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Investigating Potency and Efficacy of mRNA Lipid Nanoparticle Systems and Targeting Lymph 

Node 

Burcu Binici 

Abstract 
mRNA lipid nanoparticle (LNPs) based vaccines played a crucial role in dealing with the COVID-

19 pandemic. The primary function of LNPs is to encapsulate and deliver mRNA to the target 

site, facilitating its release into the cytosol, thereby eliciting an immune response against the 

antigen transcribed from the mRNA. Despite LNP's first approval in 2018 for delivering siRNA 

to the liver cells, LNPs face challenges such as endosomal escape, stability, and extrahepatic 

targeting. The components of LNPs need to be optimised with in vitro and in vivo studies to 

address these challenges.   

This thesis aimed to investigate the efficiency of mRNA-LNP systems. The study evaluated 

ionisable lipids such as ALC-0315, SM-102, and Polyethylene glycol (PEG) lipids, including 

DMG-PEG2k and ALC-0159. From the in vitro and in vivo studies, SM-102 LNPs were selected 

as a lead formulation and moved further with testing the ionic strength of the encapsulation 

buffer. This study showed that the concentration of citrate buffer also had a significant role 

in transfection efficiency; increasing the ionic strength from 50 mM to 300 mM negatively 

impacted the transfection efficiency. Additionally, the efficacy of a microfluidic-based rapid 

mixing method (MF) was evaluated using the Design of Experiment (DoE) approach to reveal 

the importance of process parameter and their interactions and quadratic effects. 

Subsequently, an in vivo study (using ovalbumin (OVA) mRNA in varying doses) highlighted 

the sex-specific immune response, irrespective of the protein expression. The final study 

focused on using biotinylated LNPs to target the lymph node, exploiting the strong interaction 

between avidin and biotin. 

Overall, this thesis provided insight into investigating mRNA-LNP systems, demonstrating 

potential strategies to enhance the efficacy of mRNA-based vaccines, which is crucial for 

advancing therapeutic applications.    
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1.1 Lipid Nanoparticle for Drug Delivery  
Lipid-based drug delivery systems were initially developed based on the self-assembly 

properties of lipids in water. Liposomes (Figure 1.1) are the earliest sub-group of these systems 

and were developed in the 1960s [1,2]. In 1995, the first liposomal drug product, Doxil®, was 

approved, encapsulating the chemotherapeutic drug doxorubicin to treat ovarian cancer [3]. 

Additionally, in 1978, the transfection of mRNA into human cell lines was first established via 

encapsulating it into lecithin liposomes composed of Phosphatidylcholine (PC) and 

Phosphatidylethanolamine (PE) [4,5]. A later variation of liposome is lipid nanoparticle (LNP), 

as shown in Figure 1.1. Liposomes and LNPs are slightly different; liposomes have an aqueous 

core and bilayer(s), while LNPs have a more electron-dense core and a single lipid layer (Figure 

1.1). When it comes to encapsulating larger molecules such as nucleic acids, liposomes may 

face challenges with encapsulation efficiency (EE) and stability [6]. A transmembrane pH 

gradient can be exploited to load small molecules into the liposomes. However, this method 

is not effective for encapsulating negatively charged macromolecules such as mRNA due to 

their size and negative charge [7]. Encapsulating mRNA into the LNPs is based on charge 

interaction between mRNA and lipid. It is a self-assembled process using microfluidic systems 

while encapsulation into the liposomes is based on high-energy dispersion that utilises the 

thin-film dispersion method [8]. 

 
Figure 1.1 Illustration of liposome and lipid nanoparticle (LNPs), created by Biorender. Liposomes have aqueous 
cores and bilayer-structured membranes, while LNPs have electron cores and single lipid layer membranes. 



31 
 

Notwithstanding, liposomes have been used to encapsulate nucleic acids, with a major 

development being the use of a positively charged lipid, 1,2-di-O-octadecenyl-3-

trimethylammonium propane (DOTMA), by Felgner in 1987 [9]. This lipid formed stable 

unilamellar vesicles alone and with phospholipids. However, in vivo studies revealed toxicities 

and immune system activation related to the cationic lipids [9]. Thus, their applications are 

limited to in vitro delivery, and they are currently in the market as an in vitro transfection 

reagent, Lipofectamine, in combination with dioleoylphosphatidylethanolamine (DOPE) 

(DOTMA: DOPE) [10]. Despite the limitations of cationic liposomes, early studies have paved 

the way for the development of ionisable cationic lipids. These lipids introduce a positive 

charge at the acidic pH and can encapsulate negatively charged nucleic acid, and they become 

neutrally charged at physiological pH. This is enabled by the lipid head groups having an acid-

dissociation constant (pKa) between 6-7. Based on this principle, 1,2-dioleoyl-3-

dimethylammonium-propane (DODAP) was developed as the first ionisable lipid; however, 

DODAP lacked efficient intracellular delivery. Subsequently, 1,2-dilinoleyloxy-N, N-dimethyl-3-

aminopropane (DLin-DMA) as an ether analogue of DODAP with linoleic acyl chains was 

developed to target the hepatocytes to silence a gene using small interfering RNA (siRNA) via 

intravenous (IV) injection [7]. Further refinements in lipid chemistry led to the development 

of (4-(dimethylamino)-butanoic acid, (10Z,13Z)-1-(9Z,12Z)-9,12-octadecadien-1-yl-10,13-

nonadecadien-1-yl ester) DLin-MC3-DMA (MC3), resulting in improved efficiency of siRNA 

delivery 3-times compared to DLin-DMA [7]. Eventually, Onpattro (Patisiran®) employing MC3 

was approved by the Food and Drug Administration (FDA) in 2018  for the treatment of 

hereditary transthyretin by silencing transthyretin activity in the liver (Table 1.1). MC3 

substantially reduced the dose required for efficient gene silencing [9]. In the design of 

ionisable lipids, a pKa between 6.2 and 6.4 has been reported as the most effective window 

for the amine group of the cationic ionisable lipids for the targeting of the hepatocytes via IV 

injection [7]. In addition to pKa, the saturation level of the acyl chains and ether linkages in 

the ionisable lipids was reported as another critical factor that needs to be considered when 

developing ionisable lipids [7].  

The breaking point for LNPs came with the COVID-19 pandemic. mRNA-1273 vaccine entered 

the phase 1 clinical trial 63 days after the Severe Acute Respiratory Syndrome Coronavirus 2 

(SARS-CoV-2) sequence was released [11]. This enormous speed was not a surprise as mRNA-
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LNP vaccines were already in clinical trials for infectious diseases such as the influenza virus 

[12]. LNPs are a very versatile platform as they enable the encapsulation of a wide range of 

mRNA or siRNA with established protocols; namely, existing LNP formulations may allow easy 

encapsulation of mRNA encoding the desired protein antigen. The COVID-19 pandemic 

accelerated the approval process of LNPs encapsulating mRNA, which encodes SARS-COVID-

19 spike protein. Both Spikevax (mRNA 1273) and Comirnaty (BNT162b2) vaccines showed 

over 90% efficacy and were approved by the FDA (Table 1.1). Additionally, their safety profile 

fulfilled the criteria by not interacting with the recipient’s nucleus. Moreover, their ease of 

production and low cost were additional attractive factors.  

1.2 The Component of mRNA-LNPs 
LNPs can be manufactured using a micromixer that rapidly mixes the lipid phase with the 

mRNA phase (Figure 1.2). In this process, the lipids (typically dissolved in a solvent such as 

ethanol) are rapidly mixed with an aqueous phase at low pH, usually around pH 4 (normally 

containing mRNA). This rapid mixing leads to nanoprecipitation and the formation of LNPs 

(Figure 1.2). Subsequently, a buffer exchange is conducted to bring the pH to physiological 

levels and remove ethanol content (Figure 1.2).  

 
Figure 1.2 Illustration of production of mRNA lipid nanoparticles. Lipid dissolved in a solvent (usually ethanol) is 
rapidly mixed with mRNA using a staggered herringbone micromixer. After the self-assembling of LNPs, buffer 
exchange is performed to remove ethanol and to raise pH to physiological conditions. Figure created by Biorender.
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Table 1.1 Features of ionisable and PEG lipid structures of three approved RNA-based products. The table prepared was by the source referenced  [13–16] 
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1.2.1 Lipid Phase 

Typically, LNPs are composed of 4 lipids, including structural, helper, ionisable, and PEG lipids 

(Figure 1.1), and each lipid has the responsibility of encapsulating mRNA and releasing it. 

1.2.1.1 Helper Lipids  

Helper lipids provide structural support to the LNPs during self-assembly in the production 

step and help maintain particle integrity during storage. Cholesterol and phospholipids 

(especially Distearoylphosphatidylcholine (DSPC) and 1,2-Distearoyl-sn-glycero-3-

phosphorylethanolamine (DSPE)) are the most used helper lipids in LNP formulations [6]. 

Cholesterol provides structural integrity and rigidity by filling the gaps between the lipids 

(Figure 1.3) and driving the lipids to a liquid order phase. When cholesterol is formulated with 

high transition temperature lipids (e.g., DSPC; 55 0C), cholesterol increases membrane fluidity 

by slotting between the hydrophobic tails. On the other hand, cholesterol decreases 

membrane fluidity for lipids with low transition temperature (for example, DOPC; -40 0C) by 

filling the gaps between hydrophobic chains of the lipids, and thus increases the membrane 

thickness [17]. In both cases, cholesterol helps bring membranes to the liquid order phase 

(Figure 1.3). Cholesterol can be transferred from the endogenous membrane and accumulate 

in the particle. Therefore, the amount of cholesterol in typical formulations is maintained 

close to that of the endogenous membrane, thereby providing equilibrium between the 

endogenous (30-40%) and exogenous cholesterol, therefore maintaining the structural 

integrity of the membrane [17]. Moreover, higher cholesterol content generally increases 

membrane rigidity. However, it could also affect the deprotonation of the ionisable lipids due 

to forming insoluble cholesterol in the LNP core [18]. Furthermore, cholesterol is likely 

responsible for the accumulation of LNPs in the liver. ApoE has a high affinity to lipids and 

binds to the LNP surface in the bloodstream. This binding, influenced by cholesterol content, 

leads to internalisation by low-density lipoprotein receptors (LDLR), which are primarily found 

in the liver. Using various cholesterol analogues can drive the selectivity of LNPs in the various 

cells of the liver. For example, modification of the cholesterol tail via oxidation can promote 

accumulation in the liver endothelial cells and Kupfer cells instead of the hepatocytes [10]. 

Also, using different cholesterol analogues can manipulate gene expression and particle 

morphology. For example, using the β-sterol analogue improved the transfection efficiency 

200-fold [19]. 
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Figure 1.3 The three different lipid-membrane phases are liquid-disordered, liquid-ordered and gel phase. 
Cholesterol fills the gaps between the hydrophobic tails when combined with lipids with low transition 
temperature, increasing bilayer thickness. Also, cholesterol inserts the hydrophobic chain of the lipids with high 
transition temperature, which increases membrane fluidity and decreases bilayer thickness. The figure is from 
[17] 

 

Phospholipids are another structural lipid in LNPs, promoting bilayer formation due to their 

cylindrical structure. They also contribute to releasing mRNA into the cytosol by disturbing the 

endosome membrane [6]. PC, a member of phospholipids, is found in mammalian biological 

membranes. DSPC is the most used phospholipid for the manufacturing of LNPs. DSPC 

provides stability to LNPs due to the higher melting point (550C) associated with the saturated 

hydrophobic chains. LNPs, including unsaturated PCs such as 1,2-Dioleoyl-sn-glycero-3-

phosphocholine (DOPC), are more prone to opsonisation (coating the particles by serum 

protein to be recognised and internalised by immune cells) due to their low transition 

temperature resulting in a more fluid lipid membrane at physiological temperature [20]. DSPC 

is included in all the clinically approved RNA-based LNPs at approximately 10% mol of the total 

lipids [21–23]. DOPE is another type of phospholipid known as fusogenic lipid due to its 

inverted cone-shaped structure. When comparing these three phospholipids, the order for 

stability is DSPC>DOPC>DOPE [20]. However, DOPE has been shown to have a higher 

transfection efficiency compared to DSPC [24]. Therefore, transfection activity and stability 

need to be considered when selecting phospholipids.                                                                                                                                                                                                                                                                                                                                                                               

1.2.1.2 Ionisable Lipids 

LNPs are internalised into the cells by endocytosis, and the payload (mRNA) needs to be 

released from this endosomal vesicle, known as an endosomal escape. This process is critical 

for transfection efficiency, as the released mRNA will translate into the corresponding protein 

by the ribosome, which is the ultimate goal. Ionisable lipids play a crucial role in endosomal 

escape (detailed in section 1.2.1) and encapsulation of mRNA into the LNPs during the 

production step. The power of ionisable lipids relies on a tertiary amine head group (Chemical 



36 
 

structures in Table 1.1), enabling protonation at an acidic pH and being neutral at the 

psychological pH. In the design of these lipids, a balance between enabling efficient 

encapsulation, effective endosomal release, and minimising toxicity at psychological pH must 

be considered. pKa of the lipids often evaluates this balance (Figure 1.4).  

 

Figure 1.4 Illustration of optimum pKa of ionisable lipids for an effective endosomal release at pH4 and 
minimising toxicity at pH 7.4.  

 

As mentioned, the optimal pKa range of ionisable lipids to elicit an adaptive immune response 

via the intramuscular route has been defined as 6.6-6.9; however, this decreases to 6.2-6.6 for 

optimum protein expression via the intravenous route [25]. In this pKa range, the amine group 

will be positively charged at pH 4, enabling the formation of a complex with negatively charged 

mRNA, resulting in mRNA-loaded LNP (Figure 1.5). When the pH is increased to physiological 

conditions during buffer exchange, the particles become neutral in charge, preventing toxicity 

associated with the positive charge, as cationic particles are known to cause toxicity (Figure 

1.5).  

Once the LNPs are internalised into the cell by endocytosis, ionisable lipids will again be 

protonated due to the acidic nature of endosomes (pH4). Then, this positive charge will 

interact with the negatively charged lipid of the endosomal membrane, making an ion pair 

(Figure 1.6). This charge interaction will disturb both the LNP and endosomal membranes and, 

eventually, result in the mRNA being released into the cytosol. However, the optimal pKa range 

may not always ensure efficient mRNA release, and the geometric shape of the ionisable lipids 

is another crucial factor. A wider and branched tail, more cone-shaped lipid, disrupts the 

membrane more, leading to greater endosomal release. As previously mentioned, the 

development of ionisable lipids was initiated with DODAP. However, a high dose is needed to 
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reach a therapeutic level in vivo, and since then, ionisable lipids have been under development 

to improve efficiency and biodegradability. 

 

 

Figure 1.5 The pH fluctuation through the LNP life cycle from production until the payload is released. At pH4, 
mRNA forms a complex with ionisable lipids, and then LNPs are neutralised by increasing pH to 7.4. Upon 
injection and cell uptake, LNPs are internalised by endocytosis, where they encounter the acidic pH of the 
endosome [26]. 

 

Ionisable lipids can be divided into five groups according to their shape, saturation level and 

tolerability: unsaturated, multi-tail, polymeric, biodegradable and branched-tail ionisable 

lipids [27]. The saturation level of the lipid tail substantially affects the ionisable lipid 

efficiency. Increasing unsaturation levels can lead to greater endosomal release, as the double 

bonds can disrupt the endosomal membrane more effectively. However, having only 

unsaturated bonds in the tail is not enough for potential in vivo delivery. Multi-tail (3 or more 

tails) and branched tail (wider structure) are the most dominant factors in releasing mRNA 

into the cytosol as they can disturb the membrane more effectively. For example, C12-200 has 

five tails and was initially developed for siRNA delivery. However, it was optimised for mRNA 

delivery using the Design of Experiments, resulting in improved expression [24]. The branched 

tail structure has a principle similar to the multi-tail structure and, hence, greater endosomal 
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escape due to its more cone-shaped morphology. It has been reported that an unsaturated 

tail is more critical for ionisable lipids with long tails; however, such an effect is less 

pronounced for multiple short tails [27]. 

 

 

Figure 1.6 mRNA release into the cytosol based on electrostatic interaction between the endosomal and LNP 
membrane lipids. Ionisable lipids are ionised at the acidic pH of the endosome and interact with the negatively 
charged lipids of the endosomal membrane. This ion pair results in an inverted cone shape, disturbing the 
endosomal membrane and eventually releasing mRNA into the cytosol [28]. 

 

The other group is biodegradable ionisable lipids, especially important for RNA therapeutics 

requiring multiple doses. However, the degradability of ionisable lipids is limited due to stable 

backbones. Including ester bonds in the ionisable lipids is a common approach to improve the 

biodegradability of the ionisable lipids, as the ester bonds are prone to hydrolysis in the tissue 

and cells. For example, it has been reported that MC3 is less biodegradable than 9-

Heptadecanyl 8-{(2-hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl]amino}octanoate (SM-102) 

(Table 1.1) which has an ester linker group [25]. It is reported that ionisable lipids involving 

ester bonds have a lower potency than non-degradable analogues due to ease of hydrolysis 

and faster elimination [27]. Therefore, introducing ester bonds needs to be carefully 

considered regarding the balance between tolerability and efficiency. Disulfide bonds are 

another approach to improving biodegradability. However, their synthesis is relatively difficult. 

Ionisable polymer lipids, including a free amine group on the cationic polymers, have been 
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investigated. However, the toxicity issue with polymers needs to be considered. When 

comparing SM-102 and ALC-0315 (Table 1.1) as ionisable lipids used in the Spikevax and 

Comirnaty COVID mRNA-LNPs vaccines, there are common features: both contain tertiary 

amine, ester linkers and branched tails. The head group and tail structure are different; ALC-

0315 has an amino butanol head group, while SM-102 has aminoethanol, leading to ALC-0315 

having a slightly (2C) longer head group. Regarding the tail, ALC-0315 has a more branched 

tail than SM-102. Moreover, it has been reported that the behaviour of forming bilayer of both 

lipids differs since ALC-0315 possesses four extremely short tails while SM-102 only has three 

tails, with one of them being of sufficient length to stabilise the lipid within the lipid layer [29]. 

Toxicity issues, difficulties in synthesis, and extrahepatic delivery are challenges that must be 

addressed in future applications of ionisable lipids. 

1.2.1.3 PEG lipids  

Another lipid component is the PEGylated lipid, which coats the particle surface. It controls 

particle size during the production step and helps maintain particle stability during storage. 

PEG chains form a mushroom- or brush-like hydration layer around the particles due to the 

hydrophilic nature of PEG. This layer provides a physical stearic barrier around the particle, 

preventing particles from coming too close to each other and aggregating during storage. Also, 

it reduces nonspecific binding to the blood proteins, preventing opsonisation, which can lead 

to extending blood circulation time [12]. In vaccination applications, LNPs must be quickly 

internalised into the cells to release mRNA before clearing from the injection site. However, a 

longer circulation half-life can be used as a strategy to increase the accumulation of drugs 

within tumours. Therefore, the use of PEG lipids varies according to the applications. 

Nonetheless, higher PEG content can cause problems such as diminished cellular uptake and 

PEG-related allergic reactions [30]. For example, Semple et al. showed that decreasing PEG 

content (from 10% to 1.4%) showed a 5-fold increase in potency [31]. Thus, the PEG content 

must be carefully tailored to optimise particle size and stability without hindering cellular 

uptake. Also, PEG lipids allow surface modification by attaching the ligand to the PEG chain’s 

terminal end. PEG lipids comprise hydrophobic acyl chains, a hydrophilic polar head group, a 

linker, and a PEG chain. The length of the PEG chain can affect the particle size: larger PEG 

chains (20-50 kDa) are preferred for small molecules to increase their size and avoid renal 

clearance, while smaller PEGs (1-5 kDa) are preferred for larger formulations such as 
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nanoparticles[30]. An increased risk of PEG-related anaphylaxis is associated with higher 

molecular weight and concentration of PEG. However, a longer PEG chain provides better 

steric hindrance by minimising unwanted interactions with the biomolecules. mRNA/siRNA-

LNP products typically use 2kDa PEG [21–23]. It has been reported that the terminal group of 

the PEG chain is likely contributing to the level of PEG-related immune response. For example, 

methoxy-PEG (mPEG) is more immunogenic than hydroxy-PEG, likely because the immune 

system more readily recognises methoxy's more lipophilic nature than hydroxy end [32]. This 

can result in loss of activity for mPEG conjugates as they are cleared by the immune system. 

Regarding the lipid part of PEGylated lipids, the hydrophobic chain’s length is essential in terms 

of the capability of the PEG chain to dissociate from the lipid bilayer. This dissociation rate is 

an important parameter, as the PEG chain likely hinders cellular uptake due to limiting the 

interaction between the cellular membrane and particle [33]. The desorption rate of the PEG 

chain is driven by the quantity and length of hydrophobic chains because the energy required 

for PEG chain desorption is higher with a greater number of hydrophobic carbon chains [34]. 

The number of carbon acyl chains affected the desorption rate of the PEG chain, ultimately 

affecting transfection efficiency [35]. PEG density around the particle surface is also a critical 

factor. It was shown that increasing PEG content decreased mRNA transfection profile in vitro 

[36,37] and in vivo [34,38,39]. Therefore, the quantity and length of the PEG chain and lipid 

chain must be carefully tailored.    

1.2.2 mRNA and Aqueous Phase  

Encapsulation buffers refer to the buffer in which mRNA is diluted to prepare the aqueous 

phase. After forming LNPs, a buffer exchange raises pH to physiological conditions, 

neutralising the particles (Figure 1.2). Storage buffer refers to the buffer exchanged.   

1.2.2.1 Encapsulation Buffer  

Compared to the lipid phase, the aqueous phase has received less attention in mRNA-LNP 

development. The choice of buffer, pH and ionic strength are the key factors in encapsulation 

buffer when preparing LNPs. Citrate buffer is frequently used as the encapsulation buffer 

because citric acid minimises the hydrolysis of RNA by chelating the RNase. The pH of this 

buffer is typically set to 4, according to the Henderson-Hasselbalch equation (Equation 1.1), 

to protonate the ionisable lipid efficiently.  
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In this thesis, mRNA encoding firefly luciferase (Fluc mRNA) was used as a model mRNA to 

assess the in vitro and in vivo delivery efficiency of LNPs (Figure 1.7). The luminescence light 

generated from the reaction between substrate (luciferin) and enzyme (expressed protein 

from luciferase encoding mRNA) is widely used to evaluate the delivery efficiency of LNPs in 

vitro and in vivo (Figure 1.7). Additionally, the immunological profile stimulated by mRNA-LNPs 

was tested using ovalbumin (OVA) mRNA as a model antigen-encoding mRNA. 

 

The N-to-P ratio, representing the ratio between lipid and mRNA, is a crucial parameter in LNP 

formulation. Here, N refers to the molarity of the amine group in ionisable lipids (depending 

on the number of ionised amine groups at acidic pH), and P refers to that of the phosphate 

group in nucleotides. This ratio is closely related to EE, particle size, surface charge, 

morphology, and even toxicity of the particles. [18,40]. For instance, increasing the N/P ratio 

led to higher transfection efficiency [24,41]. The N/P ratios for Patisiran and both COVID 

vaccines were 3 and 6, respectively [13]. 

1.2.2.2 Storage Buffer  

Storage buffers are used to store LNPs and play a key role in the stabilisation of LNPs during 

storage. PBS is the most preferred buffer due to its similarity to physiological conditions; 

however, it is not ideal for freeze-drying, a dehydration process for long-term storage of LNPs 

[42]. TRIS buffer, often combined with sucrose or trehalose, which are cryoprotectants, is 

more suitable for freeze-drying and storage.  Initially, the Comirnaty vaccine was formulated 

with PBS, including potassium chloride and sodium chloride; however, due to notable pH 

variations that can arise in PBS following freezing, the formulation was later changed to TRIS 

buffer [43]. Tris-HCl is used because it stabilises nucleic acid molecules.  

  

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔
[𝑇𝑒𝑟𝑡𝑖𝑎𝑟𝑦 𝑎𝑚𝑖𝑛𝑒]

[𝑄𝑢𝑎𝑡𝑒𝑟𝑛𝑎𝑟𝑦 𝑎𝑚𝑖𝑛𝑒]
 

                                                                            Equation 1.1 
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Figure 1.7 In vitro and in vivo evaluation of the transfection efficiency of LNPs carrying Fluc mRNA. The reaction 
between Luciferase protein as an enzyme (expressed in vitro and in vivo from Fluc mRNA) and luciferin as 
substrate generates luminescence light in vitro and in vivo. This light serves as an indicator of the LNPs’ delivery 
efficiency. 

 

1.1 The Production and Purification of LNPs and Characterisation  

1.1.1 Production Method  

Implementing traditional methods, such as thin-film hydration or extrusion, for manufacturing 

LNPs is limited by low encapsulation efficiency, poor reproducibility and scalability, multi-

staged and labour-intensive manufacturing [42]. Moreover, these methods were unsuitable 

for nucleic acids, which are prone to degradation. As a result, in-line T-tube mixing and 

microfluidic methods, such as Microfluidic hydrodynamic focusing (MHF) and Staggered 

Herringbone Mixer (SHM), have been developed (Figure 1.8). LNPs are self-formed due to the 

supersaturation of lipid molecules driven by the rapid increase in the polarity. In other words, 

hydrophobic lipid chains become less soluble when mixed with the aqueous phase, leading to 

the nanoprecipitation of the lipids. The main advantage of this rapid mixing process is that it 

promotes improved controllable physicochemical properties, improved encapsulation 

efficiency, and ease of scale-up. These three methods each employ rapid-mixing methods. 

However, their flow mechanism is different due to variations in the 3D structure of the device. 

T-junction mixing uses the turbulent output flow [42], and it is generally known that 

decreasing the flow rate increases particle size and results in a higher PDI [43,44]. SHM 



43 
 

leverages the hydrodynamic focusing of the lipid mixture in the solvent by the aqueous 

phase[42]. Particle size and PDI can be controlled by altering the total flow rate (TFR) and flow 

rate ratio (FRR), which influence the width of the centre stream. Also, mixer geometry 

influences these parameters. SHM uses the chaotic advection mixing principle. 

 
Figure 1.8 Schematic illustration of new mixing methods: microfluidic mixing using A) a staggered herringbone 
mixer, B) in-line T-junction mixing, and C) microfluidic hydrodynamic mixing. The aqueous phase is illustrated in 
blue, the organic phase in red, and the resulting mixture containing particles in purple [42]. 

 

The SHM method offers better control over the mixing process and reduces the mixing time. 

SHM is a preferred method at the lab scale and can be used on a large scale by parallelising 

the microfluidic chips. In contrast, T-junction mixing is limited at the lab scale due to the high 

flow rate required for optimum physicochemical properties. However, this method is 

employed by companies to manufacture LNP-based mRNA or siRNA products. Overall, these 

methods provide high encapsulation efficiency, monodispersed particles in a controlled 

environment, low waste volume, and scalability through parallelisation. However, some 

drawbacks exist, such as high solvent content after mixing. According to the European and 

American current guidelines (Ph. Eur. and USP, respectively), the ethanol content is accepted 

up to 0.5% (v/v). Therefore, this ethanol must be removed using purification methods[42]. 

Another drawback of this rapid-mixing process is the low solubility of some lipids in ethanol, 

which can lead to lower lipid concentrations in the LNPs. In this thesis, all LNPs were prepared 

using SHM.  
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1.1.2 Purification of LNPs 

Various purification methods, including tangential flow filtration (TFF), dialysis, and spin 

columns, are employed for buffer exchange to remove ethanol content and increase pH to 

physiological conditions. The spin column protocol uses centrifugal forces to pass particles 

with a molecular weight (MW) lower than the MW cut-off of the filter through the membrane. 

Dialysis is based on diffusing the particles through a semi-permeable, generally cellulose, 

membrane. Tangential flow filtration is based on streaming the flows tangentially across the 

membrane instead of directly passing through it. TFF is highly scalable for large volumes; 

however, it is costly and more complex compared to the other methods. Dialysis can handle 

larger volumes; however, removing the small molecules may be less efficient due to the 

equilibrium across the membrane.  Additionally, working in an RNase-free environment poses 

challenges, although dialysis is gentle on the sample. Using the spin column is the most 

straightforward process among the options; nevertheless, it is difficult to scale up, and some 

lipids may not be compatible with the membrane. For example, 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP)-LNPs could not be centrifuged through the spin 

column membrane due to the cationic nature of DOTAP.   

1.1.3 Critical Quality Parameters 

1.1.3.1 Particle Size 

Particle size is a critical parameter, as it influences the in vivo accumulation, expression, and 

immunogenicity profile of LNPs [25,42,45,46]. An LNP size below 100 nm is suitable for 

efficient cellular uptake and transportation to the lymph node [47,48] and is associated with 

a single-bilayer particle [49]. Releasing mRNA from a single bilayer is likely easier than 

multilayer particles. The size of LNPs is determined by the self-assembly process, which can 

be driven by (i) the composition of LNPs, including the cholesterol content, PEG content, N-

to-P ratio, lipid concentration, the concentration of encapsulation buffer, the solvent used to 

dissolve lipids, and (ii) microfluidic parameters such as FRR [2,43,44,50–52]. Particle size can 

be measured using different techniques, such as dynamic light scattering (DLS), nanoparticle 

tracking analysis (NTA), scanning electron microscopy (SEM) and others.  

DLS is the most established technique for measuring particle size, and it works by evaluating 

the fluctuations in the intensity of light scattered by particles moving with Brownian motion 

in a fluid. These fluctuations are correlated to the hydrodynamic diameter of the particles. 
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The hydrodynamic size of the particles encompasses both the actual particle size and any 

surrounding layers that impact their motion. Therefore, DLS measured the core LNP size along 

with the PEG layer around the particles. DLS is the only technique accepted by the FDA as a 

standard nanoparticle analysis technique [53]. DLS is user-friendly, quick, reproducible, and 

can measure a broad range of particle concentrations. However, the presence of large particle 

aggregates can hinder accurate size measurement, and the peak resolution is likely lower 

compared to single particle analysis techniques such as NTA [54]. 

1.1.3.2 PDI 

In addition to the particle size, the distribution of the size is also another critical factor defined 

by the polydispersity index (PDI). It ranges from 0.00 (perfectly uniform distribution) to 1.00 

(highly polydisperse size populations). It does not have a unit calculated from a two-parameter 

fit to the correlation data [48]. For most nanoparticles, including LNPs, a PDI below 0.2 is 

desired. PDI can be measured by using DLS and can be affected by factors such as ionisable 

lipid content, PEG lipid content, and the manufacturing method used [43,55,56]. Microfluidic 

manufacturing methods are associated with homogeneous particle size distribution.  

1.1.3.3 Zeta Potential 

Zeta potential is often confused with surface charge; however, they are slightly different 

(Figure 1.9). Surface charge refers to the amount of electric charge per unit area between a 

solid and a liquid. In contrast, the zeta potential quantifies the strength of the electrostatic 

potential at the shear plane near a particle within a dispersion moving under an electric field. 

Zeta potential is measured by electrophoretic mobility and indicates the potential difference 

between the electric double layer (EDL) of electrophoretically mobile particles and the 

surrounding dispersant layer at the slipping plane [57].  

