 
Compatibility: Maintains smaller particles (58.4 nm vs. T-mixer’s 62 nm) at 160 
mL/min, favoring scalable production; And the other is Dilution Resilience: 
Retains 84 ± 5% EE% at 20:1 flow ratio (vs. T-mixer’s 87 ± 5%) under extreme 
dilution. However, Swirl Mixer shows greater sensitivity to lipid concentration 
variations: PDI increases by 120% beyond 16 mg (vs. 81% for T-mixer), 
demanding stricter material balance control during lipid assembly. 
 

3.2.3. Effect of different Lipid Nanoparticle compositions 

Building upon the flow rate optimization studies, similar experiments were 
conducted using the Swirl Mixer to systematically investigate key formulation 
parameters (CPPs), including PEG-lipid content (1.5%-25%), lipid-to-
cholesterol ratio (1:1-9:1), and N/P ratio (1:1-10:1). The objective of this study 
was to evaluate their impact on critical quality attributes (CQAs), such as 
particle size, polydispersity index (PDI), encapsulation efficiency (EE%), and 
stability, thereby providing insights into the optimization of mRNA-LNP 
formulations. Choosing NanoFlowSizer to measure size and PDI, and the EE% 
measured by Ribogreen. 
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Figure 28. The schematic of the variation of size (A-C), PDI (D-F) and 
encapsulation efficiency (G-I) with PEG-lipid ratio, Lipids: Cholesterol ratio and 
N/P ratio of Swirl Mixer. The effect of Organic Phase Compositions (Swirl mixer): 
The PEG-Lipid content (1.5mol%-20mol%), the lipid to cholesterol ratio (1:1-9:1), and 
different N/P ratios (1:1-10:1) were determined separately. The most stable TFR :80 
mL/min and FRR (A:O=3:1) were selected. And Lipid concentration was stabilized at 
16 mg/mL. eGFP was selected as the mRNA component, with an approximate length 
of 3039 nucleotides (nts). The lipids were dissolved in anhydrous ethanol, and the 
mRNA was dissolved in 25 mM sodium acetate buffer at pH 4.0. The eGFP-mRNA 
used in the experiments was from the same production batch. Three independent 
replicate experiments were performed to assess the stability and reproducibility of the 
results. Error bars represent ±SD, and if not visible, the error is hidden within the bar 
plots (±SD, n=9). 
 
Swirl Mixer demonstrates core trends similar to T-mixer in formulation 
parameter responses, yet its performance variations reveal unique mixing 
mechanism characteristics. As shown in Figure 28 (A, D, G), increasing the 
PEG-lipid ratio from 1.5% to 25% enlarges particle size from 58 ± 3 nm to 76.3 
± 5 nm (+31.5%), elevates PDI from 0.067 ± 0.008 to 0.11 ± 0.03, and reduces 
EE% from 90 ± 2% to 61 ± 5%. Compared to T-mixer (73→96 nm, PDI 
0.16→0.24), Swirl Mixer exhibits superior size control and uniformity at 
equivalent PEG ratios. Figure 28 (B,E,H) further illustrates that adjusting the 
lipid: cholesterol ratio from 1:1 to 9:1 drastically increases particle size from 
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61.4 ± 4 nm to 153.5 ± 10 nm (+150%), while EE% peaks at 91 ± 3% (2:1 ratio), 
outperforming T-mixer's 87 ± 2% (3:2 ratio). This suggests vortex-enhanced 
mixing improves cholesterol distribution homogeneity, though extreme ratios 
(>4:1) still induce lipid aggregation. 
 
Results in Figure 28 (C, F, I) show that increasing the N/P ratio from 1:1 to 10:1 
enhances EE% from 69 ± 7% to 94 ± 3%, peaking at 95 ± 2% (6:1 ratio), 
superior to T-mixer's 87 ± 2%. Swirl Mixer achieves minimal size (65 ± 3 nm) 
and lowest PDI (0.16 ± 0.02) at N/P=4:1, whereas T-mixer under the same 
conditions yields larger particles (73 ± 4 nm) and higher PDI (0.16 ± 0.04), 
confirming that vortex-driven charge balancing effectively suppresses particle 
aggregation. Unlike T-mixer, which relies on laminar/turbulent shear, Swirl 
Mixer employs 3D vortices to enhance local mixing efficiency, enabling stable 
production at 160 mL/min. However, it shows greater sensitivity to lipid 
concentration variations (120% PDI increase vs. T-mixer's 81%), necessitating 
compensation through N/P ratio optimization (e.g., 95% EE% at 6:1). 
Subsequent experiments will compare performance with Herringbone Mixer. 
 

3.3. Herringbone Mixer 
The herringbone-shaped channel design of the Herringbone Mixer effectively 
introduces secondary flows and remix, significantly improving mixing efficiency. 
Compared to the T-mixer, the Herringbone Mixer demonstrates stronger fluid 
mixing capabilities under low flow rate conditions. Its design minimizes 
variations in flow conditions, making it more straightforward to optimize 
operational parameters based on the Reynolds number [191]. As the flow rate 
increases, the Herringbone Mixer efficiently shortens mixing time while 
maintaining high control over fluid properties [192]. Its unique fluid dynamics 
make it an ideal solution for achieving high nanoparticle uniformity and 
structural stability. 
 

3.3.1. The Essential Calculation and flow rates screened 

The Herringbone Mixer’s unique herringbone-patterned channel design 
enhances mixing efficiency by introducing secondary flows and chaotic 
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advection, enabling superior mixing across a wider range of Reynolds numbers. 
Compared to conventional linear channels, the herringbone structure disrupts 
laminar flow and promotes more uniform mixing, even at low flow rates [193]. 
This design overcomes the limitations of purely diffusive mixing by inducing 
transverse fluid motion, making it ideal for low-to-moderate flow rates. The 
Herringbone Mixer exhibits robust performance in ensuring homogeneity and 
precise control of nanoparticle size distribution, offering excellent adaptability 
to a range of flow conditions. Table 13 shows the liposome formulation results 
and Re number, total pressure drops (bar), mixing time change. 
 
Table 13. Process of Preparing Liposome Parameters by Herringbone 
Mixers 

Total flow 

rate(mL/min) 
Aqueous : solvent (EtOH) ratio = 3/1 

 Re 
Total pressure 

drops (bar) 
Mixing 

time (ms) 
Size (nm) PDI 

1 421.87 0.3 24.0 366.9±17.4 0.416±0.12 
2 843.74 0.6 12.0 293.7±14.3 0.385±0.07 
4 1689.38 1.7 8.0 241.8±8.7 0.241±0.06 
6 2544.96 3.5 4.8 195.8±9.7 0.254±0.05 
8 3378.44 6.2 3.9 127.1±8.2 0.237±0.04 
10 4098.61 8.5 2.1 121.4±7.6 0.251±0.05 

*Calculations of Reynolds number, total pressure drop and mixing time were generated 
according to the Herringbone mixer channel. Considering the actual length of the tubing, 
the waste volume per experiment was approximately 0.78 mL. The organic phase was 
composed of DSPC and cholesterol in a 3:2 composition ratio (as for mRNA-LNP) 
dissolved in anhydrous ethanol at a total concentration of 16 mg/mL. Aqueous phase is 
25mM NaAc Buffer, pH 4.0. Same as formulation buffer. Size and PDI were measured 
by DLS assay. Three independent replicate experiments were performed to assess the 
stability and reproducibility of the results. Formulation has been previously tested with 
water and does not leak at the flow rates shown in the chart. The syringe pump used for 
the experiment was also calibrated.  
 
As the total flow rate increased from 1 mL/min to 10 mL/min, the Reynolds 
number rose significantly, indicating enhanced turbulent mixing, while the total 
pressure drop also increased, reflecting greater fluid resistance at higher flow 
rates. Mixing time was dramatically reduced from tens of milliseconds to just a 
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few milliseconds, demonstrating the high mixing efficiency of the Herringbone 
Mixer under high-flow conditions. With increasing flow rates, the particle size of 
LNPs decreased notably, accompanied by a reduction in the polydispersity 
index (PDI), indicating the production of smaller and more uniformly distributed 
nanoparticles. The Herringbone Mixer is suitable for producing larger and 
broader-distribution LNPs under low-flow conditions, while its excellent 
uniformity and particle size control make it particularly effective under high-flow 
conditions. 
 

3.3.2. Effect of Flow Setting (TFR, FRR & Lipid Concentration) 

Choosing NanoFlowSizer to measure size and PDI, and the EE% measured by 
Ribogreen. 

 
Figure 29. The schematic of the variation of size (A-C), PDI (D-F) and 
encapsulation efficiency (G-I) with total flow rate (mL/min), flow rate ratio and 
lipid concentration (mg/mL) of Herringbone Mixer. The effect of Flow Rate Setting 
(Herringbone Mixer): Based on Reynolds number calculations and the specific design 
of the T-mixer, systematic experiments and analyses were conducted to investigate the 
effects of total flow rate (TFR, 28–160 mL/min) and flow rate ratio (FRR, 1:1–20:1). 
Considering the actual length of the tubing, the waste volume per experiment was 
approximately 0.78 mL. The composition of the mRNA-lipid nanoparticles included 
ALC-0315: DOPE: Chol: ALC-0159 (48.5: 12.5: 38.5: 1.5, mol%), with total lipid 
concentrations shown in the figures. And the N/P ratio is 6:1. eGFP was selected as the 
mRNA component, with an approximate length of 3039 nucleotides (nts). The lipids 
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were dissolved in anhydrous ethanol, and the mRNA was dissolved in 25 mM sodium 
acetate buffer at pH 4.0. The eGFP-mRNA used in the experiments was from the same 
production batch. Three independent replicate experiments were performed to assess 
the stability and reproducibility of the results. Error bars represent ±SD, and if not 
visible, the error is hidden within the bar plots (±SD, n=9). 
 
The Herringbone Mixer demonstrates fundamentally distinct mixing 
mechanisms compared to T-mixer and Swirl mixer, with data characteristics 
revealing unique performance constraints. As shown in Figure 29 A, increasing 
the total flow rate (1→10 mL/min) reduces particle size from 174 ± 17 nm to 
126 ± 12 nm, but the polydispersity index (PDI) remains above 0.28 (Figure 
29D), accompanied by size rebound (131→126 nm) beyond 6 mL/min. This 
indicates that its herringbone-patterned periodic turbulence induces flow 
recirculation at higher rates, compromising mixing homogeneity. Figure 29B 
illustrates that adjusting the flow ratio (1:1→20:1) yields minimal size (135 ± 10 
nm) at 3:1 ratio, while extreme ratios (20:1) cause abrupt size expansion to 242 
± 21 nm (+79%) with PDI elevation to 0.43 ± 0.11, significantly exceeding Swirl 
mixer's performance (156.1 ± 6 nm, PDI 0.24 ± 0.044) under equivalent 
conditions. Furthermore, Figure 29C/F/I demonstrates that lipid concentration 
variations (1→20 mg) result in low encapsulation efficiency (EE% 47 ± 4% at 1 
mg), improving to 92 ± 6% at 16 mg but accompanied by PDI degradation from 
0.21 ± 0.09 to 0.30 ± 0.08, confirming heightened sensitivity to material 
equilibrium. 
 
Diverging from T-mixer's laminar shear and Swirl mixer's vortex-driven mixing, 
Herringbone mixer relies on herringbone-induced periodic turbulence, which 
introduces two critical flaws: 1) Poor flow rate compatibility, with a maximum 
effective rate of 10 mL/min (vs. 26 mL/min for T-mixer and 160 mL/min for Swirl 
mixer) and size rebound at high flow rates; 2) Elevated data variability, 
evidenced by larger standard deviations (e.g., size SD=17 nm at 1 mL/min vs. 
Swirl mixer's 10 nm), reflecting unstable mixing reproducibility. Due to these 
limitations and anomalous trends (e.g., abnormal EE% increase to 91 ± 5% at 
20:1 flow ratio, contradicting conventional dilution effects), Herringbone mixer 
was excluded from subsequent formulation optimization studies. 
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3.4. Comprehensive Comparative Analysis of T-

Mixer, Swirl Mixer, and Herringbone Mixer: Stability, 

Response Surface Analysis, and CPP-CQA 

Correlations 
This study focuses on the T-mixer, Swirl Mixer, and Herringbone Mixer, three 
foundational microfluidic devices widely used in liquid-liquid phase mixing. 
While these mixers share a common application in facilitating rapid mixing, their 
mixing principles and fluid dynamics differ significantly. The T-mixer, based on 
simple diffusion mixing, features the simplest structure and is suitable for small-
scale trials. The Swirl Mixer enhances mixing efficiency through vortex flow and 
secondary flow, excelling under high flow rates [194]. Meanwhile, the 
Herringbone Mixer leverages chaotic advection to promote mixing, 
demonstrating exceptional uniformity and distribution control within specific 
conditions. 
 
The objective of this study is to conduct a comprehensive analysis and 
comparison of the performance of these three mixers, focusing on the effects 
of key process parameters (CPPs) on critical quality attributes (CQAs), such as 
particle size (Size), polydispersity index (PDI), and encapsulation efficiency 
(EE%). Furthermore, this study explores their applicability in scale-up and 
continuous production processes. By comparing the advantages and limitations 
of these designs, the research aims to identify which mixer design better meets 
the key performance indicators (KPIs) required for mRNA-LNP production, 
providing theoretical and experimental insights for efficient large-scale 
manufacturing. 
 

3.4.1. Mixers Stability Analysis 

This study begins with a preliminary stability analysis of mRNA-LNPs 
synthesized using the T-mixer, Swirl Mixer, and Herringbone Mixer. Given that 
the storage and transportation of LNPs remain significant challenges in the 
development of gene therapies, conducting foundational stability evaluations is 
essential [195]. By comparing the stability of LNPs produced by different mixers, 
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this research seeks to uncover the influence of mixing methods on the final 
product’s performance. 
 
It is important to note that the stability of LNPs is not only determined by their 
intrinsic formulation and physical characteristics but is also closely linked to the 
purification process. Therefore, this section focuses on analyzing how different 
mixing strategies impact LNP stability, providing critical insights for optimizing 
production processes. This analysis aims to reveal how mixing efficiency, 
particle size uniformity, and polydispersity index (PDI) relate to LNP stability 
over time, offering robust data support for the end-to-end workflow from 
production to storage and transportation. Figure 30 are results of stability. 

 
Figure 30. The three mixer stability experiments. The samples were diluted with 
PBS buffer pH 7.4 following a consistent protocol after synthesis and stored in glass 
containers at 4°C under light-protected conditions. And the formulation and dilution 
interval within 30 seconds to avoid the high organic phase effect. Due to variations in 
chip designs, it was challenging to produce LNPs with identical characteristics, but all 
production conditions were optimized for maximum stability. Error bars represent ±SD, 
and if not visible, the error is hidden within the bar plots (±SD, n=6). 
 
This study aimed to evaluate the long-term stability of mRNA-LNPs produced 
using different microfluidic mixers under identical storage conditions. After two 
months, no visible changes were observed. As delivery vectors, the stability of 
LNPs is critical for maintaining RNA integrity, delivery efficiency, and biosafety. 
Stability testing ensures that LNPs retain bioactivity during storage and 
transport, particularly in physiological environments where protection until 
endosomal escape is essential. 
 
Due to inherent differences in mixer hydrodynamics, LNPs with similar sizes 
exhibited varying PDIs. To ensure fair comparison, production parameters were 
standardized based on equivalent Reynolds numbers rather than forcing 
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identical particle sizes, which would have skewed PDI and EE%. While initial 
size differences were unavoidable, they must be considered when interpreting 
stability data. Interestingly, size, PDI, and EE% followed consistent trends 
across mixers, indicating that mixing method had limited influence on long-term 
stability [196,197]. Instead, factors such as buffer composition, purification 
protocols, and lyophilization conditions play a more decisive role. For example, 
excipient selection and thermodynamic control during freeze-drying 
significantly affect LNP structural integrity. 
 
Moving forward, optimization beyond microfluidic synthesis is needed. 
Establishing quantitative structure–stability relationships and understanding 
how formulation variables (e.g., pH, ionic strength) affect LNP stability will help 
identify optimal storage strategies and accelerate clinical translation of mRNA-
LNPs. 
 

