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Abstract

A new approach to detect membrane proteins.

Ida Styffe 

Membrane proteins are essential to the function of biological systems. The ability to
map the placement and abundance of these proteins can facilitate several
improvements within both medicine and biology. This project aims to construct a new
method to map specific membrane proteins in tissue by loading marker molecules
into liposomes decorated with targeting molecules for detection in mass
spectrometry imaging (MSI). Loaded liposomes decorated with targeting molecules
would make detection of one individual membrane protein possible in the MSI.
 
This project resulted in a loading protocol of the marker molecule
n-methyl,n-ethylbenzylamine (EMBA) into liposomes. The initial loading of EMBA
could be determined to be higher than the detection limit of EMBA in solution using
MSI. However, due to leakage, mainly during the post insertion during decorating of
the liposomes, the amount of loaded EMBA is decreased which made the detection of
liposomes in the MSI more difficult. The investigation of the possibility do detect a
single loaded liposome in the MSI instrument was carried out both in solution and
immobilised. Preliminary results show that EMBA from the loaded liposomes can be
detected in the MSI. The immobilization technique needs further refinement due to
disruption of the liposome layer as a result of drying during MSI measurements.
 
The obtained results are a great advancement towards a new technique to map
membrane proteins in actual tissue using a liposome system and MSI.
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Populärvetenskaplig sammanfattning  
Laddning av markörer som en metod vilken ger en möjlighet att se specifika molekyler i 

människokroppen på bild. Att hitta en nål i en höstack! 

Att förstå människokroppen är ett intresse som funnits i 100tals år och fortfarande är otroligt 

viktigt. Även om mycket redan är känt finns det delar av kroppen som är outforskade där mer 

kunskap kan leda till stora framsteg inom bland annat läkemedelsforskning. Projektet som 

redovisas i denna rapport har som mål att utveckla en metod som ska kunna hjälpa till med att 

förstå celler och vävnad, deras uppbyggnad och därmed människokroppen i sig. Metoden 

består av markörer som särskilt fäster vid ett specifikt mål. Dessa markörer kan sedan 

detekteras av en specifik teknik som kan avbilda små delar av vävnad. Detta skulle kunna leda 

till detektion av specifika sjukdomar och vidare forskning i framtiden samt en möjlighet att se 

specifika molekyler i människokroppen på bild.   Människokroppen består av många olika 

vävnader, ett exempel på en vävnad är en muskel men även hjärnan består av vävnad. Vävnad 

är de levande delarna av kroppen och all vävnad består av celler. Celler är uppbyggnaden till 

allt i kroppen och dessa celler kan variera i egenskaper och utseende beroende på var i 

kroppen de finns. Det yttre lagret av en cell är ett membran, i membranet finns det till största 

delen molekyler som kallas lipider och även kolesterol men det finns också 

membranproteiner. Membranproteiner är viktiga bland annat för att de kan hjälpa cellen med 

transport ut och in från cellen samt att de fäster cellen till omgivningen. Att 

membranproteinerna finns på specifika positioner i cellen och är fungerande är därför viktigt 

för att kroppen skall fungera korrekt. Exempel på sjukdomar orsakade av icke fungerande 

membranproteiner är bland annat vissa hjärt-och kärlsjukdomar samt färgblindhet. Dessa 

membranproteiner är målet som markörerna skall fastna på med denna metod.  

Markörerna i metoden är liposomer vilka är ihåliga sfärer som är gjorda av samma material 

som membranet runt cellerna i människokroppen består av. Dessa ihåliga sfärer kan sedan 

fyllas med olika substanser, exempelvis läkemedel, vilket är något som används idag främst 

för cancerbehandling. Inom detta projekt är tanken att fylla liposomen med en 

markeringsmolekyl som är mycket tydlig i den tänkta analysmetoden. På dessa liposomer ska 

det också fästas ett ankare som skall fastna på ett specifikt membranprotein, detta är en 

välbeprövad metod inom läkemedelsindustrin.  

Analysmetoden i detta projekt heter Mass Spektrometri Imaging, i denna metod tar man bilder 

av det kemiska innehållet i ett material. Genom masspektrometri sorteras innehållet i det som 

analyseras med avseende på vikten och laddningen. Den markeringsmolekyl som används i 

denna metod har därför en välkänd vikt och kan enkelt bli laddad. Denna analys utförs på 

många individuella punkter och dessa punkter sätts sedan ihop till en bild. I dessa bilder ges 

specifika molekyler en färg för att se hur mycket av molekylerna som finns representerade i 

det som avbildas.  
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Målet var att finna en metod där markörer fyllda med en markeringsmoleklyl som kan märka 

ut specifika membranproteiner för att kunna avbilda en vävnad. Resultatet från detta projekt 

var utvecklandet av en ihålig sfär som fylls med markeringsmolekyler. På ytan av denna 

ihåliga sfär fästes sedan ett ankare som fastnar på ett specifikt membranprotein. I projektet 

bestäms även hur mycket av markeringsmolekylen som måste finnas i markören för att kunna 

se den tydligt på bilderna. Metoden anses lovande men mer arbete krävs för att kunna 

använda den för analys av membranproteiner. Andelen markeringsmolekyler måste ökas och 

det målsökande ankaret måste arbetas vidare med. Men det finns en reell möjlighet att i 

framtiden kunna avbilda specifika molekyler i vävnad med denna metod vilket är som att hitta 

en nål i en höstack.  
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List of Abbreviations 
Cryo- TEM  Cryo Transmission Electron Microscopy  