The zeta potential of LNPs is likely driven by the ratio between mRNA to lipid (N-to-P ratio), 

the charge of the head group of the ionisable lipids and the external buffer used. The zeta 

potential is crucial for colloidal stability; neutral particles can aggregate, while the charged 

particles ensure colloidal stability by repulsing each other. Zeta potential over 30 mV or below 

-30 mV is generally considered sufficient repulsion for stable particle suspension [6]. However, 

PEGylated LNPs can be excluded from this statement as the PEG chain already provides a 

stearic barrier. Zeta potential also plays a key role in the in vivo accumulation of particles. For 

instance, it has been reported that positively charged, negatively charged, and neutral 
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particles are more likely to accumulate in the lungs, spleen, and liver, respectively, upon IV 

injection [58,59].  

 

Figure 1.9 Illustration of zeta potential of the particle. The surface charge represents the total charge of a 
particle on its surface, while zeta potential measures the electric potential at the slipping plane surrounding the 
particle, indicating stability in colloidal systems. 

 

1.1.3.4 Encapsulation Efficiency and Recovery 

EE and recovery refer to the proportion of mRNA encapsulated into the LNPs and the total 

amount of mRNA present, respectively. EE is a critical parameter as naked mRNA is prone to 

degradation by RNase in the body, resulting in low transfection efficiency [60]. Ribogreen dye, 

which cannot pass the LNP membrane, is used to measure EE and recovery since it exhibits 

fluorescence when it binds to the single-stranded mRNA.  EE% and recovery% are calculated 

according to Equation 1.2 and 1.3, respectively.  

 

   

 

𝑚𝑅𝑁𝐴 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 % =
𝑇𝑜𝑡𝑎𝑙 𝑚𝑅𝑁𝐴 − 𝑈𝑛𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑚𝑅𝑁𝐴

𝑇𝑜𝑡𝑎𝑙 𝑚𝑅𝑁𝐴
 𝑥 100 

                                                                                          Equation 1.2 

𝑚𝑅𝑁𝐴 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 % =
𝑇𝑜𝑡𝑎𝑙 𝑚𝑅𝑁𝐴

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑅𝑁𝐴
 𝑥 100 

                                                                                          Equation 1.3 
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1.2 Mode of action of mRNA-LNPs 

This section explains the mode of action of mRNA LNPs following IM injection and their 

potential to elicit an immune response.  

1.2.1 Endosomal Release  

After LNPs are taken up by the cells, the endocytic pathway begins. For successful mRNA 

translation, LNPs must escape the endosome and be released into the cytosol before they are 

cycled through late endosomes or degraded by lysosomes. There are two main theories 

regarding endosomal escape.  

The first theory, as mentioned above, involves the acidic nature of the endosome. The 

protonated head group of the ionisable lipids interacts with anionic lipids located on the 

luminal side of the endosomal membrane (Figure 1.6). This ion pair formation impairs the 

integrity of the LNPs, releasing the cargo to the cytosol. pKa and the shape of ionisable lipids 

are well-known factors that influence efficient endosomal release [61]. Moreover, Zheng et al. 

showed that the topology, namely nanostructure, of mRNA-LNPs is also a critical factor in 

endosomal release [62]. Cubosome-shaped particles had higher endosomal release than 

lipoplex and inverse hexagonal structures. Also, a study showed that the endosomal release 

capability may depend on the transition temperature at which the membrane changes from 

a bilayer to the hexagonal phase [63]. Cholesterol also plays a crucial role in endosomal 

escape, promoting the hexagonal phase compared to the lamellar phase [64]. Some studies 

focused on using cholesterol substitutions, such as β-sterol, to improve the endosomal release 

[19,65].  

Another hypothesis behind endosomal escape is the proton sponge effect (Figure 1.10) 

though it is not as pronounced as the first mechanism. In this theory,  the buffering capacity 

of LNPs activates the proton pumps in the endosomal membrane ATPase, which pumps 

protons into the endosome [63,66]. Due to LNPs and excess protons, increasing ionic 

concentration within the endosome must reach equilibrium, which may involve the diffusion 

of chloride ions into the endosome. The resulting osmotic pressure causes the endosome to 

swell, eventually leading to its rupture and the release of the payload into the cytosol. This 

theory is based on the buffering capacity of ionisable lipids, acidification of the endosome, 
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and accumulation of the chloride ions within the endosome, leading to the bursting of the 

endosome and the subsequent release of the contents [63].  

 

Figure 1.10 Illustration of the proton-sponge effect. Due to the buffering ability of ionisable lipids, there is a 
considerable influx of protons by activating the proton pump in endolysosomal compartments. To neutralise the 
membrane potential, an inflow of chloride ions is triggered, creating an osmotic imbalance followed by water 
intake. This leads to endolysosomal compartment swelling and eventually bursting, which releases the cargo. 
Image from ref [63].  

 

1.2.2 Generating Immune Response  

Several routes can happen after mRNA-LNPs are injected; LNPs can be internalised by either 

non-immune cells, such as muscle cells, or tissue-resident immune cells, such as dendritic cells 

(DCs) and macrophages [67]. After translating mRNA to the corresponding antigen protein in 

the non-immune cells, the proteasome degrades the antigen to small peptides (Figure 1.11). 

These epitopes bind to the major histocompatibility complex (MHC) class I and are then 

presented on the cell surface. This complex activates cytotoxic T cells expressing CD8, leading 

to the release of enzymes such as perforin and granzymes to kill the cells [67,68]. In the second 

case, transfecting the tissue residence immune cells leads to the activation of killer T cells via 

the same mechanism. Also, the helper T cells expressing CD4 are activated through antigen 

presentation by the MHC class II complex (Figure 1.11). Once activated, helper T cells release 

cytokines such as interferon-gamma regulating inflammation and immunity. Also, helper cells 

activate B cells, which produce antibodies such as Immunoglobulin G (IgG). Another mode of 
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action occurs when the antigen proteins are recycled to the extracellular compartment or 

when the antigens appear from the degraded cells. These antigens are taken up by the cells 

and recognised as an exogenous protein (Figure 1.11). This time, the protein is hydrolysed in 

the lysosome, and the peptide fragments are loaded onto the MHC class II molecules, leading 

to the activation of helper T cells. Also, B cells coated with antibodies can be activated directly 

with this protein released to the extracellular environment (Figure 1.11). Moreover, LNPs can 

be transported to the neighbouring lymph node through the lymphatic systems and transfect 

the LN resident cells, such as Antigen Presenting Cells (APCs). This stimulates T and B cells, 

leading to cellular and humoral immunity [67]. These mechanisms activate humoral immune 

cells by stimulating B cells and the activation of cellular immunity by stimulating T cells. The 

advantage of mRNA vaccines is evident here since they stimulate both humoral and cellular 

immunity [69].  

Transfecting the resident cells or moving to the lymph nodes can be influenced by particle size 

and surface charge. For example, draining particles to the lymph node is mainly driven by 

particle size; smaller particles are likely moved to the lymph nodes [47]. Additionally, since 

positively charged particles tend to stay at the injection site and interact with the resident 

protein, the negatively charged particles move to the LNs. These particles are internalised by 

multiple mechanisms depending on the type of cells and the properties of the LNPs [10]. 

1.3 Targeting Strategies with mRNA-LNPs  

Targeting strategies are divided into three groups: active targeting, passive targeting, and 

endogenous targeting (Figure 1.12). Passive targeting is usually affected by the 

physicochemical properties of particles, such as size and zeta potential, while active targeting 

is mainly achieved by introducing target-specific ligands, such as antibodies [70]. In 

endogenous targeting, the biomolecular corona (primarily protein corona) naturally provides 

particles with a new identity, which may mask the surface’s physicochemical properties and 

affect the targeted delivery of particles [70].  

Passive targeting involves the accumulation of particles naturally in specific organs, tissues, 

and cells. This unintentional localisation of the particles is not dependent on size, morphology, 

structure, surface, and other physicochemical properties. 
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Figure 1.11 1) Injected mRNA vaccines are endocytosed by antigen-presenting cells. (2) After escaping the 
endosome and entering the cytosol, mRNA is translated into protein by the ribosome. The translated antigenic 
protein can stimulate the immune system in several ways. (3) Intracellular antigen is broken down into smaller 
fragments by the proteasome complex, and the fragments are displayed on the cell surface to cytotoxic T cells 
by MHC class I proteins. (4) Activated cytotoxic T cells kill infected cells by secreting cytolytic molecules, such as 
perforin and granzyme. (5) Additionally, cells can take up secreted antigens, degraded inside endosomes and 
present on the cell surface to helper T cells by MHC class II proteins. (6) Helper T cells facilitate the clearance of 
circulating pathogens by stimulating B cells to produce neutralising antibodies and by activating phagocytes, 
such as macrophages, through inflammatory cytokines. BCR, B cell receptor; ER, endoplasmic reticulum; TCR, T 
cell receptor. The image was taken from [68] 

 

The anatomical and physiological properties of the target site allow for particle accumulation 

due to the inherent features of its biological structure (Figure 1.12). The best-known example 

of passive targeting is Doxil, a doxorubicin liposomal drug product. The large gaps between 

the endothelial cells of the tumour vascular and the poor lymphatic drainage allow the 

accumulation of the doxorubicin liposomes at the tumour site instead of in the healthy tissues 

where endothelial cells have tight junctions. Moreover, lipid components may induce helper 

T cells and humoral response, which can be considered a kind of passive targeting for vaccine 

applications [71].  
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Endogenous targeting uses the endogenous molecules as ligands to direct the particles to the 

target area (Figure 1.12). This is likely related to the protein corona, the layer of protein 

adsorbed spontaneously on the particle surface when particles encounter the body proteins. 

Protein corona can mask targeting ligands, resulting in lost targeting efficiency. However, 

protein corona can be used as a targeting strategy using the natural way of the biological 

system. For example, the binding of ApoE around the particle surface (upon desorbing the 

PEG chain) drives the particles to hepatocytes via binding to Low-density lipoprotein receptor 

(LDLR). Dillard et al. showed that using additional SORT molecules provides a tropism to a 

specific organ [58,72]. They created LNPs targeting the liver, spleen, and lung by adding 

DODAP, PA (an anionic lipid) and DOTAP, respectively. Then, they analysed the serum protein 

binding to LNPs. The most prevalent proteins in the protein corona of the spleen, liver and 

lung were ß2-glycoprotein, ApoE and vitronectin, respectively. When considering the close 

zeta potential of LNPs, the nature of the head group of SORT molecules was likely responsible 

for this specific binding. Another example is Patisiran, the first approved siRNA-based LNP. 

LNPs are internalised by ApoE-dependent LDLR receptors after desorbing the PEG chain.  

Active targeting is another strategy that enables nanoparticles to be directed to the receptors 

expressed in the target area (Figure 1.12). LNP surface can be coated by chemical or biological 

moieties from monoclonal antibodies to small molecules [73]. It is widely explored for 

oncology applications. Antibody-coated particles can target tumour-specific or tumour-

associated antigens. For example, hyaluronic acid binds to CD44, while folate binds to folate 

receptors expressed in the cancer cells [73]. For instance, targeting mannose receptors 

abundantly expressed on the immature DCs enhances the ability of DCs to present both MHC 

class I and II antigens, amplifying the immune response[74]. Adding a ligand at the end of the 

PEG chain can be easily used as a targeting ligand. However, immune responses related to PEG 

can limit the concentration of PEG lipids, and hence, less coating can impair targeting 

potential. Activation of T cells is a good targeting method; however, this can lead to 

overactivation and exhaustion of T cells[73]. Active targeting is more controllable than passive 

targeting; however, the complexation of production purification methods is a hurdle for 

targeting the site actively. Also, the expression of the receptor can vary between patients, 

cells, and different disease stages [73].  
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Figure 1.12 Schematic illustration of targeting mechanisms of mRNA NPs. After intravenous injection, NPs 
achieve specific delivery to organs through passive, endogenous and active targeting. Passive targeting involves 
adjusting the size, structure and other physicochemical properties of NPs to achieve targeted delivery of mRNA. 
Endogenous targeting involves binding to different subsets of plasma proteins, guiding NPs to specific organs 
and being absorbed by target cells. Active targeting relies on modifying the NP surface with specific ligands that 
can specifically bind to the receptors highly expressed by target cells. The image[70] 

 

1.4 Aim and Objectives 
At the onset of the COVID-19 pandemic, while studies on mRNA-LNPs existed, no studies 

specifically showed the in vitro and in vivo transfection efficiency of COVID-19 vaccine LNP 

formulations. This thesis initially focused on demonstrating the expression profile of the lipids 

used in the COVID-19 LNP vaccine formulations and comparing them to other ionisable/PEG 

lipids. This starting point provides an ideal foundation for further studies aiming to develop 

ionisable lipids.  

In the meantime, the majority of studies concentrated on developing ionisable lipids, with 

only a few studies focused on the aqueous phase of LNPs, the buffer in which mRNA is diluted, 

and did not show in vitro and in vivo outcomes. To fill this gap in the literature, this thesis 
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aimed to investigate the effect of the molarity of the citrate buffer on the expression profile 

at the HEK-293 cells and BALB/c mice.  

The next aim was to test the effect of microfluidic production and formulation parameters on 

in vitro and in vivo protein expression using a design of experiments (DoE) approach. This 

study is crucial as it shows the quadratic or interaction effect of these parameters in vitro and 

in vivo, which has not been widely covered in the literature.  

Sex-specific immune response has been a persistent topic of debate. This thesis explored the 

expression and immune response differences in female and male BALB/c mice. This is a critical 

study, as no study has shown a difference in mRNA expression between biological sexes.  

The following study aimed to improve the LNPs’ efficiency, utilising the strong interaction 

between avidin and biotin. Biotinylated LNPs were injected into the mice before avidin 

injection. It was hypothesised that avidin would freely drain into the lymph nodes and form a 

complex with the biotinylated LNPs that had also drained into the lymph nodes. General 

objectives were examined for these studies: 

1. Identifying the lipid compositions used in the COVID vaccines 

2. Preparing these LNPs using Fluc-mRNA as model mRNA or using OVA-mRNA as model 

antigen, 

3. Measuring particle critical quality attributes such as particle size, particle 

concentration, PDI, zeta potential, EE and recovery 

4. Performing in vitro studies on the HEK-293 cell line, such as cellular toxicity, cellular 

uptake and cell expression 

5. Testing these samples on BALB/c mice to assess either in vivo expression or immune 

response profile. The in vivo expression profile will be evaluated using an in vivo 

imaging system (IVIS), while the immune response will be tested by performing an 

Enzyme-Linked Immuno Sorbent Assay (ELISA).  

6. Setting up DoE with FRR and TFR as microfluidic parameters and lipid concentration as 

formulation parameters. The main, quadratic and interaction effects of these 

parameters were tested by exploiting the Box-Behnken design.  
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Chapter 2: Exploring the Impact of Lipid Composition 

on the Transfection Efficiency of mRNA-LNPs: A 

combined in vitro and pre-clinical perspective. 
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2.1 Introduction 
The recent development of messenger RNA (mRNA)-based vaccines has presented a highly 

encouraging approach to the rapid development of vaccines and immunisation against 

disease. The success of COVID mRNA vaccines relies on using lipid nanoparticles (LNPs) by 

encapsulating mRNA in a lipid shell. Naked mRNA is a polyanionic macromolecule rapidly 

degraded by extracellular RNases and cannot traverse cell membranes due to electrostatic 

repulsion. The encapsulation of mRNA into lipid vesicles enhances mRNA stability, facilitating 

cellular entry via endocytosis and improving expression in comparison to naked mRNA [75]. 

Moreover, LNPs have the potential to act as an adjuvant by augmenting the immune response 

[76]. Although the reason underlying the intrinsic adjuvant effect of LNPs is currently not fully 

understood, a study showed that inflammatory response from the mRNA-LNPs provides a 

basis for adjuvant activity, and ionisable lipids are likely responsible for this response. Also, it 

has been demonstrated that the adjuvant effect depends on the administration route of the 

LNPs [77]. 

LNPs are typically composed of four key lipids: an ionisable lipid, a PEGylated lipid, a 

phospholipid (often referred to as a helper lipid), and cholesterol. Helper lipids facilitate 

vesicle formation whilst reducing the cationic lipid concentration to a level that allows for 

effective encapsulation [78]. It has been reported that > 40 mol % is a likely threshold for such 

lipids to promote efficient and stable encapsulation [78]. DSPC is a commonly used 

phospholipid in nucleotide delivery; it is a structural lipid of mammalian cell membranes and 

enhances LNP stability due to its saturated carbon tail and high melting point. DOPE is another 

phospholipid considered for LNPs; it has a double bond in the acyl chains, making a bulky tail 

and smaller head group compared to DSPC, creating a cone-shaped structure [17,20]. This 

structural feature is reported to improve intracellular nucleotide delivery by promoting the Hii 

phase but also decreases LNP stability. Cholesterol is commonly used in LNPs for particle 

formation and stability, bridging the gap between lipids in LNPs and facilitating endosomal 

release [19]. Currently, three approved mRNA-LNP products contain DSPC and cholesterol, 

albeit with differing ionisable and PEG lipids [13]. 

Early nucleic acid delivery systems relied on permanently cationic-charged lipids, but their use 

was limited by cytotoxicity concerns [79]. Mainly as they activate several cellular pathways, 

such as pro-apoptotic and pro-inflammatory cascades [79]. This led to the development of 
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ionisable lipids, which switch from a positive charge in acidic pH (favouring their interaction 

with negatively charged mRNA) to neutral in physiological pH. Therefore, LNPs formed at 

acidic pH are buffer exchanged to achieve pH 7.4. Upon administration, LNPs are endocytosed, 

and the tertiary amine of the ionisable lipids is protonated into the quaternary amine in the 

acidic endosome (pH 4). Protonated ionisable lipids interact with anionic lipids of the 

endosome membrane, and this electrostatic interaction disrupts the endosomal membrane, 

releasing mRNA into the cytosol. The power of ionisable lipids is based on their pKa and 3D 

structural properties (Figure 2.1). The pKa of LNPs should be sufficiently high to achieve 

protonation in acidic environments and sufficiently low to carry a smaller positive surface 

charge at physiological pH, minimising toxicity [80]. The optimal pKa range of ionisable lipids 

to elicit an adaptive immune response via the intramuscular route was defined as 6.6-6.9; 

however, this decreased to 6.2-6.6 for optimum protein expression following intravenous 

injection [25]. Another critical factor dictating lipid efficacy in LNPs is the molecular shape of 

ionisable lipids. Branched-tailed ionisable lipids may lead to a cone-shaped structure, 

promoting endosomal escape [61]. Meanwhile, PEGylated lipids offer steric stability to LNPs, 

which is crucial for particle integrity. Typically, 1.5 mol% of PEGylated lipid is used in the 

clinically approved LNPs [21–23]. PEG content can affect LNP characteristics, such as LNP 

formation and the number of mRNA copies per LNP [81]. The length of the lipid tail of the PEG 

lipid further dictates the expression profile by affecting the desorption rate of the PEG chain 

[34,35]. After LNPs enter the body, it is proposed that the PEG needs to be released (via 

desorption) from the LNPs so that they can be internalised into the cells efficiently since the 

long hydrophilic PEG chain tends to hinder cellular uptake. The desorption rate of the PEG 

chain is driven by the quantity and length of hydrophobic chains in the molecule [34]. Given 

the impact of these changes in formulation and the link to LNP function, the overall aim of our 

study was to investigate how the choice of ionisable and PEGylated lipids alters LNP physio-

chemical characteristics and their downstream effects on in vitro efficacy and in vivo potency. 

By considering this, our work aims to support more effective screening of LNPs.  
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Figure 2.1 The structures of the a) ionisable & cationic lipids and b) pegylated lipids used within this study. The structures were drawn using (Reaxys). The pKa for SM102, ALC-
0315 and MC3 are from[13] and DODAP[76]
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2.2 Aim and Objectives  
DSPC and cholesterol are well-established and approved helper lipids for LNP systems. Both 

have been used on three approved LNP-based products. Ionisable and PEGylated lipids are the 

focus of research. In this chapter, the choice of ionisable lipids, including ALC-0315, SM-102, 

MC3, DODAP and DOTAP and PEGylated lipids, including ALC-0159, DMG-PEG2k and DSPE-

PEG2k tested in vitro and in vivo. The objectives for this aim were: 

• Encapsulating Fluc mRNA into the ionisable lipids in a particle size aiming below 100 

nm, monodisperse particle size distribution (below 0.2 PDI), neutral surface charge, 

high encapsulation (over 90%), and recovery efficiency (over 80%). 

• Performing a-week stability study with these LNPs to confirm the stability of the 

formulation parameters such as the ratio between lipids, NP ratio,  

• Evaluating the in vitro expression efficiency of the sample using the HEK-293 cell line 

and conforming if the LNPs are toxic to the cell in the concentration range used in the 

in vitro expression assay. 

• Testing the sample in vivo using BALB/c mice and evaluating the expression and 

distribution profile.  

2.3 Material and Method 

2.3.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-3-

trimethylammoniumpropane (chloride salt) (DOTAP), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (sodium salt) (DSPE-

PEG(2000)), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-

PEG2000), (1,2-dioleoyl-3-dimethylammonium propane) (DODAP), Polyadenylic acid (PolyA), 

Sodium citrate dihydrate, citric acid, Amicon® 10 kDa Ultra 15 mL Centrifugal Filters, dialysis 

membrane MWCO 12,000–14,000 Da, Cholesterol, Methoxypolyethyleneglycoloxy(2000)-

N,N-ditetradecylacetamide (ALC-0159) were purchased from Merck (Gillingham, UK). 8-[(2-

hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl]amino]-octanoic acid, 1-octylnonyl ester (SM-102) 

was purchased from ABP Biosciences (Maryland, USA). 4 Hydroxybutyl)azanediyl)bis(hexane-

6,1-diyl)bis(2-hexyldecanoate (ALC-0315) was purchased from MedChem Express 

(MedChemtronica AB, Sollentuna, Sweden). DLin-MC3-DMA (O-(Z,Z,Z,Z-heptatriaconta-
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6,9,26,29-tetraen-19- yl)-4-(N,N-dimethylamino)) was gained from Biorbyt (Cambridge, UK). 

EZ Cap™ Firefly Luciferase mRNA was obtained from APExBIO Technology (Stratech Scientific 

Ltd, Cambridge, UK). Phosphate-buffered saline tablets (10 mM PBS pH 7.4) were acquired 

from Oxoid Ltd. (Basingstoke, UK). Minimum Essential Medium (MEM), Sodium Pyruvate (100 

mM), UltraPure™ DNase/RNase-Free Distilled Water were purchased from GibcoTM (Paisley, 

UK). ONE-Glo™ Luciferase Assay System and VivoGlo luciferin were purchased from Promega 

(Southampton, UK). DiIC18(7) (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine 

Iodide (DIR), Quant-it™ RiboGreen RNA Assay Kit, TrypLE™ Express Enzyme (1X) were bought 

from ThermoFisher Scientific (Paisley, UK). BD Medical™ BD Micro-Fine™ Insulin Syringe was 

bought from Fisher Scientific (Loughborough, UK). 

2.3.2 Methods 

2.3.2.1 Preparation of Lipid Nanoparticles  

Lipid nanoparticles (LNPs) were prepared using a staggered herringbone micromixer in the 

NanoAssemblr® Benchtop from Precision NanoSystems Inc. (Vancouver, BC, Canada). LNPs 

were prepared with NP6 (the molar ratio of amine groups (N) of the ionisable lipid to that of 

phosphate groups (P) of mRNA). The lipid phase was composed of 

DSPC:Chol:cationic/ionisable: PEG lipid (10:38.5:50:1.5 mol%), while the aqueous phase was 

prepared with Fluc mRNA in citrate buffer pH4. In the effect of the ionisable lipid study, 

cationic LNPs were prepared with DOTAP; ionisable LNPs were prepared with ALC-0315, SM-

102, MC3, or DODAP, whilst DMG-PEG2k was the PEGylated lipid (Table 2.1). When testing the 

PEG lipids, ALC-0159, DMG-PEG2k, or DSPE-PEG2k were used as PEGylated lipids combined 

with ALC-0315 or SM-102 (Table 2.1). Lipids were dissolved in ethanol and mixed to the 

desired lipid ratio concentration. In the in vivo expression studies, DiR (1% molar of total lipid 

content), lipophilic dye, was included in the lipid phase to track the in vivo organ 

biodistribution of LNPs, using a DIR filter at an excitation level spectrum of 754 nm and 

emission spectrum of 778 nm. Fluc mRNA was dissolved in 50 mM citrate buffer (pH4) and 

100 mM citrate buffer (pH6) for ionisable LNPs and cationic LNPs (DOTAP), respectively. Lipids 

dissolved in ethanol and aqueous phase containing FLuc mRNA were injected simultaneously 

in the micromixer at a 3:1 aqueous: organic flow rate ratio (FRR) and a 12 mL/min total flow 

rate (TFR). Initial and final waste volumes were set at 0.15 and 0.05 mL, respectively. 2 mL of 

LNPs were prepared.  
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Table 2.1 Corresponding mRNA-LNP composition used in this study, equivalent to 5 µg Fluc mRNA/50 µL. All 
LNPs were prepared at NP6. 

LNPs  
DSPC  
(µg) 

CHOL  
(µg) 

Ionisable Lipids 
(µg)  

PEG lipid 
(µg) 

mRNA 
(µg) 

Lipid ratios 
(DSPC: Chol: ionisable: PEG lipid) (w/w) 

ALC-0315 13.9 26.3 67.6 6.5 5 12:23:59:6 

SM-102 13.9 26.3 62.7 6.6 5 13:24:57:6 

MC3 13.9 26.2 56.7 6.6 5 13:25:55:6 

DODAP 13.9 26.3 57.2 6.6 5 13:25:55:6 

DOTAP 14.0 26.3 61.6 6.7 5 13:24:57:6 

 

2.3.2.2 Down-stream Processing of LNPs  

Dialysis (for cationic LNPs) or centrifugal filtration (for ionisable LNPs) was used to remove 

ethanol and adjust the formulation to physiologically relevant formulation conditions (pH 7.4). 

LNPs were dialysed (MWCO 14 kDa) against 10 mM PBS (pH 7.4) for one hour at ambient 

temperature under magnetic stirring. LNPs were diluted with 10 mM PBS (pH7.4) 40-fold and 

centrifuged (2,000x g acceleration:9 deceleration:9) at 4 oC in the centrifugal filter unit (10 

kDa MWCO) until re-concentrating LNPs to the required volume. 

2.3.2.3 LNP Characterization Using Dynamic Light Scattering  

Following purification, particle size (z-average hydrodynamic diameter), polydispersity index 

(PDI), and zeta potential were measured by dynamic light scattering in Zetasizer Ultra (Malvern 

Panalytical Ltd, Worcestershire, UK), equipped with a 633 nm laser and a detection angle of 

173o. Samples were diluted with 10 mM PBS pH 7.4 to a final lipid concentration of 0.1 mg/mL 

to measure particle size and polydispersity index (PDI). The same dilution with ultrapure water 

was used to measure zeta potential using electrophoretic mobility. Mean particle size, PDI, 

and zeta potential are expressed as the mean ± SD.  

2.3.2.4 Entrapment Efficiency and mRNA Concentration within LNP Formulations 

The encapsulation efficiency (EE%) and mass balance (MB%) of LNPs were determined using 

the Quant-iT™ RiboGreen® RNA quantification kit, referring to the amount of the encapsulated 

mRNA in the LNPs and total mRNA in the LNPs sample, respectively. LNPs were diluted to 3 

µg/mL of mRNA with TE buffer.  50 µL of the diluted sample was incubated at 37 0C for 15 

minutes with either  50 µL of TE or 50 µL of 2% Triton X-100 (extracting encapsulated mRNA 

by bursting LNPs), by referring to the amount of unencapsulated and total mRNA, respectively. 

100 µL of Ribogreen fluorescent dye at 200 × and 500 × dilutions were added to the wells 

prepared with and without triton (only TE buffer), respectively. Fluorescence intensities were 
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measured at excitation and emission wavelengths of 480 nm/520 nm using the GloMax® 

Discover Microplate Reader. EE% (Equation 1.1) and mass balance% (Equation 1.2) were 

calculated according to the standard curves prepared with naked mRNA in the absence and 

presence of Triton. 

2.3.2.5 In vitro Cell Viability and mRNA Expression Studies 

HEK293 cells were cultivated in Minimum Essential Medium (MEM, Gibco) supplemented with 

10% FBS, 1mM sodium pyruvate, 50U/mL penicillin-streptomycin at 37 °C in an environment 

containing 5% CO2. HEK293 cells were sub-cultured at a density of 10,000 cells/well and 

incubated for 48 hours at 37 oC, 5% CO2. For all in vitro studies, mRNA-LNPs were diluted with 

cell growth media to 1, 0.5, or 0.25 µg/mL (100, 50 or 25 ng mRNA /100 µL). To measure cell 

viability, 100 µL of each LNP formulation was added to the wells (quadruplicate) and incubated 

for 24 hours at 37 °C. The following day, 10 µL of Alamar blue was added to each well. Then, 

the plate was incubated for 4 hours, and the fluorescence intensity was measured (λem = 530-

560 nm, λex = 590 nm) using a fluorimeter (Polarstar Omega, BMG Labtech). To measure 

mRNA expression, HEK-293 cells were treated with a serial dilution of mRNA-LNPs, as 

mentioned above. After 24 hours of incubation, One-Glo substrate (100 µL) was added, and 

luciferase expression was detected using a plate reader (Polarstar Omega, BMG Labtech) as 

luminescence. 

2.3.2.6 In vivo LNP Retention at the Injection Site and mRNA Expression 

All animals were handled in accordance with the UK Home Office Animals Scientific 

Procedures Act of 1986 (UK project license number PP1650440/ personal license number 

I52241434) in accordance with an internal ethics board. Groups of female 8-10-week-old 

BALB/c mice (n=5) were supplied by the Biological Procedure Unit at the University of 

Strathclyde, Glasgow. Pre-clinical imaging was performed using an in vivo imaging system (IVIS 

Spectrum, Perkin Elmer), and Living Image software ® 4.7.3 was used for image capture and 

data analysis, respectively.  

Before starting this main study, a pilot kinetic study was performed to determine the time 

when luciferin activity peaked after administrating via the intraperitoneal (IP) route. Luciferin 

is rapidly eliminated from the blood circulation, and the level of luciferin delivery and 

elimination may vary. Therefore, a kinetic study was performed to determine the optimum 

time between D-luciferin injection and luminescence imaging; in other words, to define the 
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time when the luciferin level reached a stable plateau level after D-luciferin injection. A mouse 

was injected via intramuscular (IM) route with mRNA-LNPs (using pre-made Genvoy lipid and 

buffer). 6-hours later, d-luciferin was injected via the IP route, immediately mice were placed 

in the IVIS cabin under anaesthesia 16 images apart from 2.5 minutes were gained, and this 

imaging session was repeated at 24 h (day 1), 48 h (day 2), 120 h (day 5), and 168 h (day 7). 

Total flux was determined using imaging software, and the kinetic curve was plotted against 

time to assess luciferin activity. 

In the main study, mice were injected with 5 µg of DiR-labelled Fluc mRNA LNPs per leg via IM 

injection and anaesthetised with 3% isoflurane and maintained at an isoflurane level of 2% in 

the IVIS chamber. Mice were imaged using the DiR filter (excitation/emission: 754/778 nm) to 

examine the biodistribution profile of DiR-labelled mRNA-LNPs. All mice subsequently 

received an IP injection of D-luciferin at 150 mg/kg. Following IP injection (20 minutes from 

the kinetic study), bioluminescence imaging was performed in an open filter using auto-

exposure settings. Measuring DiR intensity and bioluminescence was conducted at 6 h, 24 h, 

48 h and 192 h post-IM injection of LNPs. Images and data were exported using Living Image 

software ® 4.7.3. Average radiant efficiency and total flux were determined by region of 

interest tools for fluorescence and bioluminescence signals, respectively, by normalising 

according to the control mice. Average radiant efficiency and total flux were calculated for the 

fluorescence intensity and bioluminescence measurements and expressed mean ± SEM. 

