
 

                                         
 
 

DOTTORATO DI RICERCA  
INTERNATIONAL DOCTORATE IN STRUCTURAL BIOLOGY 

 
CICLO XXXVIII 

 
 

COORDINATOR Prof. Roberta Pierattelli 
 
 
 

Advanced structural and morphological 
characterization by NMR technologies of different 

biomolecules and biotechnological systems 
 

Settore Scientifico Disciplinare CHEM-03/A 
 
 
 PhD student  Supervisor 
    Francesco Currò       Prof. Marco Fragai 
 
       Co-Supervisors 
        Dr. Daniela Stranges, Dr. Silvia Martini 
  
   
 

Coordinator 
Prof. Roberta Pierattelli 

 
 
 
 

November 2022 – October 2025 
 
 

This thesis has been approved by the University of Florence,  
the University of Frankfurt and the Utrecht University 

 
 
 

 
  

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The consultation of the thesis is free. Unless a specific authorization is obtained from the author, the thesis can be, 
however, downloaded and printed only for strictly personal purposes related to study, research and teaching, with the 

explicit exclusion of any use that has – even indirectly – a commercial nature.  
 

  



 

Abstract 
 

This research work focuses on the advanced characterization of pharmaceutical systems which are 

used as delivery platforms for nucleic acids and proteins, using advanced Nuclear Magnetic 

Resonance (NMR) techniques. The delivery systems studied in this doctoral work are liposomes, 

Lipid Nanoparticles (LNPs) and Red Blood Cells (RBC). There is indeed an urgent need to enhance 

understanding of structural attributes that can be linked to functional variations, thereby guiding 

rational formulation design. Comprehensive characterization to increase product understanding of 

these systems is challenging due to their complexity (size, composition, dynamics). Additionally, the 

stability of these systems is often a concern, requiring thorough analytical investigations overtime 

and across different batches to ensure quality and consistency. 

NMR presents distinct advantages for investigating delivery systems by integrating several unique 

capabilities. It provides atomic resolution that enables a detailed examination of individual 

components, within a complex architecture.  It’s a non-destructive technique allowing for the analysis 

of the encapsulated cargo in intact complexes. There is a wide set of experiments to gain insights into 

dynamics of systems, correlating structural attributes with activity. Furthermore, NMR allows to 

monitor stability over time under various storage and stress conditions, enabling the elucidation of 

degradation pathways. These comprehensive features make NMR an invaluable tool for advancing 

the design and optimization of delivery systems in pharmaceutical applications, ensuring their 

efficacy and reliability. 

The first study of this doctoral work was focused on lipid quantification in liposomes. To optimize 

formulation and support large-scale production, precise and rapid analytical methods are necessary 

to monitor lipid content during formulation and follow degradation processes overtime. Two NMR 

methods were refined and applied for this scope: a conventional method employing an internal 

standard and the PULCON NMR method, in which the reference is external for streamlined 

reproducibility and accelerated processing, particularly beneficial for industrial-scale applications. 

Through comparison to Ultra-Performance Liquid Chromatography coupled with Evaporative Light 

Scattering Detection (UPLC-ELSD), this study demonstrates NMR as a viable and efficient 

alternative for lipid quantification, with rapid data acquisition and the need of only one reference 

standard.  

Furthermore, we worked on the characterization of proteins encapsulated in Red Blood Cells, which 

are gaining interest as smart delivery systems, ensuring biocompatibility and long drug circulation. 

The research provided, utilizing NMR techniques, an in-depth structural analysis of the higher-order 

structure (HOS) of proteins encapsulated within erythrocytes, which is essential for maintaining 



 

biological function and therapeutic effectiveness. A semi-quantitative analysis of the encapsulated 

enzymes was also performed using NMR, providing a tool for fast quantification which could guide 

optimization of the encapsulation protocol, applicable also to other cargos. 

Finally, lipid nanoparticles (LNPs) were investigated, particularly focusing following the PEG 

shedding phenomenon using Pulsed Gradient Spin Echo (PGSE) NMR. PEG shedding rate affects 

the biodistribution of LNPs and should be considered carefully when designing the formulations for 

each specific application. Moreover, concern regarding the stability of PEG before injection is 

growing, making it necessary to develop a method as quality control and to guide a rational design of 

particles. For this purpose, the analysis assessed the release of PEG under different storage and stress 

conditions. In addition, a prediction of PEG shedding rate in vivo was performed by adding Bovine 

Serum Albumin (BSA) to the LNP solutions, highlighting variability among different formulations 

that should be considered in the design of particles.  

 

Overall, this thesis contributes to the advancement of drug delivery system characterization by 

refining analytical methodologies to enhance quality controls of batches and to deepen our 

understanding of formulations. These findings will be instrumental for the rational design of delivery 

systems, ultimately improving their effectiveness.  

 

This PhD project originates from a collaboration between GSK (Siena, IT) and the Magnetic 

Resonance Center (CERM) of the University of Florence (Florence, IT). 

 

  



 

 

Table of Contents 
Abstract ............................................................................................................................................................. 3 

1 Introduction .............................................................................................................................................. 7 

1.1 Delivery systems .............................................................................................................................. 7 

1.1.1 Introduction to delivery systems ................................................................................................. 7 

1.1.2 Liposomes ................................................................................................................................... 8 

1.1.3 Lipid Nanoparticles .................................................................................................................... 10 
1.1.3.1 PEG shedding .............................................................................................................................. 11 

1.1.4 Erythrocytes as drug delivery systems ...................................................................................... 12 

1.2 NMR as a tool for quantification of bioactive molecules in pharmaceutical products ................. 15 

1.2.1 NMR as a quantitative measurement ....................................................................................... 15 

1.2.2 Pulse Length Based Concentration Determination (PULCON) method ..................................... 16 

1.2.3 qNMR for small molecules ........................................................................................................ 17 

1.2.4 qNMR for lipid quantification .................................................................................................... 18 

1.2.5 Possibilities and Limitations of quantifying concentrations for larger molecules ..................... 19 

1.3 NMR to study HOS of proteins ...................................................................................................... 20 

1.4 Diffusion NMR to study delivery systems ...................................................................................... 21 

1.4.1 Diffusion NMR ........................................................................................................................... 21 

1.4.2 Application to other systems to study interaction with delivery system .................................. 23 

2 Aim of the project ................................................................................................................................... 25 

3 Materials and methods ........................................................................................................................... 27 

3.1 Fast and straightforward lipid quantification in pharmaceutical compositions using NMR .......... 27 

3.1.1 Materials ................................................................................................................................... 27 

3.1.2 Lipid standards preparation ...................................................................................................... 27 

3.1.3 Liposome solutions preparation ................................................................................................ 28 

3.1.4 NMR sample preparation .......................................................................................................... 29 

3.1.5 NMR measurements ................................................................................................................. 29 

3.1.6 NMR spectra analysis ................................................................................................................ 29 

3.1.7 UPLC-ELSD analysis .................................................................................................................... 30 

3.2 NMR Assessment of the High Order Structure of Biological Therapeutics in Erythrocytes Provides 
a Tool for Drug Delivery Design .................................................................................................................. 31 

3.2.1 Materials ................................................................................................................................... 31 

3.2.2 Expression and Purification of Uniformly Isotopically Enriched Carbonic Anhydrase II [U−15N]31 

3.2.3 Expression and Purification of Uniformly Isotopically Enriched TTR [U−15N] ............................ 32 



 

3.2.4 Expression and Purification of Uniformly Isotopically Enriched L-Asparaginase II [U-2D-13C−15N]
 33 

3.2.5 Encapsulation of 15N-Labeled Proteins in Red Blood Cells ........................................................ 33 

3.2.6 Sample Preparation and NMR Measurements .......................................................................... 35 

3.3 Monitoring PEG Shedding with NMR: Molecular Insight into LNP Stability .................................. 36 

3.3.1 Materials ................................................................................................................................... 36 

3.3.2 Formulation ............................................................................................................................... 36 

3.3.3 PGSE NMR ................................................................................................................................. 37 

3.3.4 DLS analysis ............................................................................................................................... 40 

3.3.5 NTA analysis .............................................................................................................................. 41 

3.3.6 Cryo-EM analysis ....................................................................................................................... 41 

4 Results and Discussion ............................................................................................................................ 42 

4.1 Enhancing Lipid Quantification in Liposomes with NMR methods ................................................ 42 

Supplementary material ............................................................................................................................ 53 

4.2 NMR Assessment of the High Order Structure of Biological Therapeutics in Erythrocytes Provides 
a Tool for Drug Delivery Design .................................................................................................................. 60 

4.3 Monitoring PEG Shedding with NMR: Molecular Insight into LNP Stability .................................. 75 

5 Conclusions and future perspectives .................................................................................................... 104 

6 References ............................................................................................................................................ 106 

7 Ringraziamenti ...................................................................................................................................... 113 

 

  



 

1 Introduction 
 
1.1 Delivery systems 
 
1.1.1 Introduction to delivery systems 
 

Although the active ingredient, whether a drug or an antigen in the case of vaccines, serves as the 

agent of therapeutic or prophylactic action in pharmaceuticals, effective delivery systems are essential 

to broaden their applications and capabilities1,2. Pharmacologically active molecules need to be 

administered within the human body, encountering numerous obstacles, primarily ensuring that the 

molecule reaches its intended site of action. In the case of biologics such as proteins and nucleic acids, 

active component(s) may quickly degrade due to environmental conditions like pH, temperature, and 

enzymatic activity. The proteases and nucleases that populate the gastrointestinal tract and 

bloodstream, would eliminate any unprotected biologics passing through1,3. 

Secondly, these molecules must be distributed and targeted precisely towards their intended site of 

action. Depending on the application, various cells, tissues, and organs represent the targets, each 

presenting distinct challenges and requiring specific properties of the carriers. After directing the drug 

to the target site, another crucial aspect is the duration of action. Conventional systems struggle to 

maintain drug concentrations within the therapeutic window over extended periods. This aspect 

requires frequent dosing, which can decrease patient compliance and increase the risk of side effects. 

Sustained release systems are employed to provide gradual, prolonged drug release, yet the duration 

of action should not exceed the necessary timeframe for the desired therapeutic effect, as this might 

lead to adverse outcomes4,5. 

Effective modulation and control of active ingredient action are fundamental to ensuring an optimal 

safety profile, avoiding fluctuations in plasma drug levels and unwanted targeting of non-specific 

sites. It's crucial to manage the biodistribution at precise rates and targeted locations, enhancing 

efficacy and safety. Additionally, the carrier must meet essential biocompatibility requirements to 

ensure safety and minimize adverse immune responses6,7. The selection of materials often plays a 

decisive role, as they must be biocompatible, biodegradable, and capable of responding to physical 

and chemical stimuli to modulate drug release. Innovations such as stimuli-responsive materials offer 

promising avenues for “smart” delivery systems that can react to environmental changes such as pH, 

temperature, or specific biological signals, enabling precise control over drug release8–10. 

 



 

Characterizing drug and vaccine delivery systems from a structural perspective is essential for 

optimizing their efficacy and safety, as the complex architecture of these systems directly impacts 

their performance in biological environments11,12. A detailed understanding of the structural 

components and interactions within these systems could guide the rational design of formulations to 

improve encapsulation efficiency, targeted delivery and cargo release. It is equally important to 

develop new analytical methods that accurately assess the quality attributes of these delivery systems, 

to ensure their consistency and reliability, particularly regarding stability under various conditions11. 

In conclusion, challenges arise from the complexity of these systems, which consist of an active 

biomolecule encapsulated within a multi-molecular envelope. Additionally, many delivery platforms 

are novel, lacking established protocols for structural characterization and quality assessment. This 

complexity necessitates innovative approaches and advanced technologies capable of capturing the 

properties of these delivery systems. As stability is a crucial concern, continuous efforts are required 

to develop reliable methods that can anticipate and measure potential degradation or loss of 

functionality. Overcoming these difficulties is pivotal in advancing the development and application 

of effective drug and vaccine delivery solutions13–16.  

 

1.1.2 Liposomes 
 

Liposomes are a versatile and highly adaptable platform for drug delivery, offering opportunities to 

enhance therapeutic efficacy across a wide range of medical applications17–20. Initially discovered in 

the 1960s by Alec D. Bangham, liposomes have since evolved into a crucial tool in nanomedicine, 

largely due to their biocompatibility and ability to encapsulate both hydrophilic and hydrophobic 

drugs21. Liposomes are spherical vesicles characterized by one or more phospholipid bilayers that 

enclose an aqueous interior22. This unique amphiphilic nature allows them to mimic biological 

membranes, offering a model for cellular interaction and enabling the delivery of therapeutic agents 

directly to target cells23. 

Based on size and membrane lamellarity, liposomes can be classified into several categories: small 

unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), and multilamellar vesicles (MLVs). 

SUVs typically range from 20-100 nm in diameter, LUVs from 100 nm to 1 µm, and MLVs have 

multiple bilayers exceeding these dimensions. SUVs, due to their uniform drug encapsulation and 

extended circulation time, are most frequently utilized in drug delivery applications17,24. 

The composition of liposomal membranes is integral to their functionality and effectiveness as drug 

delivery vehicles. Natural and synthetic lipids, along with surfactants, are chosen based on desired 

therapeutic outcomes. The primary components are the phospholipids, which are natural constituents 



 

of cellular membranes, contributing to their inherently biocompatible and biodegradable properties. 

Incorporating cholesterol enhances membrane rigidity and reduces leakiness, improving drug 

retention and prolonging circulation time. Polysaccharides and synthetic lipids offer avenues for 

specialized functionality, such as targeted delivery and stimuli responsiveness. Chitosan or 

PEGylation can modify liposomes to evade immune recognition, thus extending their half-life in 

systemic circulation25. Surfactants like sodium cholate can act as edge activators, increasing liposome 

deformability, enhancing skin penetration, or even enabling transdermal delivery26. 

Unique structural properties of liposomes make them ideal for various therapeutic applications, 

including cancer treatment, gene delivery, and vaccine administration27. They can encapsulate nucleic 

acids, proteins, and conventional drugs, offering improved delivery with reduced systemic toxicity. 

In cancer therapeutics, liposomes improve drug solubility and facilitate controlled distribution to 

tumor sites, taking advantage of the enhanced permeability and retention (EPR) effects in 

malignancies28. Notably, they are employed in anti-cancer treatments, with well-known examples for 

doxorubicin delivery, such as Myocet or Doxil which increased circulation time and reduced 

cardiotoxicity through pegylation of liposomes. Both are used for treating various types of cancer, 

including metastatic breast cancer29–31. In the realm of antifungal treatments, liposomal formulations 

are used for amphotericin B, with notable examples being Nomex® Liposome and AmBisome®32–

34. Additionally, liposome application extends beyond pharmaceuticals to the field of vaccines. For 

example, the adjuvant AS01 is formulated with a lipid scaffold composed of DOPC and cholesterol, 

in conjunction with two immunostimulants: 3-O-desacyl-4'-monophosphoryl lipid A (MPL) and the 

saponin QS-21. This formulation is employed to enhance immune responses in vaccines for malaria 

and shingles35–37.  

Stimuli-responsive liposomes further advance therapy by enabling site-specific release triggered by 

pH changes, temperature variations, or enzymatic activity, making them a promising approach for 

biochemical and physicochemical targeted delivery. pH-sensitive liposomes, for instance, can 

destabilize in acidic environments found in tumors, releasing drugs directly at the site, while 

temperature-sensitive variants allow for controlled release upon external heating38. The field 

continues to explore enhancements in liposome technology, aiming to overcome challenges such as 

drug loading capacity, stability under biological conditions, and precise control over release 

dynamics. Future directions in liposome research focus on the integration of smart materials and 

advanced biomaterials, fostering innovation in personalized medicine39. Efforts are underway to 

utilize computational modeling for optimizing liposome composition and structure to predict in vivo 

interactions, thereby improving efficacy and patient outcomes40. 