DLS   Dynamic Light Scattering 

DSPC  1,2-distearoyl-sn-glycero-3-phosphocholine 

DSPE-PEG2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[(polyethylene glycol)-2000] 

DSPE-PEG5000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[(polyethylene glycol)-5000] 

EMBA  N-methyl,N-ethylbenzylamine  

HBS  Hepes Buffered Saline  

HEPES  4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid 

LPL  Lipid-PEG-Ligand 

MALDI  Matrix-Assisted Laser Desorption Ionization 

MBA  N,N – dimethylbenzylamine   

MS  Mass Spectrometry  

MSI  Mass Spectrometry Imaging  

Nano- DESI  Nanospray Desorption Electrospray Ionization 

SIMS  Secondary Ion Mass Spectrometry  

QCM-D  Quarts crystal microbalance with dissipation monitoring    
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1 Introduction  
This is a project aiming to assist mapping of membrane proteins in immobilised living cells. 

This can lead to a possibility to determine the amount and placement of the membrane 

proteins in actual tissue in a more efficient way than presently. Membrane proteins play a key 

role in biological systems and are therefore interesting to study [1]. Membrane proteins in the 

human body are responsible for many important cellular functions that we would not survive 

without. Faulty membrane proteins can also be the cause of several severe diseases. Despite 

the obvious importance of membrane proteins, there are still many blanks in the knowledge of 

membrane proteins such as the folding in the membrane, the immediate surrounding in the 

membrane and suitability as drug targets [1]. One reason to the incomplete knowledge 

concerning membrane proteins is that it is difficult to investigate them in their native 

environment. 

The main possibilities with the method developed in this project could be: 

- Mapping the position of one specific membrane protein in tissue. 

- Mapping the abundance of membrane proteins.   

- Mapping the molecules present around the interesting membrane protein to determine 

the surrounding it requires for functioning.  

- Investigate the membrane proteins in their native environment where the proteins have 

not been disturbed.  

This information can give rise to the understanding of how and where membrane proteins are 

located in the cells. The information attained could also provide an explanation on how 

certain membrane proteins work. This in turn could lead to progress within both biology and 

medicine.  

There are several different methods already available to determine the amount of different 

membrane proteins. But there are very few detection methods that are precise enough to 

detect a single membrane protein in a larger sample [2]. Mass spectrometry imaging (MSI) 

can detect the molecules surrounding the membrane proteins but not the membrane proteins 

themselves [3]. The method for membrane protein detection investigated may be able to 

produce new information concerning the placements of the membrane proteins and their 

surroundings. In addition this method could possibly be faster and therefore more cost 

efficient than other methods.   

The idea to use liposomes as a marker origins from research of liposomes as drug delivery 

systems. Liposomes have great potential as drug delivery systems due to the possibility of 

loading the liposomes with different drugs and also to be made protein specific [4]. The 

detection will be done using MSI which is a technique that has proven useful in the study of 

different tissues. In this project the liposomes will be loaded with a molecule easily detected 

with MSI to enable membrane protein detection. The studies with MSI on tissues have made 

it possible to determine were in different tissues certain molecules such as metabolites and 

lipids are more abundant [3]. To combine loading of liposomes and targeting of liposomes, 

there is a possibility to investigate the abundance of certain membrane proteins in specific 

tissues, their placements and its surroundings. This could be used both to detect illness 

correlated to certain molecules in the membranes but also to increase the understanding of 

were certain molecules are present and why.   
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2 Background and theory    

2.1 Membrane Proteins 
Membrane proteins are proteins that are part of biological membranes or interact with them. 

The main reason for studying membrane proteins is their effect on diseases and role within the 

pharmacological industry. Diseases that are connected to faulty membrane proteins are for 

example cardiac diseases, neurological diseases, cystic fibrosis and colour blindness [1]. 

Membrane proteins are of great importance in the pharmaceutical industry because many 

drugs interact with membrane proteins at some point. Examples of important membrane 

proteins are ion channels which transport mainly K+ and Na+ ions between different sides of 

membranes and ATP driven transporters that can accumulate the energy from the ATP to 

push substrates over membranes [1].  