3.4.2. Mixers Flow Response Surface Methodology (RSM) Analysis 

Response Surface Methodology (RSM) is a systematic statistical modeling and 
optimization technique that evaluates the effects of multiple critical process 
parameters (CPPs) on critical quality attributes (CQAs) [198]. Using response 
surfaces and contour plots, RSM reveals parameter interactions and trends, 
enabling researchers to optimize process conditions effectively. In LNP 
production, RSM not only assesses individual parameters, such as TFR, FRR, 
and lipid concentration, but also uncovers their complex interactions. For 
instance, the combined effects of TFR and FRR on particle size uniformity and 
encapsulation efficiency can be clearly modeled, helping identify optimal 
parameter combinations. By fitting nonlinear models, RSM provides reliable 
optimization solutions while reducing experimental runs and conserving 
resources. 
 
RSM improves the stability and consistency of LNPs by optimizing CPPs like 
TFR, FRR, and lipid concentration. It offers parameter adjustment 
recommendations during process scale-up, ensuring that key performance 
indicators (KPIs), such as high efficiency and low rejection rates, are met at 
larger scales. Furthermore, RSM supports continuous production by enabling 
real-time monitoring and adjustment of key parameters through Process 
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Analytical Technology (PAT), ensuring precise control of CQAs [199]. By 
integrating experimental data, RSM optimizes mRNA-LNP production, 
enhances development efficiency, and establishes a foundation for large-scale 
production and industrial applications [200]. This approach provides a scientific 
basis for the long-term storage and application of LNPs. Figure 31 show the 3 
mixers RSM of size and total flow rate and lipid concentration. 

 
Figure 31. The Total flow rate and lipid concentration RSM analysis of T-mixer, 
Swirl Mixer and Herringbone Mixer. The RSM plots of Lipid Nanoparticle Size 
generated from 3 mixers Total Flow Rate (TFR) experiments data and Lipids 
Concentration data. 
A process-attribute model based on Response Surface Methodology (RSM) 
was developed to guide large-scale LNP production. As shown in Figure 31A, 
T-mixer analysis identified a stable production window (14–18 mL/min flow rate, 
12–16 mg lipid) yielding particles around 70 ± 5 nm. The Swirl Mixer (Figure 
31B) showed similar trends but supported higher throughput (60–120 mL/min), 
enabling daily mRNA loading up to 50 g at 6:1 N/P ratio—over three times that 
of the T-mixer. In contrast, the Herringbone Mixer (Figure 31C) was excluded 
due to poor particle size control and low flow rate tolerance. 
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Multi-objective optimization via Desirability Function defined the design space 
for each mixer, with the T-mixer and Swirl Mixer tolerating ±12% and ±18% 
CPP fluctuations, respectively. This supports cost-effective process tuning 
while maintaining quality targets. 
 
During scale-up, maintaining consistent Reynolds number, pH, and 
temperature enabled continuous production with <3% size deviation across 15 
batches. Overall, this RSM-based approach exemplifies QbD principles and 
enhances production robustness and scalability. 
 

3.4.3. mRNA-LNP Composition RSM (Response Surface 

Methodology) Analysis 

The response surface methodology (RSM) analysis aims to quantify the impact 
of the Lipids: Cholesterol Ratio and N/P Ratio on encapsulation efficiency 
(EE%), providing scientific guidance for mixer selection and formulation 
optimization. By comparing the T-mixer and Swirl Mixer, the analysis highlights 
the influence of key formulation parameters on LNP synthesis performance, 
facilitating the development of more efficient and stable gene delivery platforms 
[201]. And figure 32 is the RSM result based on the EE% results. 

 

Figure 32. The Lipid: Cholesterol and N/P ratio RSM analysis of T-mixer (A) and 
Swirl Mixer (B). The RSM plots of encapsulation rates generated from Lipids/Chol 
ratios and N/P ratios. This graph was generated automatically by typing Data plot and 
produced by Jupyter Notebook. 
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The results demonstrate that higher N/P ratios significantly improve EE%, 
particularly in the Swirl Mixer at high nucleic acid loads. Balanced Lipids: 
Cholesterol Ratios (e.g., 3:2 or 4:1) achieve higher EE% in both mixers, while 
extreme ratios (e.g., 9:1) may lead to reduced efficiency due to aggregation or 
instability. The T-mixer is ideal for stable, standardized production, whereas the 
Swirl Mixer is better suited for complex formulations. 
 
RSM plays a vital role in guiding equipment selection and process optimization, 
enhancing production efficiency and product quality. This analysis establishes 
a foundation for scalable LNP production, supporting the industrialization of 
gene therapies and mRNA drug development. 
 

3.5. Comparative Analysis and Comprehensive 

Discussion of Three Mixers in LNP Synthesis 
Through a comparative analysis of the critical quality attributes (CQAs) of lipid 
nanoparticles (LNPs) produced by three mixers (Figure A/B/C) under varying 
flow rates. Figure 33 shows the relation of RE numbers and Size change. 

 
Figure 33. Correlation plots of Reynolds number and particle size variation for 
three mixers. The inconsistency in the horizontal coordinates indicates the 
inconsistency in the total flow rate to which the three mixers are subjected. The Swirl 
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Mixer has a wider range of flow rate regulation intervals. Above the dotted line are the 
states of laminar and mixed flows. 
 
The Swirl Mixer demonstrates optimal performance at high flow rates. Within 
the flow rate range of 80–240 mL/min, the Swirl Mixer is able to stabilize the 
particle size of LNPs between 50–55 nm, with minimal fluctuation (±3 nm). 
Additionally, its particle size distribution index (PDI) remains consistently below 
0.2, meeting the quality requirements for mRNA-LNPs. This makes the Swirl 
Mixer particularly suitable for production processes that require precise particle 
size control. However, high flow rates are associated with increased energy 
consumption, and the pressure drop at high flow rates is significant, 
necessitating the use of high-pressure equipment to ensure stable operation. 
 
In contrast, the T-mixer maintains stability at a flow rate of 16 mL/min, with a 
PDI of 0.145, which is within the acceptable range. However, as the flow rate 
increases, the PDI value deteriorates, likely due to insufficient mixing time at 
higher flow rates, which leads to incomplete mixing. While the T-mixer performs 
well at moderate flow rates, its performance deteriorates at high flow rates 
compared to the Swirl Mixer. 
 
The Herringbone Mixer has a relatively narrow production window, with particle 
sizes still exceeding 100 nm, and PDI values consistently above 0.2. This 
indicates poor mixing uniformity, which may result in incomplete encapsulation 
of the drug within the LNPs, increasing the risk of drug leakage or toxicity. 
Consequently, the Herringbone Mixer does not meet the clinical standards for 
mRNA-LNPs. Table 14 detailed comparison of the performance of the three 
mixer. 
Table 14. The Performance Comparison of Microfluidic Mixers for LNP 
Formulation 

Mixer Type Size Control 

(nm) 

PDI Range Encapsulation 

Efficiency (EE%) 

Best 

Conditions 

Limitations 

T-mixer 62-156 

(variable with 

0.16-0.41 

(improves 

with TFR) 

68-94 (stable, 

minor lipid 

10-16 

mL/min and 

FRR (3:1) for 

Less effective 

at high TFR; 
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TFR and lipid 

concentration) 

concentration 

effect) 

good 

performance 

limited size 

control 

Swirl Mixer 58.4-195.6 

(best control 

at high TFR) 

0.08-0.28 

(lowest 

and most 

stable) 

48-94 (high EE% at 

optimal TFR and 

FRR) 

High TFR 

(80+ 

mL/min) 

with FRR 3:1 

for optimal 

performance 

High raw 

material 

consumption; 

sensitive to 

size changes 

Herringbone 

Mixer 

104-242 (large 

and less 

controlled) 

0.2-0.48 

(highest 

variability) 

47-93 (variable, 

better at medium 

FRR) 

Small-scale; 

struggles in 

large-scale 

production 

Unstable 

particle size 

and PDI; poor 

reproducibility 

 
In summary, the Swirl Mixer offers the best performance in the preparation of 
LNPs, particularly for processes that require precise particle size control. 
However, when selecting a mixer, it is essential to consider factors such as 
production efficiency, energy consumption, and equipment requirements to 
ensure that clinical application and industrial production needs are met.  

3.6. Heat maps are DoE and generated based on the 

synthesis of CPPs 
This section focuses on evaluating the relationships between critical process 
parameters (CPPs) and critical quality attributes (CQAs) during lipid 
nanoparticle (LNP) synthesis, as visualized in the heat map [202]. The CPPs 
investigated include total flow rate, flow rate ratio, lipid concentration, DSPC: 
Chol ratio, and PEG-lipid content. The CQAs, represented by particle size and 
polydispersity index (PDI), are key indicators of the stability, uniformity, and 
functional performance of LNPs. By analyzing the correlations shown in the 
heat map, this study highlights the extent to which each CPP influences particle 
size and PDI, offering insights into optimizing LNP production for improved 
quality and reproducibility [203]. 
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Table 15. The DoE Setting of Lipid Nanoparticle Formulation 
Factors TFR (mL/min) FRR (A: O) Lipids Conc. 

(mg/mL) 

Lipids: 

Chol 

PEG-Lipids 

mol% 

Low 80 1: 1 8 1: 1 1.5% 

Medium 110 3.5: 1 14 3: 2 10% 

High 140 6:1 20 4: 1 20% 
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Figure 34 The heat map (A) and PCA Loading Table (B-left), PCA scree Plot (B-

right) and PCA Biplot (C) based on the DoE of LNP formulation experiments. 
According to the design of experiments (DoE), 28 tests were conducted to investigate 
the effects of varying patterns on the results. To evaluate the stability and 
reproducibility of the data, two independent replicate experiments were performed. 
Experimental data were filtered based on the standard deviation (SD) criterion, where 
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results with SDs significantly exceeding 10%-20% of the mean were considered highly 
variable and excluded. The heatmap was subsequently generated using the average 
values of the filtered data. The generation and visualization of the heatmap were carried 
out using Seaborn library, ensuring accuracy in data processing and clarity in 
visualization. 

Design of Experiments (DoE) was conducted to investigate the impact of key 
process parameters on LNP formulation. As shown in Table 15 and Figure 33, 
correlation analysis revealed that both total flow rate and flow rate ratio 
negatively correlated with particle size and PDI (e.g., r = –0.38 and –0.52), 
indicating that higher values improved mixing efficiency and yielded smaller, 
more uniform particles. Lipid concentration showed a moderate positive 
correlation with particle size (r = 0.35) but minimal influence on PDI. 

Based on the DoE heatmap, the optimal parameter window for Swirl Mixer 
production was identified: total flow rate of 110–140 mL/min, flow rate ratio of 
3:1–6:1, and lipid concentration of 14–20 mg/mL. This setting, combined with 
optimized PEG-lipid and DSPC:Chol ratios, yielded LNPs with desirable 
physicochemical properties. 

These findings enable precise control of critical quality attributes (CQAs) such 
as size and PDI by adjusting key process parameters (CPPs) based on specific 
delivery goals. For instance, larger particles may enhance tumor retention, 
while smaller particles suit mRNA vaccines. However, excessively high flow 
rates may impose stress on equipment and increase operational costs, 
highlighting the need to balance performance with manufacturability. 

Additionally, formulation components such as lipid: cholesterol and PEG-lipid 
ratios affect stability and in vivo performance, warranting further investigation. 
Moving forward, expanded validation under different delivery platforms (e.g., 
siRNA) will strengthen quality risk assessment (QRA) and support the industrial 
translation of LNP platforms. The heatmap-guided approach also provides a 
practical framework for scaling up production with improved consistency and 
regulatory compliance. 

Principal Component Analysis (PCA) was performed to reduce the 
dimensionality of the Design of Experiments (DoE) dataset and to better 
understand the relationships between critical process parameters (CPPs) and 
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critical quality attributes (CQAs). The scree plot showed that the first two 
principal components explained the majority of the variance (>75%), indicating 
that most of the variation in particle size and PDI could be captured in a reduced 
two-dimensional space. The loadings plot revealed that total flow rate (TFR) 
and flow rate ratio (FRR) were strongly associated with particle size reduction, 
while lipid concentration showed a positive contribution to particle size. PEG-
lipid percentage and lipid: cholesterol ratio had relatively weaker influences on 
the main components, consistent with correlation heatmap results. The biplot 
provided an integrated view of both variable contributions and sample clustering, 
showing that experiments conducted at high TFR and FRR tended to cluster 
with smaller particle sizes and lower PDI values, while low-flow experiments 
grouped toward larger and more heterogeneous particles. Together, these PCA 
findings complement the DoE heatmaps by confirming the dominant role of 
mixing-related parameters (TFR, FRR) in governing LNP size and uniformity, 
while compositional variables contribute more modestly. Given the scope of this 
thesis, the PCA results are presented as supporting evidence to reinforce DoE 
conclusions, without extending into advanced mathematical interpretations. 

3.7. Conclusion 

This study systematically investigated the impact of critical process parameters 
(CPPs)—including total flow rate, flow rate ratio, and lipid concentration—on 
key quality attributes (CQAs) such as particle size, PDI, and encapsulation 
efficiency (EE%) using both univariate experiments and Design of Experiments 
(DoE). Comparative analysis of three microfluidic mixers revealed differences 
in hydrodynamic performance, offering insights for continuous mRNA-LNP 
process optimization. Compositional parameters, including PEG-lipid content, 
lipid:cholesterol ratio, and N/P ratio, were also evaluated, with higher N/P ratios 
(>4:1) and balanced lipid:cholesterol ratios (e.g., 3:2) shown to enhance EE%. 

Response Surface Methodology (RSM) further identified synergistic effects 
between total flow rate and lipid concentration on particle size control. 
Heatmap-guided process window optimization improved material utilization and 
batch-to-batch consistency while aligning with regulatory expectations. 
Experimental validation confirmed that controlled CPPs enabled stable LNP 
production suitable for scale-up. 
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Looking forward, future work should explore novel lipid combinations (e.g., 
PEGylated and ionizable lipids), expand to more complex cargos like long-chain 
or circular RNA, and implement real-time monitoring via Process Analytical 
Technology (PAT). Under optimized conditions, the Swirl Mixer system 
demonstrated potential for encapsulated 50 g of mRNA per 24 hours. These 
findings support scalable, high-quality mRNA-LNP manufacturing and lay a 
foundation for clinical translation in vaccines and targeted gene therapies. 
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4. Influence of Lipid Composition on CQAs 
mRNA-Lipid Nanoparticles: Formulation 
Screening Based on Fixed Critical Process 
Parameters. 

 
Lipid nanoparticles (LNPs) have emerged as a groundbreaking delivery 
platform for nucleic acid-based therapeutics, particularly in mRNA vaccines and 
gene therapy applications. Experimental evidence reveals that the lipid 
composition critically regulates multiple critical quality attributes (CQAs), 
including particle size distribution, polydispersity index (PDI), encapsulation 
efficiency (EE%), and in vitro transfection efficiency, which collectively 
determine the bioperformance of these delivery systems [132]. Mechanistically, 
smaller LNPs (50-100 nm) demonstrate enhanced lymphatic targeting 
capability, making them particularly suitable for vaccine delivery to potentiate 
immune responses. In contrast, larger particles (>150 nm) leverage the 
enhanced permeability and retention (EPR) effect to achieve superior drug 
accumulation in tumor-targeted therapies [204, 205]. This size-dependent 
biodistribution pattern is predominantly governed by the molar ratio optimization 
between neutral and ionizable lipids, coupled with the steric stabilization 
conferred by cholesterol and polyethylene glycol (PEG)-lipids. Consequently, 
implementing Quality by Design (QbD) principles for formulation optimization 
becomes imperative to achieve precise control over these physicochemical 
parameters and optimize therapeutic outcomes. 

This study systematically screened various lipid formulations reported in the 
literature (Table 17) and evaluated their performance in terms of particle size, 
PDI, encapsulation efficiency (EE%), and transfection efficiency (CQAs) (see 
table). The analysis revealed that lipid composition plays a crucial role in 
controlling particle size and PDI, while also influencing encapsulation efficiency 
and the ability to deliver genetic material to cells.  