 

In summary, liposomes present a robust and versatile platform for drug delivery, with continuous 

advancements promising to expand their utility across therapeutic areas. Their biocompatibility, 

capacity for targeted delivery and ability to address biologic degradation make them indispensable 

tools in modern medicine, paving the way for future breakthroughs in treatments. 

 

1.1.3 Lipid Nanoparticles 
 

Lipid nanoparticles (LNPs) are multilayer cores dispersed between lipid layers, with the insertion of 

a positively charged lipid to interact with the negatively charged nucleic acid cargo. LNPs offer high 

performance in terms of bioavailability, therapeutic efficacy, target-specificity, safety, and stability1,2. 

Initially developed for the delivery of small molecules, LNPs have become the main delivery system 

for nucleic acids. ONPATTRO (Patisiran) was the first approved LNP to deliver double-stranded 

small interfering RNA (siRNA) for treating polyneuropathies caused by transthyretin-mediated 

hereditary amyloidosis (hATTR)41. Their popularity grew when LNPs were successfully used to 

deliver mRNA-based vaccines against SARS-CoV-2, in particular Moderna’s mRNA-1273 and 

Pfizer/BioNTech’s BNT162b242,43. 

Unlike liposomes, LNP composition includes a cationic or ionizable lipid, which interacts 

electrostatically with negatively charged nucleic acids to allow encapsulation. The shift from a 

cationic to an ionizable lipid, which become charged only under certain pH conditions, was a major 

advancement that addressed significant toxicity concerns associated with cationic lipids. These lipids 

acquire a positive charge within the acidic environment of endosomes, facilitating the release of the 

payload into the cytoplasm of target cells44. Other components of LNPs include phospholipids (such 

as DSPC, DOPC, DPPC…), which are essential structural elements that form the bilayer architecture 

of LNPs, stabilize the structure, and assist in fusing nanoparticles with cellular membranes to enhance 

payload delivery. Cholesterol is added to LNPs to improve structural integrity and fluidity, and it 

plays a crucial role in modulating interactions with membranes, essential for the entry and release of 

LNPs within cells45. Finally, PEG-lipids are used to enhance particle colloidal stability and prevent 

aggregation, ensuring therapeutic efficacy and regulating the circulation of LNPs in the bloodstream. 

PEG is known for its ability to reduce opsonization and the rapid elimination of nanoparticles by the 

immune system. The PEG coating creates a steric barrier that diminishes the adhesion of plasma 

proteins and immune cells to the surface of nanoparticles, the so-called “stealth effect”. By doing so, 

it increases the circulation time of nanoparticles within the vascular system, enhancing the likelihood 

of reaching the target site before being sequestered by the mononuclear phagocyte system. This 



 

property is particularly advantageous in treating complex diseases like solid tumors, where achieving 

sufficient therapeutic concentrations at the tumor site is crucial, or for targeting the brain which 

requires extended blood half-life to permeate the blood-brain barrier46. However, excessive PEG can 

hamper the efficacy of release, as it restricts the fusion of nanoparticles with cellular membranes, 

which is essential for releasing the therapeutic payload into the cytoplasm47. 

 
1.1.3.1 PEG shedding 
 

“PEG shedding” refers to the detachment of PEG chains from the surface of lipid nanoparticles. 

Typically, PEG is anchored to the lipid nanoparticle via hydrophobic acyl chains. However, once the 

LNPs are injected, the PEG exposed on the surface interacts with serum proteins, leading to its release 

from the particles.  PEG shedding thus facilitates the exposure of the underlying nanoparticle surface, 

promoting cellular uptake and membrane fusion, which are crucial for delivering the therapeutic 

payload into target cells. Research has underscored the relationship between PEG shedding rate and 

therapeutic efficacy. For instance, shorter acyl chain PEG-lipids are shown to shed more rapidly than 

longer chains, due to weaker hydrophobic interactions, facilitating quicker cellular uptake by target 

cells such as hepatocyte48. The choice of PEGylated lipid impacts the formation of the so-called 

protein corona, a collection of proteins that coat and interact with the surface of LNPs in the 

bloodstream. This corona effectively becomes the entry pass of particles when they are presenting to 

cells, affecting uptake. Research by Chen et al. demonstrated significant variations in cellular uptake 

and transfection efficiency across four types of LNP formulations, which differed in both 

polyethylene glycol lipid chain lengths (carbon 14 vs. carbon 18) and molar ratios (6% vs. 3%)49. 

This suggests that modulating the PEG shedding rate could optimize the balance between stability in 

circulation and efficient cellular delivery. Additionally, the level of PEG exposure also influences the 

immune response, leading to the production of anti-PEG IgM antibodies, which can cause rapid 

clearance of subsequent doses due to the ABC phenomenon. PEG-lipids that shed quicker are less 

likely to provoke this immunological reaction, thus sustaining therapeutic efficacy across multiple 

administrations50,51.  

The stability of formulations is also a concern, as it remains unclear whether PEG shedding can occur 

in vitro, during storage, or throughout all the manufacturing processes that involve handling, mixing, 

shaking, that might stress the particles. In a recent study it was observed that shaking with air 

entrainment leads to the formation of stable LNPs with larger sizes but reduced mRNA payloads. The 

authors hypothesized that air-liquid interfacial forces can strip away PEGylated lipids from the outer 

surface of LNPs. This reduction in steric hindrance among neighboring LNPs leads to the merging of 



 

these unstable particles. During the merging process, the lipid layer surrounding the mRNA is 

temporarily disrupted, allowing some mRNA strands to be removed from the LNP, either completely 

or partially52. However, elucidating this mechanism necessitates the development of analytical 

methods to directly measure PEG shedding.  

There is a clear need for analytical techniques to measure PEG shedding, as such methods would 

provide insights into the mechanisms behind the phenomenon, offer a tool for examining nanoparticle 

interactions across various biological environments, and monitor stability of formulations under 

various storage/stress conditions. PEG shedding from nanoparticles in biological fluids has been 

verified by separating particle-bound and shed PEG-lipid by chromatography techniques, quantified 

via LC/MS-MS53 or radiolabeling41, and by observing the fluorescence of profluorescent PEGs that 

initially show quenched fluorescence until shedding occurs54. These innovative techniques confirm 

PEG shedding but involve intricate sample handling and/or require PEG fluorescent labeling, which 

complicates real-time measurement and may alter PEG shedding behavior. 

Pulsed gradient spin echo (PGSE) NMR can be an ideal tool to examine PEG shedding kinetics under 

conditions close to physiological environment. Since PEG associated with lipid nanoparticles diffuse 

much slower than free PEG, PGSE NMR can be used to distinguish the relative populations over time 

and quantify them, thereby determining the PEG shedding rate profile. The ability of 1H NMR to 

differentiate analytes based on their unique chemical shifts allows for a specific molecular 

examination of the system, focusing on PEG in this context. Wilson et al. presented a simple, 

quantitative, label-free, and real-time approach for directly measuring PEG shedding using 

conventional NMR equipment with a high-resolution probe55.  

 

1.1.4 Erythrocytes as drug delivery systems   
 

Erythrocytes, or red blood cells (RBCs), are the most abundant cells in the blood and possess 

significant potential as drug delivery system due to their biocompatibility and low immunogenicity56. 

RBCs are particularly suited for drug delivery due to their concave shape and lack of organelles, 

which allow for the encapsulation of a wide range of therapeutic agents, from small molecules to 

large multimeric proteins57. Additionally, erythrocytes offer the advantage of extended circulation 

times, roughly 120 days in humans. This prolonged circulation allows for sustained activity or release 

of therapeutic agents, reducing the frequency of dosage needed, especially beneficial for chronic 

conditions requiring long-term treatment. When drugs are encapsulated, they are isolated from the 

organism, interacting only with molecules that diffuse through the RBC membrane, greatly reducing 



 

immune reactions towards both carrier and drug. RBCs can also be engineered for targeted delivery 

by modifying the cell surface to bind specific receptors or loading them with molecules responsive to 

environmental triggers, such as pH changes58–61. 

Several approaches are utilized for RBC drug loading62. One of the most common is hypotonic 

dialysis. This method leverages the RBC reversible swelling response to osmotic changes: placing 

them in a hypotonic solution induces the opening of membrane pores just large enough for various 

therapeutic agents to enter. After loading, erythrocytes return to an isotonic environment, resealing 

the membrane and entrapping the agents inside. 

Therapeutic enzymes are promising candidates for RBC encapsulation, providing innovative 

solutions in enzyme replacement therapy by prolonging enzyme half-life. Notable examples include 

encapsulating asparaginase for acute lymphoblastic leukemia (ALL), adenosine deaminase (ADA) 

for immunodeficiency treatment and glutamine synthetase for ammonia detoxification63–65. L-

asparaginase type-II (ANSII) is an enzyme that catalyzes the conversion of L-asparagine (L-Asn) into 

L-aspartate (L-Asp), as shown in Figure 1. Leukemic cells are deficient in asparagine synthetase 

(ASNS), preventing them from synthesizing L-asparagine. ANSII depletes the concentration of the 

metabolite leading selectively to the death of these cells. RBC encapsulation of asparaginase, 

targeting leukemic cells deficient in asparagine synthetase, is proposed to mitigate side effects 

associated with L-asparaginase treatment, such as hypersensitivity, hyperglycemia and coagulation 

disorders. L-Asparaginase, used to treat acute ALL and lymphoblastic lymphoma, has been evaluated 

in its erythrocyte-encapsulated form (GRASPA) in clinical trials for ALL and pancreatic cancer66. 

Despite the discontinuation of GRASPA's approval pursuit for ALL treatment, it remains a model for 

developing analytical tools to characterize this innovative class of biologics. 

 Another example of an enzyme encapsulated in RBCs is for ADA. Deficiency of this enzyme can 

result in the accumulation of 2-deoxyadenosine, which hampers lymphocyte differentiation, 

proliferation, and function, leading to severe immunodeficiency. Treatment using erythrocyte-

encapsulated ADA has shown very promising outcomes in patients, providing a novel approach to 

address the challenges posed by this deficiency67. 

Similarly, glutamine synthetase, which plays a crucial role in the detoxification of ammonia. Elevated 

levels of ammonia can lead to functional disorders in the central nervous system. Encapsulating this 

enzyme within RBCs has proven to be effective, maintaining stability in most metabolites and 

metabolic parameters68.  

 

 

 



 

 
Figure 1. Schematic representation of the mechanism of action of erythrocyte-encapsulated L-asparaginase in the 

conversion of L-asparagine to L-aspartate for the treatment of acute lymphoblastic leukemia.  

 

Effective characterization is crucial to guarantee the stability and functionality of biologics in 

pharmaceutical formulations. Various techniques have been employed to characterize enzymes into 

red blood cells. For instance, flow cytometry has been utilized to determine encapsulation efficiency 

by identifying the percentage of cells that have incorporated the enzyme69. Additionally, 

spectrophotometric and HPLC analysis are used to measure the concentration of the enzyme within 

the cells, while enzyme-specific assays evaluate the functionality of the enzyme post-encapsulation64. 

In terms of structure, current methods primarily focus on evaluating RBC integrity following 

encapsulation. Techniques such as Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) offer detailed visualization of structural modifications70. However, these 

methodologies do not address the characterization of higher-order structure (HOS) of the 

encapsulated enzyme, whose preservation is crucial to ensure functionality of the drug.  

 

 

 

 

 

 

 



 

1.2 NMR as a tool for quantification of bioactive molecules in 
pharmaceutical products 

 

1.2.1  NMR as a quantitative measurement  
 
NMR spectroscopy has emerged as a pivotal quantitative tool in the realm of chemical analysis71–74. 

Unlike other spectroscopic techniques, NMR offers the valuable feature of being nondestructive, 

allowing researchers to analyze the sample without altering the organization of components. In 

addition, NMR offers a distinct advantage over chromatography and mass spectrometry by providing 

a direct correlation between signal intensity and the molar concentration of nuclei for each 

component. This correlation makes it unnecessary to use analyte calibration curves, as required in 

chromatography and mass spectrometry75,76. It is sufficient to utilize a reference standard of known 

concentration that does not interfere with the analyte and is miscible in the sample solution, thus 

enhancing both the speed and reproducibility of analyses. The possibility to use one single reference 

standard is particularly advantageous compared with chromatography or mass spectrometry when 

reference materials are scarce or expensive. 

Quantification by NMR is based on the integration of spectral peaks. The following formula is used 

to calculate the molar concentration of the analytes, through the comparison to the reference.  

 

Canalyte=  !"#"$%&'	)*&+
)"#"$%&'	!*&+

 Cstd 

 

where 

• I = integrated peak area, 

• n = number of equivalent nuclei giving that peak, 

• “std” = internal or external reference of known concentration Cstd. 

 

The accuracy of NMR quantification is enhanced by instrument sensitivity and resolution capabilities, 

which have significantly improved over the years. Innovations such as cryoprobes and higher 

magnetic field strengths allow for better signal-to-noise ratios and resolution, facilitating 

quantification in samples with low concentrations up to micromolar range, even in complex mixtures. 

This level of detail allows to quantify subtle changes in molecular configurations, making it 

indispensable in the study of reaction mechanisms, the assessment of product purity, and the 

determination of kinetic parameters. Purity values obtained by qNMR (quantitativeNMR) have been 

shown to match classical primary methods in multi-lab studies77.  Overall, the nondestructive nature 



 

of NMR, combined with its quantitative accuracy and ability to provide structural elucidation, makes 

it an invaluable tool in both research and applied settings for determining molecular concentrations 

with a high degree of precision. 

 

1.2.2 Pulse Length Based Concentration Determination (PULCON) method  
 
The reference standard used for NMR quantification is commonly mixed with the analyte in the NMR 

tube. The use of an external reference for NMR quantification was introduced first by Wider G. et al. 

referring to the method as Pulse Length Based Concentration Determination (PULCON)78.  

The PULCON method is based on the principle of reciprocity, which states that the NMR signal 

strength is inversely related to the 90° pulse length required to achieve maximum magnetization. By 

leveraging this principle, PULCON allows for the determination of absolute concentration through 

direct comparison between a reference sample, whose concentration is known, and the sample of 

interest with unknown concentration, without necessitating any internal modifications. This approach 

involves initially acquiring the NMR spectrum of a reference sample, then obtaining a corresponding 

spectrum from the sample of interest. The ratio of these pulse lengths, alongside calculated integrals 

of signals, permits the estimation of unknown concentrations with remarkable precision. To ensure 

the fidelity of measurements, it is crucial to properly tune and match the NMR equipment so that the 

analysis of both the reference and sample tubes is consistent. Additionally, maintaining consistent 

sample volumes within the active coil region is essential for accurate concentration determination. 

The sample concentration is determined using the equation below, which correlates the concentration 

(C) of the reference (r) and the sample of interest (x) with the integration of the specified resonance 

(I), the number of protons associated with that resonance (A), the sample temperature in Kelvin (T), 

the 90° pulse length (θ), and the number of scans (N).  

 

Cx =  Cr  
!,	-.	/,	0,	1.
!.	-,	/.	0.	1,

 

 

This method provides several advantages over traditional spectroscopic methods. First, the addition 

of an internal standard directly into the sample mixture is not required, which is advantageous when 

a standard may interfere with the sample or is impractical to be used. In addition, once a reference 

tube is prepared at exact concentration and analyzed to measure its integral, it is possible to quickly 

analyze multiple batches, eliminating the variability associated with adding a reference to each tube 

and saving considerable time79,80. PULCON has found diverse applications in analytical chemistry, 



 

from the assessment of food quality to test of unstable intermediate synthesis products and purity of 

pharmaceutical samples in the context of official medicines control81,82.  