There are three main types of membrane proteins divided according to functions which are 

receptors, transporters and enzymes [5]. More specifically a receptor is a protein that mediates 

a cellular response on binding of a ligand. These receptors are then the pathway for 

attachment to neighbouring cells and the extracellular matrix. Transport proteins perform the 

movement of a substrate across membranes of essential molecules such as ions, RNA and 

different proteins across the membranes. This transport is executed by utilizing 

electrochemical gradients or energy from chemical reactions. Some membrane proteins have 

the ability to catalyse chemical reactions and these are called enzymes [5] [1]. These functions 

together make it possible for membrane proteins to propagate electrical signals and also send 

and receive chemical signals, initiate the transport in and out from cell, control the leakiness 

of the cell and the growth potential of cells [1].  

Today many things are known about the membrane proteins as concerning the amount of 

membrane proteins and what they are built up of. However more knowledge of the placement 

of and molecular surroundings of membrane protein in tissue is still of great interest [1].  Also 

some of the less common membrane proteins are of great interest and are hard to examine 

using the techniques available today.  

2.1.1 Membrane protein mapping  

To detect membrane proteins there are several different techniques available that have been 

studied and used to a great extent [1].  Mapping the position and abundance of one single 

membrane protein in tissue is less explored and harder to achieve. Mapping of membrane 

proteins is today mainly done using fluorescence microscopy techniques. Proteins can be 

detected using fluorescent microscopy with fluorescent markers both in living and fixed cells 

[6]. The basis of fluorescence microscopy is markers, protein targeting and then detection of 

the fluorescence.  

Mapping of membrane proteins using fluorescent marking is similar to the method proposed 

in this project on how targeting of membrane proteins is performed. The different possibilities 

for protein targeting is antibody labelling and genetic tags which could be the same as used in 

the method investigated in this project. The marking and the mapping techniques of the 

membrane proteins, however, is not the same in fluorescent microscopy as in the proposed 

method. The detection of the marked liposomes is done using fluorescence measurements. 

There are several different techniques to detect fluorescence and it can be done in 

combination with electron microscopy for imaging of the membrane protein placement [7]. 

Common markers in fluorescence microscopy for protein detection are called fluorophores 
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and examples of these are fluorescent dyes, fluorescent proteins and quantum dots [2]. 

Fluorescent dyes are small organic molecules that are commonly used due to that many of 

them are commercially available and possible to attach to many antibodies. Quantum dots 

which are nanocrystals typically containing a core of CdSe or CdTe and a shell of ZnS. These 

markers are very exact and thereby efficient [2]. Fluorescent proteins is also a common 

marker for membrane proteins which can be both natural and synthetic [7].    

2.2 Liposomes  
Liposomes are structures built up by lipids, which are 

amphiphilic molecules that have a hydrophilic head and 

hydrophobic tails. These lipid molecules can be dissolved in 

water up to critical monomer concentration. This 

concentration depends on temperature and several different 

properties such as the length and size of the tail and head of 

the lipids. When the concentration rises above the critical 

monomer concentration, the lipids self-assemble into 

structures that are supramolecular. There are several possible 

supramolecular structures such as micelles, lipid bilayers and 

cubosomes depending on the lipid [8]. Which supramolecular 

structures the molecules form depends mainly on the 

curvature of the molecules. The curvature depends mainly of the structure of the lipid such as 

the head area and the tail length [8]. Supramolecular structures assemble together due mainly 

due to the hydrophobic effect [8].  

In this report lipid bilayers are the main point of interest especially the lipid bilayer arranged 

as a sphere with an aqueous inner compartment which are called liposomes [9]. Liposomes 

are closed spherical structures formed by lipid bilayers that have an inner compartment of 

aqueous solution [8] se figure 1. The liposomes can be multilamellar where each liposome 

contains more liposomes within themselves but liposomes can also be unilamellar and contain 

only one liposome see figure 2.  

Lipid bilayers can exists in both a fluid state and a gel 

state. In the fluid state the temperature is above the 

phase transition temperature and below the phase 

transition temperature the bilayers will be in the gel 

state [4]. Liposomes in the fluid state will be more 

permeable to other molecules. Due to leakage, 

liposomes in a gel state are often more desirable for 

many applications of liposomes.   

To create liposomes suitable for specific applications, 

certain molecules can be added. PEG chains can be added to the liposomes to stabilise the 

liposome and prevent multilamellar liposomes due to steric hindrance. Another molecule 

commonly added to liposomes is cholesterol. This due to that cholesterol makes the liposome 

walls more rigid and facilitate the liquid ordered state. The liquid ordered state is a fluid state 

but less permeable to water [8].  