 



 120 

Table 17. Different Lipid Nanoparticle Composition and Mixers 
Comparison 

Compositions Size 

(nm) 

PDI TFR 

(mL/min) 

Microfluidic 

Mixer 

Ref 

DSPC, Chol, ALC-0315, 

ALC-0159 

63.7 ± 

3 

0.11± 

0.02 

16 T-mixer Previous 

Chapter 

DSPC, Chol, ALC-0315, 

ALC-0159 

58.4 ± 

4 

0.14± 

0.03 

120 Swirl mixer Previous 

Chapter 

DSPC, Chol, ALC-0315, 

ALC-0159 

104 ± 8 0.29 ± 

0.12 

4 Herringbone 

mixer 

Previous 

Chapter 

DSPC, Chol, ALC-0315 

DSPC, Chol, KC2 

DSPC, Chol, MC3 

DOPE, Chol, DOTAP 

101 ± 1 

92 ± 3 

90 ± 7 

110 ± 4 

0.17 

0.23 

0.22 

0.18 

10 Herringbone 

mixer 

[177] 

DOPE:DOTAP 44 ± 5 0.22 ± 

0.05 

15 Herringbone 

mixer 

[196] 

DSPC, Chol, SM-102, 

DSPE-PEG2000 

53.8 ± 

2.8 

0.05 ± 

0.01 

10 T-mixer [204] 

DSPC, DOPE, membrane 

proteins, Chol 

100 0.13 1 T-mixer [205] 

 
Systematic investigations into the effects of lipid structures on mRNA-LNP 
properties enable precise control over CQAs, thereby optimizing delivery 
performance and purification efficiency [206]. This approach not only improves 
the forward-looking capabilities of production processes but also establishes a 
solid foundation for personalized medicine and efficient manufacturing [207]. 
By building a high-performance, scalable, and robust continuous production 
platform, these advancements will significantly support the development of 
gene therapies and mRNA drugs, accelerating their translation into clinical 
applications. As new production processes such as atomization inhalation and 
lyophilization are required, selecting lipid materials that can precisely control 
CQAs undoubtedly enhances the flexibility and scalability of LNP production 
platforms. These advances are crucial for large-scale production of mRNA-
LNPs and the development of personalized medicine, enabling the production 
of LNPs tailored for specific therapeutic applications. 
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4.1. Ionizable Lipids Selection Screening 
Ionizable lipids typically constitute 45-60 mol% of the total LNP composition, 
making them the most abundant component. Their unique molecular structure 
enables efficient nucleic acid encapsulation under acidic conditions and 
facilitates endosomal escape in the slightly acidic environment of endosomes. 
This pH-dependent transition between neutral and charged states not only 
enhances the efficiency of nucleic acid delivery but also plays a pivotal role in 
gene therapy and mRNA vaccine development. 
 

4.1.1. Structure Analysis 

The research on ionizable lipids primarily focuses on DLin-MC3-DMA, ALC-
0315, and SM-102 (figure 35), all of which are FDA-approved and commercially 
available. Prior to conducting the experiments, a structural analysis was 
performed to evaluate the differences among the three ionizable lipids. 

 
Figure 35. The Structure Comparison of three Ionizable Lipids. ALC-0315 
possesses two hydrophobic alkyl chains at its tail, forming a cone-shaped molecular 
structure that facilitates the formation of inverted hexagonal phases, thereby promoting 
intracellular release. SM-102, which features longer hydrophobic tails than ALC-0315 
and a flexible linker containing multiple ester bonds, exhibits slightly greater steric 
hindrance. Its cone-like structure similarly favors the formation of non-lamellar phases 
and enhances membrane fusion capability. In contrast, DLin-MC3-DMA contains two 
unsaturated alkyl chains that are more linear, resulting in a cylindrical molecular shape. 
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While this structure offers greater stability, it is less conducive to the formation of non-
spherical or inverted hexagonal phases. 
 
Ionizable lipids are derived from cationic lipids, which were also designed for 
nucleic acid delivery. However, their inability to maintain stability has been a 
significant limitation, preventing their large-scale application. Building upon this 
foundation, DLin-MC3-DMA, ALC-0315, and SM-102 were specifically 
developed as ionizable lipids for the delivery of nucleic acids such as siRNA 
and mRNA. Their structures all include ionizable amine groups, which become 
positively charged in acidic environments, enabling efficient electrostatic 
interactions for nucleic acid encapsulation. 
 
The primary distinction among these lipids lies in the structure and number of 
their fatty acid chains. DLin-MC3-DMA has two C18:2 unsaturated fatty acid 
chains, demonstrating the strongest membrane fusion capability, making it 
highly suitable for the delivery of siRNA and mRNA [208]. In contrast, ALC-
0315 is designed with two C18:1 unsaturated fatty acid chains, achieving a 
balance between fluidity and stability, and is specifically optimized for mRNA 
vaccines [208]. Meanwhile, SM-102 combines one C18 unsaturated fatty acid 
chain with one C16 saturated fatty acid chain, enhancing particle stability and 
in vivo distribution [136]. These differences provide a diverse range of options 
for developing personalized nucleic acid delivery systems tailored to various 
therapeutic needs. 
 

4.1.2. Ionizable Microfluidic Formulation Analysis 

The aim of this study was to investigate the differences in critical quality 
attribute (CQA) performance of three ionizable lipids (DLin-MC3-DMA, ALC-
0315 and SM-102) under microfluidic preparation conditions. By systematically 
evaluating these lipids under the same conditions, it is possible to gain insights 
into how small changes in lipid structure (e.g., head group type, tail unsaturation, 
and chain length) affect key parameters such as particle size, PDI, 
encapsulation efficiency (EE%), and stability of LNP. 
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Figure 36. The Size PDI and EE% analysis of three ionizable lipids. The effect of 
different ionizable lipids (T-mixer): Choosing optimal TFR :16 mL/min and FRR 
(A:O=3:1) were selected. And Lipid concentration was keep in 16 mg/mL. eGFP was 
selected as the mRNA component, with an approximate length of 3039 nucleotides (nts). 
The composition of the mRNA-lipid nanoparticles included ionizable lipid: DOPE: 
Chol: ALC-0159 (48.5: 12.5: 38.5: 1.5, mol%). Same as Pfizer’s’ default composition. 
The lipids were dissolved in anhydrous ethanol, and the mRNA was dissolved in 25 
mM sodium acetate buffer at pH 4.0. And N/P ratio is 6:1. The eGFP-mRNA used in 
the experiments was from the same production batch. Three independent replicate 
experiments were performed to assess the stability and reproducibility of the results. 
Error bars represent ±SD, and if not visible, the error is hidden within the bar plots 
(±SD, n=9). 
 
The experimental results (shown in Figure 36) demonstrate that the molecular 
structures of the three ionizable lipids (ALC-0315, SM-102, and DLin-MC3-
DMA) significantly influence the critical quality attributes (CQAs) of lipid 
nanoparticles (LNPs) during microfluidic synthesis. In terms of particle size, 
ALC-0315 produces the smallest LNPs (~74 nm) with the most uniform 
distribution (PDI ~0.12), making it highly suitable for mRNA vaccine 
applications requiring strict size control. SM-102 generates slightly larger 
particles (~90 nm) with excellent stability and balanced performance. In 
contrast, DLin-MC3-DMA produces the largest particles (~100 nm) with a 
slightly higher PDI (~0.18) but exhibits the highest encapsulation efficiency 
(nearly 95%), making it ideal for therapeutic siRNA and mRNA applications with 
high delivery efficiency requirements. 
 
These differences are primarily attributed to the molecular structures of the 
lipids. DLin-MC3-DMA, with its two C18:2 unsaturated fatty acid chains, 
provides superior membrane fusion capability and high mRNA encapsulation 
efficiency. However, this high level of unsaturation also increases dynamic 
instability, leading to larger particle sizes and broader distributions. ALC-0315, 
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featuring two C18:1 unsaturated fatty acid chains, achieves an optimal balance 
between fluidity and stability, resulting in smaller and more uniformly distributed 
particles. SM-102, which combines one C18 unsaturated fatty acid chain and 
one C16 saturated fatty acid chain, enhances particle rigidity and stability, albeit 
at the expense of slightly reduced encapsulation efficiency. 
 
Considering encapsulation efficiency and distribution uniformity, ALC-0315 is 
the ideal choice for large-scale mRNA vaccine production, while SM-102, with 
its exceptional stability and versatility, is suitable for broader application 
scenarios. DLin-MC3-DMA, with its superior membrane fusion capability and 
encapsulation efficiency, is particularly well-suited for low-dose, targeted 
therapeutic applications. These findings underscore the critical role of lipid 
structure optimization in LNP microfluidic synthesis and CQA control, providing 
valuable insights for the continuous production of LNPs and the parameter 
optimization of other ionizable lipid formulations. 
 

4.1.3. Ionizable Lipids Release Analysis 

This study systematically investigated the pH-responsive release behavior of 
ionizable lipid-based LNPs by exposing them to phosphate-buffered saline 
(PBS) at different pH values. The mRNA content released from LNPs under 
each condition was quantified using the Quant-iT™ RiboGreen® RNA assay, 
based on a standard fluorescence calibration curve. The rationale for using 
different pH environments lies in the pH sensitivity of ionizable lipids, which 
undergo protonation and structural changes under acidic conditions, potentially 
destabilizing the lipid bilayer and promoting cargo release. pH 6.8 represents 
the slightly acidic tumor microenvironment, where extracellular acidity can 
promote selective release at pathological sites. pH 5.8 simulates the acidic 
endosomal environment encountered during cellular uptake, which is crucial for 
evaluating the endosomal escape efficiency of ionizable lipid-based LNPs. 
These pH values thus reflect key physiological barriers in mRNA delivery 
pathways [209]. 
 
By comparing the release profiles of LNPs formulated with three different 
ionizable lipids, this experiment aimed to evaluate their responsiveness to pH 
changes and release kinetics. These data provide valuable guidance for 
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tailoring LNP formulations: lipids with rapid release behavior under mildly acidic 
conditions are advantageous for applications such as mRNA vaccines that 
require prompt expression, whereas lipids with more stable retention profiles 
are better suited for long-acting therapies where sustained delivery is critical. 
The comparative release performance of the three ionizable lipids is illustrated 
in Figure 37. 

 

Figure 37 The mRNA release efficiency of different ionizable lipid nanoparticles 
in different pH environment. Choosing LNP formulated by the last experiment 
formulation. With optimal flow rate setting and default composition setting. Same as 
Pfizer’s’ default composition. The lipids were dissolved in anhydrous ethanol, and the 
mRNA was dissolved in 25 mM sodium acetate buffer at pH 4.0. All formulation N/P 
ratio is 6:1. After the formulation, all LNP was diluted by the same pH 7.4/6.8/5.8 
10mM PBS buffer. All samples were collected, stored at 4 °C, and measured in a single 
batch to ensure consistency. The eGFP-mRNA (3039 nts) was prepared as a single 
batch and aliquoted into three replicates for experimental triplicates. Three independent 
replicate experiments were performed to assess the stability and reproducibility of the 
results. Error bars represent ±SD, and if not visible, the error is hidden within the bar 
plots (±SD, n=9). 
 
In a sealed environment at 37°C and 200 rpm, white particle precipitation was 
observed in both the dialysis box and Dialysis Skin tube after 72 hours, making 
0-72 hours the monitoring timeframe. The experimental results showed that 
acidic environments (pH 6.8 and pH 5.8) significantly accelerated mRNA 
release, indicating that acidic conditions play a dominant role in LNP release 
efficiency. Particularly at pH 5.8, the release efficiency of all three ionizable 
lipids (DLin-MC3-DMA, SM102, and ALC-0315) was markedly higher than 
under neutral pH 7.4. This is primarily attributed to changes in the charge states 
of ionizable lipids under acidic conditions, which increase LNP structural 
instability and enhance membrane fusion capability, thereby accelerating 
mRNA release. 
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Under neutral pH 7.4, the release efficiency was lower and more gradual, with 
ALC-0315 exhibiting the highest structural stability. As the acidity increased, 
SM102 and ALC-0315 showed significant improvement in release efficiency, 
although still lower than DLin-MC3-DMA, which maintained the fastest release 
rate and strongest membrane fusion capability throughout the experiment. 
Overall, acidic environments not only accelerate mRNA release but also 
dominate the process under strongly acidic conditions. These findings highlight 
pH as a critical variable influencing release efficiency. Optimizing the structure 
and composition of ionizable lipids can further enhance the acid 
responsiveness and delivery performance of LNPs. 
 

4.1.4. Different ionizable mRNA-LNP Cell Delivery Analysis 

Regardless of the validation method, transfection remains the core objective of 
mRNA-LNP research, with the optimization of other critical quality attributes 
(CQAs) being built upon the foundation of successful transfection [196]. In this 
study, enhanced green fluorescent protein (eGFP) was selected as the target 
mRNA, and HEK293 cells were used as the target cells to establish a reliable 
baseline model. HEK293 cells were chosen for their high transfection efficiency 
and broad applicability in biological research. A plate reader was employed as 
the primary detection tool, enabling high-throughput and precise quantification 
of fluorescence signals, ensuring accurate assessment of transfection 
efficiency [210]. 

The temporal dynamics of fluorescence signals directly reflect mRNA release 
behavior within LNPs, which is crucial for optimizing formulation design. High-
throughput detection not only quantifies the transfection efficiency of different 
LNP batches but also evaluates their consistency and stability, providing 
essential data for quality control in continuous production. The experiment also 
comprehensively characterizes the key quality attributes (CQAs) of LNPs, 
including particle size, polydispersity index (PDI), encapsulation efficiency 
(EE%), release efficiency, and batch-to-batch consistency. These findings 
provide valuable guidance for optimizing the mRNA-LNP continuous synthesis 
platform and lay a solid foundation for future clinical applications. For ionizable 
lipids, transfection efficiency directly demonstrates the membrane fusion 
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capability and endosomal escape ability of LNPs [211]. The experiments with 
HEK293 cells also reveal the temporal dynamics of mRNA release from LNPs 
and differences in long-term expression mediated by LNPs synthesized with 
different ionizable lipids. 

To select the optimal formulation, the commercially available Pfizer/BioNTech 
mRNA vaccine formulation, known as a positive control, was used for 
comparison. Different lipid formulations were screened accordingly. Based on 
this, formulations exhibiting superior transfection performance were identified, 
and a comprehensive evaluation of other CQAs, such as particle size, PDI, and 
encapsulation efficiency, was conducted to lay the foundation for the 
optimization of the continuous LNP production platform. 

 
Figure 38 The Comparison of transfection performance of three ionizable lipids. 
All mRNA-LNP formulations were synthesized using a T-mixer with a total flow rate 
of 16 mL/min and a flow rate ratio of 3:1. The experiments varied only the type of 
ionizable lipid, while other components remained unchanged. After synthesis, the 
mRNA-LNPs were stored at 4°C and utilized for formulation and transfection 
experiments within 24 hours to ensure sample freshness. The eGFP-mRNA (3039 nts) 
used in all experiments was sourced from the same production batch to minimize 
variability. Each experimental group was performed in triplicate (n=4*3) to evaluate 
the stability and reproducibility of the results. Error bars represent ±SD, and data were 
characterized using Plate Reader and fluorescence detection methods. 
 



 128 

Based on time-dependent eGFP fluorescence intensity monitoring (24–72 
hours), the three ionizable lipids exhibited significantly distinct transfection 
kinetic characteristics (Figure 38). Compared to ALC-0315 (Pfizer control 
group), SM102 reached a peak fluorescence intensity of 0.85 ± 0.12 at 24 hours 
but further decayed to 0.52 ± 0.06 at 72 hours (total reduction of 38.8%), 
consistent with a biexponential decay model (R² > 0.95). Molecular dynamics 
simulations revealed that SM102’s conical geometric parameter (critical 
packing parameter ≈ 0.78), compared to ALC-0315 (≈ 0.82), facilitates the 
formation of stable bilayer structures but reduces membrane fusion efficiency 
[212]. In contrast, DLin-MC3-DMA showed an initial intensity of 0.92 ± 0.07 at 
24 hours, maintaining 0.89 ± 0.05 at 72 hours (3.3% reduction), demonstrating 
a stable expression pattern similar to ALC-0315. Although its initial transfection 
efficiency was 8.7% lower, the overall transfection efficacy of DLin-MC3-DMA 
surpassed that of ALC-0315. 
 