2.3.2.7 Statistical Analysis 

Data is represented as a mean ± SD (Phyisco-chemical properties) or SEM (in vitro expression, 

cell toxicity, in vivo biodistribution and in vivo expression). GraphPad Prism was used to 

perform statistical analysis by performing ANOVA with post-hoc analysis wherever applicable. 

P-value < 0.05 was considered statistically significant. 

2.4 Results 

2.4.1 The Effect of Ionisable Lipids on LNP phyisco-chemical Properties  

LNPs were prepared by mixing the lipid composition of DSPC: Chol: ionisable/cationic lipids: 

DMG-PEG2k (10:38.5:50:1.5 mol%) with Fluc mRNA at NP6 (Table 2.1), using a SHM and 

followed by purification with 10 mM PBS pH 7.4. All LNPs were < 100 nm in diameter, with low 

PDI (< 0.2) and near neutral zeta potential (Table 2.2). Irrespective of the choice of ionisable 
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(SM102, ALC-0315, MC3 or DODAP) or cationic (DOTAP) lipid, mRNA encapsulation was > 90%, 

and mRNA mass balance (total mRNA content) was high (>85%) (Table 2.2). The seven-day 

stability profile of these LNPs at storage temperature (2-8 0C) is shown in Table 2.2. LNPs 

prepared with ionisable lipids showed a stable profile, while the size of DOTAP-LNPs increased 

by approximately 15 nm (Table 2.2). The zeta potential of LNPs did not change significantly, 

nor did the encapsulation efficiency and mRNA mass balance (which remained >90% and 85%, 

respectively, for all formulations; Table 2.2).  

Table 2.2 The physicochemical properties of LNPs prepared with various ionisable/cationic lipids. LNPs 
comprised DSPC: Chol: ionisable/cationic lipid: DMG-PEG2k (10:38.5:50:1.5 molar ratio) and encapsulated Fluc 
mRNA at NP6. Ionisable lipids are ALC-0315, SM-102, MC3 (DLin-MC3-DMA) and DODAP, while cationic lipid is 
DOTAP. LNPs were stored in the fridge (2 – 8 0C). Characteristics were measured at 0 and 7 days. Results 
represent mean ± SD, n = 3 independent batches 

Cationic/Ionisable 
Lipids 

Day Diameter (nm) PDI Zeta Potential 
(mV) 

EE (%) Mass 
balance (%) 

SM-102 
0 64.9 ± 5.3 0.04 ± 0.03 -1.0 ± 0.9 97 ± 1 85 ± 16 

7 67.9 ± 6.8 0.03 ± 0.01 -1.5 ± 0.9 96 ± 0 84 ± 14 

ALC-0315 
0 55.2 ± 0.5 0.11 ± 0.02 -2.1 ± 1.1 93 ± 2 93 ± 11 

7 56.3 ± 1.0 0.12 ± 0.02 -3.7 ± 2.3 95 ± 1 100 ± 1 

MC3 
0 60.8 ± 1.3 0.11 ± 0.02 -1.6 ± 1.6 93 ± 2 93 ± 5 

7 60.6 ± 2.0 0.10 ± 0.02 -2.2 ± 0.5 93 ± 1 93 ± 6 

DODAP 
0 69.0 ± 2.8 0.04± 0.02 -1.4 ± 1.3 91 ± 1 97 ± 6 

7 66.1 ± 7.5 0.06± 0.02 -1.4 ± 1.0 87 ± 2 94 ± 2 

DOTAP 
0 49.8 ± 5.9 0.24 ± 0.04 2.4 ± 1.9 99 ± 0 89 ± 10 

7 68.7 ± 10.9 0.29 ± 0.03 4.8 ± 1.2 99 ± 1 87 ± 8 

 

2.4.2 The Effect of Ionisable Lipid Composition on in vitro mRNA-LNP 

Expression  

To investigate in vitro efficacy, HEK-293 cells were treated with Fluc-mRNA-LNPs for 24 h. 

Subsequently, cell viability and mRNA (luciferase) expression were also measured as a relative 

light unit (RLU) (Figure 2.2). Across all test concentrations, no notable impact on cell viability 

was observed (Figure 2.2a-e). Regarding mRNA expression (Figure 2.2f-j), expression levels 

were variable, with SM-102 levels 13-fold higher than MC3-LNPs, and 300-fold higher than 

ALC-0315. Notably, mRNA expression for DODAP and DOTAP was low (approx. 1500 and 500 

lower than SM-102, respectively; Figure 2.2f-j). 
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Figure 2.2 In vitro transfection efficiency and toxicity profile of FLuc mRNA LNPs. HEK 293 cells were transfected 
with Fluc mRNA LNPs at mRNA of 25 ng, 50 ng, or 100 ng for all the formulations. 24-h post LNPs incubation a-
e) HEK293 cell biocompatibility using Alamar blue, f-j) luminescence intensity was measured. LNPs comprised 
DSPC: Chol: ionisable/cationic lipid:DMG-PEG2k (10:38.5:50:1.5 molar ratio) and encapsulated Fluc mRNA at 
NP6. Ionisable lipids are ALC-0315, SM-102, MC3, and DODAP, while cationic lipid is DOTAP. Data is expressed as 
SEM (n=3) of three independent experiments. 

 

2.4.3 The Effect of Ionisable Lipid Composition on in vivo mRNA-LNPs Profile  

2.4.3.1 Kinetic Profile of Luciferin  

The time point (interval) when the D-luciferin reached the peak intensity and the plateau level 

was evaluated, performing a kinetic study with BALB/c mice injected via the IP route with 5 

ug of Fluc mRNA-LNPs. The luminescence intensity was gained with 16 images in total with 

subsequent 2.5-minute intervals. 20 minutes was the most stable and plateau level for all time 

points (Figure 2.3).  

2.4.3.2 The Effect of Ionisable Lipid Composition on in vivo mRNA-LNP Retention  

To consider the in vivo expression and LNP retention at the injection site, BALB/c mice were 

intramuscularly injected in both hind legs with FLuc 5 µg mRNA formulated in the 5 different 

DiR-labelled LNPs (Figure 2.4). The results show that DiR-retention was only detected at the 

injection site as detecting the fluorescence intensity in internal organs with IVIS without organ 

extraction is difficult due to limited penetration depth in tissue (Figure 2.4a). Interestingly, 

whilst all mice received the same dose of DiR-labelled LNPs, after 6 hours, the fluorescent 

intensity at the injection site was higher for three out of the four ionisable LNPs (ALC-0315, 
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SM102 and MC3), whilst DODAP and DOTAP LNP DIR levels remained low (and remained low 

across the timescale of the study (Figure 2.4b). 

 

 

Figure 2.3 The kinetic curve of d-luciferin in a BALB/c mouse. The mouse was injected with 5 ug of mRNA-LNPs. 
Six hours later, an intraperitoneal injection of d-luciferin was performed. Instantly, the mice were imaged with 
an open filter measuring luminescence intensity for almost 35 minutes at 2.5-minute intervals. Total flux was 
calculated from the injection site and plotted against time. 

 

After 6 h, SM-102 LNPs were cleared from the injection site more rapidly than LNPs containing 

either ALC-0315 or MC3 as the ionisable lipid (Figure 2.4 a and b). The difference in clearance 

rates from the injection site is exemplified in the AUC (Figure 2.4c), with LNPs composed of 

ALC-0315 and MC3 having similar AUC and significantly higher (p<0.05) than SM102 LNPs. 

Similarly, DODAP and DOTAP LNPs have a significantly lower (p<0.05) AUC than SM102. These 

results suggest the choice of ionisable/cationic lipids in LNPs affects their clearance rate from 

the injection site.  

2.4.3.3 The Effect of Ionisable Lipid Composition on in vivo mRNA-LNP Expression  

The same mice were analysed for mRNA protein (luciferase) expression (Figure 2.5). The 

results show distinct patterns over time and across different LNPs. At 6 h post-injection, the 

highest luciferase expression occurred at the injection site and the liver (Figure 2.5). The 

potency ranking for luciferase expression at the injection site for the LNPs was observed as 

ALC-0315 ≈ SM-102 >>MC3 >> DOTAP ≥ DODAP (Figure 2.5b). LNPs prepared using ALC-0315 

0.00E+00

1.00E+08

2.00E+08

3.00E+08

4.00E+08

5.00E+08

6.00E+08

0 5 10 15 20 25 30 35 40

To
ta

l F
lu

x 
(p

/s
)

Time (minutes)

6 h
day1
day2
day7



66 
 

and SM-102 showed comparable expression levels, with levels approximately 8-fold higher 

than MC3-LNPs and 180-fold higher compared to DODAP and DOTAP LNPs (which had similar 

levels of expression) (Figure 2.5b). Luciferase expression can also be seen in the liver for SM-

102 and ALC-0315 LNPs (Figure 2.5c). 

 

Figure 2.4 LNP retention at the injection site. Female BALB/c mice were intramuscularly injected with DiR-labelled 
Fluc mRNA-LNPs, and the fluorescence intensity was measured at various time points (6 – 144 h). The injected 
dose was 5 µg mRNA encapsulated in LNPs composed of DSPC: Chol: ionisable/cationic lipids: DMG-PEG2k. The 
ionisable lipids are ALC-0315, SM-102, MC3, and DODAP, while cationic lipid is DOTAP. a) Representative IVIS 
images at selected time points after DiR-labelled mRNA-LNP injection. b) Fluorescence signal at the injection site 
over 144 h and c) the Area Under the Curve (AUC). Data are expressed by mean ± SEM (5 mice, 1 injection per 
hind leg; 10 data points). Connecting lines are for presentation purposes only. 

 

When considering the balance between expression at the injection site and the liver, ALC-0315 

LNPs demonstrated significantly (p<0.05) higher liver expression than SM102 LNPs (Figure 

2.5d). These results suggest the choice of ionisable/cationic lipids in LNPs affects mRNA 

expression at the target site and the mRNA off-target effect in the liver. 

2.4.4 The Impact of Pegylated Lipids on Fluc-mRNA LNP Characteristics and 

Potency  

Given the effect of ionisable lipids in vitro and in vivo, we selected ALC-0315 and SM-102 as 

lead lipids and tested both lipids combined with three different PEG types used in the 

marketed products. These PEGylated lipids are ALC-0159, DMG-PEG2k and DSPE-PEG2k, used 

in Cominarity®, Spikevax® and Doxil®, respectively. DSPC and Cholesterol were included, as 
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reported in Table 2.1. LNPs were prepared using a microfluidic system, with all LNPs exhibiting 

a diameter <100 nm and a monodisperse particle size distribution (Table 2.3). All particles had 

neutral surface charge and > 90% mRNA entrapment efficiency and mass balance.  

 

Figure 2.5 Comparison of mRNA-encoded luciferase expression when formulated in different LNPs. The female 
BALB/c mice from Figure 3 were also imaged for luciferase expression. Mice were intramuscularly injected with 
DiR-labelled mRNA-LNPs, and the Flux was measured at various time points (6 – 144 h). The injected mRNA dose 
was 5 µg encapsulated in LNPs composed of DSPC: Chol: ionisable/cationic lipids: DMG-PEG2k. The ionisable 
lipids are ALC-0315, SM-102, MC3, and DODAP while the cationic lipid is DOTAP. a) Representative IVIS images at 
selected time points, b) Luminescence signal per injection site over 144 h, c) Luminescence signal per liver over 
144 h, and d) ratio of total flux in liver/injection site (both legs). Data is expressed as mean ± SEM (5 mice, 1 
injection per hind leg; 10 data points). 

 

Table 2.3 Physicochemical properties of LNPs prepared with different PEGylated lipids. The LNPs comprised 
DSPC: Chol: ionisable/cationic lipid: PEG lipid (10:38.5:50:1.5 molar ratio) and encapsulated Fluc mRNA at NP6. 
Ionisable lipids are ALC-0315 and SM-102, while PEG lipids are ALC-0159, DMG-PEG2k and DSPE-PEG2k. They 
were manufactured using microfluidics at a 3:1 FRR and 12 mL/min TFR and purified by a spin column. After 
purification, average diameter, PDI and zeta potential were measured using DLS, while encapsulation efficiency 
and mass balance were measured using a Ribogreen kit. Results represent mean ± SD, n = 3 independent 
batches. 

ionisable 
lipid 

Pegylated lipid Diameter (nm) PDI Zeta Potential 
(mV) 

EE  
(%) 

Mass 
balance (%) 

SM-102  ALC-0159 73.5 ± 2.5 0.05 ± 0.03 -1.7 ± 1.1 94 ± 3 91 ± 11 

DMG-PEG2k 66.4 ± 2.7 0.08 ± 0.01 -2.4 ± 0.7 91 ± 5 86 ± 12 

DSPE-PEG2k 63.4 ± 0.1 0.04 ± 0.02 -2.3 ± 2.2 97 92 

ALC-0315 ALC-0159 74.5 ± 5.1 0.08 ± 0.03 -2.8 ± 1.1 92 ± 4 96 ± 8 

DMG-PEG2k 57.3 ± 3.0 0.11 ± 0.03 -3.0 ± 1.5 93 ± 2 92 ± 11 

DSPE-PEG2k 57.4 ± 0.4 0.04 ± 0.01 -2.5 ± 2.2 95 100 
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These mRNA-LNPs were tested in HEK-293 cells for their mRNA expression potency by 

measuring luciferase expression (Figure 2.6). Again, we see the same trend with LNPs 

prepared with ALC-0315 promoting significantly lower (p<0.05) expression than SM-102 LNPs. 

However, we also demonstrate that using ALC-0159 PEG lipid significantly (p<0.05) increased 

expression in comparison to DMG-PEG2k (Figure 2.6). Indeed, using ALC-0159 instead of 

DMG-PEG2k at the same 1.5% ratio within the formulations enhanced the mRNA expression 

9-fold and 4-fold for ALC-0315 and SM-102-based LNPs, respectively (Figure 2.6). 

 

Figure 2.6 The effect of PEGylated lipids on in vitro expression efficiency. HEK 293 cells were transfected with Fluc 
mRNA LNPs at mRNA levels of 25 ng, 50 ng, and 100 ng for all the formulations. 24-h post LNPs incubation 
luminescence intensity was measured. The LNPs comprised DSPC: Chol: ionisable: PEG lipid (10:38.5:50:1.5 molar 
ratio) and encapsulated Fluc mRNA at NP6. Ionisable lipids are a) SM102 with ALC-0159 or DMG-PEG2k and b) 
ALC-315 with ALC-0159 or DMG-PEG2k. Results represent mean ± SEM, n= 3 independent batches 

 

2.4.5 The Effect of PEGylated Lipid Choice on in vivo mRNA-LNP Distribution 

and Expression  

To consider the impact of the choice of PEGylated lipid within the LNPs on the biodistribution 

and potency in vivo, BALB/c mice were injected with 5 µg of DiR-labelled LNPs encapsulated 

Fluc mRNA prepared with SM-102 (Figure 2.7 and 2.8) or ALC-0315 (Figure 2.9 and 2.10) as 

the ionisable lipid. Our results demonstrate that the choice of PEGylated lipid (DSPE-PEG2k vs 

DMG-PEG2k vs ALC-0159) has no notable impact on SM-102 LNP retention at the injection site 

(Figures 2.7a and b) and the calculated AUC (Figures 2.7c). However, the choice of PEGylated 

lipid has a major impact on protein expression (Figures 2.8a), with the use of DSPE-PEG2k 

within the LNPs significantly (p<0.05) reducing expression compared to LNPs prepared with 

ALC-0159 or DMG-PEG2k (which are not significantly different) both at the injection site 
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(Figures 2.8b and c) and the liver (Figures 2.8d and e). Therefore, the different expression 

levels measured at the injection site do not result from differences in clearance.  

 
Figure 2.7 Biodistribution of SM-102 Fluc mRNA-LNPs labelled with DiR prepared with three different PEGylated 
lipids (ALC-0159, DMG-PEG2k and DSPE-PEG2k), a) IVIS image representing the biodistribution profile of DiR 
labelled LNPs and b) the quantification of DIR intensity from the injection site over the time and c) the Area Under 
the Curve (AUC). The LNPs comprised DSPC: Chol: SM-102: PEG lipid (10:38.5:50:1.5 molar ratio) and 
encapsulated Fluc mRNA at NP6. PEG lipids are ALC-0159, DMG-PEG2k and DSPE-PEG2k. Female BALB/c mice 
were injected with 5 ug of Fluc mRNA-LNPs. Data is expressed as mean ± SEM (5 mice, 1 injection per hind leg; 
10 data points). 

 

In the case of ALC-0315 LNPs (Figure 2.9 and Figure 2.10), the choice of pegylated lipid again 

had no impact on LNPs clearance (Figure 2.9a) from the injection site, with similar LNP 

retention for ALC-0315 LNPs prepared with DSPE-PEG2k, DMG-PEG2k and ALC-0159 (Figures 

2.9b and c). However, again similar to SM-102, FLuc protein expression was significantly 

(p<0.05) lower for LNPs prepared with DSPE-PEG2k both at the injection site (Figures 2.10a, b 

and c) and liver (Figures 2.10a, d and e) compared to LNPs prepared with ALC-0159 and DMG-

PEG2k. However, unlike the SM-102 LNPs, LNPs prepared with the ionisable lipid ALC-0315 in 

combination with the pegylated lipid ALC-0159 gave significantly (p<0.05) higher expression 
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both at the injection site (Figures 2.10b and c) and the liver (Figures 2.10d and e) than LNPs 

prepared with ALC-0315 and DMG-PEG2k.  

 
Figure 2.8 Expression profile of SM-102 Fluc mRNA-LNPs labelled with DiR prepared with three different 
PEGylated lipids (ALC-0159, DMG-PEG2k and DSPE-PEG2k), a) Representative IVIS image of the expression profile 
of the LNPs formulated with mRNA-encoded and quantification of the luminescence signal as the light emitted 
from b) the injection site and corresponding c) Area Under the Curve (AUC) d) liver and e) corresponding the Area 
Under the Curve (AUC). The LNPs comprised DSPC: Chol: SM-102: PEG lipid (10:38.5:50:1.5 molar ratio) and 
encapsulated Fluc mRNA at NP6. PEG lipids are ALC-0159, DMG-PEG2k and DSPE-PEG2k. Female BALB/c mice 
were injected with 5 ug of Fluc mRNA-LNPs. Data is expressed as mean ± SEM (5 mice, 1 injection per hind leg; 
10 data points). 

2.5 Discussion 
In this study, we have compared mRNA-LNPs formulated from five different ionisable/cationic 

lipids and three different PEGylated lipids. All formulations had a fixed molar ratio of DSPC: 
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Chol: Ionisable/cationic lipid: PEG lipid (10:38.5:50:1.5%), and we systematically measured 

their physical-chemical characteristics, in vitro expression, in vivo expression, and injection 

site clearance.  

Physico-chemical characterisation demonstrated that the choice of ionisable or cationic lipids 

(Figure 2.1) had no notable impact on LNP physico-chemical attributes measured, which is 

likely driven by the manufacturing process rather than the choice of lipid. Given the similarity 

in these physico-chemical attributes but differences in potency, this highlights that these 

characteristics are a good indicator of quality (and hence useful critical quality attributes) but 

not necessarily potency indicating. This was confirmed by first investigating the choice of 

ionisable lipids on in vitro (Figure 2.2) and in vivo expression efficacy (Figure 2.5) in HEK-293 

cells and BALB/c mice, respectively.  

 
Figure 2.9 Biodistribution profile of ALC-0315 Fluc mRNA-LNPs labelled with DiR prepared with three different 
PEGylated lipids (ALC-0159, DMG-PEG2k and DSPE-PEG2k), a) IVIS image representing the biodistribution profile 
of DiR labelled LNPs and b) the quantification of DIR intensity from the injection site over the time and c) the Area 
Under the Curve (AUC). The LNPs comprised DSPC: Chol: SM-102: PEG lipid (10:38.5:50:1.5 molar ratio) and 
encapsulated Fluc mRNA at NP6. PEG lipids are ALC-0159, DMG-PEG2k and DSPE-PEG2k. Female BALB/c mice 
were injected with 5 ug of Fluc mRNA-LNPs. Data is expressed as mean ± SEM (5 mice, 1 injection per hind leg; 
10 data points). 
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Figure 2.10 Expression profile of ALC-0315 Fluc mRNA-LNPs labelled with DiR prepared with three different 
PEGylated lipids (ALC-0159, DMG-PEG2k and DSPE-PEG2k), a) Representative IVIS image of the expression 
profile of the LNPs formulated with mRNA-encoded and quantification of the luminescence signal as the light 
emitted from b) the injection site and corresponding c) Area Under the Curve (AUC) d) liver and e) 
corresponding the Area Under the Curve (AUC). The LNPs comprised DSPC: Chol: SM-102: PEG lipid 
(10:38.5:50:1.5 molar ratio) and encapsulated Fluc mRNA at NP6. PEG lipids are ALC-0159, DMG-PEG2k and 
DSPE-PEG2k. Female BALB/c mice were injected with 5 ug of Fluc mRNA-LNPs. Data is expressed as mean ± SEM 
(5 mice, 1 injection per hind leg; 10 data points). 

 

All LNPs prepared with the various ionisable lipids were consistently <100 nm in size, with a 

low polydispersity (< 0.2 PDI), high (> 90%) encapsulation efficiency and mass balance. All LNPs 

had a near-neutral zeta potential (Table 2.2). The order of potency for in vitro transfection 

from high to low delivery was SM-102 >>>> MC3>>> DOTAP ≈ ALC-0315>DODAP (Figure 2.2); 

however, in vivo expression for SM-102 and ALC-0315 LNPs was comparable at the injection 
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site, yet ALC-0315 LNPs promoted significantly higher expression at the liver (Figure 2.6). The 

in vitro expression profile was not normalised according to total protein content as LNPs were 

relatively compared. Also, it was shown that all LNPs were not toxic to the HEK-293 cell line at 

the concentration range mRNA expression study performed (Figure 2.2).  

The higher in vivo potency of SM-102 and ALC-0315 compared to MC3, DODAP, and DOTAP 

has been attributed to differences in the different lipid molecular shapes rather than their 

pKa[76]. The branched ester chains of SM-102 and ALC-0315 lipid tails (and hence cone shape) 

increased mRNA delivery compared to more cylindrical MC3, DODAP, and DOTAP lipids 

[82,83]. The branched-tail structure of SM-102 and ALC-0315 is reported to enable disruption 

of the endosomal membrane in a greater proportion and release of mRNA into the cytosol 

[61]. The highest in vitro expression, with SM-102 having the highest pKa and the lowest 

expression, with DODAP having the lowest pKa, highlighted the importance of pKa in vitro 

expression. However, why ALC-0315 has lower potency in vitro despite higher in vivo potency 

is unclear and emphasises the issues in effectively down-selecting LNP formulations when 

progressing from in vitro to pre-clinical studies. The hepatic tropism of ALC-0315 LNPs 

compared with SM-102 LNPs after IM injection shown in our studies has also been 

demonstrated by Zhang et al. investigating the expression kinetics of LNPs [84]. It has been 

published that lower pKa is related to the expression in the liver for IM injection[85]. Among 

the ionisable lipids, ALC-0315 has the lowest pKa and the highest expression in the liver. 

Regarding the biodistribution profile of LNPs, DiR intensity was similar for all LNPs after LNP 

injection. However, ALC-0315, SM-102, and MC3 had higher fluorescence intensity than 

DODAP and DOTAP at 6 h. Whilst the use of the DiR-label to track LNP distribution following 

injection is a commonly used approach [86], tracking LNPs beyond the injection site is a 

challenge as detecting the fluorescence intensity in internal organs with IVIS without organ 

extraction is difficult due to limited penetration depth in tissue, explaining why 

bioluminescence can only be detected in the liver [60]. 

Differences in the ratio of expression between the injection site and the liver for LNPs and 

nanoparticles, in general, could be related to 1) LNP physico-chemical characteristics, which 

in turn affect clearance to the liver, 2) particle uptake and metabolism in the liver. Given the 

similarities in the LNP physico-chemical attributes (Table 2.2), this suggests differences in 

metabolism and/or immunogenicity of the ionisable lipids drive these differences and given 
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that in vitro studies lacking metabolic and immune functionality, they do not adequately 

predict in vivo performance [87].  

Given the potency of SM-102 and ALC-0315 LNPs, we then focused on these formulations and 

considered the impact of the choice of PEGylated lipid used within the formulation. Again, 

physico-chemically, the particles were similar (Table 2.3), and SM-102 LNPs outperformed 

ALC-0315 LNPs in HEK293 cells, irrespective of the PEGylated lipid used (ALC-0159 vs DMG-

PEG2k). However, with both ionisable lipids, using ALC-0159 in the LNP composition resulted 

in higher in vitro expression. These LNPs were then progressed for in vivo evaluation along 

with the consideration of a third PEGylated lipid – DSPE-PEG2k, which has an 18-carbon tail 

compared to ALC-0159 and DMG-PEG2k, which both have 14 carbon tails. While the choice of 

PEG-lipid did not influence clearance from the injection site (Figure 2.7 and Figure 2.9), 

luciferase expression was impacted, with both SM-102 LNPs (Figure 2.8) and ALC-0315 LNPs 

(Figure 2.10) showing luciferase expression in the order of ALC-0159>DMG-PEG2k>DSPE-

PEG2k, with the difference between ALC-0159 and DMG-PEG2k being more notable when 

combined with ALC-0315 (Figure 2.10).  

PEGylated lipids are incorporated into LNP formulations to provide stability through steric 

stabilisation both in the vial and within the biological milieu. The length of the lipid tail of 

these PEGylated lipids plays a crucial role in determining the fate of LNPs in vivo. Specifically, 

C18 acyl chains exhibit efficient anchoring in the membrane. On the other hand, shorter C14 

lipids tend to rapidly desorb, leading to their replacement by a protein corona. This protein 

corona significantly influences the subsequent destiny of the LNPs, resulting in a distinctly 

different outcome [88]. For example, Mui et al. examined the desorption rate of various 

PEGylated lipids having 3-different alkyl chains after IV injection and showed PEG-lipid loss 

from LNPs in vivo to occur at >45%/hour, 1.3%/hour, and 0.2%/hour for C14, C16, and C18, 

respectively [34]. Thus, the steric barrier presented by C18 PEG-lipids could be considered 

permanent, which confirms our finding that DSPE-PEG reduces mRNA-LNP potency (Figures 7 

and 8). However, the interaction between the ionisable lipid and the PEG-lipid must also be 

considered. Indeed, it has been shown that PEG desorption rates may be linked to the choice 

of ionisable lipid, as SM-102 LNPs were shown to lose their PEG chain more easily compared 

to other ionisable lipids [88]. This may explain why ALC-0159 and DMG-PEG2k had comparable 

protein expression levels for SM-102 LNPs but different profiles for ALC-0315 LNPs.  
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2.6 Conclusions 

Overall, our studies confirm that for the development of mRNA LNP formulations, 

physicochemical characteristics are indicative of the manufacturing process product quality 

but not potency indicating, and the prudent selection of in vitro and in vivo models is a pivotal 

factor in bridging the translation gap even within pre-clinical studies. In vitro, transfection 

efficiency exhibited a potency order of SM-102 > MC3 > DOTAP ≈ ALC-0315 > DODAP, whilst 

in vivo expression in BALB/c mice showed ALC-0315 LNPs displaying comparable potency to 

SM-102. Considering the choice of PEGylated lipid component, this did not impact LNP 

clearance from the injection site, but in terms of potency, there is an intricate interplay 

between ionisable lipids and PEGylated lipids, with the combination of ALC-0315 as an 

ionisable lipid with ALC-0159 as the PEGylated lipid providing the highest protein expression. 

In conclusion, SM-102 LNP was selected as a lead formulation for the next chapter to test the 

other parameters because it performed well in vitro and in vivo among the other lipids.  
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Chapter 3: Impact of Citrate Buffer Ionic Strength on 

the Characteristics and Efficacy of Lipid 

Nanoparticles 
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3.1 Introduction 

LNPs are recognised as the go-to platform for RNA-based therapeutics and vaccines. LNPs are 

versatile carriers that support the delivery of both small interfering RNA (siRNA) and longer 

messenger and self-amplifying RNA (mRNA and saRNA) owing to their ability to protect and 

deliver nucleic acids combined with their biocompatibility and bioavailability [89].  

Whilst most studies have focused on the mixing process and the lipid phase, the other 

component of LNP production is the encapsulation buffer. Aqueous phase parameters such as 

the choice of buffer to dissolve the nucleic acids, its ionic strength, and the pH all influence 

the nucleic acids' overall state and can influence the self-assembly process in the LNP 

formulation. The aqueous phase used in this production process has two roles: It dissolves the 

RNA and should support its stability. In addition, the pH of the aqueous phase controls the 

charged state of the pH-sensitive ionisable lipids, which are designed to be protonated at 

lower pH (to support nucleic acid complexation and endosomal release) and neutral at 

physiological pH to avoid the related toxicity issues seen with cationic lipids [7,90]. At lower 

pH, in addition to imparting the positive charge on the ionisable lipids, it has also been 

demonstrated that in acidic pH conditions, the membrane packing density of the lipids in LNPs 

reduces due to the electrostatic repulsion between the lipid molecules, which helps the fusion 

of the LNPs with the endosomal membrane and can delineate the release of nucleic acids [91]. 

Thus, the pH of the aqueous phase is a crucial parameter dictated by the pKa of the ionisable 

lipid. Given that most ionisable lipids have a pKa around 6, a pH 4 is widely used to provide 

electrostatic interaction between anionic phosphate bond RNA and positive quaternary amine 

in the ionisable lipid [92]. Studies by Semple et al. demonstrated the effect of the pH of the 

aqueous phase on the encapsulation efficiency of LNPs, with results showing that increasing 

pH from 3.5 to 6.5 decreased encapsulation efficiency from 90 to almost 0 [93]. A similar study 

by Jeffs et al. showed that increasing pH from 4 to 10 decreased EE from 90% to almost 65% 

[94]. The pH of the aqueous buffer may also impact the particle size, given that Ly et al. 

showed that using acidic pH led to smaller particles. The authors hypothesised that ionisable 

lipids in lower pH were more highly charged and experienced more opportunity to interact 

with anionic saRNA, resulting in rapid particle formation and, hence, smaller particle [95]   

In addition to the pH, different buffers such as malic acid buffer, acetate buffer, lactate buffer, 

and citric acid buffers have also been investigated in the LNPs formulation, and their effect on 
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the physicochemical characteristics of LNPs reported [96]; LNPs prepared in the acetate and 

lactate buffers had a smaller mean particle diameter compared to the LNPs prepared in malate 

and citrate buffers, with no obvious differences in the other physicochemical characteristics 

(PDI, zeta potential, and siRNA encapsulation). However, LNPs prepared in the malate and 

citrate buffers were less cytotoxic compared to those prepared with acetate and lactate 

buffers. Generally, citrate buffer has been the preferred choice to prepare RNA-based LNPs as 

it prevents RNA base hydrolysis, where chelating di- and trivalent ions in citric acid deactivates 

DNases/RNases [43]. It was shown that the citrate buffer offered the most stable environment 

to mRNA compared to the other buffers, such as sodium phosphate and HEPES (both 10 mM); 

however, this also depends on the pH [97]. For example, increasing pH from 4 to 6 improved 

the mRNA stability with citrate buffer; however, mRNA was more degraded with HEPES when 

the pH increased from 7 to 8. It is also reported that the buffers, including sodium ions such 

as citrate or sodium acetate, tend to yield relatively larger particles by making complex with 

payloads, whilst HEPES buffers, which do not contain metal ions, are not likely to make such 

heterogeneous particles [98]. Moreover. It was shown that the interaction between lipid and 

nucleic acid depends on the encapsulation buffer. For example, citrate buffers made the 

nucleic acid (NA) surface more negative than the HEPES buffer. This allows more electrostatic 

interaction between NA and lipid and hence increases the thickness of the NA layer adsorbed 

onto the lipid bilayer [99].  