One of the most important applications of liposomes are as drug delivery systems. The 

biocompability is one important factor for the usage of liposomes as a drug delivery system, 

Figure 1. Image of half a liposome in 

3D  

Figure 2. Schematic image of a unilamellar 

liposome A and a multilamellar liposome B. 
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the other main reasons are the loading possibility and the possibility for targeting. Liposomes 

are built up by phospholipids which are common in different biological membranes and make 

liposomes biocompatible in general [8]. The combination of loading the inner compartment 

with drugs and then making the whole liposome targeting leads to the possibility of liposomes 

filled with a drug to be transported to a specific place were the drug is released and thereby 

reduce the amount of drugs needed to attain the requested effect [4]. The combination of drug 

loading and targeting makes targeted treatment possible using liposomes.  

2.2.1 Loading of Liposomes   

The loading of molecules into liposomes can be done in different ways depending on the 

properties of the molecule. Lipophilic molecules can be loaded into the lipid bilayer, 

amphiphilic molecules can be loaded at the surface of the bilayers and hydrophilic molecules 

can be loaded into the aqueous core of the liposome [4]. The loading of hydrophilic molecules 

can be done using either passive or active loading procedures. Passive loading is when the 

loading is done without any additional steps in the preparation technique. The loaded amount 

is usually low using a passive loading technique comparing to active loading. Active loading 

is generally done using some kind of transmembrane gradient between the inside of the 

liposome and the outside of the liposome [4].  

The loading procedure of interest in this project is the loading of a hydrophilic molecule 

within the inside of the liposome. The actual loading procedure tried is a pH gradient as first 

described by Mayer at al 1986 [10]. The pH gradient is created by assembling the liposomes 

in an acidic environment followed by a buffer exchange to a higher pH outside of the 

liposomes. This will facilitate the movement of the molecule of interest across the membrane. 

As can be seen in figure 3 an unprotonated molecule can get transported across the membrane 

to the more acidic inside of the liposome. In the more acidic pH inside the liposome, the 

molecule gets protonated and cannot travel back through the membrane. The protonated 

molecule can then form a precipitate with the counter ion within the acidic inside of the 

liposome. As the molecule precipitates, the pH gradient is contained and the transport across 

the membrane is contained. The pH gradient between the outside and the inside of the 

liposome can in some cases lead to trapping efficiencies up to 98% [10].   

  

Figure 3. Schematic figure of the loading procedure used in this project using EMBA. The EMBA is transported across the 

membrane inside the liposomes the EMBA gets protonated due to the acidic pH inside the liposome, EMBA then forms a 

precipitate within the liposomes. 
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2.2.2 Targeting of Liposomes   

Liposomes can achieve targeting properties in several different ways and the targeting is 

usually classified by active targeting or trigger based targeting. Trigger based targeted 

liposomes are liposomes that release the loaded molecule due to outside stimuli. There are 

several different stimuli that are used for triggered release depending on the actual tissue such 

as pH or enzymes. Release can also be attained due to outside stimuli such as for example 

ultrasound or heat [4]. In this report the interest is rather focused on active targeting of the 

liposomes towards a specific membrane protein.  

Active targeting liposomes have site-directing ligands on the surface of the liposomes. These 

site-directing ligands bind or in other ways interact with the proteins of interest. Typical site-

directing ligands are antibodies, carbohydrates, peptides, receptors and oligonucleotides [11]. 

These site directing ligands target different sites in the tissues depending on their properties. 

The site directing ligands can be added to the liposomes using different methods depending 

on the ligand in question. Examples of binding of ligands to liposomes are surface absorption, 

covalent bonding either to lipids or PEG, coupling with avidin – biotin and post insertion 

[11].  

Post insertion is a technique for ligand targeting that is interesting for this project. In post 

insertion, the ligand is attached to a PEG chain coupled with a lipid. The ligand-PEG-LIPID 

molecule (LPL) forms micelles which then are incubated together with the liposomes of 

interest. The LPL is then incorporated into the liposomes and the lipid serves as an anchor that 

makes the LPL stick to the liposomes [12]. This post insertion technique is schematically 

explained in figure 4.    

 

Figure 4. A schematic image of the post insertion technique. The black rectangle symbolises the incubation with two LPL 

micelles and an untargeted liposome. After incubation the LPL molecules have transferred into the liposomes and the end 

result is as can be seen at the right side of the figure.  
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2.3 Mass Spectrometry  
Mass spectrometry (MS) is an analytical technique that provides information of the molecules 

in a sample. To be able to use MS the molecules need to be ions or charged fragments. The 

main principle of the mass spectrometer is ionization or fragmentation of the sample followed 

by separation and detection. The detection will result in a mass spectrum with intensity as a 

function of the mass/charge ratio.  A schematic image of the MS is shown in figure 5.  

The sample of interest can be ionized or fragmentized by different ways but the two main 

ways are electron ionization or chemical ionization. The separation of the ions will depend on 

the mass/charge ratio and be done using time-of-flight, ion mobility or quadruple mass 

spectrometer. The detector will then detect the ions and create a mass spectrum [13].  