 
 
1.2.3 qNMR for small molecules  
 
Nuclear Magnetic Resonance (NMR) spectroscopy's ability to face the complexity of mixtures, 

thanks to its atomic-level resolution and non-destructive nature, makes it highly attractive for 

quantifying small molecules in complex matrices such as pharmaceuticals, metabolomics, and 

materials science83. In the pharmaceutical industry, NMR serves as a cornerstone in drug development 

processes due to its ability to provide detailed characterization and quantification of a wide array of 

small molecules, including drug candidates, metabolites, and excipients84–86. The comprehensive 

nature of NMR to deliver multiple insights in a single analysis has proven to be a singular replacement 

for routine early development testing, which previously required the combination of identity testing, 

chromatographic assays, moisture analysis, residual solvent analysis, and elemental analysis. 

This capability is crucial for quality control and regulatory compliance, where stringent evaluations 

of compound purity and concentration, forth by agencies such as the FDA and EMA, are mandatory 

to ensure a correct drug dosage. NMR also aids drug formulation and stability testing by providing 

quantitative data of the degradation products of active ingredients, which is vital for determining shelf 

life and storage conditions74. 

Beyond pharmaceuticals, NMR plays a significant role in metabolic research, where it is employed 

to quantify metabolites in biological samples, thus advancing our understanding of disease 

mechanisms and metabolic pathways. NMR quantification allows for the investigation of drug 

metabolism, enabling researchers to measure concentrations of metabolites and trace their pathways 

in biological systems. This application is particularly valuable in understanding the metabolic fate of 

drugs, identifying potential metabolites responsible for efficacy or adverse effects, and improving 

drug design to enhance patient safety87,88. 

Similarly, in environmental sciences, NMR assists in the analysis of pollutants and eco-friendly 

compounds, promoting sustainability measures by providing robust data on the concentrations of 

various environmental constituents89. Agriculture also benefits from NMR quantification through the 

precise monitoring of nutrient concentrations in soil and plant material, ultimately aiding in 

optimizing crop production90. Furthermore, NMR non-destructive nature makes it ideal for analyzing 

complex mixtures in food sciences, where issues of authenticity, safety, and quality are of paramount 

importance91. 



 

1.2.4 qNMR for lipid quantification 
 

Lipid composition of liposomes is a key determinant in the effectiveness of cargo encapsulation and 

release, as well as in the stability and potency of the formulation, and is often being considered a 

critical quality attribute (CQA) under the Quality by Design Framework92–94. The initial concentration 

of lipids may differ from that of the final product due to potential losses during the multiple steps 

required for the formulation (such as mixing, filtration, centrifugation, etc.). Accurately quantifying 

these losses with a precise and rapid method can aid in formulation optimization and support large-

scale process development95–97. Additionally, degradative processes such as hydrolysis and oxidation 

can significantly alter the phospholipid membrane properties (e.g., permeability) and lead to the loss 

of encapsulated material98–101. Thus, implementing analytical methods that allow for accurate and 

rapid quantification of lipids in the final product is essential for both quality control and the 

optimization of preparation processes to minimize losses. 

Nuclear Magnetic Resonance (NMR) is widely used for quantifying pharmaceutical components due 

to its atomic resolution, which allows to solve the complexity of mixtures, analyzing single 

components without overlap102–104. NMR offers a distinct advantage over chromatography and mass 

spectrometry by providing a direct correlation between signal intensity and the concentration of nuclei 

in each component, which can then be translated into molar concentration. Unlike chromatography 

and mass spectrometry, which typically require calibration curves, quantitative NMR can determine 

concentrations using only a single reference standard of known concentration, as long as it is miscible 

with the sample solution and does not interfere with the analyte. This approach enhances both the 

speed and reproducibility of analyses. 

Solution NMR has been utilized to study liposomes, focusing on various key features, supported by 

well-established knowledge of the assignment of the spectra of lipids commonly used in 

formulations105,106. Lipid quantification in liposomes using NMR was already explored, with some 

studies focused on specific lipids or applications using 1H and 31P experiments107–110. The key to 

quantification lies in identifying which signals of the lipids under investigation are sufficiently intense 

and resolved to be integrated and used for calculating concentration. Despite the chemical similarity 

of lipids, primarily composed of a hydrocarbon backbone, small structural differences, such as the 

presence of heteroatoms or unsaturation, result in chemical shifts corresponding to higher 

frequencies. These shifts often allow for the identification of isolated signals suitable for 

quantification. Additionally, in the case of phospholipids, the 31P NMR spectral window, which is 

quite broad, can be effectively exploited for quantification purposes. Endo et al. demonstrated, using 



 

31P detection, that the concentration ratios between lipids in intact liposomes can be still linearly 

estimated, particularly in liposomes with PEGylated lipids108.  

 

1.2.5 Possibilities and Limitations of quantifying concentrations for larger 
molecules  

 
Solution NMR quantification is often impaired for large complexes due to the slower molecular 

tumbling associated with their size, which leads to broad spectral lines and reduced signal resolution, 

complicating the precise determination of molecular concentrations in solution. The difference 

between large complexes, like pharmaceutical delivery systems and small molecules, such as single 

biomolecules, lies in the duration of their transverse relaxation times (T2). Small molecules exhibit 

rotational motion that is much faster than the precession frequency of the nucleus (spin orientation). 

This rapid motion leads to inefficient energy transfer, resulting in very slow relaxation processes. 

Consequently, the T2 for small molecules can last several seconds, producing well-resolved and 

distinct peaks in NMR spectra. In contrast, large complexes have rotational speeds comparable to the 

precession frequency of their spins, facilitating more rapid energy transfer. This results in a much 

shorter T2, which causes broadened and less resolved signals111,112.  

An alternative to overcome the limits of solution NMR related to the size of samples is Solid-state 

nuclear magnetic resonance (ssNMR). Solid-state does not rely on molecular tumbling for spectral 

resolution. The dipolar interactions and chemical shift anisotropies which are averaged in solution by 

the molecular tumbling are addressed by the magic angle spinning (MAS) that simulates the 

averaging effect of molecular tumbling by physically rotating the sample at high speeds, at a 

particular angle 54.74° with respect to the direction of the magnetic field113.   

This makes solid-state NMR particularly valuable for studying high-molecular-weight assemblies 

such as membrane proteins, supramolecular polymers, virus-like particles, and nanoparticle–

biomolecule conjugates. Notable applications include the analysis of the solid-state forms of Active 

Pharmaceutical Ingredients (APIs), like polymorphs, salts, and hydrate forms, which can significantly 

affect drug solubility and bioavailability, and can be quantified without requiring them to be 

dissolved, maintaining their native crystalline form73,114. In structural biology, it enables 

stoichiometric analysis of amyloid fibrils or oligomeric membrane protein complexes embedded in 

native-like lipid environments115. On the other hand, ssNMR relies on a complex hardware, 

commonly not available in industries, more demanding sample preparation, long acquisition times 

and sensitivity issues. These factors lead to a preference for solution NMR when solid-state analysis 

is not strictly necessary. 



 

1.3 NMR to study HOS of proteins 
 
Higher-order structure (HOS) is a crucial critical quality attribute (CQA) for protein biotherapeutics. 

It is monitored throughout the development and manufacturing processes because HOS serves as a 

fingerprint encompassing structural attributes that may be linked to the protein function. 

Understanding HOS is essential for elucidating the structure-function relationships of a molecule. 

HOS comprises secondary, tertiary, and quaternary structures. The secondary structure involves local 

folding patterns, such as alpha-helices and beta-sheets. The tertiary structure describes the overall 

three-dimensional folding of a single polypeptide chain, while the quaternary structure refers to the 

arrangement of multiple polypeptide chains into a functional unit when present116. Further folding 

levels support the protein's unique 3D structure, physicochemical properties, and function. 

Characterizing HOS during drug development is complex and evolving, requiring various biophysical 

analyses. The main techniques to study HOS are X-ray crystallography, cryo-electron microscopy 

(cryo-EM), small-angle X-ray scattering (SAXS) and NMR spectroscopy117. NMR is a fundamental 

technique for the characterization of higher-order structures (HOS) in proteins, providing a depth of 

structural insight that is essential in the field of biotherapeutics. One of NMR’s significant advantages 

is its ability to provide detailed information about protein dynamics, which complement static images 

obtained from other high-resolution techniques like X-ray crystallography or cryo-electron 

microscopy. While these techniques are limited to frozen or crystalline states and may miss dynamic 

processes crucial to biological function, NMR tracks the movement and interaction of atoms over 

time, in their native-like environment, thereby preserving their natural conformational landscape. 

This ability to capture dynamic equilibria makes NMR indispensable for exploring mechanisms of 

action and potential interactions with small molecules or other proteins, aspects that are central to 

drug design and optimization118–120. NMR provides a molecular fingerprint, capturing atomic-level 

details that make it highly effective for mapping secondary, tertiary, and quaternary structures of 

complex protein systems. Its ability to identify subtle structural variations is invaluable in drug 

development, where even minor shifts in protein conformation can significantly impact efficacy, 

specificity, and safety116,121.  

Innovations in NMR technology and methodologies, including improvements in sensitivity and 

resolution, are continually enhancing their applicability and accessibility in the field of 

biopharmaceutical development. 

 



 

1.4 Diffusion NMR to study delivery systems  
 
 
1.4.1 Diffusion NMR 
 

Pulsed Gradient Spin Echo (PGSE) NMR is a powerful technique specifically designed to 

discriminate the signals of the sample molecules according to their diffusion properties. The 

fundamental principle of PGSE NMR relies on measuring molecular diffusion through the application 

of pulsed magnetic field gradients. These are essentially magnetic fields that vary in a specific spatial 

direction. Pulsed magnetic field gradients are applied to samples containing diffusing molecules, such 

as water in biological tissues. When a magnetic field gradient is applied, diffusing molecules move 

in such a way that their resonance frequencies vary slightly along the gradient direction. This 

phenomenon is called the "Doppler effect" and can be utilized to measure molecular diffusion. PGSE 

NMR employs a sequence of magnetic resonance pulses to generate a signal dependent on molecular 

diffusion. Specifically, a 90° pulse is applied to rotate the magnetic spins of molecules into the 

transverse plane of the magnetic field, followed by a magnetic field gradient. This gradient causes a 

variation in the resonance frequency of molecules along the gradient direction, which is then canceled 

out by a second equal and opposite gradient, referred to as the refocusing gradient. Following this 

refocusing gradient, a second 180° pulse is applied to reverse the magnetic spins of the molecules, 

followed by a third 90° pulse to read the NMR signal (Figure 2). The variation in NMR signal 

intensity is linked to molecular diffusion along the magnetic field gradient direction. By varying the 

duration and intensity of these gradients, it is possible to measure molecular diffusion in different 

spatial directions. This data can then be used to calculate the diffusion coefficient, which is a 

quantitative measure of molecular mobility.  

Key Parameters Defining the Pulse Sequence for Measuring Molecular Diffusion are the "Big Delta" 

(Δ) and "Little Delta" (δ).  

• Big Delta (Δ): it is the separation time between the application of the first and second magnetic 

field gradients. It is the "diffusion period" during which molecules in the sample move due to 

diffusion. This time interval is crucial because it determines how long molecules diffuse and 

impacts the experiment’s sensitivity to diffusion. Practically, Δ affects the temporal scale of 

diffusion being measured. A longer Δ allows observing diffusive movements over greater 

scales. 

• Little Delta (δ): it is the duration of the pulsed magnetic field gradient. It refers to the time 

during which the gradient is effectively applied throughout the sequence. This gradient 



 

encodes the spatial position of nuclei, creating an imprint on the NMR signal influenced by 

molecular motion. The length of δ directly affects the intensity of spatial contrast introduced 

by the gradient: a longer δ signifies a more intense gradient, increasing the experiment 

sensitivity to diffusion. 

 

Figure 2: Pulse sequence for Pulsed Gradient Spin Echo (PGSE) NMR. After a first 90° pulse to flip the magnetic spins 

into the transverse plane of the magnetic field, a gradient pulse of specified strength (G) and duration (δ) is applied. A 

180° pulse further reverses the spins, ensuring refocusing, After the end of diffusion time (Δ), a second gradient pulse of 

equal strength is applied, serving as the refocusing gradient to attempt cancellation of the positional phase shifts. A third 

90° pulse reads the NMR signal, capturing diffusion behavior and allowing for diffusion coefficient calculations. 

The relationship between big delta, little delta, and the magnetic field gradient (G) is used to calculate 

the diffusion coefficient (D). Spin echo signal attenuation depends on these parameters and can be 

described by the Stejskal-Tanner equation: 

I/I₀ = exp[ -γ²G²δ²D(Δ - δ/3)] 

where:  

• I = signal intensity with a gradient 

• I₀ = signal intensity without a gradient 

• γ = gyromagnetic ratio of the nucleus 

• G = gradient strength 

• δ = duration of the gradient pulse (little delta) 

• Δ = the diffusion time (big delta) 

Both Δ and δ are crucial in determining how much of the diffusion effect will be highlighted and 

quantifiable in the NMR signal, allowing to extrapolate the diffusion coefficient of the studied 



 

molecules. Therefore, the choice of these parameters depends on the system under analysis and the 

experiment sensitivity requirements122. 

PGSE NMR is particularly useful for isolating signals of interest from a complex matrix, such as a 

full pharmaceutical formulation123. By filtering out excipient signals, typically small molecules, from 

the spectra, potential overlap with signals from active pharmaceutical ingredients can be eliminated. 

The determination of the diffusion coefficients of molecules is functional also to gain insights into 

molecular size, shape, and interaction dynamics124. The interaction between a ligand and a target can 

be demonstrated by the fact that the intermolecular complex formed diffuses more slowly than the 

individual free molecules in solution. The technique is particularly valuable in heterogeneous 

samples, revealing how molecules interact and migrate despite varied viscosities or binding 

conditions. This capability makes PGSE NMR invaluable for research targeting complex biological 

systems, such as cellular environments, where diffusion is influenced by compartmentalization and 

binding events. Similarly, PGSE NMR aids materials science by uncovering molecular mobility in 

polymers and porous structures, guiding the design of substances with tailored mechanical or optical 

properties125,126. By connecting diffusion measurements to molecular characteristics, PGSE NMR not 

only offers a window into dynamic processes but also drives innovation across multiple domains, 

underscoring its importance as a versatile and indispensable analytical tool. 

 
1.4.2 Application to other systems to study interaction with delivery system 
 

Diffusion NMR experiments are powerfully and quantitatively applied to investigate encapsulation, 

transport, release, structural characterization, and exchange kinetics in a wide range of biologically 

relevant delivery systems. 

A key application of diffusion NMR is monitoring drug encapsulation. By comparing the diffusion 

coefficients of free versus encapsulated drug molecules, NMR can distinguish between carrier bound 

and released drug fractions, providing insight into loading efficiency and potential leakage. This has 

been demonstrated on several delivery systems such as hydrogels, liposomes and polymeric 

nanoparticles, under different relevant conditions like pH, temperatures, or formulation 

composition127–129.  

Furthermore, NMR diffusion techniques determine nanoparticle size distributions by exploiting the 

inverse relationship between diffusion coefficients (D) and hydrodynamic radii (rH) expressed with 

Stokes-Einstein equation: 
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where kB is the Boltzmann constant, T is the temperature expressed in Kelvin, and η is the viscosity 

of the solution. NMR is particularly advantageous for monitoring size changes in polydisperse 

samples, especially in complex biological matrices, where chemically different species 

contemporarily present in a sample may be individually studied or opaque suspensions, where 

techniques like Dynamic Light Scattering (DLS) fall short130–132. 