In summary, ALC-0315 exhibited optimal stability and long-term transfection 
performance, while DLin-MC3-DMA showed comparable durability to ALC-
0315 but slightly inferior initial efficacy. SM102 displayed lower transfection 
persistence, though still outperforming the cell-only control group. These 
findings highlight the critical influence of ionizable lipid formulations on LNP 
transfection efficiency and sustained expression, with ALC-0315 and DLin-
MC3-DMA demonstrating superior stability and persistence at extended time 
points, making them suitable for long-acting gene delivery applications. 
 

4.1.5. Stability Test 

Stability testing provides a comprehensive evaluation of the changes in particle 
size and uniformity of LNPs under standard storage conditions (e.g., 4°C), 
offering critical insights for subsequent production and applications. In 
particular, LNP stability is a cornerstone of critical quality attributes (CQAs) in 
applications such as gene therapy and mRNA vaccines. By comparing LNPs 
with different ionizable lipids, this study reveals structural change patterns and 
potential degradation mechanisms, offering valuable data for lipid formulation 
optimization and structural design. For instance, some lipids may exhibit greater 
particle size variations during storage, indicating lower dynamic stability and 
unsuitability for long-term storage or large-scale production. In contrast, other 
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lipids may demonstrate superior structural stability, making them ideal for 
applications requiring high stability [213]. 
 

Additionally, stability testing aids in selecting and validating optimal LNP 
compositions to ensure consistent delivery efficiency during long-term storage. 
This experiment provides a scientific basis for tailoring lipid formulations to 
specific therapeutic needs, such as long-acting drug release or rapid-acting 
vaccines, and supports the quality control strategies for continuous production 
platforms. 

 
Figure 39. Storage stability of three ionizable lipids at refrigerated temperature. 
All mRNA-LNP formulations were synthesized using a T-mixer with a total flow rate 
of 16 mL/min and a flow rate ratio of 3:1. The experiments varied only the type of 
ionizable lipid, while other components remained unchanged. After synthesis, the 
mRNA-LNPs were stored at 4°C within pH 7.4 10mM PBS buffer. And the formulation 
and dilution interval within 30 seconds to avoid the high organic phase effect. The 
eGFP-mRNA (3039 nts) used in all experiments was sourced from the same production 
batch to minimize variability. Each experimental group was performed in triplicate 
(n=6) to evaluate the stability and reproducibility of the results. Error bars represent 
±SD, and data were characterized using Ribogreen and Nano Flow Sizer detection 
methods. 
 
Figure 39 shows the stability profiles of LNPs stored at refrigerated temperature. 
The data reveal changes in particle size and PDI over time, indicating reduced 
dynamic stability. In contrast, ALC-0315 exhibited the highest stability, likely 
due to the stabilizing effect of its dual C18:1 unsaturated lipid tails. It is important 
to note that the stability of LNPs depends not only on the molecular structure of 
the ionizable lipids but also significantly on the purification methods and storage 
conditions [214]. For instance, the choice of buffer systems plays a critical role 
in determining long-term stability. Additionally, storage temperature, the use of 
antioxidants, and oxidative state changes over time warrant further 



 130 

investigation [215]. Specific factors such as the pH value, ionic strength, and 
antioxidant capacity of the buffer systems may also have a significant impact 
on LNP stability. While this study provides foundational data for optimizing LNP 
formulations and processes, more comprehensive experiments are required. 
These include extending storage durations, comparing different storage 
temperatures and environmental conditions, and optimizing antioxidant use and 
lipid composition. By improving purification processes, refining storage 
conditions, and adjusting lipid formulations, the stability and batch-to-batch 
consistency of LNPs can be further enhanced, providing robust support for 
industrial-scale production and diverse applications such as gene therapy and 
vaccine delivery [216]. 
 

4.1.6. Ionizable Lipids: Control of CPPs and Optimization of CQAs 

for mRNA-LNPs  

In recent years, the rapid development of mRNA vaccines has significantly 
advanced the progress of ionizable lipid technology. This study focuses on 
three representative ionizable lipids—DLin-MC3-DMA, ALC-0315, and SM-
102—highlighting their unique structural characteristics and performance 
differences. By systematically comparing their critical quality attributes (CQAs), 
such as particle size, PDI, encapsulation efficiency, and stability, the research 
underscores the critical role of lipid structure in determining functionality and 
performance in LNP formulations. 
 

The three different ionizable lipid structures exhibit unique characteristics and 
strengths across multiple key performance indicators. For DLin-MC3-DMA, it 
demonstrates outstanding membrane fusion capability and mRNA 
encapsulation efficiency, making it highly suitable for gene therapy applications 
requiring efficient delivery and strong expression. However, its stability and 
production consistency are relatively low, necessitating further optimization of 
its formulation and purification methods to enhance storage and industrial 
application reliability [217]. 
 
ALC-0315 shows a well-balanced performance with uniform particle size 
distribution and the best stability among the three. It maintains high structural 
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stability under both neutral and acidic conditions, making it an ideal candidate 
for large-scale mRNA vaccine production. Optimizing its tail unsaturation level 
can further improve its encapsulation efficiency and release performance. 
SM-102 strikes a certain balance between pH sensitivity and stability, making 
it suitable for diverse application needs. Although its encapsulation efficiency is 
slightly inferior to DLin-MC3-DMA, its high structural rigidity significantly 
contributes to particle characteristics and stability. In the future, refining its 
molecular design could enhance its release efficiency [218]. And Table 18 
shows the comparison of three ionizable lipids. 
Table 18. Comparison of three ionizable lipids in formulation 

Ionizable 

lipids 

Dlin-MC3-DMA ALC-0315 SM102 

Tail 

Structure 

Dual C18:2 unsaturated 

tails 

Dual C18:1 

unsaturated tails 

One C18 unsaturated tail 

+ one C16 saturated tail 

pKa 6.44 6.09 6.68 

Advantages High membrane fusion 

capability; high mRNA 

encapsulation 

efficiency; rapid release 

performance 

Best Size and PDI 

performance. Stable 

EE% (low error bar). 

High structural rigidity; 

good balance of stability 

and pH sensitivity (high 

pKa in 3 kinds of 

ionizable lipids. 

Limitations Poor stability; low 

production consistency 

Slightly lower 

encapsulation 

efficiency than DLin-

MC3-DMA [219] 

Slightly lower 

encapsulation efficiency; 

lower release efficiency 

than DLin-MC3-DMA 

Applications Gene therapy; targeted 

delivery; applications 

requiring high efficiency 

Large-scale mRNA 

vaccine production 

because of 

Formulation CQAs. 

Diverse needs (e.g., 

mRNA long-term 

therapies) 

Ionizable lipids with different structures possess unique application prospects. 
With advancements in technology, further optimization of their molecular 
structures (e.g., the pKa of ionizable head groups and the degree of 
saturation/unsaturation in the tails) could better meet the varying demands of 
gene therapy, mRNA vaccines, and targeted delivery [220]. Moreover, by 
improving production and storage conditions, the potential of these lipids in 
industrial-scale and personalized designs can be further realized. 
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4.2. Helper Lipids Selection Screening 
Helper lipids typically account for 10-20% of the total lipid composition in lipid 
nanoparticles (LNPs) and are generally composed of three main components: 
a hydrophilic head group, one or two hydrophobic fatty acid chains (which can 
be either saturated or unsaturated), and a chemical linkage (such as an ester 
bond) connecting the head group to the fatty acid chains [221]. By modulating 
the structural properties of LNPs, helper lipids can enhance therapeutic 
performance. For example, saturated fatty acid chains can increase the rigidity 
and stability of LNPs, while unsaturated fatty acid chains can improve 
membrane fluidity and fusion capabilities [212]. The selection of helper lipids, 
such as DSPC (distearoyl-phosphatidylcholine) or DOPE (dioleoyl-
phosphatidylethanolamine), is tailored to specific therapeutic applications, such 
as mRNA vaccines, gene therapy, or targeted cancer treatments. 
 

4.2.1. Structure Analysis 

This study focuses on the structural (Figure 40) and functional differences 
between DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) and DSPC 
(1,2-distearoyl-sn-glycero-3-phosphocholine). Both consist of a hydrophilic 
head group, hydrophobic fatty acid chains, and a chemical linkage (e.g., ester 
bond). As helper lipids in lipid nanoparticles (LNPs), they stabilize the structure, 
enhance encapsulation efficiency, and optimize delivery performance. 

 
Figure 40. The helper lipid (DSPC and DOPE) structure comparsions of LNP. 
DSPC acts as a structural stabilizer in LNPs due to its saturated lipid tails and 
cylindrical geometry, contributing to membrane rigidity and integrity. DOPE, with its 
unsaturated chains and cone-shaped structure, promotes endosomal escape by 
facilitating non-lamellar phase transitions under acidic conditions. 
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DOPE has a phosphoethanolamine head group, smaller in size with a cone-
shaped structure that increases membrane fluidity. Its tails are two unsaturated 
C18:1 fatty acid chains, providing flexibility and high fluidity. In contrast, DSPC 
has a phosphocholine head group, larger in size, forming compact and rigid 
bilayer structures [222]. Its tails are two saturated C18:0 fatty acid chains, 
contributing to higher rigidity and stability. 
 
DOPE is ideal for enhancing membrane fluidity and endosomal escape, 
improving delivery efficiency. DSPC, with its superior stability, is better suited 
for applications requiring long-term storage and precise size control. 
 

4.2.2. Helper Lipids Microfluidic Formulation Analysis 

The aim of this study was to investigate the differences in critical quality 
attribute (CQA) performance of two helper lipids, DSPC (1,2-distearoyl-sn-
glycero-3-phosphocholine) and DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine), under microfluidic preparation conditions. By 
systematically evaluating these lipids in the same formulation environment, this 
study aims to understand how variations in their molecular structure (e.g., head 
group type, degree of tail saturation, and chain length) influence key 
parameters, including particle size, PDI, encapsulation efficiency (EE%), 
membrane fluidity, and overall stability of LNP. 
 

 
Figure 41. Different Helper lipids microfluidic formulation performance in size, 
PDI and EE%. Choosing T-mixer and optimal TFR :16 mL/min and FRR (A:O=3:1) 
were selected. And Lipid concentration was stabilized at 16 mg/mL. eGFP was selected 
as the mRNA component, with an approximate length of 3039 nucleotides (nts). The 
composition of the mRNA-lipid nanoparticles included ALC-0315: Helper Lipid: Chol: 
ALC-0159 (48.5: 12.5: 38.5: 1.5, mol%). Same as Pfizers’ default composition. The 
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lipids were dissolved in anhydrous ethanol, and the mRNA was dissolved in 25 mM 
sodium acetate buffer at pH 4.0. And N/P ratio is 6:1. The eGFP-mRNA used in the 
experiments was from the same production batch. Three independent replicate 
experiments were performed to assess the stability and reproducibility of the results. 
Error bars represent ±SD, and if not visible, the error is hidden within the bar plots 
(±SD, n=9). 
 
The experimental results (figure 41 shown above) demonstrate that the 
molecular structures of helper lipids (DSPC, DOPE, and their mixtures) 
significantly influence the critical quality attributes (CQAs) of lipid nanoparticles 
(LNPs). Regarding particle size, the unsaturated fatty acid chains of DOPE 
enhance membrane fluidity, resulting in relatively smaller particles, while the 
saturated fatty acid chains of DSPC provide higher rigidity, leading to larger 
particles. Specifically, LNPs produced with DSPC were approximately 15% 
larger than those produced with DOPE, while the DSPC-DOPE mixture 
achieved a balance between rigidity and fluidity, yielding particles of 
intermediate size. 
 
In terms of encapsulation efficiency (EE%), the dynamic curvature and fluidity 
of DOPE significantly promoted efficient mRNA encapsulation, whereas the 
rigidity of DSPC somewhat limited its encapsulation efficiency. Additionally, 
although the overall differences in encapsulation efficiency across the three 
formulations were minor, LNPs produced with DSPC exhibited greater 
variability in stability, with error bars substantially larger than those of the other 
two formulations. 
 
Despite structural differences, the polydispersity index (PDI) remained 
consistent across all formulations, indicating that the microfluidic synthesis 
method ensures highly uniform particle distribution [223]. These findings 
underscore the importance of molecular design and lipid selection in optimizing 
LNP characteristics and suggest that adjusting the ratio of DSPC and DOPE 
can further enhance the CQAs of LNPs to meet diverse therapeutic 
requirements. 
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4.2.3. Different Helper Lipids mRNA-LNP Cell Delivery Analysis 

Similarly, cell transfection assays were conducted to evaluate the effects of 
different helper lipids on transfection efficiency and protein expression. The 
study aimed to investigate how various helper lipids influence cellular uptake 
and the subsequent expression of target proteins. 

 
Figure 42. The Comparison of transfection performance of two Helper lipids. All 
mRNA-LNP formulations were synthesized using a T-mixer with a total flow rate of 
16 mL/min and a flow rate ratio of 3:1. The experiments varied only the type of 
ionizable lipid, while other components remained unchanged. After synthesis, the 
mRNA-LNPs were stored at 4°C and utilized for formulation and transfection 
experiments within 24 hours to ensure sample freshness. The eGFP-mRNA (3039 nts) 
used in all experiments was sourced from the same production batch to minimize 
variability. Each experimental group was performed in triplicate (n=8) to evaluate the 
stability and reproducibility of the results. Error bars represent ±SD, and data were 
characterized using Plate Reader and fluorescence detection methods. 
 
Based on time-dependent eGFP fluorescence intensity monitoring (24–72 
hours), the three different helper lipid systems (DSPC, DOPE, and their 
combination) exhibited distinct transfection kinetic characteristics, as shown in 
Figure 42. DSPC, used as the Pfizer control group, demonstrated more stable 
transfection, likely due to its rigid bilayer membrane structure that effectively 
prevents premature mRNA leakage [177]. In contrast, DOPE, with its conical 
molecular geometry, facilitates the formation of non-bilayer structures in the 
endosomal membrane, thereby enhancing membrane fusion efficiency and 
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mRNA release [182]. The DSPC+DOPE combination showed a mixed release 
profile, displaying characteristics intermediate between those of DOPE and 
DSPC, combining the advantages of both. 
 
Although DSPC, DOPE, and their combination had a minimal effect on initial 
transfection efficiency, they significantly influenced long-term transfection 
persistence and mRNA release dynamics. DSPC provided structural stability, 
DOPE enhanced fusogenicity, and their combination maintained a balanced 
transfection performance while ensuring effective release. These findings 
underscore the importance of optimizing the helper lipid composition to ensure 
the sustained and efficient delivery of mRNA in LNP formulations. 
 

4.2.4. Helper Lipids Stability Test 

This study aims to synthesize lipid nanoparticles (LNPs) based on DSPC (1,2-
distearoyl-sn-glycero-3-phosphocholine) and DOPE (1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine) and systematically evaluate their stability. In figure 43, 
by measuring the size, polydispersity index (PDI), and encapsulation efficiency 
(EE%) of LNPs on a weekly basis, the influence of the molecular structures of 
DSPC and DOPE on LNP stability will be investigated. 

 
Figure 43. The stability experiment of DSPC and DOPE. All mRNA-LNP 
formulations were synthesized using a T-mixer with a total flow rate of 16 mL/min and 
a flow rate ratio of 3:1. The experiments varied only the type of ionizable lipid, while 
other components remained unchanged. And the Helper Lipids occupied 12.5 mol% in 
LNP formulation. After synthesis, the mRNA-LNPs were stored at 4°C with in pH 7.4 
10mM PBS buffer. And the formulation and dilution interval within 30 seconds to avoid 
the high organic phase effect. The eGFP-mRNA (3039 nts) used in all experiments was 
sourced from the same production batch to minimize variability. Each experimental 
group was performed in triplicate (n=9) to evaluate the stability and reproducibility of 
the results. Error bars represent ±SD, and data were characterized using Ribogreen and 
Nano Flow Sizer detection methods. 
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The three helper lipids demonstrate a high degree of consistency in the 
changes observed in particle size, PDI, and encapsulation efficiency, with no 
significant differences overall. However, notable distinctions in stability are 
observed under long-term storage conditions. DSPC remains stable for up to 
six weeks before significant changes occur, with the slowest and most 
consistent particle size increase (from approximately 86 nm to around 95 nm). 
This indicates that DSPC’s saturated fatty acid chains and rigid structure 
effectively prevent particle aggregation, maintaining LNP shape uniformity. In 
contrast, DOPE exhibits a greater and less stable increase in particle size 
during storage, likely due to its unsaturated fatty acid chains, which enhance 
membrane fluidity and flexibility, leading to dynamic rearrangements or mild 
aggregation of particles. The combination of DSPC and DOPE, as anticipated, 
strikes a balance between stability and flexibility, with particle size changes 
falling between those of the two individual lipids, demonstrating a more 
balanced performance [224]. 
 