However, whilst the choice of buffer and its pH are key considerations, the ionic strength of 

the aqueous buffer is also an important parameter and overlooked compared to the other 

parameters. The citrate and acetate buffer are commonly used to encapsulate RNA into the 

LNPs, and the three clinically used RNA LNPs-based products employ these buffers, although 

they do not specifically mention it; it is revealed from their preclinical studies [21–23,40]. 

Increasing ionic strength likely led to an increase in the particle size [100,101]. The addition of 

sodium chloride (NaCl) was used as a strategy to improve the EE [102]. Moreover, it has been 

shown that increasing ionic strength affected the EE depending on the pH; for example, 

increasing ionic strength 25-fold decreased the EE by nearly 10 times at pH4, but it was only 

halved at pH5, while this did not affect the particle size with such dramatically, increased the 

size slightly [103]. Moreover, it was shown that increasing ionic strength from 20 mM to 300 

mM of citrate buffer drastically diminished EE from 95% to 7% when encapsulating siRNA; 
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however, it did not affect EE for antisense oligonucleotides [104]. So far, as can be seen, many 

studies have focused on the effect of ionic strength on particle size and EE. Cheng et al. 

showed increasing ionic strength from 25 mM to 300 mM led to greater transfection efficiency 

both in vitro and in vivo [105]. The author associated this improvement with forming more 

bleb structures with higher ionic strength.  

Given not much study considering the effect of ionic strength on in vitro and in vivo outcome, 

in this chapter, the influence of increasing ionic strengths of citrate buffer from 50 mM to 300 

mM used in the manufacture of mRNA-LNPs on the resultant LNP physicochemical 

characteristics, in vitro transfection and in vivo efficiency and biodistribution was investigated.  

3.2 Aim and Objectives  

This chapter aimed to consider the effect of the ionic strength of citrate buffer on mRNA LNPs 

in vitro and in vivo efficiency. To achieve this, the objectives of this study were: 

• Preparing Fluc-mRNA-LNPs with 50 mM, 100 mM, and 300 mM citrate buffer and 

characterise the LNPs. 

• Analysing the particle size distribution and the particle concentration using a single 

particle-based technique called NTA. 

• Determine the effect of ionic strength on pKa of LNPs using TNS assay, 

• Demonstrating qualitative and quantitative cellular uptake profile of LNPs using HEK-

293 cell line and transfection efficiency and toxicity profile. 

• Considering the biodistribution profile of LNPs and the in vivo expression profile.  

 

3.3 Material and Method 

3.3.1 Materials 

The ionisable lipid 8-[(2-hydroxyethyl) [6-oxo-6-(undecyloxy) hexyl]amino]-octanoic acid, 1-

octylnonyl ester (SM-102) was purchased from BroadPharm, USA, and 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-

2000 (DMG-PEG2000) were procured from Avanti Polar Lipids (Alabaster, AL, USA). 

Polyadenylic acid (PolyA), cholesterol (Chol), citric acid, sodium citrate tribasic dehydrate, and 

triton X-100 were acquired from Sigma-Aldrich (St. Louis, MO, USA). EZ-Cap-modified firefly 

luciferase-mRNA is procured from APExBIO (USA). Quant-it Ribogreen RNA assay, 1,1'-
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Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DilC),1,1-dioctadecyl-

3,3,3,3-tetramethylindotricarbocyanine iodide (DiR), Nuc Blue nuclear stain, and DPBS (Ca2+ 

and Mg 2+ free), methanol free formaldehyde, and BCA protein assay kit from Thermo Fisher 

Scientific, MA, (USA). Minimal Essential Medium (MEM), fetal bovine serum (FBS), sodium 

pyruvate, and penicillin/streptomycin were acquired from Gibco technologies. Phalloidin-

iFlour 488 was from Abcam, ONE-Glo luciferase assay system, Vivo Glo luciferin substrate from 

Promega. All other solvents were of analytical grade and were supplied in-house.  

3.3.2 Preparation of LNPs 

LNPs were prepared in NanoAssemblr Benchtop from Precision NanoSystem Inc (Vancouver, 

BC, Canada) using a herringbone microfluidic chip. LNPs were composed of DSPC: Cholesterol: 

SM-102:DMG-PEG2k at 10:38.5:50:1.5% molar ratio dissolved in absolute ethanol as the 

organic phase at 5 mg/mL, corresponding to 1.25 mg/mL after microfluidic production. The 

aqueous phase comprises the firefly luciferase (Fluc-mRNA) dissolved in citrate buffer at 

different ionic strengths (50 mM, 100 mM or 300 mM) at an N/P ratio 6. The flow rate ratio 

(aqueous to ethanol) and total flow rate were adjusted to 3:1 and 12 mL/min, respectively. 

For the in vivo experiments, DiR was added to the organic phase to prepare the DiR-labelled 

Fluc-mRNA LNPs. PolyA was used as a surrogate for mRNA in cellular uptake studies, where 

DilC was added to the organic phase to prepare DilC-labelled LNPs. Both the fluorescent dyes 

were used at a concentration of 1 % of the total molarity of the lipid mixture.  

3.3.3 Removal of Ethanol Content and Buffer Exchange with Centrifugal Filter 

Unit  

Following the preparation of the LNPs, they were purified by a spin column centrifugal filter 

unit to remove ethanol content and increase pH to physiological conditions through buffer 

exchange. The LNPs were diluted 1:40 times in 10 mM PBS pH 7.4 and then centrifuged at 

2,000 g at 4 0C till the desired volume of the LNPs was recovered. The LNPs were concentrated 

twice using the spin column centrifugal unit, with the final mRNA concentration being 130 

μg/mL and lipid concentration 2.5 mg/mL. 

3.3.4 LNPs Characterization by Using Dynamic Light Scattering: Particle Size, 

Polydispersity and Zeta Potential  

Particle size (z-average hydrodynamic diameter), PDI (polydispersity index), and zeta 

potentials were measured by dynamic light scattering using a Zetasizer Ultra (Malvern 
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Panalytical Ltd, Worcestershire, UK) equipped with a 633 nm laser and a detection angle of 

173°. Particle size and PDI were measured in 10 mM PBS pH 7.4, and ultrapure water was used 

for zeta potential. The samples were diluted at 1:10 for all the measurements. Mean particle 

size and PDI are expressed as the mean ± SEM. 

3.3.5 Entrapment Efficiency 

The encapsulation efficiency of PolyA/Fluc mRNA was determined using Ribogreen Assay 

according to the manufacturer’s instructions. Briefly, 50 μL of samples were added to the 96-

well black plates in the presence or absence of 0.1 w/v% Triton X-100, referring to the total 

and unencapsulated mRNA, respectively. The plate was incubated at 37 °C for 15 minutes, 

followed by adding Ribogreen fluorescent dye. To the Triton (+) wells, Ribogreen dye was 

added at a concentration of 1:200 and to the Triton (-) 1:500. The fluorescence intensity was 

quantified using GloMax® Discover Microplate Reader at excitation and emission wavelength 

of 480 nm/520 nm respectively. The encapsulation efficiency (%) (Equation 1.1) and recovery 

(%) (Equation 1.2) were calculated according to the standard curve of Triton (+) and Triton (-).  

3.3.6 Nanoparticle Tracking (NTA) Analysis of LNPs 

The estimated particle concentration of LNPs, hydrodynamic diameter and distribution were 

analysed using the Nano Sight NS300 system (Malvern Panalytical, Worcestershire, UK) 

equipped with a 488 nm laser module and a high-sensitivity camera. All samples were diluted 

with PBS pH7.4. Camera levels of 9 and 5 of the detection thresholds were set to acquire five 

60-second videos. All samples were analysed under constant flow conditions (flow setting 

100) and at an ambient temperature (∼25 °C). A detection threshold of 3 was selected for 

post-processing analyses. Data were analysed using the NTA software (v3.4.0.0.3).  

3.3.7 Cryogenic transmission electron microscopy (cryo-TEM) of mRNA LNPs 

The effect of the citrate buffer molarity on Fluc-mRNA SM-102 LNP morphology was evaluated 

using cryo-transmission electron microscopy (cryo-TEM). mRNA-LNP (5 μL) was drop cast onto 

a 400-mesh lacey carbon-coated grid using single-sided blotting for 2s, then immersed in 100 

% nitrogen-cooled ethane. Images were recorded using a JEOL 2100F FEG-TEM at liquid 

nitrogen temperature and 200 kV.  
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3.3.8 TNS Assay 

20 mM citrate buffer pH ranged from 3.0 to 6.0, sodium phosphate buffer pH ranged from 6.5 

to 8.0, and tris buffer pH 8.5 to 9.0 were prepared. 0.6 mM of the fluorogenic probe, 6-(p-

toluidine)-2-naphthalene sulfonic acid sodium salt (TNS) was prepared by dissolving in the 

distilled water. LNPs were diluted to 0.5 mM of lipid concentration. Then, diluted LNPs were 

added to each well with each buffer in triplicate. TNS reagent was added to all wells, and the 

plate was incubated at room temperature for 10 minutes in a dark environment. Then, the 

fluorescence intensity was measured at the excitation and emission levels of 355 and 460, 

respectively. The blank value was subtracted from each reading. The data was normalised by 

dividing each fluorescence intensity by the maximum fluorescence intensity, and an average 

of these normalised values was calculated. A scatter graph of these normalised values against 

each pH was plotted, using polynomial order 3. pKa is defined as the pH at which the 

normalised value is 0.5, corresponding to 50% fluorescence.   

3.3.9 Cell Culture Maintenance 

Human embryonic kidney (HEK 293) cells were used for the in vitro experiments, including 

nanoparticle uptake and transfection experiments. The cell line was maintained in Minimum 

Eagle’s medium (MEM) supplemented with 10 % fetal bovine serum, sodium pyruvate, and 1 

% penicillin/streptomycin in a humidified environment (37 °C, 5 % CO2) till confluent. The 

media was replaced after 2-3 days and passaged for the experiments while they were at 80-

90 % confluency. 

3.3.10 Qualitative Nanoparticle Uptake Study 

The internalisation of the LNPs was investigated using HEK 293 cells by confocal laser scanning 

microscopy. HEK 293 cells were seeded at a density of 10,000 cells in a glass-bottom confocal 

dish and grown till 70-80 % confluency was achieved. The monolayer of cells was then 

incubated with poly A-Dil C labelled LNPs (100 μg/mL) for 24 hours. The LNPs were then 

aspirated gently to avoid dislodging the cells after incubation. The cells were washed with 10 

mM PBS (pH 7.4) three times gently to remove non-internalized LNPs. The cells were fixed 

using 4 % formaldehyde for 10-15 minutes, then washed with 10 mM PBS (pH 7.4) and treated 

with 0.1 % Triton X-100 in 10 mM PBS to aid cell membrane permeabilisation. After the Triton 

X-100 treatment, the cells were stained with phalloidin-iFluor 488 reagent (1 hour) for actin 

filaments co-localization. The cells were given a final wash with 10 mM PBS followed by 
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staining the nucleus with NucBlue Live Ready Probes for 20 minutes. The cells were then 

observed under the confocal microscope (Leica) at 40 X magnification. The poly A-Dil C 

labelled LNPs fluoresces at an excitation/emission wavelength of 549 nm/565 nm, while the 

phalloidin-iFluor 488 fluoresces under the FITC channel. The images were analysed using 

ImageJ software.  

3.3.11 Quantitative Nanoparticle Uptake Study 

HEK 293 cells were seeded at a density of 10,000 cells/mL in a 24-well plate and grown till 70-

80 % confluency was achieved. Dil C labelled Poly A-LNPs suspended in MEM were added to 

the cells at a concentration of 44 μg/mL and 2 μg/mL and left for 24 hours of incubation. 

Following the incubation period, the LNPs were aspirated, and the cells were washed in cold 

10 mM PBS pH 7.4 twice to thrice to remove the non-internalized LNPs. The cells were then 

lysed by 1 % v/v Triton X-100 in 10 mM PBS pH 7.4 for 30 minutes. The cell lysates were 

centrifuged at 10,000 rpm for 10 minutes. The supernatant was used to measure the 

concentration of the internalised LNPs using a fluorescence microplate reader (Promega, 

GloMax® Discover Microplate Reader) at an excitation/emission of 549/565 nm. The unknown 

concentration of the fluorescent LNPs was analysed from the standard curve of the Dil C 

labelled LNPs. The cell lysates were also subjected to the BCA protein assay kit to determine 

the protein content. The nanoparticle uptake was expressed as by the following Equation 

3.1[106] 

 

 𝑁𝑃𝑠 𝑢𝑝𝑡𝑎𝑘𝑒 =
µg of nanoparticles calculated from the standard curve of nanoparticles

mg of total cell protein calculated from BCA assay 
 

 

 

3.3.12 Transfection Study 

The in vitro mRNA transfection assay was conducted using the ONE-Glo Luciferase assay 

system. Prior to the transfection experiment, HEK 293 cells were passaged and seeded in a 

white 96-well plate at a cell density of 10,000 cells/100 μL and left to grow in the appropriate 

humidified environment to achieve 75-80 % confluency. Fluc-mRNA SM-102 LNPs were serially 

diluted in MEM media at concentrations ranging from 2 μg/mL, 1 μg/mL, 0.5 μg/mL, and 0.25 

 

Equation 3.1 
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μg/mL. Upon reaching confluency, the media was aspirated from the cells, and the LNPs (100 

μL) were added to the cells at the above concentrations and incubated for 24 hours. The 

following day, 100 μL of ONE-Glo luciferase reagent was added to the cells containing the 

LNPs, mixed well to aid lysis, and luminescence was measured using a plate reader (Promega, 

GloMax® Discover Microplate Reader).  

3.3.13 Cell Viability Study 

Cell viability of the LNPs was carried out in HEK293 cells using Alamar blue assay. Briefly, 

10,000 cells/100 μL were seeded in a 96-well plate and grown till confluent. LNPs were added 

to the cells at the lipid concentrations 44 μg/mL, 22 μg/mL, 11 μg/mL, and 5.5 μg/mL and 

incubated for 24 hours. 1% Triton in MEM media was used as a positive control. The next day, 

the LNPs were aspirated, and fresh MEM media was added to the cells, followed by the 

addition of 10 μL Alamar blue reagent. The fluorescence is measured in the cells after 4 hours 

of incubation using a microplate reader (Promega, GloMax® Discover Microplate Reader) with 

the excitation/emission wavelength 590 nm/ 560 nm. The relative cell viability was calculated 

as a percentage.  

3.3.14 Fluorescence and Bioluminescence of DiR labelled Fluc-mRNA LNPs by 

IVIS 

For in vivo studies, female BALB/c mice, 8-10 weeks old, an average weight of 22 grams, were 

divided into 3 different groups. All the experiments were conducted three times 

independently, with three mice in each group per experiment (a total of 9 mice per 

formulation). All animals were handled in accordance with the UK Home Office Animals 

Scientific Procedures Act of 1986 in accordance with an internal ethics board and a UK 

government-approved project and personal license.  

LNPs were labelled with DiR, a lipophilic dye, and loaded with Fluc mRNA to track the 

biodistribution of LNPs and to assess the expression profile, respectively. The fluorescence of 

DiR was imaged at the excitation wavelength of 710 nm and an emission filter of 780 nm, while 

Fluc mRNA expression was imaged on the luminescent filter to analyse bioluminescence. A 

medium binning and f/stop of 2 was used, and acquisition times were defined using auto-

exposure settings.  
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In terms of the experimental plan, mice were injected 5 μg / 50 μL of mRNA-LNPs per leg via 

IM route. They were anaesthetised using 3 % isoflurane. Anaesthesia was maintained (2% 

isoflurane) during imaging in the IVIS imaging chamber. Mice were imaged first for the 

biodistribution of the LNPs under the DiR filter and then following subcutaneous (SC.) 

injection of D-luciferin at a dose rate of 150 mg/kg. D-luciferin was prepared at a working 

concentration of 30 mg/mL in sterile DPBS (In this chapter, the injection route was changed 

from IP (Chapter 2) to SC. In subsequent chapters, it was applied as SC). 10 minutes after SC 

luciferin injection, mice were imaged for bioluminescence. These imaging sessions for both 

fluorescence and bioluminescence were repeated at 6-, 24-, and 48-hours post-IM injection 

of LNPs. D-luciferin was injected at the same dose rate at every time point before 

bioluminescence measurements. Mice were terminated at the end of the 48-hour study using 

a Schedule 1 method. Image capture and data analysis were carried out using Living Image 

software. Total radiant efficiency and total flux were gained by region of interest for 

fluorescence and bioluminescence, respectively, and normalised to the control mice (The 

fluorescence and luminescence intensities were divided by those of the control mouse). 

Average radiant efficiency and average total flux were calculated for the fluorescence intensity 

and bioluminescence measurements, respectively.  

3.3.15 Statistical Analysis 

Data is represented as a means of three independently conducted separate experiments and 

GraphPad Prism was used to perform statistical analysis by performing ANOVA with post-hoc 

analysis wherever applicable. P-value < 0.05 was considered statistically significant. 

3.4 Results 

3.4.1 The Impact of Citrate Buffer Concentration on the Physicochemical 

Properties of LNPs  

LNPs were prepared with the lipid composition of DSPC:Chol:SM-102:DMG-PEG2k 

(10:38.5:50:1.5% molar ratio) encapsulating Fluc mRNA prepared in 50 mM, 100 mM or 300 

mM of citrate buffer at pH 4.0. LNPs were subject to buffer exchange with 10 mM PBS at pH 

7.4. The results in Table 3.1 show that increasing the concentration of citrate buffer 

corresponded to an increase in particle size, with LNPs prepared using 50 mM citrate buffer 

being 88 ± 7 nm, increasing to 111 ± 15 nm and 116 ± 8 nm for 100- and 300-mM citrate buffer 

respectively. However, irrespective of the buffer concentration, all LNPs had a polydispersity 
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index below 0.2, with no significant difference in zeta potential (Table 1). When considering 

the ability of the LNPs to load nucleic acids dissolved in the different citrate buffer 

concentrations, all LNPs had an encapsulation efficiency (EE%) of over 95% and a nucleic acid 

recovery of over 90% (Table 1).  

Table 3.1 The effect of concentration of citrate buffer concentration 50 mM, 100 mM or 300 mM on 
LNPs z-average size, PDI, zeta potential, Encapsulation Efficiency (%) and recovery (%). (EE) and 
recovery % refers to the percentage of encapsulated RNA and the total RNA present in the LNPs during 
the manufacturing process, respectively. LNPs composed of DSPC: Chol: SM-102:DMG-PEG2k 
(10:38.5:50:1.5 molar ratio) and encapsulated Fluc mRNA (or PolyA for uptake study) at NP6. They 
were manufactured using microfluidics at a 3:1 FRR and 12 mL/min TFR and purified by spin column. 
Results represent mean ± SEM, n= 3 independent batches. 

 

 

The particles were analysed with NTA (Figure 3.1). Particle concentration decreased slightly 

with increasing the concentration of citrate buffer. Also, a small second peak appeared with 

100 and 300 mM of citrate buffer, although all LNPs had monodisperse size distribution.  

 

 

Figure 3.1 NTA size distribution of mRNA-LNPs prepared with 50 mM, 100 mM and 300 mM of citrate buffer. One 
sample was measured for each concentration with five technical replicates.  

 

Citrate buffer 

concentration 

(mM) 

Average 

diameter (nm) 
PDI 

Zeta 

Potential 

(mV) 

EE (%) Recovery (%) 

50  88 ± 7 0.13 ± 0.04 -1.6 ± 0.9 97 ± 2 110 ± 14 

100  111 ± 15 0.17 ± 0.06 1.5 ± 0.9 97 ± 1 96 ± 12 

300  116 ± 8 0.13 ± 0.04 5.5 ± 1.8 98 ± 1 93 ± 6 
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Also, particles were imaged using Cryo-TEM to investigate further the effect of the molarity of 

citrate buffer on the particle morphology (Figure 3.2). This figure shows the presence of two 

types of structures. LNPs with well-defined, spherical or near-spherical morphology and a 

smooth, continuous outer layer can be seen. Their internal structure appears as a dense, 

homogeneous core, which suggests an electron-dense core containing mRNA. Within LNP 

formulations, ‘Bleb’ structures (previously described [9]) are seen (marked with white arrows; 

Figure 3.2). Bleb structures in LNPs refer to protruding vesicular or bud-like formulations and 

result from phase separation or instability within the lipid bilayer. These bleb structures can 

be seen in LNP formulations prepared using the three different citrate buffer molarities (Figure 

3.2). However, at the higher 300 mM citrate buffer concentration (Figure 3.2E and F), these 

blebs can be seen budding off (denoted with the red arrows). 

 

 

Figure 3.2 Cryo-TEM images of mRNA-LNPs prepared with (A-B) 50 mM, (C-D) 100 mM and (E-F) 300 mM of 
citrate buffer. Red arrows show the bleb dissociation 

 

3.4.2 TNS Assay 

The effect of the ionic strength of citrate buffer on the pKa of LNPs was tested using a TNS 

binding assay (Figure 3.3). The best sigmoidal curve was fitting to the data. All LNPs had 

similar pKa at around 6.5, irrespective of the citrate buffer molarity.  
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Figure 3.3 Determination of pKa by TNS fluorescence titration. The four amino lipids shown are examples 
illustrating the full pKa range evaluated. Sigmoidal best-fit analyses were applied with pKa defined as the pH at 
half-maximal fluorescence intensity (n=3). 

 

3.4.3 In vitro Cellular Uptake of LNPs 

The cell uptake of SM-102 LNPs was investigated in both a qualitative and quantitative manner 

by using a Dil fluorescent dye and employing confocal microscopy and fluorescence intensity 

measurements, respectively. Dil belongs to a family of fluorescent lipophilic carbo cyanic dyes, 

which have weak fluorescence but emit strong fluorescence intensity when incorporated into 

cellular membranes  [107]. In this study, we used a Dil C18 dye to label the SM-102 LNPs and 

monitor the cellular internalisation inside the HEK 293 cells after 24 hours of incubation and 

observed under confocal microscopy as a part of the qualitative analysis of the uptake study. 

To mark the co-localization of the nucleus and the actin filaments, the cells were stained by a 

nuclear stain Nuc Blue (blue) and phalloidin-iFluor 488 conjugate (green). As observed from 

Figure 3.4a, the LNPs prepared using 50 mM citrate buffer had a relatively higher fluorescence 

intensity, demonstrating the increased uptake of LNPs compared to the LNPs prepared using 

100 mM and 300 mM of citrate buffer. The HEK 293 cells were also stained with Dil C dye to 

demonstrate that the dye, when used alone to label the cells, stains only the cell membrane 

(Figure 3.4b), whereas when incorporated into LNPs, they are readily internalised by the cells 

via endocytic pathways to appear as endocytic bodies in the cytoplasm.  

The quantitative analysis of the Dil C SM-102 LNPs was conducted by measuring the 

fluorescence intensity of the LNPs, and the nanoparticle uptake was expressed in terms of per 

milligram of protein. Following the cell lysis, the supernatant was used to measure the 

fluorescence intensity of the LNPs and to calculate the concentration. For the quantitative 
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analysis, HEK 293 cells were incubated with two different concentrations of Dil C LNPs (44 

μg/mL and 2 μg/mL). 44 μg/ml of Dil C LNPs was chosen on account of the concentration of 

lipids estimated to be present when a 2 μg/mL of mRNA dose is used for the transfection 

experiment, where lipid to mRNA w/w ratio is maintained at 22:1. 2 μg/mL of Dil C LNPs was 

used as a lower limit of LNPs concentration for comparative analysis, As observed from the 

Figure 3.4c the cell uptake of the LNPs at 44 μg/mL is higher in all the three different 

formulations as would be expected. However, whilst at lower lipid concentrations (2 μg/mL), 

there are no notable differences in LNP uptake observed, at the higher lipid concentrations 

(44 μg/mL), differences in LNP update are seen (Figure 3.4); a trend of lower LNP uptake with 

LNPs prepared with higher citrate buffer concentrations is seen, with LNPs prepared with 50 

mM citrate buffer concentrations showing significantly (p<0.05) high cell uptake compared to 

those LNPs prepared at 300 mM citrate buffer (Figure 3.4c).  

 

Figure 3.4 Cellular Uptake of Dil C labelled LNPs. (a) Qualitative uptake of Dil C LNPs in HEK 293 cells prepared 
using 50 mM, 100 mM or 300 mM citrate buffer aqueous phase and incubated for 24 h and observed under 
confocal microscopy (on a scale of 50 μm). (b) Cellular membrane staining by Dil C only in HEK 293 cells (on a 
scale of 50 μm). (c) Quantitative uptake of Dil C LNPs in HEK 293 cells incubated for 24 h and measured by 
fluorescent spectrophotometer. Data is represented as SEM (n=3) of three independent experiments and 
statistical analysis done by GraphPad Prism (ns= not significant; *P< 0.05) 

 

3.4.4 In vitro Transfection Efficacy of LNPs Prepared Using Different Citrate 

Buffer Solutions. 

In our study, HEK 293 cells were incubated with Fluc mRNA-based SM-102 lipid nanoparticles 

at four different mRNA concentrations (2 μg/mL, 1 μg/mL, 0.5 μg/mL, and 0.25 μg/mL) for 24 

hours. Relative luminescence intensity was measured using an in vitro luciferase assay along 
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with cell viability (Figure 3.5). Figure 3.5a shows an mRNA dose-response curve for each of 

the 3-citrate buffer molarities. These results show that whilst there is no significant difference 

in transfection efficacy between LNPs prepared with 50- or 100-mM citrate buffer, the 300 

mM citrate buffer LNP formulation tended to give lower luciferase expression levels compared 

to the LNPs prepared with 50- or 100-mM citrate buffer. These differences in transfection 

levels were not related to cell viability as a cell viability study of the three LNP formulations 

was conducted in a dose-dependent manner for 24 hours (Figure 3.5b). The concentrations 

were selected as equivalent to the lipid concentrations present in the LNPs used for the 

transfection experiment. From the cell viability data (Figure 3.5b), it is evident that all three 

LNP formulations did not induce any toxicity to the cells, maintaining cell viability greater than 

90 % at all concentrations. The positive control cells treated with 1% Triton displayed only 15 

% viability, confirming the lysis of the cell membrane. 

 

Figure 3.5 In vitro mRNA a) transfection efficiency and b) cell viability: HEK 293 cells transfected with DiR-Fluc 
mRNA LNPs at mRNA concentrations of 2 μg/mL, 1 μg/mL, 0.5 μg/mL, and 0.25 μg/mL for all the formulations. 
24-h post LNPs incubation luminescence intensity was measured. Fluc-mRNA SM-102 LNPs were prepared in 
different ionic strengths of citrate buffer 50 mM, 100 mM, or 300 mM and checked for biocompatibility in HEK293 
cells for 24 hours. Data is expressed as Mean ± SEM (n=3) of three independent experiments followed by 
conducting ANOVA using GraphPad Prism (ns= not significant; *P< 0.05). 

3.4.5 Biodistribution and Bioluminescence Profile of DiR Fluc-mRNA LNPs 

Before starting this study, a pilot study was performed to determine whether labelling LNPs 

with DiR affects the in vivo expression profile in the range of citrate buffer concentration. 

Figure 3.6 showed that DiR did not significantly affect the expression profile.  
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Figure 3.6 The effect of DiR on the in vivo expression profile of mRNA-LNPs prepared with 50, 100, and 300 mm 
of citrate buffer (ns=nonsignificant). BALB/c mice were injected with 5 µg of Fluc mRNA-LNPs via the IM route. 6h 
later, the mice were injected with luciferin, and the bioluminescence was quantified from the injection site. Data 
is expressed mean ± SEM (3 mice in each group; each mouse was injected in each hind leg). 

  

The biodistribution and bioluminescence profile of the DiR-labelled Fluc-mRNA LNPs was 

analysed using the IVIS system at different time points (15 min, 6 h, 24 h, and 48 h) after 

injection of the LNPs (Figure 3.7 and 3.8). BALB/c mice were injected with 5 μg (mRNA) of DiR 

Fluc mRNA-LNPs into each leg via the IM route. The results in Figure 3.7 show similar 

distribution profiles for all three LNP formulations, with the majority of the LNPs being 

detected at the injection site (Figure 3.7b) and no observed levels of fluorescence measured 

at the liver (Figure 3.7c).  

In line with the distribution data, luciferase expression was primarily focused on the injection 

site (Figure 3.8); however, luciferase expression was also noted at the liver after 6 h when the 

peak luciferase protein expression was measured for all three LNP preparations. Furthermore, 

similar to the in vitro expression, the LNPs prepared using 300 mM citrate buffer gave lower 

luciferase expression compared to those prepared with 50 mM or 100 mM citrate buffer both 

at the injection site (Figure 3.8b) and the liver (Figure 3.8c). These results confirm that 

adopting 50 mM or 100 mM citrate buffer concentrations in the preparation of mRNA-LNPs 

provides higher efficacy formulations compared to 300 mM citrate buffer, both in vitro and in 

vivo. 
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Figure 3.7 Measurements of fluorescence DIR in mRNA-LNPs prepared using 50 mM, 100 mM or 300 mM citrate 
buffer (a) Representative IVIS images of groups of 3 BALB/c mice injected with DIR labelled mRNA-LNPs via the 
intramuscular route and imaged at specific time points (15 min, 6 h, 24 h and 48 h). Quantitative analysis of the 
fluorescence intensity in the b) injection site and c) liver after labelled LNP injection. Data is expressed as mean ± 
SEM (a total of 9 mice per formulation split over 3 independent studies). 

 

3.5 Discussion 
LNP preparation via microfluidics is based on the nanoprecipitation of lipids and 

simultaneously encapsulating nucleic acids driven by electrostatic interaction between the 

positive amine group of ionisable lipid and anionic mRNA phosphate group. This study 

investigated the effect of citrate buffer ionic strength used as an aqueous phase to prepare 

LNPs composed of DSPC: Chol: SM-102: DMG-PEG2k (molar ratio 10:38.5:50:1.5%). Overall, 

increasing the ionic strength of citrate buffer led to an increase in LNP particle size, from 88 

nm for LNPs prepared with 50 mM citrate buffer to 110 nm and 116 nm for 100 mM and 300 

mM LNPs, respectively (Table 3.1). However, in all cases, the LNPs maintained a low 

polydispersity profile (PDI < 0.2) and a near-neutral zeta potential (Table 3.1). Similarly, the 

encapsulation efficiency and the recovery of mRNA within these LNPs were not affected by 

the changes in citrate buffer ionic strength (Table 3.1). Analysing the samples with NTA showed 

that increasing the ionic strength decreased the particle concentration and tended to appear 

as a second small peak (Figure 3.1). Cryo-TEM images showed that LNPs produced using 300 

mM citrate buffers had increased bleb structures (Figure 3.2). In terms of potency, both in 
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vitro (Figure 3.4 and 3.5) and in vivo (Figure 3.8), the 50 mM and 100 mM citrate buffer 

formulations showed enhanced mRNA-luciferase expression compared to the 300 mM citrate 

buffer formulations.  