 

Figure 5. A schematic image of mass spectrometry containing the three main steps within the MS and then the result of the 

analysis as mass spectrum. The dots represents molecules of different weights and the same charge the molecules then gets 

separated according to this and gives rise to different peaks in the mass spectrum.  

2.3.1 Mass Spectrometry Imaging  

Mass spectrometry imaging is a technique that provides molecular information images were 

metabolites, lipids and peptides are possible to detect. The result of this method is an image of 

where in the tissue these molecules can be found. 

Different points of the sample are investigated using 

mass spectrometry in a specific manner. These points 

are then summoned to an image using different kinds of 

filters and software, and the abundance detected creates 

colour in the images [14].  

There are three main techniques that are used in MSI 

that differ in the ionization mechanism. Independent of 

the ionization mechanism, different kinds of mass 

spectrometers and software can be utilised.  

Secondary ion mass spectrometry (SIMS) is one of the 

most common ionization techniques. SIMS consists of a 

spray of high energy primary ions, this also leads to a 

substantial amount of fragmentation of the sample 

additional to the ionization. The high amount of the 

Figure 6. The two fused tubes in the Nano- 

DESI instrument were the solvent dissolves the 

sample and brings it into the MS. 
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fragmentation leads to a lower spectral resolution compared to other techniques but the spatial 

resolution is high in comparison to the other techniques [14]. Matrix-assisted laser desorption 

ionization (MALDI) is another technique for ionization in MSI. In MALDI, a laser beam is 

used as an energy source and the sample is covered with a matrix adjusted to the sample in 

question. The reason for using the matrix is that when applying the laser, the matrix ionizes 

first after which these ions ionize the sample. This leads to less fragmentation of the samples 

using MALDI as compared to SIMS. Both these techniques need high vacuum and quite 

extensive sample preparation [14].  

The third major ionization technique is Nanospray Desorption Ionization (nano-DESI) which 

is the technique of interest for this project. For nano-DESI no vacuum is needed and therefore 

the sample preparation is simple. Nano-DESI is build up by two tubes fused together with a 

solvent that is rinsed through. The tubes are then subjected to an electric voltage. The two 

tubes fused together are schematically shown in figure 6. The solvent hits the sample from 

one of the tubes and dissolves the analyte that divides into charged droplets which are carried 

through the second tube to the mass spectrometer inlet. Nano –DESI is a surface sensitive 

technique with good spatial resolution (better than 12µm) and has a simple sample 

preparation combined with a high detection efficiency making Nano-DESI a very promising 

technique [15].   

2.4 Cryo TEM 
Cryo transmission electron microscopy (CryoTEM) is an important tool in studies of 

structures in liquid phases. The technique is based on electron microscopy on a rapidly frozen 

film where the sample is vitrificated. The samples are made in a thickness that is suitable for 

TEM which the samples are then subject to. The contrast in the images derives from the 

difference in electron density between the different constituents in the studied sample. Using 

the most common setup, the smallest dimensions that will 

be possible to detect is about 5 nm and the largest objects 

is limited to about 500 nm due to limitations of the film 

thickness. [16].  

Image analysis has a few major challenges, one of which 

is that 3-D structures will be turned into 2-D images as 

shown in figure 7. Other issues during image analysis is 

background intensity (due to for example film thickness), 

different optical effects and size distribution. The 

thickness variation of the film will lead to that a certain 

sorting according to size will occur in the film. The larger 

molecules will be drawn to the edges and the smaller will 

be located in the middle. Also structures of different shapes 

will be drawn to different places in the film due to thickness differences. [16].   

CryoTEM is an important tool in the study of liposomes due to the possibility to see the 

structure, size and morphological properties of the liposomes. Especially after encapsulation 

of drugs or other substances, cryoTEM is a powerful tool. The drug encapsulation can be seen 

if the electron transmission change after loading of a liposome. Particularly if a drug 

crystalizes within the liposome, a clear difference could be visible [16].  

 

Figure 7. How the liposomes look in the 

sample in 3D and in the Cryo-tem image 

in 2D. 
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3 Scope of the project  
The aim of this project is to be able to detect membrane proteins using a liposome system and 

MSI. The liposome system will be protein-specific liposomes loaded with a marker molecule 

easily detectable in MSI. These protein- specific molecules will then attach to membrane 

proteins in immobilised cells and make them easily detectable using MSI.  

The project can be summarised in three main goals:  

- Development of loading protocol to load liposomes with marker molecules that are 

easily detected in MSI.  

- Attachment of a suitable targeting molecule to the outer part of the liposome. 

- Determination of the limit of detection for the loaded liposomes in the MSI. 