Future designs of helper lipids can build upon these findings to further optimize 
their functionality for specific applications. By adjusting lipid ratios and 
molecular designs, the critical quality attributes (CQAs) of LNPs can be 
enhanced, supporting their potential for long-term storage and diverse 
therapeutic applications. 
 

4.2.5. Helper Lipid: Control of CPPs and Optimization of CQAs 

for mRNA-LNPs  

Helper lipids, as critical components of lipid nanoparticles (LNPs), not only play 
an essential role in maintaining particle structural stability but also influence the 
overall performance of LNPs by regulating the rigidity and fluidity of the lipid 
membrane. This study selected two representative helper lipids—DSPC and 
DOPE—and systematically analyzed their performance in key critical quality 
attributes (CQAs) such as particle size, PDI, and encapsulation efficiency. The 
saturated fatty acid chains of DSPC impart high rigidity and structural stability, 
making it highly suitable for applications requiring long-term storage and strict 
particle size control. In contrast, the unsaturated fatty acid chains of DOPE 
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provide higher membrane fluidity and dynamic curvature, contributing to 
enhanced delivery efficiency [225]. Table 19 list the different of DSPC and 
DOPE. 
 
Table 19. The Comparsion of helper lipids in LNP (DOPE & DSPC) 

Helper 

LIpids 

DOPE DSPC 

Structure Two unsaturated C18:1 fatty acid chains Two saturated C18:0 fatty acid 

chains 

Head Group Phosphoethanolamine (small, cone-

shaped) 

Phosphocholine (large, planar) 

Advantages High membrane fluidity; enhances 

endosomal escape; promotes efficient 

mRNA encapsulation 

High structural rigidity; excellent 

stability; ideal for long-term 

storage and size control 

Applications Applications requiring high delivery 

efficiency, such as rapid-action 

therapies 

Long-term storage, precise 

particle size control, and stable 

delivery systems 

 
DOPE and DSPC exhibit complementary properties in lipid nanoparticles 
(LNPs), excelling in delivery efficiency and stability, respectively. Future 
optimization efforts could focus on modifying their chemical structures, such as 
introducing partially saturated chains into DOPE or enhancing flexibility in 
DSPC, to improve stability while maintaining high delivery efficiency. Adjusting 
lipid ratios to cater to specific application needs will also be critical, such as 
increasing DOPE content for rapid release applications or DSPC content for 
long-term storage requirements [226, 227]. 
 
These optimizations will directly impact the critical quality attributes (CQAs) of 
LNPs. By adjusting the ratio of DSPC to DOPE or developing novel lipids, the 
size, PDI, EE%, stability, and biocompatibility of LNPs can be optimized. 
Furthermore, future efforts should emphasize biocompatibility and 
biodegradability, designing helper lipids with biodegradable components to 
minimize long-term cytotoxicity while meeting environmental and regulatory 
standards. These strategies will collectively advance the functionality of DOPE 
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and DSPC, further driving LNP applications in gene therapy, vaccine 
development, and beyond. 

4.3. PEG-lipid Selection Screening 
The selection of PEG-lipids requires a comprehensive consideration of PEG 
chain length, content, anchoring capability, functionalization needs, and 
biocompatibility to balance the stability, delivery efficiency, and targeting 
performance of LNPs. Optimizing the choice of PEG-lipids based on specific 
application scenarios (e.g., gene therapy, vaccine delivery) is key to achieving 
efficient LNP formulations. In this study, ALC-0159 and DSPE-PEG(2000) 
Maleimide were primarily selected for synthesis, transfection, and stability 
research. 
 

4.3.1. PEG-Lipid Structure Analysis 

PEG-lipid is a critical component of lipid nanoparticles (LNPs), and its molecular 
structure typically consists of three parts: a hydrophobic tail, a linker group, and 
a PEG chain. Each part plays a unique role in LNPs. The PEG chain, in 
particular, enhances LNP stability and biocompatibility through steric hindrance 
and stealth effects while regulating interactions with cells [228]. Figure 44 
shows the PEG-Lipid used in this research.  

 
Figure 44. The structure of ALC-0159 and DSPE-PEG(2000) Maleimide. ALC-
0159 is a PEGylated lipid composed of a C14 dialkyl tail and a PEG-2000 moiety, 
primarily serving as a stealth component to prolong circulation time and reduce protein 
adsorption. Its inverted cone-like shape limits membrane integration, positioning it on 
the LNP surface to modulate size and surface properties. In contrast, DSPE-PEG(2000)-
Maleimide contains a longer C18 tail and a reactive maleimide group at the distal end 
of the PEG chain, enabling covalent conjugation with thiol-containing ligands. This 
makes it particularly suitable for surface functionalization and targeted delivery 
applications. 
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ALC-0159 and DSPE-PEG(2000) Maleimide exhibit distinct molecular 
structures that significantly impact the critical quality attributes (CQAs) of lipid 
nanoparticles (LNPs). The difference in PEG chain length between these two 
PEG-lipids influences the efficiency of LNP formation during microfluidic 
synthesis. Additionally, PEG chains provide steric hindrance, which prolongs 
LNP circulation time in the bloodstream and enhances their biocompatibility and 
stability. ALC-0159, with its optimized lipid anchor and PEG-2000 chain, forms 
a stable hydrophilic barrier around the LNPs, thereby improving stability, 
uniformity, and encapsulation efficiency. This makes it highly suitable for mRNA 
vaccine applications requiring long-term stability. In contrast, DSPE-PEG(2000) 
Maleimide features a maleimide-functionalized PEG-2000 chain that enables 
specific binding to targeting molecules, making it ideal for targeted delivery in 
gene therapy and precision medicine. However, the longer PEG chain can also 
negatively affect LNP stability, which should be carefully considered in practical 
applications [229]. Recent studies have demonstrated that the thiol group in the 
maleimide moiety can efficiently react with various molecules to form stable 
covalent bonds [229]. Due to the unique chemical properties of the maleimide 
group, PEG(2000) Maleimide can covalently couple with a wide range of 
biomolecules, including antibodies, cell receptor ligands, siRNA, and more, 
offering high flexibility and adaptability [230]. This makes PEG(2000) Maleimide 
widely applicable across various therapeutic areas, such as cancer treatment, 
gene therapy, and vaccine development. 
 
Future PEG-lipid designs could integrate the stability of ALC-0159 with the 
targeting capability of DSPE-PEG(2000) Maleimide. By further optimizing 
molecular structures, multifunctional PEG-lipids combining hydrophilic 
shielding and targeting capabilities could be developed, significantly enhancing 
the overall performance of LNPs to meet diverse therapeutic needs.  
 

4.3.2. PEG-Lipids Microfluidic Formulation Analysis 

The aim of this study was to investigate the differences in critical quality 
attribute (CQA) performance of two PEG-lipids, ALC-0159 and DSPE-
PEG(2000) Maleimide, under microfluidic preparation conditions. By 
systematically evaluating these lipids in the same formulation environment, this 
study seeks to understand how their molecular structures (e.g., PEG chain 
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length, functional groups, and lipid anchor design) influence key parameters, 
including particle size, polydispersity index (PDI), encapsulation efficiency 
(EE%), steric stabilization, and targeted delivery potential of LNPs. Given the 
significant differences between the two PEG-lipids, conducting research on 
microfluidic synthesis is particularly necessary. Figure 45 is the results. 

 
Figure 45. Different Helper lipids microfluidic formulation performance in size, 
PDI and EE%. Choosing T-mixer and optimal TFR :16 mL/min and FRR (A:O=3:1) 
were selected. And Lipid concentration was stabilized at 16 mg/mL. eGFP was selected 
as the mRNA component, with an approximate length of 3039 nucleotides (nts). The 
composition of the mRNA-lipid nanoparticles included ALC-0315: DOPE: Chol: PEG-
lipids (48.5: 12.5: 38.5: 1.5, mol%). Same as Pfizers’ default composition. The lipids 
were dissolved in anhydrous ethanol, and the mRNA was dissolved in 25 mM sodium 
acetate buffer at pH 4.0. And N/P ratio is 6:1. The eGFP-mRNA used in the experiments 
was from the same production batch. Three independent replicate experiments were 
performed to assess the stability and reproducibility of the results. Error bars represent 
±SD, and if not visible, the error is hidden within the bar plots (±SD, n=9). 
 
Lipid nanoparticles (LNPs) formed with ALC-0159 exhibit smaller average 
particle sizes compared to those formed with PEG2000-Mal, with PEG2000-
Mal-based LNPs being approximately 30% larger. A similar trend is observed 
in the polydispersity index (PDI), where LNPs formed with DSPE-PEG2000-Mal 
display higher values. This may be due to the functionalized characteristics of 
its maleimide (Maleimide) group, which introduce additional intermolecular 
interactions, affecting particle stability and uniformity. This observation aligns 
with the molecular structure of PEG2000-Mal, suggesting that its chemical 
properties may lead to more complex molecular interactions during LNP 
formation. 
 
In terms of encapsulation efficiency (EE%), both PEG-lipids demonstrate high 
nucleic acid encapsulation efficiency, exceeding 90%, indicating their strong 
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performance in mRNA delivery. However, compared to the differences in 
particle size and PDI, the variation in encapsulation efficiency is minimal, 
suggesting that this is not the primary distinguishing factor between the two 
PEG-lipids. 
 
These findings are consistent with molecular structure predictions. The 
optimized design of ALC-0159 provides a more stable hydrophilic barrier, giving 
it advantages in particle size and PDI, making it suitable for applications 
requiring long-term stability. In contrast, the maleimide-functionalized 
PEG2000-Mal enhances targeting functionality, making it ideal for precision 
delivery applications, but also introduces additional intermolecular interactions 
that lead to slightly larger and more broadly distributed particles[230]. These 
results further validate the design goals of both PEG-lipids in terms of stability 
and functionality, providing key insights for future PEG-lipid formulation 
optimizations. 
 

4.3.3. Different PEG-Lipids mRNA-LNP Cell Delivery Analysis 

The optimized molecular structure of ALC-0159 provides a stable hydrophilic 
barrier, significantly reducing the likelihood of non-specific adsorption of LNPs 
in the cellular environment. This characteristic ensures long circulation time and 
high biocompatibility of LNPs in systemic delivery [231]. The smaller particle 
size and low polydispersity index (PDI) enable more efficient cellular uptake 
and release of mRNA into the cytoplasm, facilitating transcription and 
expression. Since ALC-0159 is primarily designed for systemic delivery, its 
transfection process typically does not rely on specific targeting functionality but 
instead achieves effective delivery through efficient cellular uptake and 
endosomal escape mechanisms. 
 

DSPE-PEG(2000) Maleimide, on the other hand, features a functional 
maleimide group that can bind to thiol groups, offering flexibility for targeted 
modifications. However, the higher particle size and broader distribution may 
reduce the uniformity and transfection efficiency of LNPs in HEK293 cells. 
Nevertheless, when DSPE-PEG(2000) Maleimide is conjugated with targeting 
molecules such as antibodies or ligands, its targeted delivery capability is 
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significantly enhanced, resulting in improved transfection efficiency for specific 
cells or tissues. And figure 46 shows the fold change of these two PEG-Lipids. 

 
Figure 46. The Comparison of transfection performance of ALC-0159 and DSPE-
PEG(2000) Maleimide. All mRNA-LNP formulations were synthesized using a T-
mixer with a total flow rate of 16 mL/min and a flow rate ratio of 3:1. The experiments 
varied only the type of ionizable lipid, while other components remained unchanged. 
After synthesis, the mRNA-LNPs were stored at 4°C and utilized for formulation and 
transfection experiments within 24 hours to ensure sample freshness. The eGFP-mRNA 
(3039 nts) used in all experiments was sourced from the same production batch to 
minimize variability. Each experimental group was performed in triplicate (n=8) to 
evaluate the stability and reproducibility of the results. Error bars represent ±SD, and 
data were characterized using Plate Reader and fluorescence detection methods. 
 
Based on time-dependent eGFP fluorescence intensity monitoring (24–72 
hours), the transfection kinetics of PEG-lipid formulations showed significant 
differences compared to ALC-0159 (Pfizer control group) (Figure 47). PEG2k-
mal exhibited an initial fluorescence intensity of 0.94 ± 0.08 at 24 hours, slightly 
lower than ALC-0159's 1.00 ± 0.02, indicating a slightly lower initial transfection 
efficiency. Over time, the fluorescence intensity of PEG2k-mal significantly 
decreased, dropping to 0.58 ± 0.06 at 72 hours, demonstrating a substantial 
reduction (38.3% decrease), which was consistent with a biexponential decay 
model (R² > 0.95). This decay pattern can be attributed to the long PEG chains 
in PEG2k-mal, which may impact the membrane fusion efficiency of LNPs and 
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delay mRNA release. In contrast, ALC-0159 exhibited more stable transfection 
efficiency, maintaining a higher level over the time period. 
 
In summary, while PEG-lipid formulations had a minor impact on initial 
transfection efficiency, their performance in long-term expression stability was 
poorer. In comparison, ALC-0159 demonstrated optimal stability and long-term 
transfection performance, making it better suited for sustained gene delivery 
applications. These findings highlight the role of PEG-lipids in influencing LNP 
transfection efficiency, particularly in terms of long-term transfection stability, 
where they showed inferior performance. 
 

4.3.4. PEG-lipid Stability Test  

The ALC-0159 molecule features an optimized lipid anchor and a PEG-2000 
chain, forming a stable hydrophilic barrier on the LNP surface, effectively 
reducing aggregation between LNPs and maintaining their stability. In contrast, 
DSPE-PEG(2000) Maleimide, due to the presence of its maleimide group, may 
introduce additional intermolecular interactions during storage. Moreover, the 
longer PEG-2000 chain can also impact stability in ways that are not easily 
predictable. The results showed in figure 47. 

 

Figure 47. The stability experiment of ALC-0159 and DSPE-PEG(2000) 
Maleimide. All mRNA-LNP formulations were synthesized using a T-mixer with a 
total flow rate of 16 mL/min and a flow rate ratio of 3:1. The experiments varied only 
the type of ionizable lipid, while other components remained unchanged. And the 
Helper Lipids occupied 12.5 mol% in LNP formulation. After synthesis, the mRNA-
LNPs were stored at 4°C with in pH 7.4 10 mM PBS buffer. And the formulation and 
dilution interval within 30 seconds to avoid the high organic phase effect. The eGFP-
mRNA (3039 nts) used in all experiments was sourced from the same production batch 
to minimize variability. Each experimental group was performed in triplicate (n=6) to 
evaluate the stability and reproducibility of the results. Error bars represent ±SD, and 
data were characterized using Ribogreen and Nano Flow Sizer detection methods. 
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As storage time increases, the particle size of both LNP formulations gradually 
increases; however, the PEG2k-Mal system exhibits a more significant size 
increase, suggesting greater susceptibility to particle aggregation or lipid 
rearrangement during storage. Additionally, the polydispersity index (PDI) also 
shows an upward trend, particularly in the later storage phase (Weeks 4–8), 
where PEG2k-Mal LNPs experience a more pronounced PDI increase, 
indicating reduced particle uniformity and further confirming its lower stability. 
The decline in encapsulation efficiency (EE%) further reflects stability concerns 
within the LNP system. Over time, the reduction in EE% may be attributed to 
structural changes in the LNPs, leading to partial mRNA leakage or degradation. 
 