 

Figure 3.8 In vivo expression profile of LNPs encapsulated Fluc mRNA prepared with 50 mM, 100 mM or 300 m 
of citrate buffer (a) Representative IVIS images of groups of 3 BALB/c mice injected with 5 μg Fluc mRNA-LNP 
intramuscularly. Quantification of the bioluminescent signal at specific time points at (b) the injection site and 
(c) the liver, Data is expressed mean ± SEM (a total of 9 mice per formulation split over 3 independent studies). 

 

At a fundamental level, these findings could suggest that increasing the size of LNPs may 

reduce their effectiveness. However, when considering the particle sizes presented in Table 

3.1, the differences, although potentially noteworthy from a critical quality attribute 

standpoint, are relatively small (40 nm) between 50 mM and 100 mM buffer, and there is no 

significant difference between the 100 mM and 300 mM citrate buffer LNP formulations. 

However, the link between manufacturing conditions and particle size is an important 

consideration. For example, Lou et al. investigated the role of TRIS buffer concentration on 

liposomes produced by microfluidics. These studies showed that neutral liposomes, 

comprising DSPC and cholesterol, maintained a consistent size of approximately 80 nm across 

TRIS buffer concentrations ranging from 0 to 1000 mM. In contrast, cationic liposomes showed 

a stepwise increase in size from 40 to over 600 nm across the same TRIS concentration range. 

Despite variations in size, all formulations exhibited narrow and unimodal size distributions, 
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as evidenced by low polydispersity index (PDI) values (0.05–0.25) and Cryo-TEM 

characterisation [101]. This buffer-induced size control was attributed to the packing 

parameter of lipids based on the effective area of the head group, the length of the alkyl chain, 

and the alky chain volume. Similarly, Cheung and Al-Jamal also showed that when 

manufacturing liposomes using microfluidics, including ions (saline or PBS) in the aqueous 

phase led to an increase in particle size of liposomes and made a more monodisperse particle 

size distribution [108]. Nakamura et al. also showed the impact of buffer choice on LNP 

particle size[96]. Within their studies, to investigate the effect of salt concentration in acidic 

aqueous buffer, NaCl was added to 20 mM acetate buffer (pH 4.0) at concentrations of 20, 50, 

or 150 mM, and in their studies, they demonstrated that the addition of NaCl to acetate buffer 

increased the size of LNPs from approx. 100 to 160 nm as the NaCl concentration increased 

from 0 to 150 mM, and this was attributed to the salt-out effect [96]. Similarly, within our 

studies, by increasing the ionic strength of the citrate buffer 6-fold (from 50 mM to 300 mM), 

we may induce an osmotic imbalance, altering the LNP structure. Indeed, Zhigaltsev et al., 

showed that osmotic stress can drive the formation of bilamellar lipid structures [109]. In their 

study, they increased the ionic strength by adding NaCl to liposomes and LNPs, creating an 

osmotic pressure gradient that causes water efflux from the particle’s aqueous interior. These 

changes may be an obstacle to releasing mRNA into the cytosol due to different lamellar 

structures, thereby resulting in lower mRNA expression, as seen in Figures 3.5 and 3.8. 

It has also been proposed that bleb structures can be induced in mRNA-LNP systems by 

preparing them in the presence of high concentrations of pH 4 buffer (including citrate buffer) 

and that these systems can exhibit enhanced transfection properties both in vitro and in vivo 

[105]. The formation of a bleb has been reported to involve the production of protrusions 

from the particles, consistent with areas enriched with DSPC and with an aqueous core that 

may or may not contain mRNA [110]. These bleb structures form due to the segregation of 

the different lipids within the LNP composition upon dilution of the lipids in ethanol into the 

aqueous media during manufacture. Indeed, molecular simulation studies also suggest that 

LNP structures may include solvent pockets, and experimental findings reveal non-spherical 

morphologies linked to the segregation of the bilayer-forming component DSPC, resulting in 

pronounced blebs [110]. However, bleb formation may be interlinked to the choice of 

ionisable lipid used; Cheng et al. noted that the high concentration buffer induced fusion and 
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formation of larger structures including blebs was more pronounced DLin-KC2-DMA (KC2) 

compared to SM-102[105]. Through the optimisation of pH 4 buffer concentration and type, 

LNP mRNA systems encoding firefly luciferase with KC2 achieved in vivo transfection potencies 

comparable to or better than those obtained with LNPs containing SM-102. This enhanced 

transfection efficiency was credited to the improved stability of mRNA, particularly when it is 

sequestered into bleb structures within the LNPs [105]. This underpins the importance of 

considering the citrate buffer concentration in conjunction with the lipid composition in 

producing LNPs.  

In general, the success of any nanoparticle system in biomedical applications is established 

when it reaches the target tissue, followed by its internalisation, and effectively carries out 

the intended functions [111]. The internalisation of the LNPs by the cells is governed by 

multiple uptake mechanisms, for example, clathrin and caveolae-mediated endocytosis [112] 

and macro pinocytosis that is further dependent on the nanoparticle physicochemical 

characteristics and the cell type [112,113]. In our studies, it was observed that LNPs prepared 

using 50 mM citrate buffer as the aqueous phase displayed an increased nanoparticle uptake 

both qualitatively and quantitatively compared to LNPs prepared with 300 mM citrate buffer 

(Figure 3.4). One can expect a higher uptake of the nanoparticles in a concentration-

dependent manner depending on the cell type; however, it is also anticipated that saturation 

at a certain concentration would occur. Indeed, Peñaloza et al. investigated this phenomenon, 

demonstrating a higher percentage of nanoparticle uptake in three different cell lines in a 

concentration-dependent manner, ultimately showing a saturation effect beyond a particular 

concentration [114].  

The transfection efficiency of the LNPs is the downstream activity investigated by 

encapsulating an mRNA encoding firefly luciferase inside SM-102-based LNPs. Human 

embryonic kidney (HEK 293) is a popular mammalian cell line widely used due to its high 

transfection efficiency [115], protein production, rapid doubling time, ease of culture 

conditions, and maintenance [116,117]. Similarly, for in vivo testing, BALB/c mice are 

commonly used for mRNA-LNP protein expression and vaccine studies. It was demonstrated 

that the 300 mM citrate buffer LNP formulation shows lower protein expression both in vitro 

(Figure 3.4 and 3.5) and in vivo (Figure 3.8). However, generally, the lack of in vitro-in vivo 

correlation in LNP testing is a well-recognized issue, as is the difference between mouse and 
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non-human primate performance. For example, Whitehead et al. studied a large library of 

nanoparticles in multiple in vitro systems and mice, and they noted that when the diameter 

of LNPs is less than 200 nm, size does not correlate with in vivo efficacy [118]. Similarly, Hassatt 

et al. designed a series of studies to systematically change LNP particle size without altering 

lipid composition and evaluated the biophysical properties and immunogenicity of the 

resulting LNPs [46]. The authors showed that whilst small diameter LNPs were substantially 

less immunogenic in mice, all particle sizes tested ((small (64 nm), medium (81 nm), large (108 

nm) and extra-large (146 nm)) yielded a robust immune response in non-human primates.  

In this chapter, in addition to testing the transfection efficiency of the different LNP 

formulations we also considered their biodistribution in BALB/c mice. LNPs were loaded with 

Fluc mRNA and labelled with DiR to assess their expression and biodistribution profile 

simultaneously. The incorporation of DiR into the lipid bilayer of LNPs did not affect 

luminescence intensity (Figure 3.6). Mice were injected intramuscularly with 5 μg Fluc mRNA-

LNPs per leg and imaged for fluorescence (DiR) and bioluminescence (luciferase). Our results 

(Figure 3.7) showed high levels of LNPs retained at the injection site, with DiR fluorescence 

intensity increasing to a maximum at 24 h after dosing all formulations. No notable 

fluorescence intensity was measured at the liver or spleen. It's important to acknowledge that 

detecting the fluorescence intensity of internal organs is difficult with IVIS without extracting 

the organs due to the limited penetration depth in tissue. When considering luciferase 

expression (Figure 3.8), we see mRNA expression at the intramuscular injection site and the 

liver. At both sites, the LNPs prepared with high (300 mM) citrate buffer promoted lower 

luciferase expression. The expression and biodistribution of FLuc-LNPs were also studied by Di 

et al. and they compared the use of DiR as an LNP marker with deuterium-labelled LNPs [119]. 

From their studies, the muscle signal from DiR-LNPs showed a gradual increase over time, 

peaking at 48 hours, while the liver signal reached its maximum at 7 hours but diminished 

considerably by 48 hours. The authors note that whilst fluctuation in signals at the injection 

site could be indicative of the potential leakage of DiR molecules incorporated in the LNPs 

over time, the generally consistent signals at the injection site suggest that such release may 

not be significant. Furthermore, the observed metabolism and excretion of LNPs in the liver 

(where the signal cannot be detected in live imaging) might explain the decrease in signal over 

time [119]. Indeed, the authors confirmed this using LC/MS for quantification of deuterium-
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labelled LNPs [119]. Given the stability of deuterium-labelled cholesterols within the LNPs 

bilayer, the release of 2H-cholesterols in the plasma is expected to be minimal. Tissue 

concentration measurements for deuterium-labelled LNPs aligned well with fluorescence 

intensity data, with the muscle at the injection site exhibiting the highest and relatively 

constant LNP concentration within 24 hours. The liver and spleen displayed comparable LNP 

concentrations, but due to the larger volume of the liver, it can capture more LNPs. When 

normalised to LNPs% per tissue, the muscle accumulated 60–80%, the liver 10%–20%, and the 

spleen only 1%–2% [119]. These results correspond to our findings with IVIS imaging of the 

mice detecting the DiR-labelled LNPs at the injection site and mRNA expression at both the 

injection site and liver (Figures 3.3 and 2.4). Di et al. also used their protocols to investigate 

the impact of LNP size on biodistribution after intramuscular injection, and whilst all IM 

injected LNPs were found to migrate from the injection site, smaller (~100 nm) LNPs were 

cleared more quickly than larger (180 and 330 nm) LNPs, possibly via the draining lymph 

nodes. With reference to particle size, studies have indicated that nanoparticles with sizes 

below 200 nm can access lymphatic drainage through advection (the passive transport carried 

along by fluid flow). On the other hand, 200 to 500 nm particles might rely on dendritic cells 

(DCs) to circulate to the lymph [119]. However, in our studies, whilst we see lower expression 

levels at both the injection site and liver for our 300 mM citrate buffer LNPs compared to LNPs 

prepared with 50 and 100 mM, all three formulations were well below 200 nm. Furthermore, 

LNPs prepared at 100 or 300 mM were not significantly different in size (approx. 120 nm), 

again suggesting differences in expression are not a result of different sizes or clearance rates 

from the injection site. Notwithstanding, there does remain the potential for both the LNPs 

and their expressed luciferase to be taken up by the lymphatics and into the circulation and 

hence luciferase detection at the liver (particularly given the correlation of higher expression 

levels at both the injection site and liver).  

Surface charge is also a critical quality attribute of LNPs and can impact their potency and 

biodistribution. The surface charge of LNPs is driven by the pKa of the ionisable lipids within 

LNPs and the pH of the buffer they are suspended in[120]. It is also reported that the biological 

performance of LNPs can depend on their interactions with blood proteins and cell 

membranes, and surface charge can affect cellular uptake, endosomal release, and 

biodistribution of nanoparticles[121,122]. For example, Carrasco et al. showed that 
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intramuscularly administered LNPs exhibit off-target systemic production of mRNA in the liver 

depending on the surface charge of nanoparticles [85] and neutral particles can move to the 

liver more easily than their charged counterparts [85,119,123,124]. These interactions are 

strongly influenced by the charge state of the LNP’s amine headgroups  [125]. It has also been 

reported that the ionic strength can affect the apparent pKa of LNPs [126]. Therefore, whilst 

in our studies, there is minimal difference in the zeta potential of the three formulations, and 

it is unlikely these small differences alone would have a biological impact, the zeta potential 

is an indirect measure of surface charge and changes in the apparent pKa may not be detected. 

Increasing the ionic strength of the citrate buffer 6-fold (from 50 mM to 300 mM) may lead to 

changes in the apparent pKa of LNPs, which thereby impacts the potency of LNPs, potentially 

through reducing ionisation during endosomal maturation[126]. However, ionic strength did 

not affect the pKa of LNPs (Figure 3.3). 

3.6 Conclusion 

In the current study, we have investigated the influence of ionic strengths of citrate buffer on 

the physicochemical characteristics of mRNA-based LNPs and its effect on the in vitro and in 

vivo transfection efficiency. Varying the ionic strength of citrate buffer from 50 to 300 mM was 

shown to impact the particle size of the LNPs (increasing it from approx. 90 to 120 nm). In all 

the formulations, the PDI was low (<0.2), and encapsulation efficacy was high (>85%). The 

choice of citrate molarity also influenced LNP cellular internalisation, with LNPs prepared 

using 50 mM citrate buffer exhibiting increased uptake compared to the LNPs prepared using 

300 mM citrate buffer. Whilst there was no notable difference in the in vitro transfection 

efficiency between the 50 mM and 100 mM LNP formulations, LNPs prepared with 300 mM 

citrate promoted lower transfection levels. A similar trend was shown in vivo with similar 

expression levels in mice after IM injection for the 50 mM and 100 mM LNP formulations but 

lower expression for the 300 mM formulation, concluding that the ionic strength of the 

aqueous phase in the preparation of mRNA-based LNPs governs their physicochemical 

properties and potency.  

Overall, the in vitro and in vivo effect of the ionic strength of encapsulation buffer, citrate 

buffer, was not known before this study. It is confirmed that citrate buffer ionic strength is a 

key material attribute in pre-clinical studies that must be controlled when manufacturing 

LNPs. 
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Chapter 4: Exploiting Design of Experiment Approach 

Using C12-200 Ionisable Lipid 
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4.1 Introduction 

Design of experiments (DoE) is a pivotal research tool, investigating the interactions between 

multiple parameters simultaneously. Also, it is a component of quality-by-design, which is an 

approach ensuring the quality and safety of the product from the early stage of development 

during the product lifecycle [127]. It explores multiple critical factors of the process or the 

formulation parameters and then allows for improving product quality and process 

optimisation. It has been widely used in drug delivery platforms and has been used to optimise 

mRNA-LNP efficiency and efficacy [55,127–131]. DoE can evaluate multiple parameters 

simultaneously instead of testing one factor at a time. Understanding the critical parameters 

of formulation variables and process parameters, as well as their interactions, successfully 

initiates the development of the process or product. It can also reduce labour and cost whilst 

minimising the use of resources, including reagents and animals with fewer in vivo studies.  

In this chapter, the effect of formulation parameters, such as lipid concentration and 

microfluidic process parameters (including FRR and TFR), on LNP attributes (defined as 

responses) presented in Table 4. 1 were investigated. C12-200 (Figure 4.1) was used as the 

ionisable lipid within the LNP. 

Table 4.1 The factors with levels evaluated in this study and their target responses. 

 

DoE predicts the output of any given data based on the regression equation generated from 

the design. Different designs are used depending on the stage of the research. For example, a 

screening design is applied in the initial stage of development to identify which factors among 
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many variables impact the response. Then, factorial design allows for the working of the main 

effects of the parameters and the interaction(s) between them.  

In this study, a response surface design was applied, which offers the main effect, interaction, 

and quadratic effect. The quadratic effect allows for the exploration of the curvature in the 

model, namely, capturing the non-linear relationship between the variable and the response 

[55]. It is very useful in the optimisation process that shows a non-linear model. The curvature 

and the interaction may be overlooked when only working with main (linear) effects. The Box-

Behnken design, a subgroup of the response surface design, was performed for this study.  

 

Figure 4.1 The chemical structure of C12-200, the yellow highlights the charged amine groups. 

 

4.1.1 Box-Behnken DoE Approach – Background and Rationale. 

The Box-Behnken is a type of response surface design used in DoE, and it is well suited for 

determining the optimal settings of input factors to achieve desired outputs while minimising 

variability. This design is characterised by its efficiency in fitting quadratic models and its ability 

to identify both linear and interaction effects among variables, and it was selected as it is 

suitable for the second-order model, which captures the curvature and non-linearity in the 

response surface (Figure 4.2) [132]. In a three-factor Box-Behnken design, all design points are 

at the same distance from the central point, which means the prediction error is the same for 

all points (Figure 4.2). Homogenously distributed design points prevent adding extreme and 

impractical experimental conditions to the model. Also, the Box-Behnken design allows for the 
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visualising of the relationship between the variables and responses by helping to understand 

the pattern behaviour and optimising the process [133]. It explores the quadratic effect and 

variable interaction with fewer experimental runs compared to the full factorial design [134]. 

The three-factor Box−Behnken design comprises 15 preparation runs, including 3 central runs. 

The factors and levels are shown in Table 4.2. For example, there would be 27 experimental 

(3 x 3 x 3) runs in case of using a general full factorial design. However, the Box-Behnken design 

almost halved the number of runs generated by the full factorial design. This offers more cost-

effective and sustainable research and ethical considerations in terms of using fewer animals 

for studying LNPs. 

 

Figure 4.2 Illustration of Box-Behnken Desing. There are three factors (FRR, TFR, and lipid concentration), with 
three levels: low, middle, and high. There are 18 runs in total, including 3 central runs for estimating error. 

 

This approach searches the main effect of the variables (x, y) and the interaction between the 

variables (xy) and quadratic effects (x2, y2). The quadratic model calculated using multiple 

regression analysis is described by the following Equation 4.1. 

    

           Y= a0 + a1X1 + a2X2 + a3X3 + a4X1X2 + a5X2X3 + a6X1X3 + a7X12 + a8X22 + a9X32     

                                                                                                                                                                                           
Equation 4.1 
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In Equation 4.1, Y is the particle size, PDI, zeta potential, encapsulation efficiency (EE), 

Recovery, in vitro expression, in vivo expression, and DiR intensity increment%. X is a 

preparation parameter where TFR, FRR and lipid concentration are, and α is a regression 

coefficient.  

The accuracy of the model was evaluated by using the scatter plot of the experimental versus 

predicted values and adjusted R-sq value [55]. Using an experimental vs predicted scatter plot 

helps to visualise how well the model prediction aligns with the actual data points. A well-

fitting model can be recognised by scattered data points along a diagonal line. This shows a 

strong fitting between the predicted and the observed values. Also, the distribution of the 

data points should be random. The existence of a pattern (such as a curve shape) in the 

distribution may indicate some limitations in the model that need to be addressed. In addition 

to the scatter plot, R-sq is an important parameter presenting the proportions of the variance 

in the response variables explained by predictor variables in the sample. Higher R-sq values 

indicate better prediction ability of the model across the actual data. However, the R-sq value 

tends to increase by adding the independent parameters to the model with multiple 

parameters, even if they do not improve the model. This R-sq value can be adjusted by 

considering the number of predictors and number of data points in the model, and this is 

called the adjusted R-sq. Therefore, the adjusted R-sq provides a more accurate conclusion 

than the R-sq. Another type of R-sq is the predicted R-sq, which evaluates the prediction 

ability of the model and provides information about the overfitting of the model. If the 

predicted R-sq is distinctly lower than R-sq, the model is likely overfitting, and some terms 

may be eliminated from the model to improve the accuracy. Also, the histogram graph of the 

frequency-residual should have a bell shape, as the expected prediction error is the same for 

all points in this design. ANOVA was conducted to identify the statistically significant terms of 

the model. Response surface factors were generated using this model to assess the 

relationship of the parameters. The estimation for the error was evaluated using central point 

runs performed at the same experimental conditions. Central runs are Runs 8, 19, and 14 

(Table 4.2). The design details of all experiments are shown in Table 4.2.  
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Table 4.2 Preparation parameters for DoE. Different lipid concentrations, FRR and TFR, were used to prepare 
DiR-labelled mRNA-LNPs. NP8 ratio remained for all runs. 

 

4.2 Aim and Objectives  

In this chapter, DOE was exploited to consider how manufacturing process parameters (TFR, 

FRR and lipid concentration) impacted LNP characteristics and potency in vitro and in vivo. To 

achieve this, the objectives were.  

• Defining the most suitable design for the study. Then, decide the level for each 

parameter. 

• Performing the DoE, collecting the data and analysing the DoE in the software.  

• Optimise the models by trying methods such as model reduction (removing some 

parameters from the model to improve the accuracy).  

• Evaluating the main, quadratic and interaction effect of FRR, TFR and lipid 

concentration over the particle physicochemical properties  

• Performing validation runs to test the predictability of the models. 

4.3 Materials and Methods 

4.3.1 Materials 

1,1′-[[2-[4-[2-[[2-[bis(2-hydroxydodecyl)amino]ethyl](2-hydroxydodecyl)amino]ethyl]-1-

piperazinyl]ethyl]imino]bis-2-dodecanol (C12-200) was purchased from BroadPharm 

(Peterborough, UK). 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), Cholesterol, 1,2-
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dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(ammonium salt) (DMPE-PEG(2000)), Amicon® 100 kDa Ultra 15 mL Centrifugal Filters, 

Cholesterol were purchased from Merck (Gillingham, UK). Minimum Essential Medium 

(MEM), Sodium Pyruvate (100 mM), UltraPure™ DNase/RNase-Free Distilled Water were 

purchased from GibcoTM (Paisley, UK). ONE-Glo™ Luciferase Assay System and VivoGlo 

luciferin were purchased from Promega (Southampton, UK). DiIC18(7) (1,1'-Dioctadecyl-

3,3,3',3'-Tetramethylindotricarbocyanine Iodide (DIR), Quant-it™ RiboGreen RNA Assay Kit, 

TrypLE™ Express Enzyme (1X), Sodium Acetate (3 M), pH 5.5, RNase-free, Sodium Chloride (5 

M), RNase-free were bought from ThermoFisher Scientific (Paisley, UK). BD Medical™ BD 

Micro-Fine™ Insulin Syringe was bought from Fisher Scientific (Loughborough, UK). 

4.3.2 Establishing the Design Space 

The parameters were selected based on a literature search [55,95], considering which 

parameters can be altered (factors such as the molar ratio of the lipids and the ratio between 

lipid and mRNA need to be kept the same). The level of the parameter was decided according 

to the capability of the production facility (for process parameters) and based on the lab 

experience for formulation parameters. 18 mM was selected as a central level for the lipid 

concentration since it allows the preparation of 100 µg/mL of encapsulated mRNA to the LNPs 

(according to NP8 ratio). Then, 6 mM and 30 mM were decided for the low and high levels, 

respectively. For FRR, 3:1 (aq: lipid v/v) was selected as middle level due to being the common 

ratio to prepare mRNA-LNPs. Therefore, 1 (1:1) and 5 (5:1) were the low and high level, 

respectively. Given that the maximum speed of the microfluidic system is 20 mL/min, 4, 12 

and 20 mL/min for the range of TFR were selected. 

4.3.3 LNPs Preparation 

Lipid nanoparticles (LNPs) were prepared using a staggered herringbone micromixer in the 

NanoAssemblr® Benchtop from Precision NanoSystems Inc. (Vancouver, BC, Canada). LNPs 

were prepared with NP8. The lipid phase was composed of DSPC:Chol:C12-200: DMPE-PEG 

lipid (16:46.5:35:2.5 mol%), while the aqueous phase was prepared with Fluc mRNA in 50 mM 

sodium acetate and 100 mM sodium chloride. DiR (1% molar of total lipid content) was 

included in the lipid phase to track the in vivo organ biodistribution of LNPs, using a DIR filter 

at an excitation level spectrum of 754 nm and emission spectrum of 778 nm. Microfluidic 

parameters (FRR and TFR) and lipid concentration are shown in table 4.2. mRNA concentration 
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was adjusted according to FRR, keeping all LNPs at NP8. Initial and final waste volumes were 

set at 0.15 and 0.05 mL, respectively. 

For the validation run, FRR, TFR and lipid concentration were selected as 3 (3:1 v/v aq/lipid), 

15 ml/min and 20 mM lipid stock, respectively. The relative error is calculated with Equation 

4.2.  

 

4.3.4 Down-stream Processing of LNPs and Characterisations  

The samples were diluted 40x in TRIS/Sucrose pH7.4 (300 mM Sucrose in 10 mM TRIS) and 

centrifuged (2,000x g acceleration:9 deceleration:9) at 18 oC with centrifugal filter unit 

(MWCO 100 kDa) to remove ethanol and to raise pH to 7.4). LNPs were concentrated to the 

required concentration. 

After purification, physicochemical properties of LNPs were characterised using Zetasizer Ultra 

(Malvern Panalytical Ltd, Worcestershire, UK). Briefly, samples were diluted with TRIS to 0.1 

mg/mL of lipid concentration to measure particle size and PDI. Then, zeta potential was 

measured with the samples diluted to 0.1 mg/ml of lipid stock with ultrapure water. EE and 

recovery were evaluated using Ribogreen kit. Briefly, diluted samples (3 ug/mL mRNA-LNPs) 

were added to the black plate in the absence and presence of Triton, referring to the 

unencapsulated and total mRNA, respectively. EE and recovery were calculated according to 

equations 1.2 and 1.3. 

4.3.5 In vitro mRNA Expression Studies 

LNPs serial diluted (2, 1, 0.5 and 0.25 µg/mL with cell media) were added to the plate having 

a density of 10000 cells per well. 24-hour incubation at 370C, 100 µL of One-glo luciferin 

reagent was added to each well and the luminescence was measured using a plate reader 

(Glomax®, Promega). 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟% =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
𝑥 100 

 

 Equation 4.2 
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4.3.6 In vivo LNP Retention at the Injection Site and mRNA Expression 

Female BALB/c mice (8-12 weeks old) were injected with 5 µg of DiR labelled mRNA-LNPs per 

leg. They were imaged with a DiR filter (excitation peak at 710 nm and an emission peak at 

780 nm) using IVIS Spectrum (Pekin Elmer) under anaesthesia. 6-hours later, the mice were 

imaged again under the DiR filter and injected with luciferin (at a dose rate of 150 mg/kg) via 

the SC route. 10-minutes later, they were imaged with an open filter. Mice were terminated 

using the Schedule 1 method. The data were analysed using Living Imaging Software to 

quantify the DiR and bioluminescence intensity. The fold expression was calculated by dividing 

the luciferin intensity by the luciferin intensity gained from the control mouse (1.8E+06 and 

4.5E+06 are for the injection site and liver, respectively) (Equation 4.3). DiR increment% refers 

to the % increment of DiR intensity from 0h to 6h in both the injection site and liver (Equation 

4.4).  

 

 

4.3.7 Statistical Analysis 

Data are expressed as mean. Minitab 20 software was used to analyse the polynomial model. 

ANOVA with post-hoc analysis was performed to test the model fit. p < 0.05 was considered 

statistically significant. Fisher's Least Significant Difference (LSD) post-hoc test was performed 

where applicable. 

4.4 Results 

The results from the Box-Behnken experimental design were used to create, through 

response-surface methodology, a model to predict z-average, PDI, zeta potential, EE, recovery, 

in vitro expression, in vivo expression, and biodistribution. Table 4.3 shows all data, and the 

corresponding statistical outcomes of the data are shown in Table 4.4.  

 

𝐹𝑜𝑙𝑑 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
𝐿𝑢𝑐𝑎

𝐿𝑢𝑐𝑐𝑜𝑛𝑡𝑟𝑜𝑙

 

                                                                                     
Equation 4.3 

𝐷𝑖𝑅 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 % =
𝐷𝑖𝑅6ℎ −  𝐷𝑖𝑅0ℎ

𝐷𝑖𝑅0ℎ

 

                                                                                       
Equation 4.4 
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         Table 4.3 Evaluation of DoE results for DiR-labelled Fluc-mRNA LNPs. The result represents mean (n=1) 
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Table 4.4 Effect of each factor for z-average diameter, PDI, zeta potential, encapsulation efficiency (EE), recovery, in vitro expression, in vivo expression and DiR increment p-
values of the responses generated by Box-Behnken design. 
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4.4.1 Physico-chemical Properties of LNPs  

4.4.1.1 Considering the impact of Process Parameters on LNP Particle Size.  

The particle size of the LNPs ranged from 56 nm to 178 nm (Table 4.3), showing the model 

was significant (p=0.000) (Table 4.3). The adjusted R-sq of the regression model (Equation 4.5) 

was high (96.3%). 

z-average diameter = 238.4 - 84.55 FRR - 0.73 TFR - 1.33 Lipid Conc. + 12.06 FRR*FRR + 0.0790 TFR*TFR + 0.1057 Lipid Conc. 
*Lipid Conc. - 0.160 FRR*TFR - 0.456 FRR*Lipid Conc. - 0.0847 TFR*Lipid Conc. 

Equation 4.5 

The scatter plot of the predicted fitted, as an indicator for the accuracy of the model, showed 

a narrow distribution around the regression line in the 95% confidence level (Figure 4.3). Also, 

the mean of the actual data fell outside the 95% confidence area, showing that the regression 

model is significant. However, the model suffered from a lack-of-fit with a 0.024 p-value (Table 

4.4); this is likely due to a very narrow distribution of estimated error generated by the central 

point runs. LNPs produced under the same experimental condition (Central runs; runs 8, 9 and 

14) showed a maximum standard deviation of 1.9 nm in size and a minimum of 0.7 nm (data 

not shown), showing a very narrow error.  

 
Figure 4.3 Scatterplots of observed versus predicted values modelled by multiple regression based on DoE for 
particle size. The red continuous line and the area between the green dashed line and the dashed red line 
represent the fitted regression line, the 95% confidence area, and the mean of actual data, respectively. 

 

Equation 4.5 suggests that FRR, TFR, and Lipid Conc. all have a negative main effect, meaning 

increasing any of these factors tends to decrease particle size. The negative interaction terms 

suggest that combining certain factors (FRR with TFR, FRR with Lipid Conc., and TFR with Lipid 

Conc.) tends to have a synergistic effect in reducing the z-average diameter. However, the 
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Figure 4.4 Response surface factors against particle size, PDI and zeta potential of LNPs. The effect of FRR (vol/vol) and TFR (mL/min) on the a) particle size, b) PDI 
and c) zeta potential at 18 mM of lipid concentration. The effect of TFR and lipid concentration (mM) on the d) particle size, e) PDI and f) zeta potential at TFR (mL/min) 
=12. The effect of TFR (mL/min) and lipid concentration (mM) on the g) particle size, h) PDI and i) zeta potential at FRR=3. The result represents n=1.
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significance level of these factors was considered according to Table 4.4. Thus, it was visualised 

through a response-surface graph to further elucidate these trends and interactions (Figure 

4.4). A significant quadratic effect of the FRR (p=0.000) and lipid concentration (p=0.018), in 

addition to the significant main effect of FRR (p=0.00), was seen in the model (p≤0.05) (Table 

4.4). A significant interaction between FRR and lipid concentration was also seen (p=0.048). 

Moreover, the interaction plots and Fischer LSD test for pairwise comparison revealed that 

LNPs prepared with 1:1 FRR had a distinct particle size over 100 nm compared to the other 

FRR (Figure 4.5). 

 

Figure 4.5 a) interaction plots for mean particle size between FRR and TFR at lipid concentration=18 mM, FRR 
and lipid concentration at TFR=12 mL/min, TFR and lipid concentration at FRR=3. b) Pairwise comparison of 
particle sizes. Fischer Least Significant Difference (LSD) test was performed and means that do not share a letter 
are significantly different. 