The use of PGSE NMR also provides direct structural insights into the carrier, which are directly 

linked to the release profile of the encapsulated therapeutics and ultimately inform the performance 

criteria for drug or therapeutic delivery. For example, NMR studies have shown that drugs 

encapsulated in liposomes prepared via extrusion exhibit more homogeneous diffusion profiles 

compared to those prepared by sonication, reflecting differences in vesicle size distribution and 

lamellarity133. Moreover, in stimuli-responsive systems such as pH-sensitive micelles or temperature-

responsive hydrogels, structure–property–function analysis enables the direct observation of 

morphological transitions (e.g., micelle-to-vesicle conversion, gel swelling) in response to external 

cues, as well as the resulting changes in molecular mobility and release kinetics134–136. These insights 

are critical for rational design, allowing to engineer carrier structures that are fine-tuned for specific 

therapeutic goals.  

Overall, the ability of NMR diffusion measurements to be conducted under physiological conditions 

offers translationally relevant data on delivery system behavior. This, coupled with the technique 

precision in distinguishing signals based on diffusivity, makes NMR an indispensable tool for rational 

design and quality control in modern delivery system development.  

  



 

2 Aim of the project  
 
Overall, this project aims to deepen the understanding of these delivery system properties, paving the 

way for enhanced therapeutic delivery solutions and to develop new analytical methodologies to test 

the quality attributes of formulations. Specifically, in the context of liposomes, lipid quantification is 

an essential area of study. This study aims to refine NMR methods for lipid quantification suitable 

for industrial applications, testing formulations that are prepared by mimicking the commercial 

products. The method presented herein aims to be versatile across various lipid delivery systems, 

where the lipids investigated form the scaffold of a typical lipid particle used for delivery. The 

refinement of a quick and accurate method to quantify lipid concentration at all stages of 

manufacturing allows to assess potential losses during the formulation process and can also aid in 

optimizing the production process to ensure the preservation of the expected concentration levels of 

the components within the formulations. We demonstrated applicability and highlighted the benefits 

of PULCON quantification for this purpose, in comparison to the NMR method with internal 

standard. Finally, the proposed method has been compared to a protocol optimized for lipid 

quantification using Ultra-Performance Liquid Chromatography coupled with Evaporative Light 

Scattering Detection (UPLC-ELSD). Comparing NMR methods to UPLC, which is commonly used 

and well-established in the industry for similar applications, affords a comprehensive exploration of 

the advantages and limitations of each technique, aiding in the determination of their suitability for 

specific applications.  

In addition to liposomes, lipid nanoparticles constitute another important field of interest, in particular 

we focused on PEG shedding which plays an important role in the activity promoted by the LNP 

delivery system. Our work aims to refine a method for PEG shedding evaluation with NMR, to be 

applied to several LNP formulations under various storage/stress conditions. This approach will 

enhance the understanding of formulation stability, enabling testing of different batches for quality 

control purposes. Furthermore, we aim to identify the factors influencing this phenomenon by 

simulating post-injection conditions, such as adding proteins to the solution that are known to 

contribute to PEG release in the human body. This simulation allows us to predict LNP behavior in 

vivo, providing new insights that can inform and improve the rational design of LNP formulations. 

The last aspect of this work involves Red Blood Cells, where an effective method to monitor the 

functionality and stability of the enzymes encapsulated in red blood cells is required as quality control 

for pharmaceutical development. The assessment of the preservation of the high order structure is 

crucial for a thorough understanding of these formulations and for optimizing encapsulation 

protocols, sample handling, and storage. Our initial goal was to refine a protocol for the effective 

encapsulation of enzymes within red blood cells, and to demonstrate encapsulation with NMR. After 



 

that, we conducted NMR characterization of the complex to examine the preservation of the HOS of 

the encapsulated enzyme. Additionally, peak re-assignment was performed to identify which residues 

were most affected by encapsulation and to evaluate whether all the secondary structure motifs were 

preserved. The study also involved conducting a semi-quantitative analysis of encapsulated enzymes, 

comparing the intensity of signals from both free standard solutions and encapsulated proteins. This 

approach could serve as an important analytical tool for rapid determination of encapsulation 

efficiency of cargo in red blood cells, aiding in the optimization of the encapsulation protocol. 

  



 

3 Materials and methods 
 
The present chapter describes all the experimental procedures organized by papers. 

 

3.1 Fast and straightforward lipid quantification in pharmaceutical 

compositions using NMR 
The materials and methods described in this paragraph are reproduced from the paper: Currò, F., 

Eguskiza, A., Cerofolini, L., Martini, S., Biagini, M., Stranges, D., Fragai, M., & Denis, M. Fast 

and Straightforward Lipid Quantification in Pharmaceutical Compositions Using NMR. ACS 

Omega. (2025) and reported in section 4.1. 

 

3.1.1 Materials 
All reagents were purchased from common commercial sources and were used without additional 

purification. Distearoylphosphatidylcholine (DSPC), cholesterol, 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) and Chloroform-d 99.8% atom enrichment were purchased from Sigma 

Aldrich. DMPE-PEG2K was purchased from Avanti Polar. Ethanol was purchased from Merck. 

HyPure WFI quality water was purchased from Cytiva. N,N-Dimethylformamide anhydrous 99.8% 

(DMF) and trifluoroacetic acid (TFA) were purchased from Sigma Aldrich. Isopropanol was 

purchased from Carlo Erba.  

All the volumes with CDCl3 as solvent were handled with glass Hamilton precision syringes of 1 mL, 

500 µL and 100 µL capacity. Plastic pipette tips were not used because of potential plasticizer leaks. 

 

3.1.2 Lipid standards preparation 
Solutions of each lipid at a known concentration were prepared in CDCl3. DOPC was not considered 

in this step, since the functional group used for the integration of its signal is the same as that of 

DSPC, without differences in chemical shift and intensity. Solutions were vortexed to ensure 

complete dissolution of lipids. Each lipid was analyzed at three concentrations: (i) the concentration 

of the stock solution, (ii) after 1:10 and (iii) 1:100 dilutions. The intermediate concentration for each 

lipid was of the same order of magnitude as the lipid concentration in the final liposome formulation. 

Lipid mix solutions were prepared aiming to prepare mixtures representative of the composition and 

concentration of each liposome formulation analyzed. Refer to tables S1-5 for detailed preparation.  

 



 

3.1.3 Liposome solutions preparation 
Liposomes were prepared using microfluidic mixing with the NanoAssemblr Ignite nanoparticle 

formulation system. For each liposome formulation, the organic and aqueous phases were prepared 

as detailed in Table 1. Lipids were dissolved in ethanol for the organic phase while PBS pH 7.4 was 

used for the aqueous phase. 

Table 1. Lipid composition of liposome formulations and mixing parameters.  

Liposome 

Lipid 

composition 

(w:w) 

DSPC or 

DOPC 

concentration 

(mg/mL) 

Cholesterol 

concentration 

(mg/mL) 

DMPE-PEG2K 

concentration 

(mg/mL) 

Flow Rate 

Ratio 

(AP:OP1) 

Total 

Flow rate 

(mL/min) 

(A) 

DSPC : 

Cholesterol 

(2:1) 

1.20 0.60 N/A 3:1 10 

(B) 

DSPC : 

Cholesterol : 

DMPE-PEG2k 

(10.9 : 14.6 : 1) 

1.09 1.46 0.1 2:1 10 

(C) 

DOPC : 

Cholesterol 

(4:1) 

3.18 0.79 N/A 2:1 2 

1 AP = Aqueous Phase OP = Organic Phase 

 

The resulting mixtures appeared as clear solutions, with the liposome (C) exhibiting a more opaque, 

whitish appearance, likely due to its higher concentration. Each formulation was exchanged with 

Hypure WFI quality water using PD10 columns to remove ethanol. 

Liposomes must be disrupted to enable accurate NMR quantification, free from proton relaxation 

issues caused by their large size. For each liposome solution, 800 µL were placed into glass vials, 

prepared in four replicates, two for NMR and the other pair for UPLC analysis. The resulting 12 vials, 

along with two additional vials each containing 800 µL of H2O as controls, were placed in a SpeedVac 

set to 45°C at a pressure of 1 mTorr for 3 hours. At the end of this process, all water had evaporated, 

leaving only the dried lipid residue in the liposome vials. Finally, the content of each vial was 

resuspended in 800 µL of CDCl3 for NMR analysis. 

 



 

3.1.4 NMR sample preparation 
DMF was chosen as internal reference due to its inertness, miscibility in organic solvents, and the 

fact that its chemical shift occurs in a spectral region where no other proton resonates. A pure 

(>99.5%) DMF solution was diluted to achieve a concentration in the tube comparable to that of 

lipids, aiming for a similar signal-to-noise ratio. The dilution process was designed to ensure that the 

addition of DMF constituted roughly 10% of the total volume in the NMR tube and avoiding many 

dilution steps to reduce the risk of imprecision.  Specifically, 40 µL of DMF solution (MW = 73.09, 

density = 0.944 g/mL) was diluted to a total volume of 1.040 mL in CDCl₃ to achieve a final 

concentration of 497 mM. Each NMR tube (Wilmad, 5 mm, 500 MHz precision) was filled with 500 

µL of the analyzed solution and 40 µL of a 497 mM DMF solution, resulting in a final DMF 

concentration of 36.796 mM. In contrast, for the PULCON method, the analyte tubes were prepared 

by adding 540 µL of the sample solution in CDCl3, while the reference tubes were prepared by adding 

40 µL of the DMF solution and 500 µL of CDCl3, to achieve the same DMF concentration of 36.796 

mM. 

 

3.1.5 NMR measurements 
All NMR experiments were recorded at 298 K on a Bruker Avance NEO spectrometer, operating at 

500 MHz, 1H Larmor frequency, 11.7 T, equipped with quadrupole resonance QCI H/P/C/N 

Cryoprobe. For each sample, the following procedures were applied: locking to CDCl3, manual 

matching and tuning, shimming, optimization of the 1H pulse, and automatic receiver gain 

optimization. 1D 1H zg experiments were acquired using 16 scans, 64K data points, an offset of 4.674 

ppm and acquisition time of 4.2 s. To correctly evaluate the interscan delay, 1D 1H experiments were 

performed gradually increasing such delay. An interscan delay of 35 s was found sufficient to allow 

complete spin relaxation, since no increase in signal intensity was observed for longer delays.  

 

3.1.6 NMR spectra analysis 
All the spectra were processed with a Bruker Topspin 3.5pl6 software package. Fourier 

transformation with exponential function with line broadening equal to 5.00 Hz was used to process 

all the spectra, followed by manual phase optimization and baseline correction. Integration of the 

signals of interest was performed in manual mode. For each lipid, one well-solved specific signal, 

was identified recording the spectra of the single lipids (Fig. S1) and integrated for the quantification 



 

while the well-solved aldehyde proton peak of DMF was chosen for the integration of the reference 

(Fig. 1). Equation 1 was applied for lipid quantification using the method with internal standard:  

Equation 1: [Lipid] = (!23435
!678

) 𝑛	𝐻𝑙𝑖𝑝𝑖𝑑*  * 36.796 * (540/500) 

 

The unknown concentration of the lipid is calculated from the ratio of the specific integral of the lipid 

(𝐼𝑙𝑖𝑝𝑖𝑑) and the integral of the aldehyde proton of DMF (𝐼𝐷𝑀𝐹) divided by the number of protons 

contributing to the lipid signal (𝑛	𝐻𝑙𝑖𝑝𝑖𝑑). This ratio is then multiplied by the molar concentration of 

DMF (36.796 mM) and further adjusted by the dilution factor of the sample (from 500 µL to 540 µL) 

The PULCON method consisted of recording the spectra of both the reference and the sample on the 

same spectrometer, using the same pulse sequence, the same delay (d1) to ensure complete proton 

relaxation, and the same receiver gain. Sample concentration was determined using Equation 2 below, 

which correlates the concentration (C) of the reference (r) and the sample of interest (x) with the 

integration of the specified resonance (I), the number of protons associated with that resonance (A), 

the sample temperature in Kelvin (T), the 90° pulse length (θ), and the number of scans (N).  

Equation 2:    Cx = Cr  ()	+,	-)	.)	/,
(,	+)	-,	.,	/)

 

The molar concentrations calculated from NMR integrals were converted into mg/mL concentrations 

using the molecular weight (g/mol) of each component. 

 

3.1.7 UPLC-ELSD analysis 
UPLC analysis was performed using a Waters Acquity CSH C18 column (2.1 x 50 mm, 1.7 µm) 

maintained at 55°C, with samples held at 20°C. 5 µL injection volume and consistent flow rate of 0.6 

mL/min were employed over a run time of 13 minutes. The mobile phase consisted of 0.1% v/v 

trifluoroacetic acid (TFA) in water (Phase A) and 0.1% v/v TFA in isopropanol (IPA), (Phase B), with 

a gradient of solvent compositions spanning throughout the run. Evaporative Light Scattering (ELS) 

detection was configured with evaporation temperature set at 50°C, data collection rate of 2 Hz, and 

a filter setting of 3.6. 

Standard solutions containing DSPC, DOPC, cholesterol and DMPE-PEG2K were prepared, showing 

good resolution of the components (Fig. S2). Calibration curves for each lipid were generated in 

triplicates, originating from the standard solution across the concentration ranges relevant for 

liposome analysis, taking into account a 1:5 dilution factor applied to the initial liposome solutions 



 

(Fig. S3). A lipid mix solution containing DSPC, cholesterol and DMPE-PEG2K dissolved in CDCl3 

at known concentrations (Table S6) was analyzed to test the accuracy and precision of the method.  

The liposome solutions were first analyzed in their formulation buffer and subsequently after drying, 

as described for NMR analysis, followed by resuspension in 800 µL of ethanol. In both cases, the 

solutions were diluted at a 1:5 ratio in absolute ethanol and thoroughly vortexed to ensure 

homogeneity. Each sample was prepared and analyzed in triplicate. 

 

3.2 NMR Assessment of the High Order Structure of Biological 
Therapeutics in Erythrocytes Provides a Tool for Drug Delivery 
Design  

 
The materials and methods described in this paragraph are reproduced from the paper: Padilla-Cortés 

L, Gheorghita GR, Currò F, Calamandrei R, Susini B, Callozzo S, Crivello G, Russomanno P, Ravera 

E, Cerofolini L, Fragai M. NMR Assessment of the High Order Structure of Biological Therapeutics 

in Erythrocytes Provides a Tool for Drug Delivery Design. J Am Chem Soc. (2025) and reported in 

section 4.2. 

 

3.2.1 Materials 
 

Luria−Bertani (LB) medium, ampicillin, kanamycin, Dglucose, sodium chloride (NaCl), sodium 

phosphate dibasic (Na2HPO4), potassium phosphate monobasic (KH2PO4), magnesium sulfate 

(MgSO4), calcium chloride (CaCl2), 15N-amonium sulfate (NH4)2SO4, zinc sulfate (ZnSO4), Tris 

sulfate (Tris-SO4), isopropilβ-D-1-tiogalattopiranoside (IPTG), sodium phosphate dibasic 

heptahydrate (Na2HPO4·7H2O), sodium phosphate monobasic monohydrate (NaH2PO4·H2O), Tris 

hydrochloride (Tris-HCl), dithiothreitol (DTT), hydrochloric acid (HCl), sodium hydroxide (NaOH), 
2H−13C-15N-enriched medium, Coomassie blue, ethylenediaminetetraacetic acid (EDTA), sucrose, 

reduced glutathione and ATP were purchased from Sigma-Aldrich. Plasmids were obtained from 

Twist Bioscience, San Francisco, CA.  