To enable loading of this marker molecule, the first step in the project is a protocol to produce 

large unilamellar liposomes suitable for loading. After determining a liposome preparation 

technique, a loading protocol for loading of the liposomes with the marker molecules is the 

next step. To evaluate the quality of the loading protocol, the properties of the loaded 

liposomes such as leakage, size and loading capacity need to be investigated. There are many 

different loading procedures that are available and optimised that can serve as a basis for the 

loading of the marker molecule [4]. The possibility of the attachment of a suitable targeting 

molecule to the outer part of the liposome must be investigated. To facilitate the detection of 

loaded liposomes in MSI, the amount of marker molecules needed for detection has to be 

determined. Also the possibility of detection of one single loaded liposome is essential.   
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4 Method  

4.1 Material  
Powdered Cholesterol, Citric acid, 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid 

(HEPES), Ascorbic acid, NaCl and MBA were purchased from Sigma Aldrich (Darmstadt, 

Germany). EMBA was purchased from abcr (Karlsruhe, Germany). Powdered 1,2-distearoyl-

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

[(polyethylene glycol)-2000] (DSPE-PEG2000) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[(polyethylene glycol)-5000] (DSPE-PEG5000)  were purchased from 

Avanti Polar Lipids (Alabaster, AL, USA). Sulfuric acid, Kaliumantimon-(III)-oxidatrat-

hydrate (K(SbO)C4H4O6·5H2O) and Ammoniumheptamolybdat-tetrahydrat 

(NH4)6Mo7O24·4H2O) were purchased at Merk KGaA (Darmstadt, Germany). Water used was 

deionized water from a Milli-Q system (Millipore, Bedford, Ma, USA). 

4.2 Liposome Preparation 
Liposomes were prepared with DSPC, cholesterol and DSPE-PEG2000 at a molar ratio of 

59:40:1. Lipsomes were prepared using a lipid film hydration method [17] as described by 

Fondell et al [18]. In brief, the lipids and cholesterol were dissolved in chloroform and then 

the chloroform was evaporated using a gentle stream of nitrogen. The lipid film was then 

further dried in a vacuum chamber overnight. The lipid film was hydrated in 1mL citric buffer 

(300 mM citric acid, pH 4) and heated to 70°C, the lipid concentration is roughly 25 mM. The 

dispersion was then frozen in liquid nitrogen and thawed at 70°C repeatedly 5 times. The 

liposome solution was then extruded 31 times through a single membrane filter with a pore 

size of 200 nm (Whatman Inc. Nucleopore, Newton, MA, USA) using an Avanti Mini-

extruder (Avanti Polar Lipids Inc., Alabaster, AL, USA).  

4.2.1 Final Liposome Concentration  

The concertation of liposomes in the final solution of loaded liposomes was determined using 

phosphorous analysis. The phosphorous analysis was performed using the method described 

by Paraskova et al with the exception that the digestion only consisted of dry ashing [19]. In 

brief, aliquotes containing 10-50 nmol was taken from the solution of interest and were dry 

ashed at 550°C at least 4 hours. The ashed samples were then dissolved in 4 ml water and 

then 1ml of the detection solution (a mixture containing 30% C6H6O6 (0.1 mM), 5% 

K(SbO)C4H4O6·5H2O (1mg Sb/mL), 15% (NH4)6Mo7O24·4H2O (4% mass) and 50% 2,5 M 

H2SO4) was added and the mixture was rested for at least 15 minutes. The phosphor content 

was then measured using absorbance measurements at 882 nm using a HP 8453 UV-vis 

absorbance spectrometer (Hewlett Packard, Böblingen, Germany). 

4.2.2 Size Distribution of Liposomes  

Size distributions of all prepared liposomes was determined using Dynamic light scattering 

(DLS) using a NICOMP 380 ZLS Zeta potential/Particle Sizer (PSS NICOMP, Santa Barbara, 

CA, USA).   
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4.3 Liposome Loading  

4.3.1 Precipitation and Solubility Assessment  

To enable loading there are some demands on the behaviour of the marker molecule in 

relation other substances. To be able to use a pH gradient protocol there has to be an acidic 

buffer that induces the precipitation of the marker molecule and a basic buffer where the 

marker molecule is soluble. To be able to use the molecules in physiological conditions, the 

behaviour of the marker molecules will also be investigated in a Hepes buffered Saline HBS 

(Hepes 10mM, NaCl 150 mM, pH 7,4).  

The precipitation and solubility evaluation of MBA, EMBA and each of the counter-ions 

(Borax, NaCl, Hepes and citric acid) was done visually to see if a precipitate is formed. For 

the system citric acid/MBA and citric acid/EMBA the precipitation conditions were further 

investigated using absorbance measurements (Hewlett Packard, Böblingen, Germany) to 

determine molar ratios for precipitation and solubility limits. 

4.3.2 Loading Procedure   

The liposomes were loaded with MBA and EMBA 

respectively using the pH gradient protocol described 

by Mayer et. al. [10]. The pH gradient was created 

by exchanging the Citrate buffer (300 mM, pH 4) 

outside the liposomes to a Borax buffer (75mM, pH 

9,4) using a sephadex 25 column (GE healthcare 

Uppsala, Sweden). The liposomes in the Borax 

buffer were then preheated to 40°C.  