 

4.4.1.2 Considering the Impact of Process Parameters on LNP PDI 

PDI fluctuated between 0.09 (monodispersed) to 0.44 (polydisperse) for all runs, with most of 

the PDI around 0.2 and only one response at 0.44 (Table 4.3). Adjusted R-sq of the regression 

equation (Equation 4.6) was low (27%). Also, the predictability of the model was low, as seen 

from the prediction-fitted line graph (Figure 4.6). The data points were not distributed 

diagonally. Therefore, the model cannot be used to predict PDI. The response surface factors 

against the PDI of the LNPs are shown in Figure 4.4. LNPs produced under the same 

experimental conditions (run 8, 9 and 14) showed a maximum standard deviation of 0.04 in 

PDI and a minimum of 0.01, showing a very narrow error. However, overall, the model did not 

show a significant profile (p=0.323), highlighting that the parameters tested did not affect the 

particle size distribution significantly. Therefore, the interaction plot and pairwise comparison 

are not shown.  
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Figure 4.6 Scatterplots of observed versus predicted values modelled by multiple regression based on DoE for 
PDI. The red continuous line, the area between the green dashed line, and the dashed red line represent the fitted 
regression line, the 95% confidence area, and the mean of actual data, respectively. 

 

4.4.1.3 Considering the Impact of Process Parameters on LNP Zeta Potential   

The zeta potential varied from 0.55 mV to 22.7 mV (Table 4.3). The predictability of the model 

equation (Equation 4.7) for the zeta potential was low (Adjusted R-sq=51%, Figure 4.4). Also, 

the predicted-fitted line plot indicated the low predictability of the zeta potential based on 

the parameters. The model for zeta potential also did not exhibit a significant interaction and 

quadratic effect (Table 4.4 and Figure 4.4). From Equation 4.7, a negative coefficient for TFR 

and FRR and a positive coefficient for lipid concentration were noted. Only the significant level 

of the main effect of TFR was observed (p=0.043) (Table 4.4). This means there is a significant 

difference between the mean of the zeta potential of LNPs prepared in the different levels of 

TFR (4, 12 and 20 mL/min).  

 

 

 

PDI = 0.280 - 0.0415 FRR + 0.0049 TFR - 0.0051 Lipid Conc + 0.00875 FRR*FRR - 0.000718 TFR*TFR + 0.000348 
Lipid Conc*Lipid Conc + 0.00275 FRR*TFR - 0.00323 FRR*Lipid Conc + 0.000201 TFR*Lipid Conc. 

 Equation 4.6 

Zeta Potential= 19.5 - 5.57 FRR - 2.13 TFR + 1.639 Lipid Conc + 1.147 FRR*FRR + 0.0489 TFR*TFR - 0.0284 Lipid Conc*Lipid 
Conc + 0.130 FRR*TFR - 0.2111 FRR*Lipid Conc + 0.0014 TFR*Lipid Conc  

Equation 4.7  
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Figure 4.7 Scatterplots of observed versus predicted values modelled by multiple regression based on DoE for 
zeta potential. The red continuous line and the area between the green dashed line and the dashed red line 
represent the fitted regression line, the 95% confidence area, and the mean of actual data, respectively. 

 

The effect of TFR on zeta potential can be visualised better with an interaction plot (Figure 

4.8); for example, LNPs prepared at 4 mL/min showed slightly higher zeta potential 

irrespective of lipid concentration at 3:1 FRR (Figure 4.8a). However, the Fischer LSD test 

showed only one pair for all runs, meaning all zeta potentials are non-significant (Figure 4.8b).  

 

 
Figure 4.8 a) interaction plots for zeta potential between FRR and TFR at lipid concentration=18 mM, FRR and 
lipid concentration at TFR=12 mL/min, TFR and lipid concentration at FRR=3. b) Pairwise comparison of particle 
sizes. Fischer Least Significant Difference (LSD) test was performed and means that do not share a latter are 
significantly different.  
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4.4.1.4 Considering the Impact of Process Parameters on LNP Encapsulation Efficiency and 

Recovery 

EE for all LNPs was almost 100% (Table 4.3), meaning that TFR, FRR and lipid concentration 

did not affect the EE. Therefore, the model (p=0.548) has no prediction ability since all LNPs 

had very similar EE efficiency, irrespective of lipid conc., TFR and FRR. Similarly, recovery (the 

total mRNA concentration of the sample) was approx. 100% for most samples, with only two 

LNPs having low recovery (approx. 62%; Table 4.3), and the model was not significant 

(p=0.436). However, FRR can influence recovery, as evidenced by the fact that these two LNPs 

were prepared at 1:1 FRR. Also, this can be confirmed with the lowest p-value (p=0.084) 

among the other p-values. 

 

4.4.2 The Effect on In vitro Expression Profile 

All samples were tested with the HEK-293 cell line to assess their in vitro expression profile. 

The predicted-practical graph (Figure 4.9) showed a good confidence interval along with the 

fitted line plot. The model (Equation 4.8) was significant (p=0.002, Table 4.4), and the 

closeness of adjusted R-sq (93.2%) and R-sq (97.6) indicated the goodness of the model 

(Figure 4.10). Therefore, the model can be used to predict in vitro expression profiles. The p 

values for FRR*lipid concentration and TFR*lipid concentration were significant at 0.000 and 

0.006, respectively. This means the effect of the lipid concentration on the in vitro expression 

profile depends on both FRR (Figure 4.10 c, d) and TFR (Figure 4.10 e, f), and this interaction 

tends to decrease the in vitro expression according to Equation 4.6. Moreover, a non-linear 

relationship between lipid concentration and in vitro expression appeared (p=0.000, Table 4.4) 

 

 

 

 

4.4.3 In vivo Expression 

The samples were tested on BALB/c mice injected with 5 µg of mRNA-LNPs intramuscularly at both 

hind legs (Figure 4.11). The expression was quantified from the injection site and the liver. The model 

for the injection site (Equation 4.9) and the liver (Equation 4.10) showed a lack of fit with low R-sq and 

adjusted R-sq values (Figure 4.12). 

 

In vitro expression= 67842 + 28654 FRR - 3570 TFR - 2827 Lipid Conc + 4088 FRR*FRR + 249 TFR*TFR + 471.2 Lipid 
Conc*Lipid Conc + 531 FRR*TFR - 3148 FRR*Lipid Conc - 368.4 TFR*Lipid Conc 

Equation 4.8 
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Figure 4.9 Scatterplots of observed versus predicted values modelled by multiple regression based on DoE for in 
vitro expression. The red continuous line, the area between the green dashed line and dashed red line represent 
the fitted regression line, the 95% confidence area. 

 

 

 

 

Figure 4.10 Response surface factors against in vitro expression profile of LNPs on HEK-293 cell line. At 18 mM of 
lipid concentration, the effect of FRR (vol/vol) and TFR (mL/min) on the a) in vitro expression profile and b) 
corresponding contour plot. At TFR (mL/min) =12, the effect of FRR (vol/vol) and lipid concentration (mM) on the 
c) in vitro expression profile and d) corresponding contour plot. At FRR=3, the effect of TFR (mL/min) and lipid 
concentration (mM) on the e) in vitro expression profile and f) corresponding contour plot, g) R-sq and adjusted 
R-sq values. 
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The model was not significant for the injection site (p=0.174, table 4.4) and liver (p=0.115, table 4.4). 

Therefore, the models cannot be used to predict the in vivo expression profile of mRNA-LNPs. To 

improve the models, model reduction was applied by removing lipid concentration from the model as 

the lipid concentration was the same for all samples for injecting. However, it did not result in a better 

fit (data was not shown). Regarding the effect of the parameters, the interaction between lipid 

concentration and FRR was significant (p=0.024) for the injection site (Figure 4.12 c). This interaction 

tended to decrease the expression in the injection site (Equation 4.9). The expression in the liver was 

affected by a positive interaction between TFR and FRR (p=0.037) (Figure 4.12 b).  

 

 

 

 

 
Figure 4.11 Bioluminescence images of BALB/c mice 6h after injected with DIR-labelled mRNA-LNPs via the 
intramuscular route. Red number refers to DoE runs specified on the table 4.2.  

 

4.4.4 Biodistribution  

The distribution of the DiR-labelled LNPs was evaluated by imaging mice under the DiR filter 

(Figure 4.13). Chapter 2 showed that DiR intensity increased (Figure 2.4b) 6 h after the IM 

injection of the LNPs, and this increment was higher for the LNPs having higher expression 

(Figure 2.5b). Therefore, the DiR% increment (Equation 4.4) in the injection site was 

calculated for each LNP to assess the possible relationship between the DiR increment and 

the expression. 

in vivo expression (injection site) = 6.8 + 43.2 FRR + 4.45 TFR - 0.95 Lipid Conc - 0.29 FRR*FRR - 0.191 TFR*TFR 
+ 0.1368 Lipid Conc*Lipid Conc - 0.273 FRR*TFR + 0.036 TFR*Lipid Conc                                                                                                                                                                                                                                                      

Equation 4.9 

 
in vivo expression (liver)=-74 - 5.6 FRR + 0.7 TFR + 18.15 Lipid Conc - 1.05 FRR*FRR - 0.226 TFR*TFR 
- 0.356 Lipid Conc*Lipid Conc + 4.31 FRR*TFR- 0.63 FRR*Lipid Conc - 0.248 TFR*Lipid Conc  

 Equation 4.10 
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Figure 4.12 Response surface factors against in vivo expression profile of LNPs on BALB/c mice. At 18 mM of lipid 
concentration, the effect of FRR (vol/vol) and TFR (mL/min) on the in vivo expression profile from the a) injection 
site and b) liver. At TFR (mL/min) =12, the effect of FRR (vol/vol) and lipid concentration (mM) on the in vivo 
expression profile from the c) injection site and d) liver. At FRR=3, the effect of TFR (mL/min) and lipid 
concentration (mM) on the in vivo expression profile from the e) injection site and f) liver, g) corresponding R-sq 
and R-sq (adjusted) for the expression in the injection site and the liver 

 

The models were not significant (Table 4.4); however, removing lipid concentration from the 

model (as all LNPs were diluted to the same lipid concentration for in vivo studies) improved 

the accuracy of the equation. The R-sq and adjusted R-sq for the injection site were around 

75% and 60%, respectively (Figure 4.14). According to Equation 4.11, FRR and TFR had a 

positive effect on DiR% increment, but their quadratic effect was negative. FRR and DiR% 

increment had a non-linear relationship, and TFR positively affected DiR% increment, but 

their quadratic effect was negative. FRR and DiR% increment had a non-linear relationship 

(p=0.007, Figure 4.14 b).  

 

% Dir increment in the injection site = -167 + 280.8 FRR + 11.1 TFR - 38.9 FRR*FRR - 0.594 TFR*TFR + 1.03 FRR*TFR 

                                                                                                                                                                                                                                        

Equation 4.11  
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Figure 4.13 Fluorescence images of BALB/c mice 6h after injected with DiR-labelled mRNA-LNPs via the 
intramuscular route. The red number refers to the DoE runs specified in Table 4.2.  

 

 

Figure 4.14 Response surface factors against DiR increment profile of LNPs on BALB/c mice. At 18 mM of lipid 
concentration, the effect of FRR (vol/vol) and TFR (mL/min) from the a) injection site and b) ANOVA result showing 
the effect of TFR and FRR against the DiR increment% in the injection site. 

 

4.4.5 Validation Runs 

Validation runs were performed to test the accuracy of the models. 3:1 FFR, 12 mL/min TFR 

and 20 mM of lipid stock were selected as they are the parameters commonly used when 

making LNPs. Relative errors% (Equation 4.2) from this validation run are shown in Table 4.5. 

Surprisingly, the model predicted the expression in the liver with only a 1% error, even if the 

model accuracy was low for the expression profile in the liver (Figure 4.12). Another surprising 

result was the lack of predictability of in vitro expression, although the model fits well (Figures 

4.9 and 4.10).  
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Table 4.5 Relative error (%) from the validation run for particle size, PDI, zeta potential, EE (%), Recovery (%) in 
vitro expression and in vivo expression. The parameters for FFR, TFR and lipid concentration were selected as 3, 
5 mL/min, and 20 mM for the validation run, respectively.  

Response Relative Error (%) 

Particle size 17 

PDI 29 

Zeta Potential 25 

EE (%) 0 

Recovery (%) 15 

In vitro expression  632 

In vivo Expression (injection site) 208 

In vivo Expression (liver) 1 

 

 

4.5 Discussion 

In these studies, the impact of microfluidics production parameters (impact of FRR, TFR, and 

lipid concentration) on the physicochemical properties, in vitro, and in vivo profiles of LNPs 

were evaluated using a DoE approach. For the physicochemical properties, particle size, PDI, 

zeta potential, EE and recovery can be considered critical quality attributes and, hence, were 

tested. Among these parameters, the model was significant for only particle size (p=0.000, 

Table 4.4), and the predictability of the model was high (R-sq adjusted 96.3%, Figure 4.4). FRR 

had a linear and non-linear effect on the particle size (Table 4.4). The interaction plot clearly 

showed that the particles prepared with 1:1 FRR showed a distinct profile and size over 150 

nm, irrespective of TFR and lipid concentration (Figure 4.5 a). Also, the effect of FRR on the 

particle size depends on the lipid concentration and vice versa (p FRR*lipid conc =0.048). Increasing 

lipid concentration from 6 mM to 18 mM showed a similar profile for all FRR ranges; however, 

increasing to 30 mM showed a concentration-dependent profile (Figure 4.5 a). 

The case of increasing FRR (more aqueous phase) leading to a decrease in the particle size has 

been reported in numerous reports [43,55,130,135]. When the lipids and aqueous phases 

mix, lipids are spontaneously organised into the bilayer formation due to the decreasing 

solubility. Increasing FRR (more aqueous phase/less solvent lipid phase) allows lipids to diffuse 

faster into the aqueous phase, and this allows the lipid bilayer to decrease in size, ultimately 

forming smaller particles [43,108]. Moreover, it was reported that particle size could be 

adjusted precisely by controlling the flow conditions and the mixer design, size tuning at 10 
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nm intervals ranging from 20 to 100 nm [136]. Thus, the DoE model aligns with published 

knowledge, further validating its applicability. It has also been reported that a high total flow 

rate can lead to smaller particle sizes by applying higher shear stress [137]. However, in the 

range of this DoE, TFR did not affect the particle size. Given the small range in TFR for the 

microfluidic system used (5 to 20 mL/min), this is not surprising and aligns with previous work 

from our laboratory [43]. 

The developed models for PDI, EE and recovery were not significant. This aligns with current 

understanding of the LNP systems because microfluidic mixing is widely associated with low 

PDI and high EE [42,138,139]. However, the highest PDI values only appeared with 1:1 FRR 

(lowest level of FRR) and 30 mM of lipid concentration (highest level of lipid conc) (Table 4.4), 

and this is linked to a high particle size. FRR is a key parameter in controlling the PDI of LNPs 

since the diffusion rate in MF is reduced at low FRR [55]. Also, it was reported PDI can be 

modulated by FRR and chip geometry [140,141]. Even if there is no significant parameter in 

the model for PDI, the interaction between FRR and lipid concentration had the highest effect 

(with the lowest p-value). This means the effect of FRR depends on the lipid concentration for 

PDI. EE and recovery were almost 100% for all runs, so there are no assumptions based on 

these parameters for the EE of the nanoparticles. The preparation method can substantially 

affect EE; with traditional methods, such as thin film hydration and ethanol injection, giving 

more heterogeneous distributed particle sizes with low mRNA encapsulation efficiency [76]. 

However, EE is also dependent on factors such as the size of the mRNA molecule and the 

choice of lipids [17,142,143].  

The model for zeta potential was non-significant. This is unsurprising as all formulations have 

an NP8 ratio, meaning the ratio between mRNA and lipid was the same. In other words, LNPs 

prepared with higher lipid concentrations had a proportionally higher amount of mRNA, which 

maintained the electrostatic interactions across the formulations. Zeta potential can be 

influenced by factors such as lipid composition, the head group of the lipids, the ligands, and 

ionic strength or the pH of the solution [144,145].  

The in vitro expression profile was tested using the HEK-293 cell line. The model was 

statistically significant with high accuracy (93.3% adjusted R-sq). It was affected by the lipid 

concentration*FRR and lipid concentration*TFR. It is known that particle size and zeta 

potential can modulate the cell uptake and, hence, in vitro expression profile [146–148]. 
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Therefore, it is hypothesised that in vitro expression can be modulated by particle size and 

zeta potential, considering the significant relationship between FRR and particle size. Indeed, 

it has been reported that HEK-293 cells can only take up particles below 100 nm efficiently 

[149]. If particles over 100 nm were removed from the model, and the regression analysis 

performed against (z-average diameter)3 (as the volume of the particles) (Figure 4.15), the 

adjusted-R-sq of the regression equation was 85 and 88 for the z-average diameter and (z-

average diameter) ^3. This explains why FRR likely affects the in vitro expression indirectly via 

the particle size.  

 

Figure 4.15 Regression analysis between z-average^3 and the in vitro expression. The particles over 100 nm in 
size were removed from the model, and regression analysis was performed between z-average diameter3 and 
the in vitro expression profile.  

 

The in vivo expression profile of LNPs was tested on BALB/c mice, and the expression occurred 

mostly in the injection site and the liver (Figure 4.11). FRR showed the main effect on the in 

vivo expression of both the injection site and the liver (Table 4.4). Also, the interaction 

between lipid concentration and FRR affected the in vivo expression in the injection site, 

although the model did not show good accuracy (47.4% adjusted R-sq, Figure 4.12).  

Similar to in vitro expression, the link between the process variable (FRR) and the in vivo 

expression could well be driven by particle size. To test this, a regression analysis between the 

particle size and the in vivo expression was also performed (again, removing the data particle 

sizes over 100 nm). The adjusted R-sq was 58% with particle size^3 in the injection site. The 

model was improved slightly, but overall, in vivo expression model did not show good accuracy 
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against particle size. This suggests that in vitro can be effectively modelled, but in vivo 

performance cannot. 

It is widely reported that in gene therapy in general and with LNPs, the field struggles with 

identifying strong in vitro in vivo correlation [87]. For example, the authors demonstrated the 

lack of correlation regarding the potency of LNPs prepared with various ionisable lipids such 

as ALC-0315, SM-102 and MC3. To consider this correlation based on the results from the DoE, 

regression analysis between in vitro and in vivo expression (total expression from the injection 

site and the liver) was performed, and no correlation was identified.  

The same mice were imaged under the DiR filter to track the biodistribution of the LNPs. DiR 

intensity always increased 6 hours after IM injection of the LNPs and started to decrease over 

time, and the increment rate varied between formulations (Figure 2.5, Figure 2.9, Figure 3.7). 

Therefore, it was evaluated if there is a relationship between DoE parameters and DiR 

increment%. The model was significant for DiR increment in the injection (p=0.014, Figure 

4.14 b). FRR (p=0.004) and FRR*FRR (p=0.007) were responsible for this significance level. This 

effect of FRR likely depends on the particle size, considering the relationship between FRR and 

particle size. Linear regression analysis between particle size and DiR increment showed an 

inverse trend (Figure 4.16) with good accuracy (adjusted R-sq 73.5% and R-sq 75.5%). DiR, a 

lipophilic dye bound to the LNP membrane, is likely to leak and spread at the injection site 

because the LNP membrane is disturbed in the endosomal escape step. IVIS maynot 

accurately detect this dispersion. 

The accuracy was evaluated by validation runs. It was expected that particle size and in vitro 

expression would be predicted better, considering their adjusted R-sq value (Figure 4.3 and 

4.3 for particle size. Figure 4.9 and 4.10 for in vitro expression) and practical-predicted line 

plot. Particle size was predicted with a 17% relative error (Table 4.5). The in vitro expression 

model was filled with a 632% relative error (Table 4.5). However, the expression in the liver 

was predicted with a 1% error (Table 4.5) even if the model accuracy was low (Figure 4.12).  
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Figure 4.16 Regression analysis of DiR increment in the injection site against z-average diameter  

 

DoE has been widely used in the LNP field. Kaufmann et al. used a definitive and fractional 

factorial design to optimise the in vivo mRNA delivery efficiency of LNPs composed of C12-200 

developed for siRNA delivery [24]. They tested the parameters such as C12-200: mRNA weight 

ratio, phospholipid (DSPC, DOPE), and the molar composition of the lipids. They optimised the 

parameters, for example, using DOPE instead of DSPC, increasing C12-200: mRNA improved 

in vivo transfection efficiency. With the optimised formulation, mRNA expression in the liver 

followed by IV injection was improved over 7-fold. In another study, Qin et al. employed a 

mixture D-optimal design testing the molar ratio of the lipid of LNPs encapsulating either 

pDNA or siRNA on particle size, EE, in vitro and in vivo transfection efficiency in a tumour 

model [128]. They demonstrated that lipid composition influenced particle size and in vitro 

and in vivo outcomes; however, this effect depended on the choice of payload. Also, it 

presented the lack of in vitro and in vivo correlation. Another DoE using orthogonal design 

aimed to optimise the LNP composition for a potent mRNA delivery to T cells with low cellular 

toxicity. Initially, they utilised an orthogonal design with 16 runs testing the ratio of lipids and 

suggested that increasing the molarity of ionisable lipid and DOPE in combination with less 

cholesterol improved mRNA delivery to Jurkat cells. Then, the study continued with a second 

DoE, including 12 runs, and eventually, the transfection efficiency was improved 3-fold with 

less toxicity compared to the LNPs from the first DoE [150]. Another DoE approach was used 

to optimise delivering self-amplifying RNA (saRNA)[95]. The authors employed a two-step 

iterative approach. Initially, they utilised a definitive screening design to test a wide range of 

factors such as the choice of payload (mRNA vs saRNA), ionisable lipids and phospholipids, 
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temperature, and pH of aqueous phase over the response, including particle physicochemical 

properties. Optimised parameters were fixed, and then BBD was employed to test the defined 

critical process parameters, such as ionisable lipid type and buffer pH, from first DoE over the 

response, including protein expression and cellular activation, in addition to the 

physicochemical properties of LNPs. In the end, the study showed that higher pH was 

associated with smaller particle sizes, whereas an increased amount of phospholipid led to 

larger particle sizes, higher EE, and improved RNA integrity. The protein expression level was 

improved with higher ionisable lipids content. Another DoE approach focused on producing 

LNPs to deliver mRNA within a specific size range of 60 to 180 nm [151]. They tested the 

parameters, including the composition of the buffer, buffer pH and sonication time. Notably, 

both sonication time (ranging from 0 to 100 seconds) and pH levels (from 4.2 to 5) correlated 

with particle size, resulting in particles ranging from 50 to 200 nm. Additionally, the 

polydispersity index (PDI) was higher when the sonication time and pH were both low. The 

choice of buffer for dialysis, specifically PBS pH 7.4, PBS pH 7.2, HEPES pH 6.7, and HEPES 

acetate pH 6.7, also affected particle size, with larger particles observed in PBS pH 7.4 and 

HEPES pH 6.7. However, the buffer concentration did not significantly impact the final 

diameter of the particles. 

4.6 Conclusion  

In this chapter, the impact of manufacturing processes on C12-200 mRNA-LNPs was evaluated, 

exploiting the DoE platform. The main interaction and quadratic effect of FRR, TFR (as 

manufacturing parameter), and lipid concentration (as formulation parameter) on LNP critical 

quality parameters (size, PDI, zeta potential, EE, and recovery) were tested. Also, the samples 

were tested in vitro with the HEK-293 cell line and in vivo with BALB/c mice. Overall, the DoE 

showed the importance of considering the quadratic effect when designing the experiment. 

From these studies, using this LNP formulation, the optimised production parameters for C12-

200 LNPs were 5:1 FRR, 4 mL/min TFR, and 6 mM lipid stock, giving the highest expression in 

the injection site and the lowest expression in the liver. In these parameters, particle size, PDI, 

zeta potential, EE, and recovery would be 92.4 nm, 0.24, 17.7 mV, 99.5 % and 100 %, 

respectively.  
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5.1 Introduction 

Both biological sex and gender influence vaccine uptake, responses, and outcomes [152]. A 

range of studies spanning animal models [153,154] and humans [155–157] have reported 

biological sex influences immune responses and vaccine efficacy. For instance, Klein et al., 

demonstrated that female mice, upon vaccination with inactivated influenza A virus, exhibited 

higher antibody responses and greater activation of germinal centre B cells and memory CD8+ 

T cells against influenza challenge compared to their male counterparts [153]. Whilst in 

humans, biological sex-specific responses against the seasonal influenza vaccine have been 

reported in older adults[158]. Reports also highlight higher adverse effects related to vaccines 

in females and may reflect a greater immune response in females compared to males 

[159,160] as could the differences in prevalence of anti-PEG antibodies in males and females 

[161]. However, when considering immune response to COVID-19 infections, the data is less 

clear with studies have reported higher immune responses in either females [155,162–164] 

or males [165–167], while other found no difference [168,169]. Similarly, whilst the initial 

reports on the safety and efficacy of two mRNA lipid nanoparticles (LNPs) based vaccines 

[22,23] did not fully provide sex-based data [170]. A review considering sex difference in 

efficacy of COVID-19 vaccines notes that no statistically significant differences between males 

and females were reported for the Moderna or Pfizer-BioNTech mRNA vaccines [160].  

The factors mediating biological sex-dependent immune response could be age, sex hormones 

and/or genetics driven while the factors for gender differences could be behaviour, 

environmental and/or microbiome, when considering sex and gender as a biological variable 

and social construct, respectively [152,171]. For example, reports have suggested that COVID-

19 vaccines can affect the duration and magnitude of the menstrual cycle [172] and mice 

intravenously injected with LNPs loaded with mRNA during the menstrual cycle demonstrated 

enhanced LNP accumulation and gene expression in the ovaries and uterus [171]. It has also 

been reported that elevated levels of estradiol provide a protective effect for young female 

individuals facing COVID-19 while the decline of estrogen levels in peri-menopausal women 

(~55 years) is associated with increased fatality rates in women [171,173]. Another factor is 

the gene dose of Toll-like receptor 7 (TLR-7), one of the pattern recognition receptors for SARS 

CoV-2 ssRNA, and females have biallelic TLR7 expression due to having two X chromosomes, 
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leading to the production of more type 1 interferon, resulting in stronger immune responses 

compared to males [174]. 

LNPs play a pivotal role in the formulation of mRNA COVID-19 vaccines developed by 

Pfizer/BioNTech and Moderna. These LNPs are composed of four lipids: a neutral phospholipid 

(in both vaccines this is distearoylphosphatidylcholine (DSPC)), cholesterol, an ionisable lipid 

and a pegylated lipid. Within the Pfizer-BioNTech formulation the ionisable lipid is ALC-0315 

([(4-hydroxybutyl)azanediyl]di(hexane-6,1-diyl)bis(2-hexyldecanoate)) and the pegylated lipid 

is ALC-0159 (2-[(polyethylene glycol)-2000]-N,N ditetradecylacetamide) and these are at the 

molar lipid ratio (%) of 9.4:42.7:46.3:1.6 (DSPC:Chol:Ionisable lipid:PEGylated lipid) [14]. 

Within the Moderna mRNA formulation the ionisable lipid is SM-102 (heptadecan-9-yl 8-((2-

hydroxyethyl) (6-oxo-6-(undecyloxy) hexyl) amino) octanoate) and PEG2000-DMG (1,2-

Dimyristoyl-sn-glycerol-3-methoxypolyethylene glycol) is the pegylated lipid. These are at the 

molar lipid ratio (%) of 10: 38.5:50:1.5 [14]. Within these LNPs, the DSPC and cholesterol is 

added to stabilise the particle. The ionisable lipid is used to complex the mRNA, at low pH 

these ionisable lipids are cationic and interact with the anionic mRNA during particle 

formation. The PEG-lipid is added to control particle and stabilize the particle during storage 

[14]. 

Following administration of mRNA-LNP vaccines, a dynamic cellular process ensues, where 

LNPs are taken up by cells through endosomal pathways, facilitating the release of mRNA into 

the cytosol. The released mRNA is then translated into the corresponding antigen protein 

within the ribosome, consequently initiating the activation of the immune system. 

Considering this interplay between mRNA-LNP vaccines and the immune system, it is crucial 

to explore potential variations in immune responses across different biological sexes. 

Discrepancies in immune responses after vaccination could be influenced by multiple factors. 

For instance, depending on the biological sex, LNPs may undergo different processing, 

encountering unique biological environments associated with each biological sex. Indeed, 

biological sex-dependent protein corona formation has been reported [175] suggesting that 

the biological sex of the host could impact the interaction between LNPs and proteins in the 

body. Any differences in the protein corona may change LNP surface properties, which in turn 

could impact cellular uptake and the processing of LNPs and hence affect biodistribution, 

clearance and expression profiles [176–179]. 
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Given the significance of these factors, our study aimed to investigate biological sex-

dependent immune responses by comparing antibody responses and protein expression in 

female and male BALB/c mice. These mice were intramuscularly injected with mRNA LNPs, 

typical of a standard vaccine mouse model. The primary objective was to investigate antibody 

response disparities across the biological sexes and determine whether these differences are 

driven by mRNA expression profiles or immunological responses. This research seeks to add 

valuable insights into designing pre-clinical mouse mRNA vaccine studies and understand the 

potential impact of biological sex on mRNA-LNP vaccination efficacy. 

5.2 Aim and Objectives  

The work in this chapter focused on evaluating the possible protein expression and immune 

response differences between female and male BALB/c mice. For this, LNPs were prepared 

using Fluc mRNA and OVA mRNA to evaluate the expression and the immune response, 

respectively. To achieve this, the objectives were:  

• Initially, encapsulating two different mRNA (Fluc mRNA and OVA mRNA) into the LNPs 

with high loading and favouring similar size, PDI and zeta potential as the in vivo clinical 

outcome will be compared.  

• Performing an IVIS study for quantifying the expression profile  

• Injecting mice with OVA mRNA LNPs and performing ELISA to quantify the immune 

response.  

5.3 Materials and Methods 

5.3.1 Materials 

The ionisable lipid 8-[(2-hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl]amino]-octanoic acid, 1-

octylnonyl ester (SM-102) was purchased from BroadPharm (USA). 1,2-distearoyl-sn-glycero-

3-phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 

(DMG-PEG2000) were procured from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol 

(Chol), citric acid, sodium citrate tribasic dehydrate, sulfuric acid, hydrogen peroxide (H2O2), 

Tween 20, 3,3′,5,5′-Tetramethylbenzidine dihydrochloride hydrate (TMB) were acquired from 

Merck (NJ, ABD). EZ Cap™ Firefly Luciferase mRNA (5-moUTP) is procured from APExBIO (TX, 

USA). Ovalbumin (OVA)-encoding mRNA modified with 5-methoxyuridine (5moU) (MRNA41) 

was purchased from OZ Bioscience (Marseille, France). Goat anti-Mouse IgG (H+L) Secondary 
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Antibody HRP (A16066) was bought from Invitrogen. Goat Anti-Mouse IgG2a-HRP (1081-05) 

and Goat Anti-Mouse IgG1-HRP (1071-05) were gained from Southern Biotech. Quant-it 

Ribogreen RNA assay kit, 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) 

were bought from Invitrogen (Massachusetts, USA). Minimal Essential Medium (MEM), fetal 

bovine serum (FBS), sodium pyruvate, and penicillin/streptomycin were acquired from Gibco, 

Thermo Fisher Scientific. ONE-Glo luciferase assay system, Vivo Glo luciferin substrate were 

from Promega (Wisconsin, USA). All other solvents were of analytical grade and were supplied 

in-house.  