 

3.2.2 Expression and Purification of Uniformly Isotopically Enriched Carbonic 
Anhydrase II [U−15N] 

 

The gene encoding α-CAII into the pCAM vector was transformed into Escherichia coli BL21(DE3) 

cells, which were subsequently precultured overnight in LB medium containing ampicillin (0.1 mg 



 

cm−3) and 1% glucose at 37 °C and 160 rpm. The main culture (1 dm3) was then incubated at 37 °C, 

160 rpm until it reached the optical density at 600 nm (OD600) ∼0.6 and harvested for 15 min at 

4000 rpm to proceed with the isotopic enrichment according to the Marley method. The cell pellet 

was resuspended in 1 dm3 of M9 minimal medium (3 g dm−3 KH2PO4, 0.5 g dm−3 NaCl, 6.8 g dm−3 

Na2HPO4) supplemented with 2 mmol dm−3 MgSO4, 0.2 mmol dm−3 CaCl2, 3 g dm−3 glucose, 1.2 g 

dm−3 15N-ammonium sulfate, 0.5 mmol dm−3 ZnSO4 and ampicillin. The new culture was further 

incubated for 30 min at 37 °C and 160 rpm, before inducing with 1 mmol dm−3 IPTG and incubating 

overnight at 25 °C and 160 rpm. The cell culture was harvested at 7500 rpm for 20 min (JA-10 

Beckman Coulter). The cell pellet was resuspended in 70 cm3 of 20 mmol dm−3 Tris-SO4, 500 

μmol·dm−3 ZnSO4 pH 8 and underwent 10 cycles of sonication for 30 s with a resting period of 3 min 

on ice, 60% power (sonicator Vibra-cell of Sonics & Materials Inc.). The lysate was ultracentrifuged 

at 40,000 rpm for 40 min (Beckman Optima LE-80K Ultracentrifuge, rotor F15−6 × 100y from 

Thermo Scientific) and the supernatant recovered is filtered with a 0.45 μm filter. The supernatant, 

containing crude α-CAII protein, was purified by Nickel affinity chromatography using a linear 0−0.5 

mol dm−3 Imidazole gradient on a HisTrap 5 cm3 (GE Healthcare). Finally, the α-CAII was subjected 

to a size-exclusion chromatography on a Superdex 75pg 26/60 column (Amersham Biosciences) in 

50 mmol dm−3 sodium phosphate buffer at pH 7 (7.744 g dm−3 of Na2HPO4·7H2O, 2.913 g dm−3 of 

NaH2PO4·H2O, pH adjusted with HCl and NaOH).  

 

3.2.3 Expression and Purification of Uniformly Isotopically Enriched TTR 
[U−15N] 

 

 E. coli BL21(DE3) RIPL cells were transformed with pET-28a (+) plasmid coding for TTR gene. 

The cells were cultured in 15N-enriched M9 minimal medium supplemented with kanamycin at 37 °C 

until OD600 reached 0.6− 0.8 and then 1 mmol dm−3 IPTG was added for induction. The cells were 

incubated overnight at 37 °C and then harvested by centrifugation (JA-10 Beckman Coulter) at 7500 

rpm for 15 min at 4 °C. The pellet was suspended in 20 mmol dm−3 Tris-HCl, pH 8.6 buffer supplied 

with 5 mmol dm−3 DTT (80 cm3 per liter of culture) and sonicated at 4 °C for 10 cycles of 30 s ON 

and 3 min OFF, at 60% power. The suspension was centrifuged at 40,000 rpm (Beckman Optima LE-

80K Ultracentrifuge, rotor F15−6 × 100y Thermo Scientific) for 40 min and the pellet was discarded. 

The protein was purified by anionic-exchange chromatography using a HiPrep Q FF 16/10 column 

(GE Healthcare Life Science), previously equilibrated with 20 mmol dm−3 Tris-HCl, pH 8.6. The 

protein was eluted in 20 mmol dm−3 Tris-HCl, pH 8.6 with a linear 0−1 mol dm−3 NaCl gradient. 

Fractions containing pure TTR were joined and purified by Size Exclusion Chromatography using 

HiLoad Superdex 75pg 26/60 in 50 mmol dm−3 phosphate buffer, pH 7.5. 



 

  

3.2.4 Expression and Purification of Uniformly Isotopically Enriched L-
Asparaginase II [U-2D-13C−15N] 

 

 E. coli (DE3) C41 cells were transformed with pET-21a (+) plasmid with ANSII insert. The cells 

were cultured at 37 °C in 2H−13C-15N-enriched medium (E. coli-OD2 rich growth media, Silantes) 

supplemented with ampicillin until OD600 0.6 was reached, then 1 mmol dm−3 IPTG was added for 

induction. All reagents were previously dissolved in H2O. The culture was incubated at 37 °C 

overnight and then harvested by centrifugation at 6500 rpm (JA-10 Beckman Coulter) for 15 min at 

4 °C. The pellet was suspended in 10 mmol dm−3 Tris-HCl, pH 8.0, 15 mmol dm−3 EDTA, 20% 

sucrose buffer (60 cm3 per liter of culture) and incubated at 4 °C for 20 min under magnetic stirring. 

The suspension was centrifuged at 10,000 rpm (Beckman Optima LE80K Ultracentrifuge, rotor 

F15−6 × 100y, Thermo Scientific) for 30 min and the supernatant was discarded. The recovered pellet 

was resuspended in H2O milli-Q (60 cm3 per liter of culture) and incubated at 4 °C for 20 min under 

magnetic stirring. Again, the suspension was centrifuged at 10,000 rpm for 30 min and the pellet was 

discarded. The supernatant was treated with ammonium sulfate to trigger the precipitation of ANSII. 

Under magnetic stirring, solid ammonium sulfate was added in aliquots up to 50% saturation. The 

precipitate was removed by centrifugation and discarded, then additional ammonium sulfate was 

added up to 90% saturation to trigger the precipitation of ANSII. The precipitated ANSII was 

redissolved in a minimal amount of 20 mmol dm−3 Tris-HCl, pH 8.6, and dialyzed extensively against 

the same buffer. ANSII was purified by anionic-exchange chromatography using a HiPrep Q FF 16/10 

column (GE Healthcare Life Science). The protein was eluted in 20 mmol dm−3 Tris-HCl, pH 8.6 

with a linear 0−1 mol dm−3 NaCl gradient. Fractions containing pure ANSII were identified by 

Coomassie staining SDS-PAGE gels, then joined and dialyzed extensively against the final buffer. 

 

3.2.5 Encapsulation of 15N-Labeled Proteins in Red Blood Cells 
 

 Commercially available Bovine red blood cells Packed 100% from Innovative Research were used. 

RBCs were washed by diluting 5 cm3 of 100% packed RBC in 5 cm3 of cold PBS. The sample was 

centrifuged at 2305 rpm (Heraeus Megafuge 16R Centrifuge, TX-400 Swinging Bucket Rotor, 

Thermo Scientific) for 1 min at 4 °C and the supernatant was removed. The process was repeated two 

more times. 15N-labeled CAII, TTR and ANSII were encapsulated using a previously reported 

hypotonic dialysis method of encapsulation. Seven parts (700 mm3) of washed packed RBC were 

mixed with 3 parts (300 mm3) of a concentrated solution of the protein (3 mmol dm−3 solution of 

CAII, 1 mmol dm−3 solution of TTR and 236 μmol dm−3 solution of ANSII). One cm3 of this 



 

suspension was placed on a dialysis tube (12 kDa MWCO) and dialyzed against 150 cm3 of hypotonic 

buffer (5 mmol dm−3 KH2PO4, 5 mmol dm−3 K2HPO4, pH 7.4) at 4 °C with a rotation of ∼20 rev/min 

for 180 min. The erythrocytes were then resealed by transferring the dialysis tube into a container 

holding 150 cm3 of isotonic buffer (PBS 1×, 5 mmol dm−3 glucose, 5 mmol dm−3 MgCl2) at 37 °C 

under continuous stirring for 60 min. The addition of reduced glutathione (3 mmol dm−3) and ATP (2 

mmol dm−3) in the buffer was also evaluated (see Figure S6). An aliquot of CAII was also titrated 

with the active-site ligand furosemide. Then 1.95 cm3 of a solution of free CAII at the concentration 

of 330 μmol dm−3 was mixed with 1.89 cm3 of a solution of inhibited CAII at the concentration of 

330 μmol dm−3. The volume of the resulting solution was reduced to 340 mm3. The same procedure 

for protein encapsulation was also performed on this sample. To wash away nonencapsulated 15N 

isotopically enriched protein or released components from the erythrocytes, the sample was 

transferred into a dialysis tube of 1000 kDa MWCO and dialyzed against 1 dm3 of isotonic buffer at 

4 °C for 12 h. This dialysis was repeated 2 times. The dialyzed erythrocytes were then washed with 

an equal volume of cold PBS three times. A first FID of 2D 1H 15N SOFAST-HMQC spectrum of a 

sample from the last wash was acquired to confirm the absence of any 15N-labeled protein outside of 

the red blood cells. Two distinct control experiments were conducted using CAII, the first protein to 

be studied and used to verify the efficacy of the protocol. These experiments aimed to rule out the 

possibility of protein adsorption on the surface of the red blood cells and to confirm the efficacy of 

the washing procedure. In Control 1, the erythrocytes were subjected to hypotonic dialysis in the 

absence of proteins. The samples were prepared by mixing 7 parts of washed packed RBC with 3 

parts of cold PBS, then 1 cm3 of cell suspension was placed on a dialysis tube (12 kDa MWCO). The 

sample was dialyzed against 150 cm3 of hypotonic buffer at 4 °C with a rotation of around ∼20 

rev/min for 180 min. The dialysis tube was then transferred to a container holding 150 cm3 of isotonic 

buffer at 37 °C under continuous stirring for 60 min. To wash away the released components from 

the erythrocytes, the sample was transferred into a dialysis tube of 1000 kDa MWCO and dialyzed 

against 1 dm3 of isotonic buffer at 4 °C for 12 h. This dialysis was repeated two times. The dialyzed 

erythrocytes were then washed with an equal volume of cold PBS three times. In Control 2, proteins 

were added but not encapsulated. The samples were prepared by mixing 7 parts of washed packed 

RBC with 3 parts of a 3 mmol dm−3 solution of the 15N-labeled CAII, then 1 cm3 of cell suspension 

was placed on a dialysis tube (12 kDa MWCO). The sample was dialyzed against 150 cm3 of isotonic 

buffer at 4 °C with a rotation of around ∼20 rev/min for 180 min. The sample was then dialyzed 

against the same isotonic buffer at 37 °C under continuous stirring for 60 min. To wash away the 

nonencapsulated 15N isotopically enriched protein, the sample was transferred into a dialysis tube of 

1000 kDa MWCO and dialyzed against 1 dm3 of isotonic buffer at 4 °C for 12 h. This dialysis was 



 

repeated two times. The dialyzed erythrocytes were then washed with an equal volume of cold PBS 

three times.  

 

3.2.6 Sample Preparation and NMR Measurements 
 

All NMR experiments were recorded at 310 K on Bruker Avance NEO spectrometers, operating at 

900 (CAII and ANSII) and 1200 (TTR) MHz, 1H Larmor frequency (21.1 and 28.2 T, respectively), 

equipped with triple resonance cryoprobes. Experiments on encapsulated CAII were also performed 

on a Bruker Avance NEO spectrometer operating at 600 MHz, 1H Larmor frequency (14.1 T), and 

equipped with a CPQCI cryoprobe. The NMR samples of the encapsulated proteins were prepared 

with 540 mm3 of RBC suspension (in PBS buffer, pH 7.4) and 60 mm3 of H2O, for field frequency 

lock purposes. The spectra of the free proteins were recorded using the same parameters and buffer 

composition for comparison purposes. 2D 1H−15N SOFAST-HMQC experiments58 were acquired 

with an HN offset of 8.1 ppm and an excitation HN bandwidth of 4 ppm, acquisition times of 35 ms 

(ANSII and CAII) or 20 ms (TTR) and 14 ms (ANSII and CAII) or 10 ms (TTR) for the direct and 

indirect dimensions, respectively, 256 scans (for the spectra recorded at 900 and 1200 MHz) and 1024 

scans (for the spectra recorded at 600 MHz), and interscan delay of 0.2 s. The lower acquisition times 

used to record the spectra of TTR are related to its shorter transverse relaxation time, due to its high 

molecular weight and absence of deuteration. The experiments for the determination of 15N transverse 

relaxation rates were recorded at 310 K and 600 MHz on 15N-enriched samples of free CAII in PBS 

and CAII encapsulated in RBCs. 15N transverse relaxation rates (R2) were measured using a 

Carr−Purcell− Meiboom−Gill (CPMG) sequence with delays of 8.48, 16.96, 25.2, 33.92, 42.4, 50.88, 

67.84, 84.8, 101.76, 118.72, 144.16, 169.6 ms for the free protein and 8.48, 16.96, 42.4,84.8 and 

144.16 ms for the encapsulated protein, with a refocusing delay of 450 μs. Because of the low signal-

to-noise ratio, the spectra for the evaluation of 15N transverse relaxation rates of the encapsulated 

protein were acquired using 1024 scans. Transverse relaxation rates were determined by fitting the 

signal intensities as a function of the delay to a single-exponential decay using Dynamics Center 

(Bruker) software. All the spectra were processed on a Bruker TopSpin 4.0 software package and 

analyzed with CARA program (ETH Zürich). 

  



 

3.3 Monitoring PEG Shedding with NMR: Molecular Insight into 
LNP Stability 
  

3.3.1 Materials 
 
All reagents were purchased from common commercial sources and were used without additional 

purification. Dlin-MC3-DMA was purchased from Cayman Chemical.  

Distearoylphosphatidylcholine (DSPC), cholesterol and sucrose were purchased from Sigma Aldrich. 

DMPE-PEG2K was purchased from Avanti Polar. Ethanol was purchased from Merck. HyPure WFI 

quality water was purchased from Cytiva.  Tris-HCl 1 M pH 8 and 10x PBS buffer pH 7.4 were 

purchased from Invitrogen.  PD-10 desalting columns were purchased from Cytiva (cat. 17085101). 

Float-A-Lyzer G2 Dialysis Devices, Spectra/Por, MWCO: 100kDa were purchased from Repligen. 5 

mm NMR tubes were purchased from Bruker. Anotop 25 filters 0.02 um were purchased from 

Whatman. 

 

3.3.2 Formulation 
 

Lipid nanoparticles were prepared through microfluidics using NanoAssemblr Ignite. The lipid 

compositions of the formulations analyzed, detailed in Table 1, were selected to replicate the 

formulation of Onpattro, the first approved RNA-LNP based drug, with slight modifications in lipid 

ratio due to further optimizations. The lipid solution was prepared by dissolving the lipids in ethanol, 

which was then mixed with the aqueous phase containing eGFP mRNA in a 75 mM citrate buffer at 

pH 4 to form the LNPs. A total flow rate of 12 mL/min and an organic to aqueous phase flow rate 

ratio of 1:2 was applied for the mixing. The resulting solutions were exchanged in the final 

formulation buffer that was either Tris-HCl 20 mM pH 8 with variable sucrose concentrations as 

cryoprotectant and PBS1x pH 7.4 through PD-10 desalting columns. 

Preliminary analyses were performed in each sample to assess particle size distribution using 

Dynamic Light Scattering as the evaluation of the average particle size and their homogeneity is an 

indicator of a successful formulation.  

 

 

 

 

 



 

 

 

Table 1: Lipid composition of tested LNP formulations 

Lipid % mol 

Dlin-MC3-DMA 40% 

DSPC 10% 

Cholesterol 48% 

Pegylated Lipid* 2% 

*Specified for each experiment 

 

1% (w/w) DMPE-PEG2K solutions were prepared dissolving the powder in Tris-HCl 20 mM pH 

8 buffer. 