Overall, ALC-0159 appears to be a more suitable PEG-lipid for general LNP 
formulations, whereas PEG2k-Mal may require further optimization, such as 
modifying buffer composition, adjusting lipid ratios, or incorporating additional 
stabilization strategies to improve its long-term stability. Future research should 
further explore PEG density, lipid combinations, and optimized storage 
conditions to mitigate the instability of the PEG2k-Mal system and enhance its 
potential applications in gene therapy and precision medicine. 
 

4.3.5. PEG-Lipid: Control of CPPs and Optimization of CQAs for 

mRNA-LNPs 

Although PEG-lipids account for only 1-2 mol% of the total composition of LNPs, 
their optimization has been an ongoing area of research. The optimization of 
PEG chain length and density is crucial for the in vivo circulation of LNPs, but 
further studies are still needed to determine the optimal PEG chain length [232]. 
The design of PEG-lipids typically aims to enable their gradual shedding in vivo, 
thereby restoring the bioactivity of LNPs and promoting cellular uptake and 
payload release [233, 234]. Additionally, the development of pH-sensitive, 
enzyme-sensitive, or reduction-sensitive cleavable PEG-lipids for intelligent 
release in specific environments has become a key focus in targeted delivery 
research. 
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For LNPs, although PEG-lipids constitute a small fraction, their impact on 
critical quality attributes (CQAs) cannot be overlooked. Through more 
experimental studies, the effects of different PEG-lipids on LNPs' CQAs (e.g., 
size, PDI, encapsulation efficiency, stability, and biocompatibility) can be 
investigated in advance, providing scientific guidance for subsequent storage 
and purification processes. For example, optimizing the selection of PEG-lipids 
can improve the long-term storage stability of LNPs, reduce particle 
aggregation, and ensure consistency during purification. Table 20 compared 
these two PEG-lipid. 
Table 20. Comparison of PEG-lipids in LNP (ALC-0159 & DSPE-PEG(2000) 
Maleimide 

PEG-LIpids ALC-0159 DSPE-PEG2000 Maleimide 

Structure PEG-2000 conjugated to an 

optimized lipid anchor (non-

phospholipid-based) 

PEG-2000 conjugated to DSPE (a 

phospholipid) with a maleimide 

functional group 

Head Group Neutral PEGylated head group Maleimide-functionalized PEG 

head group 

Molecular 

Weight 

~2,400 Da ~2,900 Da 

Advantages - Enhances LNP stability and 

circulation time  

- Reduces non-specific adsorption  

- Improves biocompatibility  

- Suitable for general-purpose LNP 

formulations 

- Enables specific targeting via 

thiol-maleimide reaction  

- Facilitates ligand conjugation for 

precision drug delivery  

- Provides long circulation benefits 

due to PEG shielding [235] 

Limitations - Lacks specific targeting capability  

- May contribute to the "PEG 

dilemma" (balancing shielding and 

uptake) 

- Potentially lower stability due to 

additional molecular interactions  

- Higher molecular weight may 

influence LNP size and PDI 

Applications - mRNA vaccines  

- General systemic delivery  

- Long-circulating drug formulations 

- Targeted drug and gene delivery  

- Precision medicine  

- Ligand-conjugated LNPs for 

receptor-mediated uptake 

Future 

Optimization 

- Fine-tuning PEG density for 

improved stability and reduced 

- Enhancing stability via optimized 

buffer conditions  
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immune recognition  

- Exploring alternative lipid anchors 

for better membrane interaction 

[236] 

- Reducing molecular interactions 

that affect long-term LNP 

uniformity 

Future research could also integrate high-throughput screening technologies to 
systematically evaluate the effects of different PEG-lipids on LNP performance, 
thereby accelerating the development of optimal formulations. Furthermore, 
exploring the design and application of novel PEG-lipids (e.g., biodegradable 
or multifunctional PEG-lipids) will further enhance the targeting and therapeutic 
efficacy of LNPs. 
 

4.4. Conclusion 
This study systematically evaluated the impact of different lipid structures on 
the critical quality attributes (CQAs) of mRNA-lipid nanoparticles (LNPs) 
prepared using microfluidic technology. By screening and optimizing ionizable 
lipids, helper lipids, and PEG-lipids, this study elucidated the differences in LNP 
performance and the underlying mechanisms of various lipid components. 
Unlike traditional laboratory-based LNP preparation studies, this research 
integrates modern microfluidic technology with lipid formulation optimization. By 
precisely controlling lipid composition, we overcame the limitations of traditional 
methods in particle size control and batch consistency, providing a promising 
lipid formulation for the continuous production system of mRNA therapeutics. 
The lipid molecular engineering principles and microfluidic process parameter 
database established in this study provide dual theoretical support for the 
rational design of gene delivery systems: on one hand, by revealing the 
quantitative relationship between the polarity of lipid head groups, hydrophobic 
tail chain configuration, and nanoparticle self-assembly dynamics, this provides 
guidance for the design and synthesis of next-generation lipid molecules. More 
importantly, with the precise control of nanoparticle structures achieved in the 
microfluidic platform, this research lays the theoretical foundation for 
developing pre-targeting and in situ coupling LNPs using microfluidic synthesis 
routes [237, 238]. 
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The results showed that the LNP formulation composed of ALC-0315, DOPE, 
and ALC-0159 exhibited excellent performance in particle size control (74 nm), 
uniformity (PDI ≈ 0.11), and encapsulation efficiency (EE% ≈ 95%), making it 
suitable for continuous production of mRNA drugs. Furthermore, in terms of 
stability (no significant changes observed after two months of storage at 4°C 
without any adjuvants) and transfection efficiency, this formulation 
outperformed the currently available Pfizer/BioNTech vaccine formulation. 
Based on this formulation screening, we also formulated and characterized 
several lipid materials commonly used in LNP research, including SM102 
(Moderna's mRNA vaccine), DLin-MC3-DMA (most commonly used before 
mRNA vaccines in lipid nanoparticles), DOPE (dual C18:1 unsaturated chains), 
and DSPE-PEG2000 Maleimide (highly efficient coupling ability). These studies 
not only provide an effective platform for mRNA vaccine preparation but also 
offer theoretical support for other gene therapies, enhancing the potential for 
continuous production of RNA products. Based on the comprehensive 
evaluation of the effects of lipid components on LNP CQAs, the optimal 
formulation was determined to be ALC-0315 (45 mol%), DOPE (15.9 mol%), 
cholesterol (37.85 mol%), and ALC-0159 (1.25 mol%). This formulation 
generates highly stable and reproducible mRNA-LNPs, making it suitable for 
subsequent large-scale and continuous production studies. 
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5. Continuous Formulation and purification 
of mRNA-Lipid Nanoparticles 

 
With the increasing demand for large-scale production of novel vaccines and 
nucleic acid-based therapeutics, the limitations of traditional manufacturing 
processes have become increasingly evident. In response, mRNA production 
technology based on a closed, continuous, multi-product platform has gained 
significant attention in the industry. This platform integrates single-use 
component systems and advanced process analytical technologies (PAT) to 
enable real-time in situ monitoring and inter-batch quality control, thereby 
significantly improving production throughput and product uniformity [239]. 
Compared to conventional batch manufacturing, the continuous production 
model offers higher space efficiency, lower unit production costs, and enhanced 
process efficiency, while ensuring compliance with Good Manufacturing 
Practice (GMP) standards. Despite recent breakthroughs in continuous mRNA 
production, further research is required to optimize process parameters and 
scale-up strategies. 
 
In the development of mRNA drug delivery systems (DDS), lipid nanoparticles 
(LNPs) are formulated using microfluidic technology, which facilitates mRNA 
encapsulation, purification (removal of unencapsulated nucleic acids, free lipids, 
and organic solvents), and real-time quality monitoring [240]. Studies have 
demonstrated that critical process parameters (CPPs) (e.g., total flow rate, lipid 
concentration) significantly influence critical quality attributes (CQAs) (e.g., 
particle size, polydispersity index (PDI), and encapsulation efficiency), 
validating the reliability and efficiency of microfluidic technology in LNP 
production. Based on these findings, this study proposes integrating spatially 
resolved dynamic light scattering (SR-DLS) technology with LNP manufacturing 
processes to achieve real-time online monitoring of particle size and PDI, 
thereby providing a technological framework for standardized LNP production 
[241]. 
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5.1. Optimization of real-time SR-DLS detection 

5.1.1. PSD vs PDI 

In the continuous manufacturing of lipid nanoparticles (LNPs), traditional quality 
assessment systems predominantly rely on the polydispersity index (PDI), a 
core metric grounded in the assumption of Gaussian size distribution [242]. 
However, practical LNP formulations often exhibit non-ideal size distributions 
characterized by asymmetry, multimodal peaks, or anomalous tailing 
phenomena. The inherent statistical limitations of this univariate parameter 
impede its capacity to detect heterogeneity arising from particle subpopulations 
or process deviations. For instance, when mRNA aggregates coexist with intact 
LNPs in the system, PDI averaging effects may obscure bimodal distribution 
features. In contrast, real-time monitoring of particle size distribution (PSD) 
enables direct identification of abnormal peak profiles caused by mixing 
inefficiencies or contamination, thereby providing visual guidance for process 
parameter optimization [243, 244]. 
 

 
Figure 48. The PSD measure surface(A) and PDI measure surface(B). PSD 
(Particle Size Distribution): Provides a visual representation of particle size distribution, 
identifying multimodal peaks and distribution width, revealing system heterogeneity. 
PDI (Polydispersity Index): Represents particle uniformity with a single numerical 
value; a lower value indicates a narrower distribution but does not provide detailed size 
distribution information. 
 
Figure 48 shows the different measure surfaces of PSD(A) and PDI(B). As a 
simplified descriptor of particle uniformity, PDI merely quantifies dispersion 
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magnitude while failing to distinguish between unimodal and multimodal 
distributions. In continuous-flow synthesis systems, PSD overcomes this 
limitation by dynamically resolving geometric characteristics of size 
distributions (e.g., main peak shift, peak width variation, and secondary peak 
intensity), achieving precise diagnostics of process perturbations [245]. For 
example, insufficient shear stress in microfluidic reactors that compromises 
lipid-mRNA mixing efficiency may manifest as main peak broadening or satellite 
peaks in PSD profiles, whereas PDI values might show negligible fluctuations, 
complicating root cause analysis. The integration of PSD with closed-loop 
process control facilitates quantitative correlations between distribution 
morphology and critical process parameters (CPPs): Main peak displacement 
often indicates suboptimal lipid concentration or flow rates, necessitating 
recalibration of molecular self-assembly duration in microchannels; emerging 
secondary peaks may signal raw material impurities or equipment residues, 
triggering in-line purification protocols or hydrodynamic condition adjustments 
[246]. This adaptive feedback mechanism, powered by PSD data streams, 
effectively mitigates batch-to-batch variability while ensuring spatiotemporal 
process consistency. 
 
Within advanced quality control frameworks for LNP continuous manufacturing, 
PSD monitoring not only addresses the statistical constraints of conventional 
PDI but also establishes an end-to-end closed-loop control network linking 
"process parameters-particle attributes-product performance" through real-time 
multidimensional distribution analysis. This PSD-centric process analytical 
technology (PAT) paradigm is catalyzing a paradigm shift from empirical to 
data-driven approaches in nucleic acid therapeutics production, laying 
theoretical and technical foundations for scalable, high-reproducibility 
continuous manufacturing platforms. 
 

5.1.2. Nano Flow Sizer Setting Optimization of Calibration 

During the synthesis of mRNA-LNPs, ethanol as an organic phase solvent 
account for up to 25% (v/v) in the crude LNP. At this concentration, ethanol 
significantly alters critical physical parameters of the solution system—the 
refractive index increases, while the solution viscosity concurrently rises. These 
physicochemical changes directly compromise the detection accuracy of Nano 
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Flow Sizer (NFS). To mitigate such interference, a gradient dilution optimization 
strategy was developed and systematically evaluated in this study. In 
nanoparticle characterization studies, 100 nm Polyethylene (PE) Microspheres 
are widely used as standardized reference particles, enabling traceable 
calibration of the NFS system and ensuring the metrological reliability of particle 
size detection [247]. 

 
Figure 49. Calibration of buffer system selection and organic solvent content. This 
study compared DI water, 25 mM NaAc buffer (LNP initial formulation), 10 mM 
HEPES buffer (storage buffer), with 5% (post-dilution) and 25% (initial) ethanol 
concentrations for nanoparticle characterization, while evaluating ethanol gradient (0-
25%) matrix interference using 100 nm PE microspheres. Using orange-colored bar 
charts to visualize the normalized size distribution of 100 nm polyethylene (PE) 
microspheres with standardized according to dynamic light scattering (DLS) 
measurements documented in the manufacturer's technical specifications. 
 
Systematic evaluation of 100 nm PE microspheres under various solvent 
systems and ethanol concentrations revealed no significant matrix effects of 
aqueous buffer compositions (25 mM NaAc vs. 10 mM HEPES) on nano flow 
sizer (NFS) measurements (Figure 49). Based on this result it can be 
demonstrated that different buffers do not have a significant effect on the 
determination of NFS. However, ethanol concentration-dependent 
measurement deviations were observed, with marked alterations detected at 
25% ethanol concentration, confirming severe interference from high organic 
phase content on LNP characterization. Based on these findings, a critical 
dilution threshold (EtOH <5%) for mRNA-LNPs was established through 
gradient dilution optimization, and the consistency of NFS detection data across 
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buffer systems was quantitatively validated, thereby effectively eliminating 
solvent-mediated artifacts in mRNA-LNP analysis. 
 

 
Figure 50. Calibration of LNP buffer systems and dilutions. All buffer keep same 
pH to avoid the pH effect. And using HEPES to dilute LNP samples. The later TFF 
process can using HEPES buffer only. The mRNA-LNP formulations were synthesized 
using a T-mixer with a total flow rate of 16 mL/min and a flow rate ratio of 3:1. The 
composition of the mRNA-lipid nanoparticles included ALC-0315: DOPE: Chol: ALC-
0159 (48.5: 12.5: 38.5: 1.5, mol%), with total lipid concentrations shown in the figures. 
And the N/P ratio is 6:1. eGFP (1043 nts, 0.15 mg/mL) was selected as the mRNA 
component, with an approximate length of 3039 nucleotides (nts). And the mRNA-LNP 
samples used in next stage experiments are same. 
 
Experimental data (Figure 50) demonstrated that LNPs formulated in different 
buffer systems (10 mM HEPES, PBS, and Tris) showed no significant 
differences in hydrodynamic diameter (Size: 82.3 ± 1.5 nm) or polydispersity 
index (PDI: 0.12 ± 0.03), indicating negligible matrix effects of buffer 
compositions on the nano flow sizer (NFS) characterization. Based on the 
results of Crude LNP (containing 25% EtOH) and the previous determinations 
of different EtOH contents, the same changes corroborate the reliability of the 
determinations. It should be noted that while minor pH variations (7.0–7.4) in 
this study did not compromise particle stability, previous studies have reported 
that sudden pH shifts exceeding ±0.5 units may trigger irreversible LNP 
aggregation (>20% size increase) [218]. Notably, dilution factors beyond 10-
fold reduced the NFS scattering intensity below the detection threshold, 
resulting in unreliable measurements. Therefore, a standardized dilution 
protocol (5-fold volumetric dilution in 10 mM HEPES buffer, pH 7.0) was 
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implemented to ensure detection sensitivity and data reproducibility. 
 

5.1.3. Batch Measurement vs Continuous Measurement 

This study utilized a microfluidic platform to prepare lipid nanoparticles (LNPs) 
in both batch synthesis and continuous synthesis modes, with real-time particle 
size analysis performed using the Nano Flow Sizer (NFS). Offline batch 
measurements were conducted via a static vial holder, while online monitoring 
of the continuous process required switching to a flow cell module (inner 
diameter: 0.5 inches). To ensure the stability of dynamic light scattering (DLS) 
measurements, the fluid within the flow cell needed to maintain laminar flow 
conditions (Re < 2300). Theoretical calculations demonstrated that at a flow 
rate of 16 mL/min, Re < 30, satisfying the laminar flow requirements. 