5.3.2 LNP Preparation 

LNPs were prepared using the NanoAssemblr Benchtop from Precision Nanosystems Inc 

(Vancouver, BC, Canada). The lipid phase was composed of 6 mg/mL of DSPC: Cholesterol: SM-

102: DMG-PEG2k molar ratio of 10:38.5:50:1.5% while the aqueous phase was prepared with 

87 µg/mL of mRNA in 50 mM pH4 citrate buffer, corresponding to a N/P of 6 (the molar ratio 

of amine groups of the ionisable lipid to phosphate groups on mRNA). mRNA encoding 

ovalbumin (OVA) as a model antigen and mRNA encoding Firefly luciferase (Fluc) as a reporter 

gene were used in the immunisation study and expression study, respectively. DiR (1% mol), a 

lipophilic fluorescent dye, was included in the organic phase to track the in vivo organ 

biodistribution of LNPs in the in vivo expression study, using a DIR filter at an excitation level 

spectrum of 750 nm and emission spectrum of 780 nm. The microfluidic parameter was kept 

the same at a 3:1 flow rate ratio (FRR; ratios between the aqueous and organic phase) and 12 

mL/min total flow rate (TFR). After self-assembling LNPs using microfluidics, they were 

purified using a spin column (Amicon® Ultra-15 Centrifugal Filter Unit, 100 kDa), by diluting 

the samples 40 times in 10 mM PBS pH7.4 and followed by centrifuging at 2,000 g at 4 oC until 

the required volume was recovered.  

5.3.3 LNPs Characterization by Using Dynamic Light Scattering: Particle Size, 

Polydispersity and Zeta Potential  

The z-average hydrodynamic diameter, polydispersity index (PDI) and zeta potential were 

assessed using dynamic light scattering using a Zetasizer Ultra (Malvern Panalytical Ltd, 

Worcestershire, UK). The instrument is equipped with a 633 nm laser and detection angle of 

173o. To measure particle size and PDI, samples were diluted to 0.1 mg/mL lipid concentration 
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with 10 mM PBS pH 7.4. To measure zeta potential samples were diluted with ultrapure water 

for zeta potential. Mean particle size, PDI and zeta potential are expressed as the mean ± SD.  

5.3.4 Entrapment Efficiency 

The encapsulation efficiency of LNPs was determined using the Ribogreen kit. Briefly, 50 µL of 

the sample was added to the 96-well black plate in the presence and absence of 0.1 w/v% 

Triton X-100 to define total mRNA and unencapsulated mRNA, respectively. The plate was 

incubated at 37 0C for 15 minutes to allow LNP disruption to determine the total mRNA 

concentration. 100 µL of Ribogreen fluorescent dye was added to the wells with 200 x dilution 

and 500 x dilution for Triton (+) and Triton (-) wells, respectively. The fluorescence intensity 

was quantified using a GloMax® Discover Microplate Reader at excitation and emission 

wavelength of 480 nm/520 nm. The encapsulation efficiency (%) and recovery (%) were 

calculated according to the standard curve with and without Triton to quantify non-

encapsulated and total mRNA concentration. 

5.3.5 In vivo Studies 

All animals were handled in accordance with the UK Home Office Animals Scientific 

Procedures Act of 1986 (UK project license number PP1650440/ personal license number 

I52241434) in accordance with an internal ethics board. 

5.3.5.1 Biodistribution and In vivo mRNA Expression Study  

To compare responses between male and female mice, two independent studies were 

conducted with groups of 2 females, 2 males, and 1 non-injected mouse. 8-10-week-old 

BALB/c mice were provided by the Biological Procedure Unit at the University of Strathclyde, 

Glasgow. LNPs were prepared with Fluc mRNA and labelled with DiR with the aim of assessing 

the expression profile of Fluc mRNA and tracking the biodistribution of LNPs, respectively. 

Mice imaging was gained using an in vivo imaging system (IVIS Spectrum, Perkin Elmer) and 

Living Image software was used for image capture and data analysis. Mice were 

intramuscularly injected in each hind leg with 5 µg of Fluc mRNA LNPs and then were 

anaesthetized with 3% isoflurane and transferred to the IVIS cabin, maintaining isoflurane 

level at 2%. Mice were imaged under a DiR filter at an excitation of 754 nm and an emission 

of 778 nm. Then, they received a subcutaneous (sc) injection of d-luciferin at a dose of 150 

mg Luciferin/kg body weight. 10 minutes after the sc injection, mice were imaged for 

bioluminescence imaging in an open filter during the time defined by auto-exposure settings. 
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These imaging sessions with DiR filter and bioluminescence were repeated 6, 24, 48 and 192 

h post-injection of LNPs. After the last time point, mice were terminated using a schedule 1 

method. Image capture and data analysis were carried out using Living Image software. 

Average radiant efficiency and total flux were gained by region of interest for fluorescence and 

bioluminescence respectively and normalized with the control mice. Average radiant 

efficiency and average total flux were calculated for both the fluorescence intensity and 

bioluminescence measurements. 

5.3.5.2 Immunization studies  

Female and male BALB/c mice, 8-10 weeks old (average of 20 g), were split into 3 groups (1, 

2.5 and 5 µg) of 3 mice which were obtained from the Biological Procedure Unit at the 

University of Strathclyde, Glasgow. Each group was tested in two independent studies (thus a 

total data set of 6 mice per group). In the first study, a control group was also included to 

confirm no background responses (data not reported). The mice were immunized two times 

with 4-week intervals between the two immunizations. Mice were primed with OVA mRNA 

LNPs intramuscularly at 1, 2.5 or 5 µg per dose, and the blood was collected on day 27. Then, 

they were boosted with the second matching dose on day 28. Two weeks after the booster 

dose (day 42), mice were terminated by cardiac puncture and the blood was collected.  

5.3.5.3 Immunological readouts – Antibody Responses 

A direct enzyme-linked immunosorbent assay (ELISA) was used to detect total IgG, IgG1 and 

IgG2a in the serum. The plates were coated overnight with 100 μL per well of 1 μg/mL OVA 

protein in 0.1 M carbonate buffer pH 9.6 at 4 oC. The plates were washed with washing buffer 

(10 mM PBS pH 7.4 with 0.05 % Tween 20) three times and then blocked with 200 µL of 10% 

v/v FBS diluted in PBS pH 7.4 for 2 hours at room temperature (RT) to eliminate any non-

specific binding. During this time, the serum samples were diluted in 10 mM PBS containing 5 

% v/v FBS. The plates were washed 5 times and then 100 μL of diluted serum samples were 

added to the wells for 1 hour at room temperature. After 5 washes in ELISA washing buffer, 

the plates were incubated for 1 h with 100 μL of horseradish peroxidase labelled goat anti-

mouse total IgG (1:2500, Invitrogen), anti-mouse IgG1 (1:5000, Southern Biotech) and anti-

mouse IgG2a (1:5000, Southern Biotech). After incubation, the plates were washed 5 times 

and 100 μL of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate was added to each well and 

incubated in the dark at room temperature for up to 10 minutes. The reaction was stopped 
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by adding 100 μL of 0.2 M H2SO4. The absorbance was immediately measured at an optical 

density of 450 nm (OD450) using iMark™ Microplate Absorbance Reader (Bio-Rad, USA). The 

endpoint value was defined according to the dilutions and the reciprocal endpoint was 

calculated.  

5.3.5.4 Re-stimulation of Splenocytes  

The mice were terminated with a cardiac puncture on day 42 and the spleens were discarded 

and placed into the universal container including 5 mL of complete RPMI 1640 media and 

placed on ice until finished discarding all spleens. Then, spleens were smashed through a cell 

strainer and centrifuged 300 x g for 5 mins at 4 oC. Supernatant was discarded, and the 3 mL 

of Boyle solutions was added to the cell pellet to remove erythrocytes, allowing to incubate 

at RT for 5 minutes. Then, the suspension was centrifuged at 300 x g for 5 mins at 4 0C. The 

supernatant was removed, and the cell pellet was washed twice with complete media, 

centrifuging at 300 x g for 5 mins at RT. The cell pellet was removed and resuspended in 1 mL 

of complete media. Viable cells were counted using a cell counter (Thermo Invitrogen) by 

Trypan blue. The cells were diluted to 5 x 105 cells per 100 μL (5 x 106 cells/mL) and 100 μL of 

the cell suspension was added to the Nuclon 96-well plate (Fisher Scientific, Loughborough, 

UK). The cells were then stimulated with 100 μL of 1 μg/mL OVA protein as the antigen. Also, 

100 μL of concanavalin A (ConA; 10 μg/mL) and 100 μL of media were added to the 

appropriate wells as positive and negative control, respectively. The cells were then incubated 

at 37 oC; 5% CO2 and 95% humidity for 3 days. Then they were stored at -20 oC until performing 

cytokine ELISAs.  

5.3.5.5 Cytokine ELISA 

Sandwich ELISA was used to quantify IFN-γ and IL-5 in the restimulated spleens. The plate was 

coated with OVA antigen 50 μL/well of 2 μg/mL rat anti-mouse cytokine antibody in PBS, pH 

9, and incubated at 4 0C overnight. After coating, the plates were washed 3 times with washing 

buffer and blocked with 200 μL/well using 10 mM PBS pH 7.4 containing 10% v/v FCS (heat-

inactivated) for 1 hour at 37 0C to eliminate any non-specific binding. The plates were then 

washed 3 times and 30 μL of the cell supernatant added or 30 μL of IFN-γ or IL-5 standard 

diluted in 10 % v/v FCS in 10 mM PBS pH 7.4, followed by 2 hours incubation at RT. Then, 

plates, were washed three times using the washing buffer and 100 μL of rat anti-mouse biotin 

IFN-γ antibody was added to the wells at a concentration of 1 μg/mL diluted in 10% v/v FCS in 
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10 mM PBS pH 7.4. The plates were incubated for 1 hour at 37 0C 100 μL/well of HRP-

streptavidin (diluted 1:4000 in 10 % v/v FCS in 10 mM PBS pH 7.4) to the wells and incubated 

for 1 hour as before. The plates were then washed five times in wash buffer and followed by 

the addition of 100 μL/well of TMB (room temperature) applied to the wells. The plates were 

then kept in the dark and the reaction was stopped by adding 100 μL/well of 0.2 M H2SO4 

before reaching the endpoint. 

5.3.6 Statistical Information 

Data is represented as a means of separate experiments and GraphPad Prism was used to 

perform statistical analysis by performing ANOVA with post-hoc analysis wherever applicable. 

P-value < 0.05 was considered statistically significant. 

5.4 Results 

5.4.1 mRNA-LNP Physico-chemical Attributes 

LNPs were prepared with OVA mRNA and Fluc mRNA for the vaccine and protein expression 

studies respectively (average molecular weights for OVA mRNA (451 kDa) and FLuc mRNA (672 

kDa) are calculated based on the number of nucleotides of 1375 and 1921, respectively). 

However, given that the LNPs were formulated at N/P of 6, this accommodates any differences 

in the molecular weight of mRNA. The results in Table 5.1 show that LNPs formulated from 

DSPC: Cholesterol: SM-102: DMG-PEG2k molar ratio of 10:38.5:50:1.5% could effectively 

entrap both types of mRNA with encapsulation and recovery > 95% in LNPs which were 69 to 

76 nm in z-average diameter, with a low Polydispersity Index (PDI) (<0.02) and near neutral 

zeta potential that was not significantly different between the two different mRNA payloads.  

Table 5.1 mRNA-LNPs physico-chemical attributes prepared with different mRNA payloads. Results are expressed 
as the mean ± SD, n = 3. 

 LNP Physicochemical attributes 

mRNA payload 
Ovalbumin (OVA)-encoding mRNA 

 modified with 5-methoxyuridine (5moU) 

EZ Cap™ Firefly 

Luciferase mRNA 

 (5-moUTP) 

z-average diameter (nm) 69 ± 6 76 ± 1 

PDI 0.04 ± 0.03 0.04 ± 0.01 

Zeta Potential (mV) -1.6 ± 2 -4.5 ± 3 

mRNA Encapsulation (%) 95 ± 2 99 ± 1 

mRNA Recovery (%) 102 ± 12 106 ± 3 

 



136 
 

5.4.2 Immune responses in Female and Male Mice after mRNA-LNP 

Immunisation 

BALB/c mice were immunised with 1, 2.5 or 5 µg of OVA mRNA LNPs as characterised in Table 

5.1. Mice were dosed via intramuscular injection with a prime (day 0) and boosters (day 28). 

The serum was collected via tail bleeding 27 days after the first injection and two weeks after 

the second injection (day 42), and the antibody endpoint titres was detected by ELISA. When 

comparing the responses in the two different biological sexes of mice, the results in Figure 

5.1a demonstrate that female mice mounted a significantly (p<0.05) stronger total IgG 

response than male mice after the primer dose across all three mRNA doses (1, 2.5 or 5 µg), 

which was up to 14 times higher in female than male mice when 1 µg OVA mRNA encapsulated 

in LNPs was administered. After a booster dose, total IgG titres increased for all mice, and 

again the female mice mounted significantly (p<0.05) higher IgG responses compared to male 

mice (figure 5.1b). Indeed, the female mice overall had 20, 8, and 5 times higher immune 

responses than male mice immunised with 1 µg, 2.5 µg or 5 µg of OVA mRNA encapsulated in 

LNPs, respectively (figure 5.1b). When considering IgG dose responses, a linear dose-response 

association is seen in male mice (R-sq≈1) but is not apparent in female mice (Figure 5.1a and 

5.1b). With IgG1 (Figure 5.1c and d) and IgG2a (Figure 5.1e and f) responses, antibody titres 

were lower in all mice, more widely spread, and with no dose-response relationship. After the 

first injection, whilst generally there is a trend of higher antibody responses in female mice, 

significant differences were only noted after the first dose at 1 and 5 µg mRNA doses for IgG1 

(Figure 5.1c and e). After the 2nd (booster) injection, IgG1 and IgG2a responses were similar in 

female and male mice except for a higher 5 µg mRNA dose, which stimulated significantly 

higher IgG2a titres in female mice (Figure 5.1d and f). Across the 3 doses, the ratio of IgG2a/1 

was not significantly different between female and male mice (Figure 5.1g). Moreover, IFN- γ 

was stimulated very low (Figure 5.2).  

5.4.3 mRNA-encoded Protein LNPs: Clearance and Expression in Female and 

Male Mice after Intramuscular Injection 

Given female mice had stronger antibody responses compared to male mice when vaccinated 

with OVA-encoded mRNA-LNPs, we further investigated if these differences in response were 

the result of differences in mRNA protein expression profiles between the female and male 

mice or from different immune responses against the encoded protein. 
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Figure 5.1 Antibody responses in female and male BALB/c mice immunised with 1, 2.5, or 5 µg of OVA-mRNA 
encapsulated in LNPs on day 0 and 28. Serums were collected after the first and second doses via tail bleeding. 
Semi-quantitative ELISA was performed. Total anti-OVA IgG endpoint titres elicited by OVA mRNA LNPs after a) 
1st and b) 2nd dose. Anti-OVA protein-directed-IgG1 after c) 1st and d) 2nd dose. Endpoint titter of IgG2a to OVA 
mRNA LNPs after e) prime, f) booster dose and g) show the IgG2a/1 ratio. Each point represents an individual 
mouse, and the black line represents the mean of each group. A total of 18 female mice and 18 male mice split 
over 2 independent studies) and statistical analysis done by GraphPad Prism (ns= not significant; *P< 0.05) 
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To study this, BALB/c mice were intramuscularly injected with DiR labelled LNPs encapsulating 

5 µg of mRNA encoding luciferase (Fluc). By using DiR-labelled mRNA-LNPs, we can track both 

the biodistribution of LNPs (by imaging the mice under a DIR fluorescence filter) and mRNA 

luciferase expression (via bioluminescence imaging)[119]. 

 

Figure 5.2 IFN- γ level of female and male BALB/c mice immunised with 1, 2.5 and 5 ug of OVA mRNA-LNPs. 
Sandwich ELISA was performed.  

Figure 5.3 shows the fluorescence intensity profiles for both the male and female mice over 

the 196 h of the study, with Figure 5.3a representative IVIS images at 6, 24 and 48 h. Figure 

5.3b shows the distribution profile and Figure 5.3c shows the Area Under the Curve (AUC). 

The results show that both males and females have similar clearance rates of the DiR-labelled 

LNPs from the intramuscular injection site, with peak fluorescence intensity (Cmax) being 

measured 6 h after mRNA-LNP injection gradually (Figure 5.3b) with no significant difference 

in the AUC between female and male mice (Figure 5.3c).  

In line with the distribution data, luciferase expression was primarily focused on the injection 

site and was not significantly different between female and male mice (Figure 5.4) with peak 

luciferase expression measured at the 6 h timepoint (Figure 5.4a and b). Luciferase expression 

was also detected in the liver (Figures 5.4a and c). The results presented in Figure 5.4c 

indicated that at 6 h there are significantly (p<0.05) higher luciferase expression levels in the 

liver in female mice. However, at all other time points, no statistically significant difference is 

observed between the expression levels in the female and male mice. These results confirmed 

that the difference in immune responses between female and male mice is not due to 

differences in mRNA-protein expression or LNP distribution after intramuscular injection and 

is a result of differences between female and male mice to generate immune responses to 

mRNA-encoded antigens.  
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Figure 5.3 mRNA-LNP fluorescence intensity after intramuscular injection in female and male mice. The injected 
mRNA dose was 5 µg mRNA encapsulated in LNPs. a) Representative IVIS images at selected time points after DiR 
labelled mRNA-LNP injection (left 2 mice are female; right 2 mice are male; middle mouse is not injected). b) 
Fluorescence signal at the injection site over 196 h and c) the Area Under the Curve (AUC). Data is expressed 
mean ± SEM (a total of 18 female mice and 18 male mice split over 2 independent studies). 

 

Figure 5.4 Luciferase expression after Fluc-mRNA LNP intramuscular injection in female and male BALB/c mice. 
The injected mRNA dose was 5 µg mRNA encapsulated in LNPs. a) Representative bioluminescence IVIS images 
at selected time points after mRNA-LNP injection. b) Bioluminescence signal at the injection site at 0.25, 6, 24 
and 48 h and c) Bioluminescence signal at the liver at 0.25, 6, 24 and 48 h. Data is expressed by mean ± SEM (a 
total of 18 female mice and 18 male mice split over 2 independent studies) and statistical analysis done by 
GraphPad Prism (ns= not significant; *P< 0.05). 
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5.5 Discussion 

In our research, we have confirmed that following intramuscular injection in BALB/c mice, 

females demonstrate significantly (p<0.05) higher IgG immune responses against the mRNA-

encoded antigen (OVA) compared to their male counterparts across the three doses tested 

(Figure 5.1). Additionally, we observed comparable mRNA-LNP clearance from the injection 

site (Figure 5.3) and protein (luciferase) expression at the injection site for both female and 

male mice, but females did exhibit higher luciferase expression within the liver (Figure 5.4). 

However, it is important to recognise that the inherent properties and functions of the 

expressed protein (OVA and Fluc) could potentially influence various aspects of antigen 

trafficking, processing, and subsequent immune responses. A study investigating expression 

kinetics and immunogenicity of mRNA-LNPs considered the correlation between luciferase 

expression and anti-luciferase responses using a range of LNP formulations, including SM-102 

LNPs, like the formulation used in our study. The authors note that LNPs that induced the 

highest total luciferase expression induced significant anti-luciferase serum antibody titres 

when compared to empty particles [84]. However, they also acknowledge that luciferase is 

reported to be a relatively weak immunogen, and it may not reflect the efficacy of other 

vaccine antigens [180]. Nonetheless, these disparities highlight the intricate interplay 

between biological sex and immune responses, emphasising the importance of considering 

these factors when designing pre-clinical mRNA-LNP vaccine studies. 

The effectiveness of mRNA encoding therapeutic proteins and vaccines is influenced by factors 

such as the administration route and the location, duration, and magnitude of protein 

production. Depending on the injection site, localised protein, and disseminated expression 

in the liver can occur [60]. Moreover, following intramuscular administration, the depth of the 

injection can determine differential expression levels at the muscle versus the liver. Deep 

intramuscular injections of mRNA-LNPs lead to strong protein production in the liver, 

compared to superficial injections which predominately yield protein in the muscle [60]. 

Whilst we did not see discernible differences in protein expression levels in the muscle 

between female and male mice, variations in muscle density could potentially contribute to 

differences in luciferase expression measured in the liver (Figure 5.4). The mRNA-LNP 

luciferase location within the mouse tissue/body will also impact on the strength of the 

fluorescent and luminescent signals. Indeed, detecting the fluorescence intensity in internal 
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organs with IVIS is challenging without organ extractions due to the limited penetration depth 

in tissue, explaining why we detect mRNA-LNPs at the injection site and not at the liver (Figure 

5.3). 

When evaluating vaccine efficacy, numerous studies, including those in murine and human 

models, have previously highlighted the influence of biological sex on immunological 

responses [166,181], as we report in Figure 5.1. For instance, Breznik et al., explored the 

impact of biological sex and the female reproductive cycle on circulating leukocyte levels in 

C57BL/6J mice. Their investigation revealed that while biological sex significantly shapes the 

prevalence and variability of immune cells in peripheral blood, there is no substantial effect 

associated with the female reproductive cycle [182]. Another study showed that women 

elicited a greater immune response to inactivated influenza vaccination in women of all ages, 

regardless of dose or influenza strain, and women had an equivalent antibody response with 

half the dose of influenza vaccine compared to men[183]. Sex differences in immune 

responses to respiratory viruses have also been observed in both humans and experimental 

rodent models [184]. The influence of sex hormones on these responses may involve direct 

actions on innate immune cells or indirect modulation by other immune or non-immune cells 

responding to sex hormones [184]. The influence of hormones, specifically testosterone and 

oestrogens, has been shown to play a role in modulating immunological responses, leading to 

variations in adaptive immunity, T-lymphocyte function, and helper-inducer cell activity 

[185,186]. It has also been observed that male hormones promote a tendency towards cell-

mediated immune responses, while female hormones tend to promote humoral 

immunity[187]. Within our studies, we tested IgG1 and IgG2a subclasses in addition to IgG 

(Figure 5.1), and both female and male mice had higher IgG1 than IgG2a titres, indicating a 

stronger T helper type 2 (Th2) immune response was activated upon OVA mRNA LNPs 

vaccination. This is perhaps not surprising as BALB/c mice have been reported to be biased 

towards Th2 immune responses [188]. Moreover, IFN-gamma, which is commonly associated 

with Th1 responses, was not stimulated (Figure 5.2); this absence further supports the 

observation that the mice tend to exhibit a Th2 response. 

After intramuscular injection mRNA-LNPs can be taken up by tissue-resident dendritic cells 

and macrophages, eliciting a local immune response at the injection site [189]. Once taken 

up, mRNA needs to be released from both the endosome and their LNP carrier into the 
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cytosol. Once in the cytosol, the mRNA is translated into the corresponding antigenic protein 

in the ribosome. Subsequently, this antigen undergoes degradation in the cytosolic 

proteasomes, revealing antigenic epitopes that form complexes with MHC class I. These 

activated dendritic cells present the antigen to T cells, which become activated and 

differentiate into cytotoxic T cells or helper T cells [190]. Myocyte transfection by mRNA 

vaccines can also activate bone marrow-derived dendritic cells (DCs), contributing to T cell 

priming [191]. Based on this mechanism, this supports our finding that there is no major 

biological difference in the expression profiles for mRNA-encoded protein, rather the 

differences become apparent during the down-stream processing of the antigen to create the 

immune responses. 

Within research, there is a growing acceptance for the need for males and females to be 

equally represented in research. This includes pre-clinical research. Indeed, using both sexes, 

in this context defined by a set of biological attributes, when designing research experiments 

is now the default for many grant funders and this is long overdue. Previously, using male 

models in research was a default approach, and male animals were used six times more often 

than females[192]. However, anecdotally, female mice are often used in pre-clinical vaccine 

studies due to lower levels of aggression towards each other and thus are easier to be socially 

housed in stable groups with compatible cage mates in line with the National Centre for the 

Replacement, Refinement, and Reduction of Animals in Research (NC3R) guidance. Through 

our investigations, we show that the biological sex of mice does not impact on mRNA-LNP 

protein expression at the injection site but does impact on mRNA-LNP vaccine immune 

responses, and thus in designing studies, this is an important factor. Nonetheless, it is crucial 

to consider the specific research question and the contextual nuances of the study when 

designing pre-clinical investigations. Whilst, using a mix of male and female subjects to test 

vaccine safety and efficacy is key, consideration of data handling is also important. For 

instance, when evaluating the impact of formulation on vaccine efficacy, averaging responses 

from a mix of male and female mice may lead to a broad data spread, as highlighted in Figure 

5.5; when the IgG responses are pooled, higher variation in the data is noted (Fig 5.5a). In 

contrast, in Fig 5.5b and c, where no significant differences between males and females were 

observed, the variability is low. Thus, the pooling of data from both sexes might obscure 

important distinctions in responses to formulations. Equally, designing studies with 
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appropriate mouse numbers and study replicates using both male and female mice may result 

in higher animal usage than needed to address the research question, particularly when 

considering the limitations of the mouse model in vaccine studies generally. In such instances, 

it is important to report the sex and age of the animals used in preclinical experiments. 

 

Figure 5.5 Comparison of responses from female mice, male mice, and the average across all mice for a) IgG 
responses, b) luciferase expression and c) AUC. Mice were intramuscularly injected with 5 µg mRNA 
encapsulated in LNPs with mRNA encoded with either OVA ((a) vaccine study) or Fluc ((b) expression studies) 
and labelled with DiR for c) investigating clearance. Data is expressed mean ± SEM (a total of 18 female mice 
and 18 male mice split over 2 independent studies) and statistical analysis done by GraphPad Prism (ns= not 
significant; *P< 0.05). 

 

5.6 Conclusions 

When testing mRNA-LNP vaccine (OVA) responses, female BALB/c mice showed a stronger 

immune response than male mice, whilst mRNA-LNP protein (luciferase) expression was not 

notably different. Given these immune response differences, consideration should be given to 

this in experimental study plans, and averaging across different biological sexes should be 

discouraged. In all studies, the sex and age of the animals used in preclinical experiments 

should be reported. 

Overall, the difference in immune responses between females and males has been widely 

debated in the literature. However, since mRNA-LNP vaccines have only recently been 

approved, this topic has not yet been a focus of research. This study is the first to reveal 

differences in mRNA-LNP expression profiles between the biological sexes. In conclusion, it 

showed females had higher immune responses than males even if they expressed the mRNA 

at a similar level.  
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Introduction  

At the beginning of the thesis, it is mentioned that encapsulating mRNA into the LNPs 

improves the transfection efficiency of mRNA; however, this improvement is accomplished 

once mRNA-LNPs reach the target cells/tissues. Also, the accumulation of LNPs in the target 

area does not necessarily ensure efficient cellular uptake, intracellular trafficking, endosomal 

escape, and translation efficiency [193]. However, the first step is to ensure that mRNA-LNPs 

reach the target area. Targeting the specific cells or tissues improves the efficiency and 

specificity of mRNA-LNP systems. It was shown, especially in Chapter 2, that LNPs injected via 

the IM route had an off-target effect on the liver in various ratios depending on the choice of 

the ionisable lipid used in the formulation. Extrahepatic delivery of LNPs remains challenging 

due to the inherent tropism of LNPs to the liver [194]. However, the targeting area depends 

on the therapeutic applications. For example, the liver is a critical target for gene silencing and 

regulation [7], while targeting the lymph node or antigen-presenting cells (APCs) may be a 

desired target for vaccination purposes [195]. Specific targeting of mRNA-LNPs can also 

improve their safety profile by reducing the off-target effect and minimising the dose required. 

For example, targeting APCs increases the magnitude of antigen synthesised by the cells and 

can potentially reduce the proportion of non-APCs transfected, and this may mitigate local 

side effects such as swelling [196].  

Particle size and charge may play a role in the accumulation of LNPs in the different organs. 

Coating the LNP surface with phosphatidylserine was used for targeting the lymph nodes 

[193]. Using supplementary excipients in addition to the usual LNP composition (Helper: 

structural: ionisable: PEG lipid) can manipulate the biodistribution of LNPs and promote 

selective organ targeting [58,197]. The expression profile of LNPs in various tissues may also 

be based on the ionisation and structural properties of LNPs [85].  

To consider targeting LNPs to enhance the potency of mRNA-LNP vaccines, the strong 

interaction between avidin and biotin. This approach has been implemented for liposomes 

investigated by considering the application of pre-dosing of avidin followed by injecting 

biotinylated mRNA-LNPs [50,51]. The principle behind this is that pre-dosed avidin drains to 

the lymph node as it is a small molecule. Then, subsequent injection of biotin-coated particles 

will drain to the lymph node. When both encounter in the lymph node, they will form a 

complex, leading to trapping them in the lymph nodes and thus potentially improving immune 
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responses (Figure 6.1a). Due to the intramuscular injection route, the popliteal and inguinal 

lymph nodes were targeted (Figure 6.1B). 

 
 Figure 6.1 a) The rationale behind targeting the lymph node using Biotinylated LPs with pre-avidin injection. 
Created with Biorender and b) The Lymph nodes of the mice [198] and the lymph nodes focused on were 
shown with red circles. 

 

6.1 Aim and Objectives 

In this chapter, the aim was to develop LNPs that would target local lymph nodes after IM 

injection by using a combination of pre-dosing with avidin and biotinylated LNPs. To achieve 

this, the objectives were: 

• Testing the effect of adding biotin (DMG-PEG2k-biotin) gradually from 0% to 1.5% on 

the particle size, PDI, zeta potential, EE, and recovery.  

• Testing these samples on HEK-293 cells to evaluate whether biotin content impacts the 

particles' in vitro transfection efficiency and select the lead formulation.  

• Evaluating lead biotinylated LNP formulation in vivo and comparing it to non-targeted 

LNPs.  

6.2 Material and Method 

6.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-

methoxypolyethylene glycol-2000 (DMG-PEG2000), Sodium citrate dihydrate, citric acid, 

Amicon® 100 kDa Ultra 15 mL Centrifugal Filters, Cholesterol were purchased from Merck 

(Gillingham, UK). DMG-PEG2k-biotin was gained from Nanocs (Macclesfield, UK). 8-[(2-

hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl]amino]-octanoic acid, 1-octylnonyl ester (SM-102) 

was purchased from ABP Biosciences (Maryland, USA). EZ Cap™ Firefly Luciferase mRNA (5-
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moUTP) is procured from APExBIO Technology (Stratech Scientific Ltd, Cambridge, UK). 

Minimum Essential Medium (MEM), Sodium Pyruvate (100 mM), UltraPure™ DNase/RNase-

Free Distilled Water were purchased from GibcoTM (Paisley, UK). ONE-Glo™ Luciferase Assay 

System and VivoGlo luciferin were purchased from Promega (Southampton, UK). DiIC18(7) 

(1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide (DIR), Quant-it™ RiboGreen 

RNA Assay Kit, TrypLE™ Express Enzyme (1X) were bought from ThermoFisher Scientific 

(Paisley, UK). BD Medical™ BD Micro-Fine™ Insulin Syringe was bought from Fisher Scientific 

(Loughborough, UK). 

6.2.2 LNPs Preparation 

LNPs were composed of DSPC: Chol:SM-102: DMG-PEG2k (10:38.5:50:1.5 mol%) and 

encapsulating Fluc mRNA at NP6. Biotinylated LNPs were prepared using DMG-PEG2k-biotin. 

It is dissolved in the ethanol and added the required amount, and the total PEG ratio was kept 

at 1.5% of DMG-PEG2k and DMG-PEG2k-biotin. Only one pilot study was carried out using 4% 

PEG-biotin. In the text, plain LNPs refer to unbiotinylated LNPs. For in vivo studies, LNPs were 

labelled with DiR, including in the lipid phase.  