Dialysis of the LNP formulation was conducted to exchange the buffer from 20 mM Tris-HCl at 

pH 8 with 7.5% sucrose to PBS 1x at pH 7.4. This was achieved using a Float-A-Lyzer G2 Dialysis 

Device (Spectra/Por) with a molecular weight cut-off (MWCO) of 100 kDa. The process involved 

placing 1 mL of the formulation within the dialysis membrane and allowing it to float in 500 mL 

of PBS 1x at pH 7.4, agitated for 24 hours, with the buffer being exchanged three times.  

For lyophilization, 600 µL of the LNP solution was loaded into 3 mL lyophilization vials (Muller) 

and dried using an Epsilon Martin Christ 2-10d LSC Plus lyophilizer. The lyophilized samples 

were then resuspended in the initial volume of 600 µL per vial with 20 mM Tris and varying 

amounts of sucrose. 

3.3.3 PGSE NMR 
 

1H diffusion experiments were employed to monitor real time PEG forms in LNP formulations, 

exploiting the different diffusion rate of free PEG and LNP linked PEG. The method was based 

on the work of Wilson et al.8 and refined for our purposes. The technique employed in our study 

is based on pulsed gradient spin-echo NMR, which enables the differentiation of signals from 

different species based on their diffusion coefficients. As shown in Figure 1, ranging from the 

minimum strength of gradient (2%) to the maximum (98%) signals are filtered according to their 



 

diffusion rate. The signals close to the one arising from the PEG chain (3.60 ppm), indeed, 

disappeared because they belong to the fast diffusion excipients.  

 

 
Figure 1. Application of diffusion filter to LNP full formulation. The signals associated with the small excipients are 

filtered out using the maximum gradient strength due to their rapid diffusion. The signals related to the slow-

diffusing LNP, such as the PEG chain signal at 3.60 ppm, are minimally affected by the diffusion filter. 

 

Specifically, the PEG signal is a combination of PEG linked to the LNP and potential freely 

dissociated PEG in solution. By applying selective pseudo 2D DOSY on this signal, we calibrated 

the diffusion pulse length and the gradient strength to obtain a decay of PEG integral signal at 

least up to 10% of the initial value to be representative of the whole population. Elaboration of 

data with Dynamics Center software provided the integral of PEG signal at each point of the 

gradient acquired (TD = 32, from 2% to 98%). Then GraphPad Prism software was employed to 

fit the curves depicting the decay of the integral of the signal, using Stejskal-Tanner equation9 

(Figure 2). 

 



 

 
Figure 2. PEG integral curve decay under gradient diffusion filtering. For each sample, the acquisition parameters 

were set to reduce the PEG signal to at least 10% of its initial value, ensuring a complete decay profile. The integrals 

from 32 gradient points were calculated using Dynamics Center, and the resulting curves were plotted in GraphPad 

Prism for fitting. 

 

Each sample was first analyzed using a one-component equation to verify if all the PEG was still 

linked to LNP, with a unique diffusion coefficient describing effectively the system. If the fitting 

resulted incomplete, two-component equation was employed. The two-component equation 

takes in account the PEG bound to PEG and the free PEG fraction. 

Stejskal-Tanner equation (one-component): 

I = I₀ exp (-γ²G²δ²D(Δ - δ/3)) 

Stejskal-Tanner equation (two-components): 

I = I₀ [w1exp (-γ²G²δ²D1(Δ - δ/3)) + w2exp (-γ²G²δ²D2(Δ - δ/3))] 

where:  

• I = signal intensity with a gradient 

• I₀ = signal intensity without a gradient 

• γ = gyromagnetic ratio of the nucleus 

• G = gradient strength 

• δ = duration of the gradient pulse (little delta) 

• D = diffusion coefficient 
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• Δ = the diffusion time (big delta) 

• w = PEG form fraction 

 

In this way it’s possible to calculate the proportions of various PEG species, along with their 

corresponding diffusion coefficients, according to the best curve fit.  

NMR experiments were recorded on a Bruker Avance III spectrometer operating at 900 MHz 1H 

Larmor frequency at 298 K. 50 µL of D2O were added to 500 µL of each sample for the preparation 

of NMR tubes for field frequency lock purposes. To induce PEG shedding, an additional 50 µL of 

a BSA solution at 4.4 mM, prepared by dissolving 60 mg in 200 µL (MW = 68,000), was added to 

achieve a final concentration of 366 µM in the tube, comparable to serum levels.  

Pseudo2D NMR experiments were acquired with the following parameters: 

ledbpgppr2s; B° = 900 MHz; NS = 32 TD (F2) = 32768; TD (F1) = 32; P1 = 7.10 us; D1 = 3.75 s; RG 

= 101; T = 298 K Δ = 700 ms; δ = 4 ms 

Processing with QSINE function, SSB = 3 to minimize line width and consequently PEG signal 

overlap.  

 

3.3.4  DLS analysis 
 

Free DMPE-PEG2K solutions were prepared at different concentrations to assess if PEG micelles 

were detectable and assess the size of free PEG. Solutions of DMPE-PEG2K 1% (w/w) and DMPE-

PEG2K 10% (w/w) were prepared by dissolving the powder in water. The exact Critical Micellar 

Concentration for this lipid was not found in literature but for the homologous DSPE-PEG 2000 

is reported to be between 0.5–1 µM, way far below a concentration of 1% (w/w) which 

corresponds to 3.5 mM (MW = 2790 Da)10. So, we believe it’s reasonable that the pegylated lipid 

forms micelle at the analyzed concentration.  

Then an LNP formulation containing DMPE-PEG2K was analyzed before and after 13 hours since 

the addition of BSA, reproducing the NMR conditions, with a final concentration of BSA 366 µM.  

LNP samples were diluted 100x in HyPure WFI quality water previously filtered with Anotop 25 

filters 0.02 µm for analysis. Experiments were recorded using DLS Zetasizer ULTRA Malvern, 



 

loading 80µL of each sample in the BRAND™ UV Disposable Cuvettes. Measurements were 

performed in triplicate, with a controlled temperature of 25°C  and equilibration time of 120 s.    

 

3.3.5  NTA analysis 
 
The same 1% PEG solution and LNP formulations before and after addition of BSA tested with 

DLS were analyzed. 

LNP samples were diluted 1:5000 with HyPure WFI quality water previously filtered with 

Anotop 25 filters 0.02 µm for analysis. 

The analysis was performed in three replicates on NanoSight NS300.  The samples were measured 

for 60 s at 20 °C (RT) using a blue laser (488 nm), sCMOS camera and under a constant syringe 

pump speed of 50 (arbitrary units). Data were analyzed using NTA 3.4 Build 3.4.4 software, with 

a detection threshold of 5 or 6 depending on the sample. The capillary was cleaned after each 

sample by injecting 1 mL of HyPure WFI-quality water and removing any bubbles by introducing 

air. 

 

3.3.6  Cryo-EM analysis  
 
The same LNP formulations were analyzed before and after 13 hours from the addition of BSA as 

done with the other techniques, using 4 µL of samples for each analysis.  

A solution of 4 uL of LNPs (total lipid concentration = 2 mg/mL) was applied on Quantifoil Cu 

R2/2 300 mesh carbon grids (Quantifoil) previously glow discharged at 15 mA for 10 seconds 

using a PELCO easiGlowTM system (Ted Pella Inc.). Excess of LNP solution was blotted out for 5 

seconds and grid was plunged-frozen in liquid ethane at -180°C using EM-GP (Leica 

Microsystems). Subsequentially, grids were transferred to a Simple Origins Dual Grid Cryo 

Transfer Holder Model 205 (Simple Origins) maintained at -180°C and inserted into a Talos L120C 

(ThermoFisher Scientific) with an accelerating voltage of 120 kV. Images were recorded at 

22,000X and 45,000X magnification using a Ceta M 4k camera (ThermoFisher Scientific) with a 

dose rate of ~22 e-/A2 under a defocus ranging from -4 to -7 µm. 

  



 

4 Results and Discussion 
 

4.1 Enhancing Lipid Quantification in Liposomes with NMR methods 
 
In this work we aimed to enhance lipid quantification in liposome using NMR methods, as crucial 

quality control for batches and as a tool for improvement of drug product manufacturing. The study 

demonstrated the accuracy and reproducibility of NMR methods using both internal or external 

standard (PULCON), by testing lipid mixtures at known concentration. Various liposome 

formulations were analyzed to identify potential losses during microfluidic formulation. By 

performing this analysis using a UPLC-ELSD method, the study highlights the advantages of NMR, 

including faster acquisition times and the possibility to use only one reference, without the need for 

calibration curves for all tested molecules.    

 

I contributed by designing the methods, performing all the experimental activities (except for the 

UPLC-ELSD analysis, for which I provided support), and writing the paper. 

 

The study was published in Omega ACS and is reported in this section.  
 
Currò, F., Eguskiza, A., Cerofolini, L., Martini, S., Biagini, M., Stranges, D., Fragai, M., & Denis, 

M. Fast and Straightforward Lipid Quantification in Pharmaceutical Compositions Using NMR. ACS 

Omega. (2025) DOI: 10.1021/acsomega.5c09329 
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4.2 NMR Assessment of the High Order Structure of Biological 

Therapeutics in Erythrocytes Provides a Tool for Drug Delivery 
Design  

 
This study aimed to assess the preservation of high-order structure (HOS) of pharmaceutically 

relevant proteins after their encapsulation within Red Blood Cells (RBCs). This is crucial to ensure 

the functionality of the cargo in this delivery system, whose applications have been increasing in 

recent years due to its biocompatibility and extended circulation. NMR characterization was used to 

examine the preservation of the protein native folding within the RBCs by comparing enzyme signals 

to those of free enzymes. Peak re-assignment helped identify residues affected by encapsulation and 

assess whether secondary structures were preserved. Additionally, a semi-quantitative analysis 

compared signal intensities of free enzyme solutions and encapsulated proteins, offering insights into 

encapsulation efficiency. This approach serves as a valuable analytical tool to rapidly evaluate cargo 

encapsulation efficiency in RBCs, facilitating optimization of the encapsulation process. 

 

My contributions included supporting the enzyme encapsulation procedures, recording the NMR 

spectra, and drafting the manuscript. 

 

The study was published in Journal of American Chemical Society and is reported in this section.  
 
Padilla-Cortés, L., Gheorghita, G. R., Currò, F., Calamandrei, R., Susini, B., Callozzo, S., Crivello, 
G., Russomanno, P., Ravera, E., Cerofolini, L., & Fragai, M. NMR Assessment of the High Order 
Structure of Biological Therapeutics in Erythrocytes Provides a Tool for Drug Delivery Design. 
Journal of the American Chemical Society, 147(30), 26379–26388. (2025). 
https://doi.org/10.1021/jacs.5c05617 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 
  



 

 



 

 



 

 



 

 
 



 

4.3 Monitoring PEG Shedding with NMR: Molecular Insight into 
LNP Stability 

 
In this section the draft of the latest paper prepared in the frame of this PhD project is reported. 
 
In this study we explored the phenomenon of PEG shedding from LNPs using Pulsed Gradient Spin-

Echo (PGSE) NMR to assess formulation stability under various conditions and increase the 

knowledge of which factors influence the release in vivo. The rate of PEG shedding influences LNP 

biodistribution and should be considered in formulation design and as quality control to ensure LNP 

efficacy. Complementary analyses with Dynamic Light Scattering (DLS), Nanoparticle Tracking 

Analysis (NTA), and Cryo-Electron Microscopy (Cryo-EM) were conducted to assess shed PEG and 

changes in particle size and morphology.  
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ABSTRACT: Lipid nanoparticles (LNPs) are essential carriers for nucleic acid therapeutics. They 

are coated with a pegylated lipid that prevents particle aggregation and rapid clearance by the 

immune system. However, PEG shedding in serum is necessary to facilitate cellular uptake, 

making the rate of PEG detachment a critical factor in modulating LNP biodistribution and 

activity. In this study, we investigated PEG shedding from LNPs using Pulsed Gradient Spin-Echo 

(PGSE) NMR to provide insights into the stability and behavior of PEG-LNP under various 

conditions. PEG release was detected over incubation of formulations at 25°C, demonstrating that 

shedding can occur also outside serum environment, raising a concern of stability for the whole 

manufacturing process and storage time. Conversely, we assessed the impact of a freeze-thaw 

cycle at -80°C and lyophilization, which showed no significant increase in free PEG content, 

demonstrating PEG attachment stability under these long-term storage conditions. Moreover, we 

showed how PEG shedding rate of different formulations in serum can be predicted just by adding 

albumin in the NMR tubes with the LNP solution. Shorter PEG chains (14-C DMPE-PEG2K) 

exhibited faster shedding rates compared to longer chains (18-C DSPE-PEG2K), as already 

reported in serum.  Complementary analyses using Dynamic Light Scattering (DLS), Nanoparticle 

Tracking Analysis (NTA), and Cryo-Electron Microscopy (Cryo-EM) were performed to assess 

the potential of these techniques to detect shed PEG and to investigate any concomitant changes 

in particle size and morphology, highlighting the unique NMR capability of directly assessing this 

phenomenon. 

  



 

 

Introduction 
 
 Lipid nanoparticles (LNPs) are spherical vesicles composed of multilayer cores dispersed between 

lipid layers, where positively charged lipids interplay with negatively charged nucleic acid cargo. 

These nanoparticles have gained prominence for their ability to enhance bioavailability, 

therapeutic efficacy, target specificity, safety, and stability1,2. Originally crafted for small 

molecule delivery, LNPs have transitioned into essential vehicles for nucleic acids, marking a 

significant milestone with the approval of ONPATTRO (Patisiran), a pioneering LNP delivering 

small interfering RNA for treating transthyretin-mediated hereditary amyloidosis1. LNPs 

garnered widespread attention following their successful deployment in mRNA vaccines against 

SARS-CoV-2, such as Moderna's mRNA-1273 and Pfizer/BioNTech's BNT162b2, underscoring 

their pivotal role in modern therapeutic strategies2,3. Integral to LNP functionality is the 

incorporation of a pegylated lipid, which enhances particle solubility and prevents aggregation. 

The PEG coating creates a steric barrier that diminishes the adhesion of plasma proteins and 

immune cells to the surface of nanoparticles, the so-called “stealth effect”. By doing so, it increases 

the circulation time of nanoparticles within the vascular system, enhancing the likelihood of 

reaching the target site before being sequestered by the mononuclear phagocyte system4. 

However, PEG is known to shed from particles in serum overtime, allowing the fusion of 

nanoparticles with cellular membranes, and the release of the therapeutic payload into the 

cytoplasm5. Research by Chen et al. demonstrated significant variations in cellular uptake and 

transfection efficiency across four types of LNP formulations, which differed in both 

polyethylene glycol lipid chain lengths (carbon 14 vs. carbon 18) and molar ratios (6% vs. 3%)6. 



 

Therefore, the choice of pegylated lipid should be made carefully, according to the intended 

application, achieving a delicate balance between extended circulation time and effective cellular 

delivery.  

The stability of formulations is also a concern, as it remains unclear whether PEG shedding can 

occur during storage, or throughout all the manufacturing processes that involve handling, 

mixing, shaking, that might stress the particles. A recent study suggested that shaking with air 

entrainment creates air-liquid interfacial forces, which can strip away PEGylated lipids from the 

outer surface of LNPs 7. This reduction in steric hindrance among neighboring LNPs leads to the 

merging of particles, with some mRNA strands removed from the LNP. Consequently, the final 

product consists of stable LNPs with larger sizes but reduced mRNA payloads. 