Marker molecule solutions were prepared by 

dissolving marker molecules in MQ water. The 

MBA solution was prepared so that the final 

concentration in comparison the liposome solution 

was 3.25:1 MBA to liposome. The EMBA solution 

was prepared so that the final concentration in 

comparison the liposome solution was 1.215:1 

EMBA to liposome.  

Loading was then performed by adding a preheated marker molecule (EMBA, MBA) solution 

dropwise during gentle mixing. The mixed solution was then heated for 30 minutes with 

gentle vortex mixing occasionally. The MBA solution was mixed with the liposome solution 

at a 1:1 volume ratio and the EMBA solution was mixed with the liposome solution at a 

volume ratio 2:1.   

When the loading was done, the borax buffer outside the liposomes was exchanged to HBS 

using a sephadex 25. The loading procedure is schematically shown in figure 8. As a control, 

unloaded liposomes were investigated. These liposomes were treated in the same manner as 

the loaded with the exception of instead of loading with a marker molecule, the same amount 

of Borax buffer was added at the loading stage.  

Figure 8. A schematic figure of the loading 

procedure of liposomes with the Marker molecules. 

A, is liposomes in citric buffer. B, the outside buffer 

is exchanged to borax buffer, C, the liposomes are 

then loaded with marker molecule by addition of 

Marker molecule solution and utilizing a pH 

gradient.  D, the outside buffer is exchanged to 

HBS. 
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4.4 Loading of EMBA in Liposomes  

4.4.1 Determination of Non-encapsulated EMBA    

To determine the amount of non-encapsulated EMBA, the liposomes were investigated at 

different stages. The amount non-encapsulated EMBA was used to determine leakage and 

loading efficiency. The sample extraction was performed at different times depending on 

which property was correlated to the amount of non-encapsulated EMBA outside of the 

liposomes. Samples for the determination of loading efficiency was extracted from borax 

buffer instantly after the loading. To determine the leakage over time, fractions of the final 

solution of loaded liposomes in HBS were taken out instantly and after 12, 24 and 48 hours.  

All samples were treated in the same way, a volume of 500 µL was transferred to an Amicon 

ultra centrifugal filter device with a cut off 100k Daltons (Merck Millipore LTD, Cork, 

Ireland). The sample was then centrifuged at 8000g for 5 minutes. After the first 

centrifugation, 300 µL of the surrounding buffer was added and the sample was again 

centrifuged at 8000g for 5 minutes. The concentration of EMBA in the separated liquid was 

then determined using absorbance measurements at 261 nm using a UV-vis absorbance 

spectrometer. 

Leakage caused by the centrifugation was determined using a sample of liposomes straight 

after loading, with the buffer exchanged to borax buffer to ensure that no EMBA will be 

present outside the liposomes in the liposome solution followed by the centrifugation scheme 

described above. The leakage caused by the centrifugation was determined to 4% of the initial 

loading.   

4.4.2 Determination of Encapsulated EMBA  

To complement the investigation of loading of EMBA in the liposomes, determination of 

EMBA encapsulated within the liposomes was needed. The EMBA content was determined 

by dissolving the liposomes in methanol at volume 1:1 methanol liposome solution followed 

be measurement of the absorbance at 261 nm using a UV-vis absorbance spectrometer. 

4.4.3 Post Insertion   

Post insertion is a method to achieve ligand addition to liposomes. The technique is based on 

the method described in [12]. A PEG micelle solution were prepared for DSPE-PEG2000 and 

DSPE-PEG5000 individually by dissolving PEG in HBS during stirring at 60°C for 5 minutes 

followed by stirring in room temperature for approximately 1 hour.  

Samples were then prepared for post insertion by mixing liposome solution and micelle 

solutions 1:1 volume (DSPE-PEG2000 and DSPE-PEG5000 respectively) and a blank mixing 

volume 1:1 liposome solution and HBS. The micelle solutions had a concentration in 

correspondence to the final liposome solution concentration 33:1 liposome: DSPE-PEG2000 

and 33:1 liposome: DSPE-PEG5000 respectively. The post insertion solutions were then 

incubated at 60°C for 60 minutes.  

The leakage effect due to post insertion was then investigated by determination of the EMBA 

in the outside solution.  
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4.5 Cryo – TEM 
Cryo-TEM was performed to investigate the liposomes at different stages of the project. The 

Cryo -TEM measurments were performed with a Zeiss TEM Libra 120 instrument (Carl Zeiss 

NTS, Oberkocken, Germany). The instrument was operated at 80 kV in zero- loss bright- field 

mode and with an under focus of 1-3 µm to enhance contrast. The recording of digital images 

was done under low dose conditions with a TRS slow scan CCD camera system (TRS GmbH, 

Germany) and iTEM software (Olympus Soft Imaging Solutions GmbH, Germany).  