6.2.3 Down-stream Processing of LNPs and Characterisations  

The samples were diluted 40x in 10 mM PBS pH7.4 and centrifuged (2,000x g acceleration:9 

deceleration:9) at 4 oC with a centrifugal filter unit (MWCO 100 kDa) to remove ethanol and 

to raise pH to 7.4). LNPs were concentrated to the required concentration. 

After purification, the physicochemical properties of LNPs were characterised using Zetasizer 

Ultra (Malvern Panalytical Ltd, Worcestershire, UK). Briefly, samples were diluted with 10 

mM PBS pH 7.4 to 0.1 mg/mL of lipid concentration to measure particle size and PDI. Then, 

zeta potential was measured with the samples diluted to 0.1 mg/ml of lipid stock with 

ultrapure water. EE and recovery were evaluated using Ribogreen kit. Briefly, diluted samples 

(3 ug/mL) were added to the black plate in the absence and presence of Triton, referring to 

the unencapsulated and total mRNA, respectively. EE and recovery were calculated 

according to equations 1.2 and 1.3.  

6.2.4 In vitro mRNA expression studies 

LNPs serial diluted (2, 1, 0.5 and 0.25 µg/mL with cell media) were added to the plate with a 

10000 cells per well density. 24-hour incubation at 37 0C, 100 µL of One-glo luciferin reagent 
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was added to each well, and the luminescence was measured using a plate reader (Glomax®, 

Promega). 

6.2.5 In vivo LNP Retention at the injection site and mRNA 

expression 

Female BALB/c mice (8-12 weeks old) were injected with 5 µg of DiR labelled mRNA-LNPs per 

leg. They were imaged with a DiR filter (excitation peak at 710 nm and an emission peak at 

780 nm) using IVIS Spectrum (Pekin Elmer) under anaesthesia. Later on (depends on the time 

point, see Figure 6.4), the mice were imaged again under the DiR filter and injected with 

luciferin (at a dose rate of 150 mg/kg) via the SC route. 10-minutes later, they were imaged 

with an open filter to gain luminescence intensity. Mice were terminated using the Schedule 

1 method, and the organs were discarded and placed in a petri dish. Luminescence and DiR 

intensity were measured again (the time between luciferin injection and measuring the 

bioluminescence intensity from the discarded organs were tried to keep accurate between 

mice, and it was around 20 minutes). The data were analysed using Living Imaging Software 

to quantify the DiR and bioluminescence intensity.  

6.2.6 Statistical analysis 

Data is represented as a means of separate experiments and GraphPad Prism was used to 

perform statistical analysis by performing ANOVA with post-hoc analysis wherever applicable. 

P-value < 0.05 was considered statistically significant. 

6.3 RESULTS 

6.3.1 Evaluating the addition of PEG2k-biotin on the particle size and in vitro 

expression profile 

Fluc mRNA-LNPs were prepared with various ratios of DMG-PEG2k/DMG-PEG2k-biotin to a 

total molar lipid content of 1.5 % (DSPC 10%: Cholesterol 38.5.%: SM-102 50%: DMG-PEG2k / 

DMG-PEG2k-biotin 1.5% mol). Increasing the PEG2k-biotin content from 0 to 1.5% mol 

(corresponding decrease in PEG2k molarity) increased the particle size gradually from 60 nm 

to 140 nm whilst all particles had monodispersed size distribution (PDI<0.2) and neutral zeta 

potential (Figure 6.2). EE and recovery of mRNA were high, above 90% and around 70%, 

respectively, for all formulations (Figure 6.2).  
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Figure 6.2 The physicochemical properties of the LNPs prepared with different proportions of the DMG-PEG2k 
and DMG-PEG2k-biotin. LNPs were composed of DSPC: Cholesterol: SM-102: DMG-PEG2k/DMG-PEG2k-biotin at 
the molar ratio of 10:38.5:50:1.5%. Results represent mean ± SD, n = 2 independent batch 

 

These formulations were tested using the HEK-293 cell line to examine the effect of the biotin 

quantity on the in vitro mRNA expression profile (Figure 6.3). The results in Figure 6.3 show 

no clear biotin concentration-dependent expression. The substitution of DMG-PEG2k with 

DMG-PEG2k-biotin at the molar ratio of 0.25 % mol made no significant difference in 

expression across all concentrations tested (Figure 6.3). Increasing the molar % of DMG-

PEK2k-biotin to 0.5% significantly (p<0.05) increased luciferase expression at higher mRNA 

concentrations (200 and 100 ng) (Figure 6.3). However, further increases in the biotin content 

resulted in reduced expression levels similar to or below the usual LNP formulation (only with 

DMG-PEG2k) (Figure 6.3). Thus, overall, combining DMG-PEG2k and DMG-PEG2k-biotin with 

the molar ratio of 1:0.5 % had the highest expression on HEK-293 cells, and from these results, 

LNP prepared with DMG-PEG2k: DMG-PEG2k-biotin (1:0.5 % mol) was selected as the lead 

formulation for the in vivo study.  

6.3.2 In vivo Expression Profile of Biotinylated LNPs in the injection site and 

the lymph node.  

Given the highest in vitro expression profile with DMG-PEG2k: DMG-PEG2k-biotin (1:0.5 % 

mol), an in vivo pilot study was performed with this formulation compared to the plain LNPs 

(1.5 mol % of PEG2k). The injection scheme is shown in Figure 6.4. 
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Figure 6.3 In vitro mRNA transfection efficiency of LNPs (shown in figure 3) prepared various contents of DMG-
PEG2k and DMG-PEG2k-biotin on HEK-293 cells. The samples were incubated with HEK-293 cells for 24 h at 37 
0C, and the luminescence intensity was measured. LNPs were composed of DSPC: Cholesterol: SM-102: DMG-
PEG2k/DMG-PEG2k-biotin at the molar ratio of 10:38.5:50:1.5%. Results represent mean ± SD, n = 2 independent 
batch. 

 

The accumulation profile of the biotinylated LNPs in the lymph node was tested by imaging 

mice and extracted lymph nodes at different time points. Three mice received a dose of avidin 

(20 µg per dose) via the IM route; 30 minutes later, all mice were injected with the LNP 

formulations specified in Figure 6.4. 1 h later, IM injection of LNPs, the mice injected with 

avidin and Biotinylated LNPs were imaged to measure DiR and luminescence intensity on the 

injection site and the discarded lymph nodes. The same procedure was carried out at 2.5 h for 

the mice injected with avidin and LNPs-biotin. 6 h later, the remaining mice were imaged with 

the same procedure. The physicochemical properties of DiR-labelled LNPs used in this in vivo 

pilot study are shown in Table 6.1. All parameters were very similar, with an average diameter 

of 60 nm of the size and monodispersed particle size distribution and neutral surface charge. 

EE and recovery were approximately 98 % and 82% on average for both formulations.  

Biotinylated LNPs (with pre-dose of avidin) had a comparable expression in the injection site 

irrespective of the time points, with only a slight increment at 2.5 h (blue column in Figure 

6.5a). Also, the mice not injected with avidin showed similar expressions for plain or 

biotinylated LNPs (blue column in Figure 6.5a). 
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Figure 6.4 Outline of the in vivo pilot study testing the effect of the biotin and avidin injection on the in vivo 
expression profile of BALB/c mice (The image created by Biorender) 

 

Overall, the in vivo expression had a very similar profile among LNPs irrespective of the time 

points in the injection site (p>0.05). However, the IM injection of avidin increased the 

expression gradually in the liver for the biotinylated LNPs over time (Figure 6.5a). Overall, 

avidin injection increased the expression in the liver threefold. The biodistribution of all LNPs 

was very similar among mice, with similar levels at the injection sites (Figure 6.5b). Discarded 

lymph nodes were imaged for luminescence intensity. Overall, injection of avidin decreased 

the expression in the lymph node fourfold, irrespective of avidin injection (Figure 6.5c), and 

there was a comparable expression between plain and biotinylated LNPs (without avidin 

injection) (Figure 6.5c).  

 

Table 6.1 Physicochemical characterisation of the DiR labelled LNPs used in the pilot IVIS study. LNPs were 
composed of DSPC: Cholesterol: SM-102 (10:38.5:50 % mol) and with the molar ratio of DMG-PEG2k/DMG-
PEG2k-biotin shown in the table. Results represent mean ± SD, n = 1 batch. 

DMG-PEG2k :  
DMG-PEG2k-biotin (mol : mol %) 

Diameter 
(nm) 

PDI Zeta Potential 
(mV) 

EE 
(%) 

Recovery 
(%) 

1.5:0 58.8 ± 0.5 0.07 ± 0.01 0.3 ± 0.0 99 87 

1:0.5 63.1 ± 0.5 0.07 ± 0.01 4.2 ± 1.2 98 78 
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Figure 6.5 The expression and biodistribution profile of the LNPs according to the pilot study scheme shown in 
Figure 4. a) representative IVIS images for bioluminescence imaging and corresponding quantification signal from 
per the injection site and liver, b) representative IVIS images for DiR fluorescence imaging and corresponding the 
signal quantified from the per injection site, c) Representative IVIS images of the luminescence imaging of lymph 
nodes discarded from BALB/c mice injected with DiR-labelled mRNA-LNPs are characterised in Table 1. The 
quantification of the bioluminescence signal from the popliteal lymph node was presented in the graph. Results 
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represent mean, n = 1 independent batch. 1 mouse, 1 injection per hind leg; 2 data points. Each bar represents 
each mouse.   

6.3.3 Testing the quantity of DMG-PEG2k-biotin content in vivo 

After this pilot study, a dose escalation study was undertaken in a second pilot study. The 

PEG2k-biotin molarity was increased to 4% and tested against PEG2k-PEK2k-biotin (1:0.5%). 

The characterisation results are shown in Table 6.2. Increasing the PEG2k-biotin molarity 

increased the particle size (from 72 to 120 nm) but did not affect the PDI, zeta potential EE, or 

recovery efficiency (Table 6.2).  

Table 6.2 Physicochemical characterisation of the DiR labelled LNPs used in the pilot IVIS study to test the biotin 

quantity. LNPs were composed of DSPC: Cholesterol: SM-102 (10:38.5:50 % mol) and with the molar ratio of 

DMG-PEG2k/DMG-PEG2k-biotin shown in the table. Results represent mean ± SD, n = 1 batch. 

DMG-PEG2k :  
DMG-PEG2k-biotin (mol%) 

Diameter 
(nm) 

PDI Zeta Potential 
(mV) 

EE 
(%) 

Recovery 
(%) 

1:0.5 72 ± 0.4 0.03 ± 0.02 -2.5 ± 1.1 98 62 

0:4 120 ± 1.8 0.03 ± 0.03 -1.2 ± 0.6 96 104 

 

In vivo, increasing biotin content from 0.5% to 4% decreased the expression at the injection 

site and liver to near background levels, with expression at the injection site reducing 3-fold 

(blue column in Figure 6.6a). The expression in the liver (pink column in Figure 6.6a) was 

proportional to the expression in the injection site. 0.5% PEG-biotin LNPs showed higher DiR 

intensity than 4% PEG-biotin in the injection site (Figure 6.6b). The expression in the lymph 

node was decreased dramatically (over five-fold) by increasing biotin content (Figure 6.6c). 

6.1 Discussion 
This study investigated the strong non-covalent interaction between biotin and avidin as a 

targeting strategy. To achieve this, mRNA-LNPs were coated with biotin using DMG-PEG2k-

biotin while avidin was administered intramuscularly 30 minutes before LNP injection. Avidin 

was injected before LNPs, as it has been shown this was a more efficient way to accumulate 

the particles than injecting LNPs before avidin [215].  

Initially, the effect of DMG-PEG2k-biotin quantity on the physicochemical properties of LNPs 

was tested (Figure 6.2). Particle size increased gradually with the addition of biotin while 

keeping the particles neutral and mono-dispersed size distribution (Figure 6.2). 
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Figure 6.6 The expression and biodistribution profile of the LNPs (table 6.2) according to the pilot study testing 
the biotin dose. a) representative IVIS images for DiR fluorescence imaging and corresponding the signal 
quantified from the per injection site and per liver, b) representative IVIS images for bioluminescence imaging 
and corresponding quantification signal from per the injection site and per liver, c) The in vivo transfection 
profile of the LNP (shown in the table2) in the lymph node. Results represent mean, n = 1 independent batch. 
One mouse, one injection per hind leg; 2 data points.  
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Then, the samples were tested on the HEK-293 cell line to evaluate the in vitro expression 

profile (Figure 6.3). Coating the particles with biotin at the molar ratio of 0.25 and 0.5% 

improved the in vitro expression profile. Further coating decreased expression dramatically, 

specifically with the lowest expression at 1.5% mol of PEG2k-biotin (Figure 6.3). The 

combination of DMG-PEG2k: DMG-PEG2k-biotin (1:0.5 % mol) was selected as the lead 

formulation. Overall, coating LNPs with biotin and pre-dose of avidin did not affect the in vivo 

expression (Figure 6.5a; blue column) nor distribution (Figure 5b) at the injection site but did 

increase the expression at the liver (Figure 6.5a; pink column). 

Biotin has been commonly used as a targeting ligand in the cancer cell due to overexpression 

of the biotin receptor in tumour cells [199,200]. It also can be used as a protein-repellent 

ligand to prevent protein corona formation [201]. Moreover, it has been shown that 

internalising biotin and biotinylated complexes depend on the cell line, and the uptake is 

mainly by passive diffusion on the HEK-293 cell line as it does not have sodium-dependent 

multivitamin receptors [202]. This is also confirmed by the study showing higher cellular 

uptake of biotinylated particles in the cancer cell line compared to the HEK-293 cells [199]. 

Therefore, the standard HEK293 model used for in vitro analysis of LNP expression can test 

expression potency but would highlight any advantages of biotin-medicated uptake. Thus, the 

changes in expression seen with the different biotin concentrations in the LNPs may be due to 

differences in the physicochemical characteristics, particularly particle size. HEK-293 cell line 

uses clathrin-mediated endocytosis, suitable for particles below 100 nm [149]. Therefore, 

LNPs prepared with 1.5% mol of DMG-PEG2k-biotin had a size of around 140 nm (Figure 6.2), 

and this likely hindered cellular uptake, leading to lower in vitro transfection efficiency. 

However, increasing biotin content from 0.5 to 1% mol decreased the in vitro expression 

despite both LNP formulations below 100 nm (Figure 6.2). Thus, the impact of the DMG-

PEG2k-biotin on cell expression may be due to the biotin obstructing cellular uptake due to 

the denser biotin content. Modifying the PEG chain by biotin may change the cellular uptake 

mechanism [203]. Also, ligand density on the particle surface can affect the cellular uptake 

profile [204].  

It is also important to note that the LNPs were tested without being crossed-linked with avidin. 

With the proposed targeting strategy, the LNPs would get trapped in the lymphatics because 

of cross-linking [205–207] which would inherently increase the total aggregate size further. 
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Particle size also has a major impact on lymphatic targeting, and optimum size ranges 

depending on the administration route, the injection site, injection volume and rate [208,209]. 

For example, the particles injected subcutaneously accumulated higher in the lymph nodes 

compared to the intravenous injection [210]. It was reported that small particles (25 nm) had 

higher lymph node accumulation than 100 nm when injected via the interstitial tail vein route 

[211]. Another study reported that particles 10-80 nm had higher lymphatic uptake [212]. 

Moreover, the valves mediating entrance into lymphatic vessels may mechanically expand due 

to injection volume and rate, and this may need to be emphasised for small animal models as 

they have a smaller volume than the injection volume [208,213]. Also, it needs to be 

mentioned that smaller particles can freely be drained to the lymph node. However, big 

particles are excluded by the tight junction in the endothelial cells of the lymphatic vessels 

taken up by the dendritic cells and drained to the lymph nodes [214].  

Particle charge and surface chemistry also play roles in lymphatic entry [208]. For example, 

anionic particles had rapid clearance to the lymph node, and cationic particles had a depot 

effect by interaction with the residence proteins [51,215]. Surface-modified LNPs were used 

to target APCs, mediately lymphatic delivery with such ligands as mannose, hyaluronic acid 

[216]. A study reported that increasing PEG concentration from 1.5% to 3% with DSPE-PEG2k 

diminished the expression in the lymph nodes, while PEGylation with Tween-20 improved the 

expression in the lymph nodes from 1.5% to 3% Twenn-20. This study confirmed that the 

quantity and the structure of the PEG chain affected the expression profile in the lymph nodes  

[217].  

It was also reported that protein and small hydrophilic particles can enter the systemic 

circulation by passing through the entire lymphatic chain and the thoracic duct [208]. Avidin 

is rapidly cleared from the blood circulation and accumulates in the liver, spleen, and kidney 

[218]. Therefore, avidin may mediate the accumulating LNPs in the liver by passing through 

the lymphatic chain, which can correspond to decreasing the expression in the lymph node 

(Figure 6.5c).  

Given the low dose of biotin employed to test the LNPs within Figure 6.5, it was thought that 

the biotin quantity might not be enough for the targeting lymph node as the studies used 20% 

mol of DSPE-PEG2k-biotin [50,51]. Thus, the biotin quantity was increased to 4%. However, 

this diminished the in vivo expression (Figure 6.6). This could be again a result of 
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physicochemical attributes (e.g. particle size of the LNPs (120 nm) Table 6.2) and/or failure to 

promote expression after internalisation. The inability to promote expression can result from 

a range of factors, including inefficient endosomal escape; if the change in the PEG-headgroup 

changes interactions with the endosomal membranes, the LNPs may not escape from the 

endosome into the cytoplasm efficiently, the mRNA payload will not be released to the site of 

action. Similarly, the biotinylated-LNPs may trigger an immune response, activating innate 

immune pathways, which could result in mRNA degradation or interference with its 

translation. Indeed, adding the biotin at this concentration could affect the stability, uptake, 

and release properties, all of which can impact mRNA expression. 

While new insights have been developed within this chapter, there were some limitations in 

this study that can be addressed in future studies. Initially, the results suggest that quantifying 

the emitted light from lymph nodes using IVIS may not be the most efficient method. Also, 

given the proximity of the popliteal lymph node to the injection site (Figure 6.1), when 

removing the lymph node, there is the potential for contamination of luciferase from the 

injection site to the lymph node, which could lead to false positive results. Also, draining avidin 

to the lymph node could be further confirmed to ensure alignment with previous studies 

[205–207]. This could be achieved by performing the imaging session in different time frames 

and maybe using fluorescence-labelled avidin (however, the issue of limited tissue penetration 

with the IVIS is also acknowledged). Moreover, the expression level decreased over time after 

culling the mice. Hence, the lymph nodes need to be removed quickly to image, and more 

importantly, the time between injection of the luciferin reagent and the imaging of the lymph 

node must be consistent for each mouse. Finally, it was reported that the particles size over 

50-100 nm are trapped in the extracellular matrix [208]. Therefore, clearance of the LNPs may 

be an issue; however, data has shown that after IM injection, LNPs do move, so movement 

from the injection site to the draining lymph nodes may be achievable [60]. Whilst, in clinical 

practice, a two-step vaccination method (pre-dose with avidin, followed by vaccination with 

biotin-LNPs) is of limited value, the investigations within this chapter lay the foundation for 

further investigations into this strategy as a tool to provide further insights into the benefits 

of redirecting LNPs to draining lymphatics via a range of strategies. 
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6.2 Conclusion 

This chapter describes a potential targeting approach using avidin-biotin interaction to deliver 

mRNA-LNPs to the lymph node. The rationale is based on the migration of previously 

administered avidin to the lymph node, where it is retained through the formation of a 

complex with biotinylated LNPs. The study initially focused on assessing the concentration of 

the biotin. Increasing biotin content improved the in vitro expression up to some level and 

further increment diminished it. Biotinylated LNPs had comparable in vivo expression 

compared to non-biotinylated LNPs. However, pre-dosing with avidin injection increased the 

expression in the liver. These studies suggest that alternative strategies should be considered 

for the redirecting of mRNA-LNPs to the lymphatics. Whilst it has been previously shown that 

cationic liposomal adjuvants can be redirected to the lymphatics using this biotin-avidin 

targeting strategy and this increased cytokine responses to the loading sub-unit antigen, the 

results from the studies conducted here suggest further modifications of the strategy are 

needed for it to be applied to LNPs [50]. 
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Chapter 7: General Discussion 
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7.1 Introduction 
This thesis aimed to optimise the in vitro and in vivo efficacy of mRNA-LNPs prepared with the 

MF system. LNPs comprise helper lipids (DSPC and Cholesterol), ionisable lipids and PEGylated 

lipids. Each lipid has a unique role in encapsulating mRNA into the LNPs and releasing it into 

the cytosol to be translated into the corresponding antigen protein. The other component is 

the encapsulation buffer used to dilute mRNA in a buffer at pH4. After self-assembling, LNPs 

are purified to remove ethanol content and raise pH to the physiological conditions (pH 7.4). 

In this stage, the LNP buffer is exchanged for the storage buffer, generally PBS or TRIS. The 

parameters in each step have potentially affected the LNPs' efficiency in vitro and in vivo. This 

thesis focused on investigating the LNP delivery efficiency, testing the different parameters 

such as the choice of ionisable lipid and the ionic strength of encapsulation buffer (citrate 

buffer) in HEK-293 cell lines and BALB/c mice. Moreover, it addressed a gap in existing research 

by focusing on sex-based disparities in mRNA-LNP expression profile and the immune 

response in BALB/c mice, highlighting the importance of biological sex in mRNA vaccine 

research. The thesis continued with a targeting strategy to the lymph node, exploiting the 

strong interaction between avidin and biotin. 

7.2 Evaluating LNPs Efficiency Considering Lipid Composition 
and Buffer Ionic Strength  

Ionisable lipids are the most critical part of the LNPs due to the responsibility of encapsulation 

mRNA and releasing it into the cytosol. ALC-0315 and SM-102 are the ionisable lipids used in 

both mRNA COVID vaccines. In vitro (Figure 2.2), in vivo expression (Figure 2.5), and clearance 

(Figure 2.4) profiles were tested compared to MC3, DODAP and DOTAP. SM-102 had the best 

profile among the other lipids in terms of expression and clearance. Surprisingly, ALC-0315 

drew attention with exceptionally low in vitro expression and the highest expression in the 

liver, although it had a comparable expression in the injection with SM-102. As mentioned in 

the introduction section, the efficiency of mRNA LNPs is driven by two factors: pKa and the 

shape of ionisable lipids. Considering the very similar structure of SM-102 and ALC-0315, this 

very low in vitro expression with ALC-0315 is likely associated with pKa. The close relationship 

between pKa and in vitro expression can be confirmed with a similar order for pKa and in vitro 

expression.  pKa of the ionisable lipids and in vitro expression profile were in this order: SM-

102 > MC3 > ALC-0315 > DODAP (DOTAP does not have a pKa as it is a permanent cationic 
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lipid). When considering the branched tail structure of SM-102 and ALC-0315 compared to 

the cylindrical structure of MC3, DODAP and DOTAP, the in vivo expression is likely driven by 

the shape of ionisable lipids if they are in the pKa range for an optimum protein expression 

via IM route[25]. As an overall experience from the studies, the expression in the injection site 

is correlated with expression in the liver (For example, as seen in Figure 3.8, LNPs prepared 

with 50, 100 and 300 mM of citrate buffer had a very similar trend in the injection site and the 

liver). However, when comparing, ALC-0315 had significantly higher expression in the liver 

than SM-102, even if they had a very similar expression at the injection site (Figure 2.5). This 

can be based on the pKa difference as SM-102's pKa is higher than ALC-0315 (Figure 2.1). Also, 

it is reported that the expression in the liver is related to the pKa of the ionisable lipids [85]. 

Adsorption of apoE onto the LNP surface will likely direct LNPs to the liver because apoE serves 

as a ligand for LDLR. The interaction rate between LNPs and apoE may be influenced by the 

pKa, as previously discussed regarding liver tropism and its association with pKa. This can be 

explained according to the Henderson-Hasselbalch equation (Equation 1.1); in the same pH, 

lower pKa needs to be balanced with a higher ratio of [tertiary amine]/[quaternary amine]. 

This means LNPs with lower pKa have a higher proportion of tertiary amine (neutral form) or 

less proportion of quaternary amine (protonated). Given that tertiary amine is more lipophilic 

than the quaternary counterpart, blood protein interacts with lipophilic molecules more 

(because proteins have hydrophobic regions). Overall, LNPs with lower pKa (which means 

more tertiary amine form, namely, more lipophilic characteristic) interact with the protein 

(apoE in this case) more in the blood circulation. Then, apoE-adsorbed LNPs will be 

internalised by LDL receptors in the liver.  This would be the rationale behind the relationship 

between pKa and liver tropism.  

Also, PEGylation affected the expression profile in the liver (Figure 2.8 and Figure 2.10). After 

losing the PEG chain from the particle surface, LNPs are a good target for apoE, leading to 

enhanced expression in the liver. Here, the desorption rate of the PEG chain gains importance. 

This depends on the number of carbon chains of PEG lipids. DSPE-PEG2k had the lowest 

expression (both injection site and liver) due to a longer carbon tail (18 C). Comparing ALC-

0159 and DMG-PEG2k, which had the same carbon chain length (14 C), ALC-0159 improved 

the expression in vitro (Figure 2.6) and in vivo (Figure 2.8 and Figure 2.10). It was shown that 

DMG-PEG2k desorption from the LNP surface was faster compared to the ALC-0159 [88]. The 
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expression order was ALC-0159 > DMG-PEG2k > DSPE-PEG2k irrespective of the ionisable 

lipids; however, the difference between ALC-0159 and DMG-PEG2k was more pronounced 

when ALC-0315 used as an ionisable lipid. Therefore, it can be concluded that the combination 

of ionisable lipids and PEG lipids is also important. The other important conclusion from the 

results is the in vitro and in vivo correlation. For example, ALC-0159 PEG lipid improved the in 

vitro expression when combined with SM-102 but not with ALC-0315. However, when these 

samples were evaluated in vivo, such a difference disappeared. This shows the importance of 

improving the in vitro models for predicting in vivo outcomes. In this context, protein corona 

appears to be a critical aspect because LNP characteristics can be changed in the body after 

injection by interacting with the body protein, which can change the accumulation of the 

particles and release properties.  

Then, this thesis focused on the ionic strength of the citrate buffer when encapsulating mRNA 

into the LNPs. The ionic strength of the buffers is overlooked in the literature as more research 

focuses on developing lipids. Chapter 3 demonstrated the importance of ionic strength; 

increasing the strength from 50 mM to 300 mM decreased the in vitro (Figure 3.4 and 3.5) and 

in vivo (Figure 3.8) transfection efficiency, although 50 and 100 mM had a similar profile. Also, 

increasing the ionic strength of the encapsulation buffer did not affect the pKa of LNPs (Figure 

3.3). Morphology analysis demonstrated that the bleb structures (Figure 3.2). Considering the 

similar size, PDI, zeta potential  (Table 3.1) and pKa of the LNPs, the bleb structure seems 

responsible for the expression profile.  

7.3 Exploiting Desing of Experiment Approach  
DoE is a great tool for testing many factors over various responses. It has many benefits, such 

as cost-effective research and the capability to explore the interaction between the factors. 

Box-Behnken design (Figure 4.2) was used to evaluate the effect of FRR, TFR and lipid 

concentration over particle size, PDI, zeta potential, EE, recovery, in vitro and in vivo 

expression and biodistribution (Table 4.1). Overall, FRR had the dominant effect on the 

parameters. For example, increasing FRR decreased the particle size (Figure 4.4). The in vitro 

expression (Figure 4.9) was closely related to FRR, but this was likely about particle size. FRR 

influences particle size, and particle size influences in vitro expression profile. Therefore, FRR 

is related to the in vitro expression profile. From DoE, an important conclusion was the 

quadratic effect of the parameters. This can be easily ignored when only focused on the linear 
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relationship. For example, before conducting DoE, the hypothesis was that the particle size 

should not be affected by the lipid concentration, as higher lipid concentrations are 

accompanied by proportionally higher mRNA concentrations to keep the NP ratio the same. It 

was believed that higher lipid concentrations would result in more particles of a similar size 

to those produced at lower concentrations. However, DoE showed the importance of the 

quadratic effect of lipid concentration. This was the only example in the frame of this DoE 

design. Investigating the quadratic, even cubic effect, between the parameters and response 

would be very valuable in improving the prediction ability of the model and understanding 

the relationship between the parameters and the responses. This eventually helps to optimise 

the settings or parameters for improved results.   

7.4 Importance of Biological Sex 
In Chapter 5, attention was drawn to the importance of biological sex differences in mRNA-

LNP studies. The presence of the inequivalent immune response between females and males 

is known. However, there was no study in the literature showing the presence of sex-

dependent mRNA-LNP expression difference. It was presented that female and male BALC/c 

mice expressed mRNA at a similar level (Figure 5.4), but female mice mounted a stronger 

immune response (Figure 5.1). Considering the biological sex difference in the immunological 

studies and when developing clinical products is very important. For example, the COVID-

related death rate is likely higher in males, while the incidence associated with COVID-19 

vaccines is likely higher in females. This health outcome can be improved by optimising the 

dose level according to the biological sex. For example, females can be immunised with a 

lower dose than the males need, which may reduce the anaphylaxis risk. For example, the 

total dose currently used to vaccinate 1,000 women could be used to vaccinate 2,000 women 

as the dose can be reduced for women. This means reducing the cost of the vaccine per 

person. This study also showed the importance of reporting the biological sex in vaccine 

studies. This will improve the quality and relevance of scientific findings. Presenting data by 

biological sex may improve the scientific understanding of the presence of sex-dependent 

disease mechanisms and immune function.  

7.5 Future and Outlook 

Overall, this thesis focused on investigating LNPs for efficient transfection efficiency in vitro 

and in vivo. A decision tree for new ionisable lipids from production to the pre-clinical 
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studies is summarised in Table 7.1. The biggest problem seen throughout the thesis was the 

lack of in vitro and in vivo correlation. This poses so many challenges in terms of the 

accuracy of the data and economic efficiency. The lipids that perform well in vitro can fail in 

vivo or vice versa. For example, ALC-0315 lipid failed in vitro but performed well in vivo. If 

this lipid had not been tested in vivo after failing the in vitro stage, this would have resulted 

in false negative results and led to losing money and misleading scientific knowledge. In the 

other case, if the product passed the in vitro stage but failed the in vivo stage, this led to 

ethical concerns related to animal usage in addition to again wasting money and time. If the 

product was successful in vitro and failed in vivo, the next step will be evaluating the product 

using more animals to find out why it failed in vivo. This leads to unnecessary usage of 

animals and raises ethical concerns. Another problem is that scaling up. The product, being 

successful in vitro and in vivo on the lab scale, can fail when produced on a big scale. This 

leads to losing more money, time, and resources.  

Overall, the lack of in vitro in vivo correlation is currently a rising issue. There are studies to 

improve this, for example, by developing 3D cell culture models and organ-on-chips. The 

importance of pilot studies needs to be highlighted in the early stages. Evaluating the 

product early in vivo can prevent losing money and time. The collaboration between the 

scientific area needs to improve to understand the in vitro and in vivo structures regarding 

chemical, biological and physical views.  
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Figure 7.1 A decision tree illustrating the development process of LNPs with new ionisable lipids, from production 
to in vivo studies. At each decision point, the outcome is based on the experimental results. A 'Yes' indicates 
progression to the next stage of studies, while a 'No' signifies the need to adjust formulation parameters before 
proceeding.   
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