Despite its importance, current quality control measures often overlook PEG dissociation due to 

the complexity and scarcity of reliable analytical techniques. Monitoring PEG shedding would 

provide insights into the mechanisms behind the phenomenon, functional to predict the LNP 

behavior in vivo and guide a rational design of formulations accordingly the intended application.  

Wilson et al. presented a simple, quantitative, label-free, and real-time approach for directly 

measuring PEG shedding using conventional NMR equipment under conditions closed to 

physiological environment8. Since PEG associated with lipid nanoparticles diffuses much slower 

than free PEG, PGSE NMR can be used to distinguish the relative populations over time and 

quantify them, thereby determining the PEG shedding rate profile.  

This method was refined for our applications and applied to investigate several LNP formulations 

under different stress/storage conditions.  



 

We monitored the stability of DMPE-PEG2K after incubation at 25°C up to one month, to observe 

if PEG detachment could occur during LNP storage time. Moreover, we examined the impact of 

a freeze-thaw at -80° and lyophilization and resuspension that are processes known to alter the 

morphological/structural features of LNPs even in presence of a cryoprotectant but that are 

essential for a long effective storage of the formulations.   

Moreover, the differences in PEG shedding rate of LNP formulations containing 14-C DMPE-

PEG2K and 18-C DSPE-PEG2K were monitored on intact particle samples within their 

formulation buffer following the addition of albumin, to mimic the serum environment and 

predict how different LNP formulations behave in vivo.  

In addition, we used Dynamic Light Scattering (DLS), Nanoparticle Tracking Analysis (NTA), and 

Cryo-Electron Microscopy (Cryo-EM) to determine if the formation of PEG micelles after 

shedding was detectable with other techniques, and to examine any changes in particle size and 

morphology following PEG release. 

 

Experimental section 

Materials 

 
All reagents were purchased from common commercial sources and were used without additional 

purification. Dlin-MC3-DMA was purchased from Cayman Chemical.  

Distearoylphosphatidylcholine (DSPC), cholesterol and sucrose were purchased from Sigma 

Aldrich. DMPE-PEG2K was purchased from Avanti Polar. EZCap EGFP mRNA was purchased 

from ApeX Bio. Ethanol was purchased from Merck. HyPure WFI quality water was purchased 

from Cytiva.  Tris-HCl 1 M pH 8 and 10x PBS buffer pH 7.4 were purchased from Invitrogen.  



 

PD-10 desalting columns were purchased from Cytiva (cat. 17085101). Float-A-Lyzer G2 Dialysis 

Devices, Spectra/Por, MWCO: 100kDa were purchased from Repligen. 5 mm NMR tubes were 

purchased from Bruker. Anotop 25 filters 0.02 um were purchased from Whatman. 

 

Formulation 

Lipid nanoparticles were prepared through microfluidics using NanoAssemblr Ignite. The lipid 

compositions of the formulations analyzed, detailed in Table 1, were selected to replicate the 

formulation of Onpattro, the first approved RNA-LNP based drug, with slight modifications in 

lipid ratio due to further optimizations11. The lipid solution was prepared by dissolving the lipids 

in ethanol, which was then mixed with the aqueous phase containing eGFP mRNA in a 75 mM 

citrate buffer at pH 4 to form the LNPs. A total flow rate of 12 mL/min and an organic to aqueous 

phase flow rate ratio of 1:2 were applied for the mixing. The resulting solutions were exchanged 

in the final formulation buffer that was either Tris-HCl 20 mM pH 8 with variable sucrose 

concentrations as cryoprotectant and PBS1x pH 7.4 through PD-10 desalting columns. 

Preliminary analyses were performed in each sample to assess particle size distribution using 

Dynamic Light Scattering as the evaluation of the average particle size and their homogeneity is 

an indicator of a successful formulation.  

 

Table 1: Lipid composition of tested LNP formulations 

Lipid % mol 

Dlin-MC3-DMA 40% 

DSPC 10% 

Cholesterol 48% 

Pegylated Lipid* 2% 



 

*Specified for each experiment 

 

1% (w/w) DMPE-PEG2K solutions were prepared dissolving the powder in Tris-HCl 20 mM pH 

8 buffer. 

Dialysis of the LNP formulation was conducted to exchange the buffer from 20 mM Tris-HCl at 

pH 8 with 7.5% sucrose to PBS 1x at pH 7.4. This was achieved using a Float-A-Lyzer G2 Dialysis 

Device (Spectra/Por) with a molecular weight cut-off (MWCO) of 100 kDa. The process involved 

placing 1 mL of the formulation within the dialysis membrane and allowing it to float in 500 mL 

of PBS 1x at pH 7.4, agitated for 24 hours, with the buffer being exchanged three times.  

For lyophilization, 600 µL of the LNP solution was loaded into 3 mL lyophilization vials (Muller) 

and dried using an Epsilon Martin Christ 2-10d LSC Plus lyophilizer. The lyophilized samples 

were then resuspended in the initial volume of 600 µL per vial with 20 mM Tris and varying 

amounts of sucrose. 

 

 
PGSE NMR 

1H diffusion experiments were employed to monitor real time PEG forms in LNP formulations, 

exploiting the different diffusion rate of free PEG and LNP linked PEG. The method was based 

on the work of Wilson et al.8 and refined for our purposes. The technique employed in our study 

is based on pulsed gradient spin-echo NMR, which enables the differentiation of signals from 

different species based on their diffusion coefficients. As shown in Figure 1, ranging from the 

minimum strength of gradient (2%) to the maximum (98%) signals are filtered according to their 

diffusion rate. The signals close to the one arising from the PEG chain (3.60 ppm), indeed, 

disappeared because they belong to the fast diffusion excipients.  



 

 

 
Figure 1. Application of diffusion filter to LNP full formulation. The signals associated with the small excipients are 

filtered out using the maximum gradient strength due to their rapid diffusion. The signals related to the slow-

diffusing LNP, such as the PEG chain signal at 3.60 ppm, are minimally affected by the diffusion filter. 

 

Specifically, the PEG signal is a combination of PEG linked to the LNP and potential freely 

dissociated PEG in solution. By applying selective pseudo 2D DOSY on this signal, we calibrated 

the diffusion pulse length and the gradient strength to obtain a decay of PEG integral signal at 

least up to 10% of the initial value to be representative of the whole population. Elaboration of 

data with Dynamics Center software provided the integral of PEG signal at each point of the 

gradient acquired (TD = 32, from 2% to 98%). Then GraphPad Prism software was employed to 

fit the curves depicting the decay of the integral of the signal, using Stejskal-Tanner equation9 

(Figure 2). 



 

 
Figure 2. PEG integral curve decay under gradient diffusion filtering. For each sample, the acquisition parameters 

were set to reduce the PEG signal to at least 10% of its initial value, ensuring a complete decay profile. The integrals 

from 32 gradient points were calculated using Dynamics Center, and the resulting curves were plotted in GraphPad 

Prism for fitting. 

 
Each sample was first analyzed using a one-component equation to verify if all the PEG was still 

linked to LNP, with a unique diffusion coefficient describing effectively the system. If the fitting 

resulted incomplete, two-component equation was employed. The two-component equation 

takes in account the PEG bound to PEG and the free PEG fraction. 

Stejskal-Tanner equation (one-component): 

I = I₀ exp (-γ²G²δ²D(Δ - δ/3)) 

Stejskal-Tanner equation (two-components): 

I = I₀ [w1exp (-γ²G²δ²D1(Δ - δ/3)) + w2exp (-γ²G²δ²D2(Δ - δ/3))] 

where:  

• I = signal intensity with a gradient 

• I₀ = signal intensity without a gradient 

• γ = gyromagnetic ratio of the nucleus 

• G = gradient strength 

• δ = duration of the gradient pulse (little delta) 
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• D = diffusion coefficient 

• Δ = the diffusion time (big delta) 

• w = PEG form fraction 

 

In this way it’s possible to calculate the proportions of various PEG species, along with their 

corresponding diffusion coefficients, according to the best curve fit.  

NMR experiments were recorded on a Bruker Avance III spectrometer operating at 900 MHz 1H 

Larmor frequency at 298 K. 50 µL of D2O were added to 500 µL of each sample for the preparation 

of NMR tubes for field frequency lock purposes. To induce PEG shedding, an additional 50 µL of 

a BSA solution at 4.4 mM, prepared by dissolving 60 mg in 200 µL (MW = 68,000), was added to 

achieve a final concentration of 366 µM in the tube, comparable to serum levels.  

Pseudo2D NMR experiments were acquired with the following parameters: 

ledbpgppr2s; B° = 900 MHz; NS = 32 TD (F2) = 32768; TD (F1) = 32; P1 = 7.10 us; D1 = 3.75 s; RG 

= 101; T = 298 K Δ = 700 ms; δ = 4 ms 

Processing with QSINE function, SSB = 3 to minimize line width and consequently PEG signal 

overlap.  

 
DLS analysis 

Free DMPE-PEG2K solutions were prepared at different concentrations to assess if PEG micelles 

were detectable and assess the size of free PEG. Solutions of DMPE-PEG2K 1% (w/w) and DMPE-

PEG2K 10% (w/w) were prepared by dissolving the powder in water. The exact Critical Micellar 

Concentration for this lipid was not found in literature but for the homologous DSPE-PEG 2000 

is reported to be between 0.5–1 µM, way far below a concentration of 1% (w/w) which 



 

corresponds to 3.5 mM (MW = 2790 Da)10. So, we believe it’s reasonable that the pegylated lipid 

forms micelle at the analyzed concentration.  

Then an LNP formulation containing DMPE-PEG2K was analyzed before and after 13 hours since 

the addition of BSA, reproducing the NMR conditions, with a final concentration of BSA 366 µM.  

LNP samples were diluted 100x in HyPure WFI quality water previously filtered with Anotop 25 

filters 0.02 µm for analysis. Experiments were recorded using DLS Zetasizer ULTRA Malvern, 

loading 80µL of each sample in the BRAND™ UV Disposable Cuvettes. Measurements were 

performed in triplicate, with a controlled temperature of 25°C  and equilibration time of 120 s.    

 

NTA analysis 

The same 1% PEG solution and LNP formulations before and after addition of BSA tested with 

DLS were analyzed. 

LNP samples were diluted 1:5000 with HyPure WFI quality water previously filtered with 

Anotop 25 filters 0.02 µm for analysis. 

The analysis was performed in three replicates on NanoSight NS300.  The samples were measured 

for 60 s at 20 °C (RT) using a blue laser (488 nm), sCMOS camera and under a constant syringe 

pump speed of 50 (arbitrary units). Data were analyzed using NTA 3.4 Build 3.4.4 software, with 

a detection threshold of 5 or 6 depending on the sample. The capillary was cleaned after each 

sample by injecting 1 mL of HyPure WFI-quality water and removing any bubbles by introducing 

air. 

 

 

 



 

Cryo-EM analysis  

The same LNP formulations were analyzed before and after 13 hours from the addition of BSA as 

done with the other techniques, using 4 µL of samples for each analysis.  

A solution of 4 uL of LNPs (total lipid concentration = 2 mg/mL) was applied on Quantifoil Cu 

R2/2 300 mesh carbon grids (Quantifoil) previously glow discharged at 15 mA for 10 seconds 

using a PELCO easiGlowTM system (Ted Pella Inc.). Excess of LNP solution was blotted out for 5 

seconds and grid was plunged-frozen in liquid ethane at -180°C using EM-GP (Leica 

Microsystems). Subsequentially, grids were transferred to a Simple Origins Dual Grid Cryo 

Transfer Holder Model 205 (Simple Origins) maintained at -180°C and inserted into a Talos L120C 

(ThermoFisher Scientific) with an accelerating voltage of 120 kV. Images were recorded at 

22,000X and 45,000X magnification using a Ceta M 4k camera (ThermoFisher Scientific) with a 

dose rate of ~22 e-/A2 under a defocus ranging from -4 to -7 µm. 

 

Results and discussion 

DMPE-PEG2K stability in storage conditions 

The stability of the DMPE-PEG2K linkage to LNPs was evaluated under various storage 

conditions to determine potential concerns regarding PEG shedding and to identify conditions 

that might induce PEG release. An incubation at 25°C for up to one month served as an 

accelerated stress test to assess the possibility of PEG shedding outside serum environment. 

Additionally, a freeze-thaw cycle at -80°C followed by lyophilization and resuspension in the 

initial buffer was performed. These processes, commonly used in long-term LNP storage, are 

known to induce stress due to phase transitions that may potentially include PEG stability. A 



 

cryoprotectant is usually added to formulations to mitigate these effects, we chose sucrose as it is 

one of the most commonly employed11. 

Analysis of fresh samples 

The fresh samples presented a percentage around of 10% of a species with higher diffusion 

coefficient respect to the low diffusion predominant form which reasonably belongs to the PEG 

attached to LNP. A possible explanation could be the existence of a small fraction of free-PEG 

even in the fresh LNP or it could be explained with the partial overlap of sucrose/Tris signals 

which own a fast diffusion coefficient. The 2D display of the experiment failed to solve 

graphically if this fraction was aligned to sucrose row or resolved, belonging to PEG. The 

excipients signals, such as Tris and sucrose, are well separated by the LNP signals, except for PEG 

one which appears as a stripe, with undefined diffusion coefficient, confirming the co-existence 

of different diffusion rate forms resonating at the same chemical shift (Figure 3).  

 



 

 
 
Figure 3: 2D DOSY of LNP sample. The spectrum displays chemical shifts along the F2 axis and diffusion coefficients 

(log(m²/s)) along the F1 axis, effectively separating the signals of fast-diffusing sucrose and Tris molecules from the 

slower-diffusing LNP lipid signals. The PEG signal, which partially overlaps with sucrose and Tris signals, appears as 

an unresolved stripe. ledbpgppr2s; B° = 900 MHz; NS = 32 TD = 32; T = 298K big DELTA = 700 ms little DELTA = 4 

ms. 

 
To clarify this point an analogous LNP formulation in Tris 20 mM without sucrose was put in 

dialysis (membrane with cut-off 100kDa) against PBS 1x. The 1H spectra of the resulting solution 

showed the absence of excipients signals (Figure 4). However, the analysis of the well-solved PEG 

signal still indicated a percentage between 6-10% of a fast diffusion form. This suggested that a 

small fraction of the PEG-lipid may already exist in the free PEG-lipid state in fresh samples.  

 Schroder et al. used a diffusion NMR sequence with a T2 filter that showed the presence of minor 

components with lower molecular weight than LNPs, likely attributable to PEG micelles, even 

Slow diffusion 

Fast diffusion 



 

whether the single-component decay seemed to fit to describe the PEG integral. These results 

can suggest that LNPs exhibit a dynamic distribution, potentially resulting from an equilibrium 

between PEG micelles and LNPs11.  

 
Figure 4: 1D ¹H spectra of LNP formulation in Tris 20 mM (in black) and after buffer exchange via dialysis in PBS 

1x (in red). The modest overlap affecting the PEG signal with the Tris signal is eliminated after dialysis in PBS 1x, 

allowing for complete resolution of the PEG signal. 

 

Incubation at 298K 

The analysis conducted after 6 and 30 days of incubation at 25°C revealed a slight increase in 

faster diffusion forms of PEG, from 10% initially to 17% after 6 days and 22% after 30 days (Table 

2). These results documented for the first time that PEG can shed from LNPs outside serum, 

raising a stability concern that should be taken into consideration. However, it’s also fair to 

specify that the amount of dissociated PEG remains very low, even after a month under these 

accelerated conditions, which are unlikely to occur for LNP batches typically stored frozen at -



 

20°C or -80°C, or kept in liquid form for shorter periods. Therefore, this data is not particularly 

concerning by itself, but it does confirm the need to analyze this attribute in batches as part of 

quality control. 