 

Figure 51. Particle Size Distribution summary of measurements for different flow 
rates. The SR-DLS mode of the Nano Flow Sizer was employed to determine the PSD 
of LNPs in static and flow modes.  
 
Figure 51 shown the static and different flow rate particle size distribution’s 
difference. This study utilized a microfluidic platform to prepare lipid 
nanoparticles (LNPs) in both batch synthesis and continuous synthesis modes, 
with real-time particle size analysis performed using the Nano Flow Sizer (NFS). 
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Figure 52. Schematic of the time variation of measured particle size and PDI in 
flow mode. The SR-DLS mode of the NanoFlow Sizer was employed to determine the 
static and flow modes, along with time-dependent measurements of size and PDI.  
 
Figure 52 shows different flow rate measurements, including size and PDI. 
Offline batch measurements were conducted via a static vial holder, while 
online monitoring of the continuous process required switching to a flow cell 
module (inner diameter: 0.5 inches). To ensure the stability of dynamic light 
scattering (DLS) measurements, the fluid within the flow cell needed to maintain 
laminar flow conditions (Re < 2300). Theoretical calculations demonstrated that 
at a flow rate of 16 mL/min that can satisfying the laminar flow requirements. 
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Figure 53. Comparative analysis of particle size and PDI measurements in static 
and flow modes. Real-time online monitoring of LNP critical quality attributes (CQAs) 
during continuous mRNA-LNP production: Particle size variations and PDI changes of 
the mRNA drug product (mRNA-DP) measured by the NFS under both static and flow 
(16 mL/min) conditions. 
 
The continuous measurements shown in figure 53. During the initial microfluidic 
mixing stage of continuous mRNA-LNP production, the transient filling process 
of the two-phase fluids within the upstream reaction tubing results in non-
steady-state flow, leading to pronounced temporal oscillations in particle size 
and polydispersity index (PDI) as monitored in real-time by the Nano Flow Sizer 
(NFS). Furthermore, based on the hydrodynamic characteristics of the T-mixer, 
intermittently observed pressure accumulation suggests the potential 
occurrence of localized microblockage within the mixer. To mitigate flow 
instability, this study implemented the use of capillary tubing with a larger inner 
diameter to optimize the lipid injection process into the T-mixer. Additionally, 
further optimization of the mixer design or the adoption of more efficient mixing 
techniques, such as impingement jet mixing or vortex mixing, may contribute to 
a more stable continuous LNP production process. 
 

5.2. Purified Optimization of mRNA-LNP 
Purification processes are critical for the stability of mRNA-LNPs, as residual 
organic solvents and free lipid components may catalyze degradation pathways 
such as lipid acyl chain hydrolysis/oxidation and mRNA phosphodiester bond 
cleavage, significantly compromising the storage stability of the formulation 
[248]. Notably, residual solvents like ethanol can alter the refractive index and 
dielectric constant of the solution, leading to light scattering background noise 
and particle size measurement deviations in the Nano Flow Sizer (NFS), with 
this interference being particularly pronounced during real-time monitoring. 
According to ICH Q3C(R8) guidelines, Class 3 residual organic solvents in the 
final mRNA drug product (mRNA-DP) must be strictly controlled below the 
Permitted Daily Exposure (PDE) limit (≤5000 ppm) [249]. Therefore, 
downstream purification requires techniques such as tangential flow filtration 
(TFF) or dialysis to simultaneously achieve buffer exchange and removal of 
low-molecular-weight impurities. This dual approach not only ensures 
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regulatory compliance but also eliminates optical interference from organic 
solvents in NFS detection systems, thereby guaranteeing long-term formulation 
stability while providing reliable quality control measures for manufacturing 
processes. 
 

5.2.1. Dialysis to Screen Buffer pH setting 

Studies indicate that direct exposure of mRNA-LNPs to neutral buffers post-
synthesis may trigger uncontrolled colloidal instability, manifesting as particle 
size distribution broadening or main peak shifting [250]. This phenomenon 
originates from the deprotonation of ionizable lipids at neutral pH, which 
neutralizes their cationic headgroups and weakens electrostatic interactions 
with negatively charged mRNA, thereby compromising the structural integrity 
of lipid-mRNA complexes and inducing particle dissociation or fusion [251]. The 
efficiency of mRNA-LNP purification varies significantly across buffer systems, 
depending on the chemical structure of ionizable lipids. Given the chemical 
compatibility constraints of TFF membranes, dialysis was employed for buffer 
exchange to systematically screen stabilization buffers compatible with the 
target LNP formulation. Since only HEPES buffer can be used in the process 
of TFF so PBS buffer was taken as a positive control in this study to explore the 
effect of pH change on mRNA-LNP size. 
 

Table 21. Experimental setup of dialysis process with different buffers. 
Buffer Information 

Buffer Name Compositions 
pKa at 

20°C 
pH 

Range 

Phosphate Buffered 

Saline (PBS) 

NaCl: 137 mM, KCl: 2.7 mM, Na₂HPO₄: 

10 mM, KH₂PO₄: 1.8 mM 
7.21 5.8-7.4 

HEPES buffer NaCl: 150 mM, HEPES: 22 mM 7.55 6.8-8.2 
 

PBS buffer dilution and Dialysis 
Duration Buffer exchange Size (nm) PDI Dialysis pH 
mRNA-LNPs after reaction NaAc pH 4.0 25mM 61.4±1.2 0.14±0.02 4.23±0.02 

0-2 h PBS pH 7.4 10mM 83.5±1.3 0.16±0.03 7.21±0.01 
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2-4 h PBS pH 7.4 10mM 88.6±1.9 0.17±0.03 7.28±0.01 

4-6 h PBS pH 7.4 10mM 92.5±2.2 0.17±0.02 7.30±0.02 

6-8 h PBS pH 7.4 10mM 92.3±1.8 0.19±0.03 7.32±0.03 
 

HEPES buffer dilution and Dialysis 
Duration Buffer exchange Size (nm) PDI Dialysis pH 
mRNA-LNPs after reaction NaAc pH 4.0 25mM 61.4±1.2 0.14±0.02 4.23±0.02 

0-2 h HEPES pH 7.4 10mM 79.8±2.4 0.17±0.01 7.21±0.03 

2-4 h HEPES pH 7.4 10mM 84.1±2.2 0.19±0.02 7.28±0.03 

4-6 h HEPES pH 7.4 10mM 87.5±2.8 0.21±0.05 7.30±0.03 

6-8 h HEPES pH 7.4 10mM 89.3±2.4 0.23±0.07 7.32±0.03 
 

 
Experimental data demonstrated that rapid dialysis-mediated transition of 
mRNA-LNPs from the acidic initial buffer (NaAc, pH 4.0) to neutral buffer 
systems (PBS/HEPES, pH 7.4) induced significant particle size increases (PBS: 
~40%; HEPES: ~30%) with progressive enlargement over time. This pH 
gradient-triggered (ΔpH=3.4) irreversible particle expansion was accompanied 
by elevated PDI values, suggesting that abrupt environmental pH alterations 
disrupt lipid bilayer stability, leading to uncontrolled structural reorganization 
and particle aggregation [244, 252]. The phenomenon, independent of buffer 
composition, is mechanistically attributed to phase transitions caused by pH-
jump-induced deprotonation of ionizable lipids [253]. Further investigations 
employing gradient pH dialysis are required to delineate these interfacial effects. 
 
Table 22. Optimized buffer dialysis process experimental setup. 

Duration Buffer exchange Size (nm) PDI Dialysis pH 
mRNA-LNPs after reaction NaAc pH 4.0 25mM 61.4±1.2 0.14±0.02 4.23±0.02 

0-2 h PBS pH 5.8 10mM 63.5±1.8 0.13±0.06 5.32±0.03 

2-4 h HEPES pH 6.8 10mM 67.3±2.2 0.14±0.05 6.41±0.03 

4-6 h HEPES pH 7.4 10mM 73.2±1.4 0.16±0.06 7.16±0.04 
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6-8 h HEPES pH 7.4 10mM 73.6±1.9 0.17±0.07 7.23±0.03 

 
Gradient pH dialysis experiments demonstrated that staged buffer replacement 
(pH 4.0 → 5.8 → 6.8 → 7.4) significantly mitigated mRNA-LNP particle size 
expansion. Compared to the direct neutral pH transition control group (single 
ΔpH = 3.4, 50.6% size increase), the gradient dialysis group (total ΔpH = 3.0 
across four phases) exhibited limited particle size growth (61.4 → 73.6 nm) with 
reduced polydispersity index (PDI) escalation (0.14 → 0.17 vs. 0.14 → 0.23 in 
controls). This gradual pH modulation strategy-maintained lipid bilayer 
equilibrium by attenuating the deprotonation kinetics of ionizable lipids, thereby 
suppressing structural collapse induced by abrupt phase transitions at critical 
pH thresholds [245, 252]. Further optimization of buffer systems is warranted, 
as ionizable lipid chemistry influences buffer compatibility, and potential 
adjuvant interactions during this process require systematic evaluation. 
Subsequent studies will integrate tangential flow filtration (TFF) to refine mRNA-
LNP purification and characterization protocols. 
 

5.2.2. TFF From TFF to continuous SP-TFF 

This study employed tangential flow filtration (TFF) for the purification of mRNA-
LNPs, comparing batch mode and continuous single-pass TFF (SP-TFF) 
modes. In the traditional batch mode, recirculation of the feed solution (mRNA-
LNPs suspension) enables concentration, offering greater process design 
flexibility as it is not constrained by upstream continuous production flow rates 
[252]. In contrast, the continuous SP-TFF mode eliminates the recirculation 
loop and achieves a broader range of concentration factors by extending the 
residence time of the feed within the membrane module [253]. 
 

To maintain stable transmembrane pressure (TMP), an automatic 
backpressure valve (ABV) was installed on the retentate line for real-time 
adjustment of the system pressure to the setpoint. The feed solution was 
prepared by diluting crude mRNA-LNPs with a 10 mM HEPES buffer (pH 7). 
Through a multi-step continuous SP-TFF process, where the retentate from 
prior steps served as the feed for subsequent steps, efficient buffer exchange 
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and impurity removal were achieved by optimizing the membrane area based 
on the target concentration factor. 
 
Table 23. Batch and continuous TFF tests for mRNA-LNP buffer exchange 
Experiment  

Transmembrane 

pressure (TMP) 
Flow 

Rate 
Filter Type Test Mode Procedure 

8 psi 20 

mL/min 
mPES hollow fiber 

(300 kDa) 
Batch 10X con. followed by 5X 

diafiltration and 2 

washing steps 

Cellulose based 

cassette filter 

(Hydrosart, 300 kD 

/50 cm2) 

Continuous Three consecutive SP-

TFF  diafiltration and a 

final washing step 

 
Table 24. mPES Hollow Fiber Filter Batch Experiment 

Steps Volume 

(mL) 
Average LNP 

Size (nm) 
Particle 

Recovery 
Ethanol 

Fraction* 
mRNA-LNPs after 

reaction 
5 102 N/A 25% 

TFF Feed after 

dilution 
30 102 N/A 3.8% 

10X Concentration 3 109 32.5% 3.9% 

5X DF 3 109 39% Below EL 

1st Washing 10 108 15% Below EL 

2nd Washing 10 116 1.5% Below EL 

* EL: Established Limit 
Permeate samples collected during mRNA-LNP purification were analyzed by 
Nano Flow Sizer (NFS) dynamic light scattering and RiboGreen fluorescence 
assay, confirming the absence of lipid nanoparticles and mRNA in the permeate, 
which validated the complete retention of the drug product (DP) using a 300 
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kDa membrane. A standardized three-step batch TFF process — comprising 
concentration, diafiltration, and final washing — was implemented for ethanol 
removal. Residual ethanol content quantified by gas chromatography 
demonstrated a final concentration of <300 ppm, compliant with ICH Q3C 
guidelines. 
 
Table 25. Cellulose SP-TFF Continuous Experiment 

Steps Volume 

(mL) 
Average LNP 

Size (nm) 
Particle 

Recovery 
Ethanol 

Fraction 
mRNA-LNPs after 

reaction 
10 79 N/A 25% 

TFF Feed after 

dilution 
200 82 N/A Below EL 

1st Concentration 116 98.6 100% Below EL 

2nd Concentration 49 106 87.8% Below EL 

3rd Concentration 21 107 77.1% Below EL 

1st Washing 10 116 12.5% 0% 

2nd Washing 10 110 0.4% 0% 

* EL: Established Limit 
In the continuous single-pass tangential flow filtration (SP-TFF) process, the 
crude mRNA-LNPs were initially diluted 20-fold with HEPES buffer (10 mM, pH 
7.0) to reduce the ethanol concentration from 25% (post-synthesis level) to 
below the ICH Q3C Permitted Daily Exposure (PDE) limit. The ethanol content 
at each step was quantitatively monitored using gas chromatography (GC), with 
a calibration curve (Figure 54) established from ethanol–water mixtures. The 
green dashed line in the figure indicates the acceptable residual ethanol level 
(CQA) for the final mRNA drug product. 
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Figure 54. The experimental linear range of peak area response vs. 

ethanol concentration. Ethanol showed a linear response that yielded linear 

fit equation Area = 13.05×EtOH with an R-square of 0.98. 
 
Following dilution, three sequential single-pass concentration steps were 
performed to gradually enrich mRNA-LNPs. However, when polyethersulfone 
(PES) SP-TFF cartridges were used, permeate flux dropped to zero after the 
first step due to membrane fouling caused by lipid–membrane interfacial 
adhesion. Upon switching to hydrophilic modified regenerated cellulose (RC) 
SP-TFF cartridges, over 90% mRNA-LNP recovery and a 10-fold volume 
concentration factor were achieved after three steps. These results underscore 
the importance of membrane material selection (hydrophilicity, surface charge) 
and the need for careful optimization of transmembrane pressure and tangential 
flow rate in continuous TFF-based purification processes. 
 

5.3. Characterization of mRNA-LNP and unfilled mRNA-LNP 

analysis 

Characterization of mRNA-LNPs using NanoFCM provides more precise data. 
The SYTO-9 dye enables labeling of mRNA within LNPs to determine the ratio 
of loaded mRNA-LNPs post-mixing, with empty lipid nanoparticles serving as 
blank controls.  
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Figure 55. The mRNA-LNP filled percent analysis of mRNA-LNPs using 
NanoFCM. (A) before TFF, (B) retentate samples by TFF, and (C) permeate 
samples by TFF. 
 
The figure 55 shows the nanoFCM results, include the before TFF, retentate 
and permeate samples. A high proportion of unfilled mRNA-LNPs (unfilled 
LNPs) not only reflects process defects (e.g., lipid-mRNA charge ratio 
imbalance) but may also trigger the release of pro-inflammatory cytokines (e.g., 
IL-6, TNF-α, IFN-γ), leading to inflammatory responses [254]. Therefore, 
precise characterization of encapsulation efficiency is critical for optimizing 
microfluidic mixing parameters and lipid formulation composition. 
Table 26. Characterization of mRNA-LNPs Before and After the TFF 
Process in Batch and Continuous Modes 

Parameter Before TFF 

(Batch) 
After TFF 

(Batch) 
Before TFF 

(Continuous) 
After TFF 

(Continuous) 
Size by NFS (nm) 64 107 89 105 

PDI by NFS (-) 0.16 0.15 0.14 0.10 

Size by NanoFCM 

(nm) 
72 118 99 124 

mRNA-LNP 

Recovery (%) 
- 54 - 90 

EE (%) 88.8 95.6 89.6 95.5 

Loaded mRNA-

LNP (%) 
98.2 99.8 99.9 99.6 
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NanoFCM characterization revealed that empty lipid nanoparticles (empty 
LNPs) constituted less than 1% of the mRNA-LNP population. LNP samples 
were vitrified on lacey carbon grids using a Vitrobot (Thermo Fisher Scientific) 
with controlled humidity and blotting conditions. Grids were plunged into liquid 
ethane and transferred into a 200 kV cryo-transmission electron microscope 
(Talos Arctica, Thermo Fisher) for imaging. Images were captured under low-
dose conditions with a nominal magnification of 45,000×. 

 
Figure 56. Cryo-electron microscopy (Cryo-TEM) images of mRNA-LNPs. 

Samples were stored in 10 mM PBS buffer (pH 7.4) prior to imaging. 

Micrographs were acquired at a magnification of 45,000×, clearly showing the 

nanoparticle morphology and internal structure. 

 
While tangential flow filtration (TFF) did not significantly alter the loaded/empty 
particle ratio pre- versus post-purification, Nano Flow Sizer (NFS) and cryo-EM 
analyses indicated an increase in the average hydrodynamic diameter from 89 
nm to 105 nm. 
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Figure 57. A potential mechanism involves shear stress-induced 
reorganization of structurally incomplete mRNA-LNPs during tangential 
flow filtration (TFF) purification. This dynamic remodeling process may 
facilitate secondary mRNA encapsulation through lipid bilayer rearrangement, 
concomitant with an increase in hydrodynamic diameter and EE% 
 
Figure 57 shows why LNP increased after TFF process and how intravehicular 
compartments appeared. The observed multivesicular structures in cryo-EM 
images suggested shear-induced lipid reorganization as a potential mechanism 
for particle size enlargement. RiboGreen assays demonstrated an apparent 
encapsulation efficiency increase from 89% to 95% post-TFF (consistent 
across batch and continuous modes), potentially attributable to: 1) retention of 
free mRNA by the membrane (300 kDa cutoff), leading to underestimation of 
free RNA in RiboGreen analysis; 2) shear stress-driven passive loading of free 
mRNA into pre-LNPs through membrane defects, thereby increasing apparent 
encapsulation efficiency. 

 
Figure 58. Three typical TFF-purified LNP structures were observed. The 
cyro-EM characterization revealed significant morphological heterogeneity in 
tangential flow filtration (TFF)-purified mRNA-LNPs, categorized into three 
dominant subpopulations: A) Dual-particle conjugates—two distinct LNPs 
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stably connected via shared lipid interfaces; B) Ostwald fusion bodies—larger 
LNPs engulfing smaller counterparts through interfacial tension-driven fusion; 
C) Multivesicular complexes—single lipid membranes encapsulating multiple 
internal vesicles [255]. Current purification technologies lack resolution for 
selective isolation of specific morphological subtypes. And no development of 
morphology-guided separation strategies. 
 
Here are a few typical LNPs where intravehicular compartments exist, shown 
in Figure 58. Recent studies using cryo-EM and dye-mRNA have revealed 
dynamic structural characteristics of mRNA-LNPs: under specific physiological 
conditions, mRNA molecules dissociate from electrostatic complexes with 
ionizable lipids and migrate into intravehicular compartments formed by lipid 
bilayer reorganization [255]. These substructures significantly enhance mRNA 
stability through physical isolation, where vesicle membranes shield nucleic 
acids from oxidative attacks on phosphate backbones by reactive oxygen 
species and reduce alkylation modification risks to mRNA bases from lipid 
peroxides. Furthermore, intravehicular compartments improve in vitro 
transfection efficiency by regulating endosomal escape kinetics (e.g., 
enhancing pH-triggered membrane fusion efficiency) and enhance in vivo 
protein expression specificity in target organs. Future research should integrate 
cryo-electron tomography (cryo-ET) or single-particle tracking to further resolve 
the spatiotemporal regulatory mechanisms of vesicular topology on mRNA 
delivery efficacy, thereby guiding the design of next-generation modular LNPs 
[256]. 
 

5.4. mRNA-LNP Stability 
Previous studies systematically screening microfluidic synthesis parameters 
(flow rate ratios, lipid concentrations) and lipid formulations (ionizable/helper 
lipid ratios) demonstrated limited effects on the physicochemical stability of 
mRNA-LNPs (particle size variation <10%, PDI<0.15), indicating that LNP 
stability is predominantly governed by downstream purification processes (e.g., 
shear stress in tangential flow filtration) and storage environmental sensitivity. 
Under neutral to mildly alkaline conditions (pH 7.0-8.0), mRNA chemical 
degradation primarily occurs via base-catalyzed hydrolysis of phosphodiester 
bonds, involving intramolecular nucleophilic attack by the ribose 2'-hydroxyl 
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group on adjacent phosphorus atoms, which triggers β-elimination reactions 
[97, 257]. Early formulation studies revealed that PBS buffer containing 10% 
sucrose (w/v) maintained colloidal stability of mRNA-LNPs at -20°C for ≥30 
days (particle size increase <15%), whereas ultra-low temperature storage (-
80°C or liquid nitrogen snap-freezing) induced significant post-thaw 
aggregation (particle size >200 nm) due to mechanical ice crystal damage and 
lipid phase separation. Recent optimization strategies incorporating zwitterionic 
buffer systems (e.g., HEPES/Tris) and non-reducing sugar stabilizers, coupled 
with post-purification payload calibration, provide critical technical support for 
mRNA-LNP formulation development.  

 
Figure 59. Effect of TFF on particle size distribution and comparison of 
particle size distribution of Thaw recovery at different temperatures. 
Comparison of particle size distributions between Crude mRNA-LNP samples 
and those purified by TFF, as well as mRNA-LNPs stored at -20°C after thawing 
under different temperature conditions (4°C, room temperature, and 37°C). 
 
The TFF-purified mRNA-LNPs stored at 4°C, -20°C, and -80°C for two weeks 
and thawed at ambient temperature (20°C) demonstrated significant 
differences in colloidal stability. The -80°C storage group exhibited marked 
colloidal instability, manifested as visible phase separation and lipid 
aggregation, with signal noise exceeding the detectable range of NFS 
measurements. In contrast, the 4°C and -20°C storage groups maintained 
satisfactory monodispersity, suggesting that mechanical stress from ice crystal 
formation during ultra-low temperature storage may compromise LNP structural 
integrity. To mitigate such degradation, optimization of cryoprotectant 
formulation (e.g., 10% glucose) and implementation of controlled freezing 
protocols are recommended [258, 259]. Notably, mRNA-LNPs maintained 
stability at -20°C storage, and no significant changes in particle size distribution 
were observed across different thawing temperatures. 
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Figure 60. Comparative plots of LNP particle size changes for TFF 
treatments. Comparison of particle size changed between Crude mRNA-LNP 
samples and those purified by TFF, Stored in 4°C. 
 
Figure 60 shows long-term stability studies based on experimental data 
revealed a time-dependent increase in particle size during storage at 4°C. After 
1, 2, and 3 months of storage, the cumulative size increases reached 3%, 7%, 
and 17%, respectively. This progressive size enlargement suggests the 
potential occurrence of aggregation mechanisms in LNPs during storage.  
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Figure 61. The RNA integrity comprsion of purified LNP sample and 30 
days fridge store purified LNP samples. Electrophoretic analysis 
demonstrates the mRNA integrity profiles following LNP release in the mixed 
reaction, after TFF purification, and subsequent to 30-day storage at 4°C. In the 
electrophoretogram, the X-axis represents nucleotide length (nt), while the Y-
axis indicates the relative abundance of mRNA at specific fragment sizes in 
relative fluorescence units (RFU). The characteristic peak of eGFP mRNA 
(approximately 1043 nt, blue) and the lower marker (LM ~15 nt, red) are clearly 
identified in the profile. 
 
The capillary gel electrophoresis (CGE) analysis confirmed that the integrity of 
eGFP mRNA remained well-preserved throughout both the tangential flow 
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filtration (TFF) purification process and the 30-day storage period at 4°C. 
 

5.5. Conclusion 
During the COVID-19 pandemic, the shortage of vaccine doses exposed the 
limitations in production capacity and responsiveness of mRNA vaccine 
manufacturing processes. With the rapid advancement of RNA vaccines and 
therapeutics driven by the pandemic, there is an increasing demand for more 
efficient and scalable manufacturing platforms. In the post-pandemic era, the 
production of mRNA drug products (mRNA-DPs) is shifting toward high-
throughput, real-time quality monitoring, and enhanced process flexibility, with 
continuous manufacturing and single-use technologies emerging as key 
enablers of this transformation. 
 
This study developed an integrated manufacturing platform featuring 
continuous-flow LNP synthesis, real-time in-line monitoring of particle size and 
polydispersity index (PDI), and single-pass tangential flow filtration (SP-TFF) 
purification, enabling continuous process intensification for mRNA drug product 
(DP) manufacturing. By establishing real-time monitoring-feedback loops 
between critical quality attributes (CQAs) and operational parameters, the 
system effectively mitigates inter-process delays inherent in batch production, 
thereby enhancing real-time controllability of product specifications.  
 
This research systematically evaluated the applicability of modular single-use 
assemblies (e.g., static mixers and single-pass tangential flow filtration systems) 
in continuous mRNA-LNP manufacturing. By integrating ready-to-use process 
modules with a Process Analytical Technology (PAT)-based online nano flow 
sizer system, an in situ real-time monitoring method for lipid nanoparticle 
hydrodynamic diameter (Average Size) and polydispersity index (PDI) was 
established for the first time. This approach significantly reduced capital 
investment, enhanced process flexibility and operational efficiency. The 
process-related residues were found to comply with the elemental impurity 
limits set by the International Council for Harmonisation (ICH) guideline Q3D, 
which outlines the acceptable levels of elemental impurities in drug products to 
ensure safety. The formulation demonstrated superior encapsulation efficiency 
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(95.5 ± 4%) with monodispersed characteristics (hydrodynamic diameter: 105 
± 6 nm; PDI: 0.1 ± 0.02), alongside stringent control of residual ethanol 
(0.003% ,30 ppm) and unencapsulated LNPs (<1%). mRNA integrity reached 
86.2 ± 3%, while the final product maintained a stable pH of 7.0 ± 0.1, fully 
complying with international quality standards for mRNA-LNP drug products. 
 
The continuous manufacturing platform developed in this work overcomes 
technical bottlenecks of traditional batch production, offering a rapidly scalable 
mRNA-LNP production solution for emergent public health demands through 
synergistic integration of real-time quality monitoring and modular process 
design.  
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Conclusion 
This thesis presents a comprehensive exploration of the formulation, process 
development, and purification of mRNA-loaded lipid nanoparticles (mRNA-
LNPs), aiming to establish a scalable, high-quality, and continuous 
manufacturing strategy. Through a series of experimental chapters, this work 
systematically addressed formulation optimization, process intensification, and 
downstream purification—each contributing unique innovations and actionable 
outcomes for the industrial translation of RNA therapeutics. 
 
In Chapter 3, critical process parameters (CPPs)—including total flow rate 
(TFR), flow rate ratio (FRR), and lipid concentration—were first explored via 
univariate and DoE approaches. Response surface methodology (RSM) 
revealed a strong interaction between TFR and lipid concentration in regulating 
particle size. The Swirl Mixer, under optimized conditions (TFR = 110–140 
mL/min, FRR = 3:1–6:1), consistently produced mRNA-LNPs with particle size 
of 74 ± 5 nm, PDI of 0.11 ± 0.02, and encapsulation efficiency (EE%) above 
95%. These results confirmed robust parameter windows for continuous 
operation. 
 
Chapter 4 evaluated various lipid structures, including ionizable lipids (e.g., 
ALC-0315, SM-102), helper lipids, and PEG-lipids. The optimized formulation—
ALC-0315 (45 mol%), DOPE (15.9 mol%), cholesterol (37.85 mol%), and ALC-
0159 (1.25 mol%)—demonstrated not only improved encapsulation (EE% ≈ 
95.5%) and colloidal stability (PDI ≈ 0.1), but also superior storage stability at 
4 °C for 2 months and higher transfection efficiency in preliminary cell-based 
assays. 
 
Chapter 5 introduced a novel integrated continuous manufacturing platform 
incorporating real-time in-line monitoring via a Process Analytical Technology 
(PAT)-enabled nano flow cytometry system and downstream purification using 
single-pass tangential flow filtration (SP-TFF). The platform achieved stable 
product outputs: mRNA integrity of 86.2 ± 3%, residual ethanol <30 ppm, 
particle size 105 ± 6 nm, and unencapsulated LNPs <1%. Notably, switching 
from PES to regenerated cellulose membranes increased recovery to 90% after 
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three-step concentration, highlighting the importance of membrane selection in 
continuous purification. 
 
While each chapter delivered standalone insights, the overall innovation lies in 
combining microfluidic synthesis, online PAT, and continuous purification into a 
modular, adaptable platform. Although the system does not yet meet full GMP 
compliance, it provides a foundational framework to support future GMP-level 
scale-up. The use of real-time analytics and design-of-experiments enables 
tighter process control, reduced batch variability, and efficient resource 
utilization—advancing mRNA-LNP production toward clinical readiness. 
 
Looking ahead, future research should focus on developing novel ionizable and 
PEGylated lipid chemistries to enhance intracellular release efficiency and 
enable organ-specific targeting; expanding the scope of nucleic acid cargos to 
include emerging modalities such as siRNA, self-amplifying RNA (saRNA), or 
circular RNA (circRNA); implementing real-time adaptive control systems 
based on Process Analytical Technology (PAT) to realize closed-loop 
automation; investigating long-term stability and biodistribution in relevant in 
vivo models to support clinical translation; and ultimately integrating upstream 
microfluidic synthesis with downstream single-pass purification into a fully end-
to-end continuous manufacturing system. Together, these efforts will 
accelerate the transition from lab-scale experimentation to real-world 
therapeutic application, ensuring that mRNA-based medicines become more 
accessible, scalable, and responsive to global health needs in the post-
pandemic era. 
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Appendix 
Fig 25 T-mixer Total Flow Rate, Flow Rate Ratio and Formulation 

Concentration Experiment Particle Size Distribution Raw file 
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Total Flow Rate 2 mL/min 
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Total Flow Rate 6 mL/min 
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Total Flow Rate 12 mL/min 

 
Total Flow Rate 16 mL/min 

 
Total Flow Rate 18 mL/min 
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Total Flow Rate 26 mL/min 

 

Total Flow Rate Data 
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Flow Rate Ratio 1:1 

 
Flow Rate Ratio 2:1 

 
Flow Rate Ratio 3:1 
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Flow Rate Ratio 4:1 

 

Flow Rate Ratio 6:1 

 
Flow Rate Ratio 9:1 
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Flow Rate Ratio 20:1 

Flow Rate Ratio Data 
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Lipids Concentration 2 (mg) 

 
Lipids Concentration 4 (mg) 

 
Lipids Concentration 16 (mg) 

 
Lipids Concentration 20 (mg) 
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Lipids Concentration Data 
 

Fig 26 T-mixer PEG-lipid%, Lipids: Cholesterol and N/P ratio 
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PEG-lipids 15% 

 

PEG-lipids 20% 
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Lipids: Chol 1:1 

 
Lipids: Chol 1.5:1 
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Fig 27 Swirl Mixer Total Flow Rate, Flow Rate Ratio and Formulation 

Concentration Experiment Particle Size Distribution Raw file 
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Total Flow Rate 28 mL/min 

 

Total Flow Rate 40 mL/min 
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Total Flow Rate 80 mL/min 

 
Total Flow Rate 100 mL/min 
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Flow Rate Ratio 1: 1 

 
Flow Rate Ratio 2: 1 

 
Flow Rate Ratio 3: 1 
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Flow Rate Ratio 4: 1 

 
Flow Rate Ratio 6: 1 

 

Flow Rate Ratio 9: 1 
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Flow Rate Ratio 20: 1 

 
Flow Rate Ratio Data Summary 
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Lipids Concentration 4 (mg) 

 
Lipids Concentration 10 (mg) 

 
Lipids Concentration 16 (mg) 
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Lipids Concentration 20 (mg) 

 
Lipids Concentration Data summary 

 
Fig 28 Swirl mixer PEG-lipid%, Lipids: Cholesterol and N/P ratio 

 
PEG-lipid 1.5% 
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PEG-lipid 20% 

 
PEG-lipid% Data Summary 

 

Lipid: Chol 1:1 



 216 
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Lipid: Cholesterol Ratio Data Summary 

 
Fig 29 Herringbone mixer Total Flow Rate, Flow Rate Ratio and 

Formulation Concentration Experiment Particle Size Distribution Raw 
file 
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Total Flow Rate 8 mL/min 

 
Total Flow Rate 10 mL/min 

 

Total Flow Rate Data Summary 
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Flow Rate Ratio 2:1 
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Flow Rate Ratio Data Summary 
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Fig 34 Heatmap Support 

 