 
Table 2: Summary of PEG shedding analysis on LNPs under different storage/stress conditions.  

Sample 
PEG 
form 

Fresh 6 days at 25° 30 days at 25° 
Freeze and 
thaw -80° 

Lyophilization 
and 

reconstitution 

LNP DMPE-
PEG2K 

sucrose 7.5% 

Free 10% D=6.5*10
-10

 17% D=5.2*10
-10

 22% D=1.2*10
-10

 0% 0% 

LNP 90% D=1.1*10
-11

 83% D=1.1*10
-11

 78% D=8.0*10
-12

 100% D=1.0*10-11 100% D=5.5*10
-12

 

D = Diffusion coefficient (m2/s) 
 
 

Freeze-thaw and lyophilization 

LNP formulations are typically frozen or lyophilized for long storage, so we assessed whether the 

attachment of PEG to the particles could be altered by freeze-thaw cycles or lyophilization 

(followed by resuspension). Both freeze-thaw and lyophilization treatments did not result in an 

increase in free PEG in either sample, demonstrating the stability of PEG attachment under these 

conditions (Table 2). An equivalent formulation containing a lower concentration of sucrose (3% 

w/w) as a cryoprotectant was also tested to determine whether the outcome was dependent on a 

specific sucrose concentration. The results were comparable, with no significant release of PEG 

observed. 

 

In-vivo simulation (BSA-induced PEG Shedding) 

In addition to evaluating the stability of formulations under storage conditions, we aimed to 

refine a method for predicting the PEG shedding rate from LNPs once injected. This is crucial 



 

because the rate at which PEG detaches can impact particle targeting in various regions of the 

body, allowing for the tailored design of formulations12. We started our investigation by studying 

an LNP formulation with DMPE-PEG2K, before and after addition of BSA. We expected that the 

protein could trigger the release of PEG simulating the serum environment (Figure 5).  

 
Figure 5: Scheme of PEG release from LNP after BSA addition. The addition of BSA to an LNP solution can simulate 

in vivo conditions by inducing PEG release from the particles. This interaction mirrors the formation of a protein 

corona around LNPs in the presence of serum proteins, thereby promoting PEG shedding. 

 

When analysed alone the LNP formulation exhibited a one-component decay of the PEG integral 

as the gradient strength was applied. However, after the addition of BSA, the decay of the curve 

could be described with a two-component equation, indicating the contribution of another faster 

diffusion species (Figure 6). The resulting diffusion coefficients of the two populations differed 

from one order of magnitude fraction. These two fractions respectively correspond to the LNP 

bound fraction and the free micelles, whose diffusion coefficients are in agreement with the 

values reported in literature (5*10-12 m2/s for the LNP fraction, 5*10-11 m2/s for the micelles) and 

our experiment on a solution of PEG 1% in formulation buffer  which gave D=5*10-11 m2/s9,12,13.  

 



 

 
Figure 6. Fitting analysis of PEG integral along diffusion gradient, before and after addition of BSA. When analyzed 

fresh, the LNP with DMPE-PEG2K exhibited a one-component decay of the PEG integral as the gradient strength 

was applied, with a diffusion coefficient (D) = 7.6*10-12. However, after the addition of BSA, the decay of the curve 

could be described with a two-component equation, indicating the contribution of one faster diffusion species. 

Specifically, 34% with a of 8.0*10-11, attributable to the released PEG, and 66% with D= 7.6*10-12, originated from the 

remaining pegylated lipid attached to the LNP. 

Afterwards, we performed a comparison of the tested LNP solution with another formulation 

that differed only in the length of the pegylated lipid chain: 18-C 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2K). We monitored the 

PEG release after the addition of BSA up to 13 hours. The DMPE-PEG LNP showed appearance 

of a faster diffusion form which progressively increased up to remaining the only one after 13 

hours, indicating complete PEG shedding, while the DSPE-PEG2K LNP remained stable (Figure 

7).  

 



 

 

Figure 7: Percentage of PEG bound to LNP overtime in 14-C DMPE-PEG2K and 18-C DSPE-PEG2K LNPs after 

addition of BSA. Two LNP formulations, differing only in the length of the pegylated lipid chain, 14-C DMPE-

PEG2K and 18-C DSPE-PEG2K, were analysed both fresh and following the addition of 366 µM BSA. These samples 

were evaluated at intervals of 0, 1, 6, and 13 hours after BSA addition. For the 18-C DSPE-PEG2K formulation, the 

percentage of PEG linked to the LNP remained stable around 90%, with minor fluctuations likely attributed to 

experimental variability. In contrast, the 14-C DMPE-PEG2K formulation exhibited a gradual decrease in PEG 

retention, dropping from 90% to 72% after 1 hour, down to 20% after 6 hours, eventually resulting in complete PEG 

release after 13 hours. 

These results are in accordance with previous works that underlined the different PEG release 

for formulations with different lipid chain length in serum. Difference on shedding kinetics 

between 14-C and 18-C pegylated lipids could be explained with the stronger hydrophobic 

interactions which link the longer aliphatic chain to LNP. This should be taken in consideration 

in the LNP formulation design considering the importance of a correct PEG shedding timing in 

the serum for an effective delivery of the cargo. 

We demonstrated compared to the other studies performed so far that it’s not strictly necessary 

to perform the studies in serum, to simulate in-vivo conditions, but it’s possible to gain insights 

into the behavior of the pegylated lipid, just adding to the LNP solution one of the main 



 

components of serum and responsible of the corona formation which is albumin. This can be 

helpful to accelerate the analyses allowing to study LNPs directly in their formulation buffer and 

avoiding the use of serum which can give availability, regulatory and variability issues.  

 

DLS and NTA analysis 

DLS and NTA analyses were employed to evaluate whether these techniques could serve to assess 

PEG shedding by either directly detecting free PEG micelles or indirectly inferring PEG release 

through measuring changes in particle size. First, free standard PEG solutions (1% and 10% w/w) 

were initially analyzed to detect if the polymer micelles were detectable with DLS and NTA.  

The DLS analysis revealed a principal peak between 1 and 10 nm for both 1% PEG and 10% PEG 

solutions, with secondary peaks ranging from 10 to 1000 nm for 1% PEG, and from 100 to 10000 

nm for 10% PEG. The low intensity of these secondary peaks, even when analyzing data by 

intensity which is biased toward larger particles, suggests that these larger populations are 

negligible. In elaboration by number, these larger peaks disappear, showing only the main peaks 

of the smaller populations (Supplementary material). 

NTA analysis was not feasible for PEG solutions, as no particles were detected by the camera, 

likely due to the PEG average size being below the NTA detection limit of 10 nm. 

LNP formulations were analyzed both before and after 13 hours since the addition of BSA (final 

concentration = 366 µM), replicating NMR conditions that induced complete PEG shedding. No 

free PEG was detected in the LNP samples using DLS (Figure 8A) and in NTA neither (Figure 

8B), possibly due to the low concentration and small size relative to the larger LNPs, taking into 

consideration DLS bias towards larger particles when measuring heterogeneous populations. 



 

Both DLS and NTA analysis showed the inability to detect DMPE-PEG2K micelles after PEG 

shedding from LNPs. Nevertheless, a significant increase in the average particle size was observed 

with both techniques (Table 2). This finding aligns with Berger et al. work using NTA, which 

attributed the increased sizing to protein adsorption on LNPs, causing PEG release and leading to 

particle aggregation14. 

            
 
 
 
 
 
 
 
 
 
 

Figure 8: DLS (A) and NTA (B) analysis of LNP size distribution before and after 13 hours since the addition of BSA. 

The size profiles suggested that some particle aggregation occurred after the addition of BSA, likely due to the release 

of PEG. No PEG micelles are detected with both techniques. 

 
Table 2: LNP size before and after 13 hours since BSA addition (366 µM), using DLS 
and NTA. 

 Average Size (nm) 
 LNP LNP + BSA 

DLS 90 104 

NTA 112 136 
 

Cryo-EM 

 
To determine whether PEG shedding alters particle morphology, we analyzed samples previously 

studied using NMR with Cryo-EM. Initially, the LNP formulation was examined alone, revealing, 

as expected a mixed population of particles, some with "blebs" and some without15 (Figure 9A). 

After adding BSA at the same concentration used in the NMR study (366 µM) and incubating 
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overnight, PEG should be nearly completely shed from the LNPs based on NMR results. No 

macroscopic morphological changes are detectable through visual analysis (Figure 9B). We might 

expect to observe PEG micelles, but the acquired images make it challenging to distinguish 

different populations. The presence of black dots caused by the protein is clearly visible, dispersed 

within the matrix. Thus, this technique is not suitable for detecting PEG shedding. 

 

 
 
 
Figure 9: Cryo-EM image panel of LNP formulation with DMPE-PEG2K in absence and after 13 hours of incubation 

(+BSA) with BSA. The granularity aspect (black dots) observed in LNP PEG shed + BSA row represents the free BSA. 

The white scale bar is 100 nm 

 

Conclusions 
This research has provided important insights into the phenomenon of PEG shedding in lipid 

nanoparticles. By refining a PGSE NMR method, we were able to precisely quantify PEG release 

under a variety of conditions. We evaluated PEG stability under different storage conditions, 

A) 

B) 

LNP 

LNP + BSA 



 

observing modest PEG shedding at 25°C over the span of one month. This finding raises concerns 

about the stability of PEG throughout the entire drug product manufacturing process, as shedding 

can occur even in the absence of serum or protein interactions. In contrast, PEG attachment 

remained stable following freeze-thaw cycles and lyophilization, indicating that these long-term 

storage methods for LNPs do not compromise PEG linkage. In addition, we confirmed that PEG 

shedding rates are significantly influenced by the chain length of the PEGylated lipids, through 

the addition of BSA to LNPs in their formulation buffers, providing a quick and easy method to 

predict behavior of LNPs in serum, which can support a rational design of formulations. 

Conventional methods such as DLS, Nanoparticle Tracking Analysis (NTA), and Cryo-EM did 

not detect PEG release, highlighting the unique sensitivity of NMR in monitoring this process. 

These findings underscore the importance of integrating PEG shedding assessments into standard 

quality control protocols to ensure consistent batch performance and stability. Future studies 

should explore how various formulation parameters, including lipid composition and buffer 

characteristics, influence PEG release under different storage or stress conditions, thereby 

advancing our understanding and enabling the rational design of LNPs. 
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Figure S1: DLS profile by intensity of PEG 1% solution in water. The main population appears between 1 and 5 nm, 

with secondary peaks at approximately 50 nm and 500 nm. The low intensity of these secondary peaks, considering the 

bias of DLS toward larger particles, suggests that these larger populations are negligible. 

 
Figure S2: DLS profile by number of PEG 1% solution in water. The secondary peaks visible by intensity are not 

observed, confirming that the effective size of particles ranged between 1 and 5 nm.  

 



 

 
Figure S3: DLS profile by number of PEG 10% solution in water. The main population appears between 1 and 10 nm, 

with secondary peaks between 100 nm and 10000 nm. The low intensity of these secondary peaks, considering the bias 

of DLS toward larger particles, suggests that these larger populations are negligible. The general increase in size for this 

PEG concentration compared to 1% could be due to the formation of more and larger PEG micelles.  

 

 

Figure S4: DLS profile by number of PEG 10% solution in water. The secondary peaks visible by intensity are not 

observed, confirming that the effective size of particles ranged between 1 and 10 nm.  

  



 

5 Conclusions and future perspectives  
 
Throughout this research project, we contributed to advancing characterization of pharmaceutical 

delivery systems, with a particular focus on liposomes, lipid nanoparticles (LNPs), and red blood 

cells (RBCs).  

In the first study, we developed and refined NMR-based methods for quantifying lipids in liposome 

formulations. Using DMF as an internal standard provided high accuracy and precision when 

analyzing standard mixtures that reproduce the complex liposome environment. Additionally, the 

PULCON NMR method, which is based on an external standard, was adapted for lipid quantification 

to improve reproducibility and consistency. This is particularly beneficial for industrial applications 

that require the analysis of numerous samples. Liposome solutions were also evaluated using UPLC-

ELSD, which showed comparable results to NMR, thereby validating NMR as a viable and efficient 

alternative for lipid quantification. NMR emerged as a robust, efficient, and reproducible technique, 

offering significant advantages, including speed of analysis. This approach does not require the 

construction of calibration curves and relies on a single reference, simplifying the analysis process. 

It provides a streamlined solution to assess and optimize lipid compositions throughout the 

manufacturing process. 

Next, we demonstrated the preservation of the protein HOS upon erythrocyte encapsulation. The 

analysis carried out on two enzymes and a carrier protein, different for molecular weight, structure, 

and function, shows that all the proteins retain their native structural features. This finding is crucial 

for ensuring stability and biological effectiveness, guiding the optimization of encapsulation 

protocols. Additionally, a semi-quantitative analysis of ANSII was conducted by comparing the 

intensity of enzyme signals from a free standard solution with the spectrum of the encapsulated 

enzyme. This approach has the potential to be applied to other cargos, including small molecules and 

nucleic acids, allowing for in-situ rapid characterization of complexes typically formed from patient 

blood through automated dialysis. This study supports the development of red blood cells as novel 

smart delivery systems and underscores the suitability of NMR to study biologics in complex 

environments that resemble physiological conditions.  

Additionally, this research shed light on the phenomenon of PEG shedding in lipid nanoparticles. 

Through the refinement of PGSE NMR techniques, the study successfully quantified PEG release 

under various conditions. Notably, we confirmed that PEG shedding rates vary substantially based 

on PEGylated lipid chain length, underscoring the necessity for careful consideration in LNP 



 

formulation design to balance circulation stability with effective cellular delivery. We also explored 

PEG stability under various storage conditions, noting slight PEG shedding at 25°C over a month 

novel finding that indicates shedding can occur outside serum environments. However, PEG 

attachment remained stable after freeze-thaw and lyophilization processes. Complementary 

techniques such as DLS, Nanoparticle Tracking Analysis (NTA), and Cryo-EM were unable to detect 

PEG release, underscoring NMR unique capability to reliably observe this phenomenon. These 

insights suggest the necessity of integrating PEG shedding assessments into routine quality control 

to ensure consistent batch efficacy and stability. Future research should focus on examining various 

formulation parameters that affect PEG release, including lipid composition and buffer type, under 

different storage or stress conditions. This will enable us to understand the factors that influence this 

phenomenon and provide new insights for the rational design of LNP. 

Our findings highlighted several strengths of NMR when studying pharmaceutical delivery systems 

compared to other analytical methods. One major advantage is its atomic resolution, which is essential 

for obtaining detailed information on specific components within complex formulations. This was 

evidenced by NMR ability to resolve individual peaks for quantifying each component in liposomes 

and for the specific analysis of PEG in LNPs. Another key strength is that NMR is a non-destructive 

technique capable of examining encapsulated cargo under full formulation conditions; it can even 

mimic the physiological environments in which a biomolecule is meant to function, as demonstrated 

in our study of enzymes encapsulated in red blood cells. Additionally, the versatility of NMR allows 

for a comprehensive analysis of diverse delivery systems. The abundance of information that NMR 

can provide is wide, ranging from the quantitative information on individual components to insights 

into architecture, structural features, and dynamic aspects related to functional performance, as 

illustrated by our research. However, it’s always advisable to integrate into the analytical workflow 

complementary techniques to validate data and address certain intrinsic limitations, such as 

sensitivity. 

Overall, advanced NMR techniques were successfully applied to explore relevant delivery systems 

in depth, optimizing analytical tools for quality control and enhancing our understanding of their 

structural and morphological properties. Continuing to enhance NMR methodologies in the future 

could profoundly shape the rational design and quality control of next-generation delivery systems 

for biologic drugs. 
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