The sample preparation has previously been described in detail [16]. Samples were treated in 

a climate chamber with temperature and humidity control (temperature 25ºC and humidity 

close to saturation). To achieve a thin layer of the sample, a small droplet was placed on a 

copper grid. This copper grid is supported with a perforated polymer film and carbon layers 

on both sides. The droplet was then blotted with filter paper to achieve thin films of the 

sample (10-500 nm). The samples are then vitrified by rapidly sinking it into liquid ethane. 

The samples were then held below - 165ºC and protected from the outside atmosphere during 

transport to and investigation in the Cryo- TEM.   

4.6 Mass Spectrometry Imaging (MSI)   
Nano DESI MSI was performed using a Q-Exactive Plus instrument mass spectrometer (Thermo 

Fischer Scientific, Bremen, Germany) with a customised Nano DESI device as described by 

Lanekoff et al [3]. The sample holder was motorised in the XYZ stage (Newport Corp., 

Irvine, USA). The Nano DESI probe was build up by two silica capillaries inner diameter 

50 μm, outer diameter 150 μm (Polymicro Technologies, LLC, Phoenix, USA) placed in 

front of the mass spectrometer inlet. The solvent used was methanol and water 9:1 (volume 

ratio).  The solvent was infused using a Syringe pump (KD Scientific, Holliston, USA) at 0.5 

μL/min. To enable ionization a +3 kV potential was applied. The heated capillary inlet was 

held at 250ºC.  

The detection limit of EMBA and MBA in solution was determined by dilution series. The 

investigation was done to see how many molecules were needed per spectrum to be able to 

detect a peak. The amount of molecules needed is one million molecules per spectrum and 

thereby one million molecules per loaded liposome is needed for both MBA and EMBA.  

Liposomes loaded with EMBA were investigated in solution using dilution series. Loaded 

liposomes were also investigated immobilised on a surface. The preparation of these surfaces 

is described below. The detection limit investigation on the surface was done using line scans 

at the velocity of 40µm/s. The extracted mass spectrum was done using MS full scans from 

100-1000 mass/charge to enable detection of both DSPC and EMBA.  

To enable detection of one single loaded liposome, loaded liposomes are immobilised on a 

silica surface. The aim is a distribution of 1.5 loaded liposomes on each spot of the mass 

spectrometry probe, the rest of the surface is to be covered by unloaded liposomes. On each 

point of the MSI, the possibility of hitting a loaded liposomes are as described in table 1 and 

calculated using a Poisson distribution with an average of 1,5.    
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Table 1: Probability of loaded liposomes per probe spot calculated based on the Poisson distribution and a medium value of 

1,5. 

Loaded liposomes  Probability per spot in % 

0 22,3  

1 33,5  

2 25,1  

3 12,6  

4 4,7  

5 1,4   

 

To achieve the described liposome layer, a solution of 250 μ mole/L liposomes in HBS was 

prepared for immobilization. The relation between the loaded and unloaded liposomes was 

calculated based on the size of the unloaded liposomes and by assuming the probe area to be a 

circle with the diameter of 150 nm.    

To enable and verify that the liposomes immobilise to the surface, a Quartz Crystal 

Microbalancing with Dissipation monitoring (QCM-D) was used. QCM-D measures changes 

in dissipation and frequency on a surface during oscillation of the surface. In these 

experiments a QCM-D D300 was used. A cleaned QCM-D silica sensor was mounted and the 

system was calibrated thermostated at 21ºC. To generate a stable baseline the system was 

filled with HBS over night. The previously described liposome solution was then loaded into 

the chamber. The PEG will bind to the silica surface and when the PEG has bound to the 

surface, the system was rinsed with HBS. MSI experiments were done directly on a 

dismounted silica surface loaded with liposomes.  
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5 Results  

5.1 Liposomes  
To facilitate a large loading of marker molecules, 

liposomes should be large and unilamellar. Amongst the 

different batches, the liposomes range in size between 

151 -195nm in diameter measured with DLS. A 

summary of the sizes and an example of the size 

distribution from the DLS measurements are available 

in the appendix. These liposomes are big enough to 

have the capacity to load a sufficient amount of marker 

molecules within the inner compartment of the 

liposomes. From these sizes, the amount of 

lipids/liposomes can be estimated to approximately 

320 000 to 550 000 lipids/liposome. This can later be 

used to calculate how many marker molecule that can 

be loaded in the liposomes.  

The liposomes were also investigated using Cryo – TEM as can be seen in figure 9. From the 

Cryo – TEM the liposomes can be determined to be mostly unilamellar liposomes but a few 

of the liposomes are multilamellar. These results suggest that these liposomes have the 

qualities to be good for loading of marker molecules. This leads to the further investigation of 

the loading protocol.   

5.2 Liposome Loading  

5.2.1 Precipitation Assessment  

Both MBA and EMBA will precipitate with NaCl and MBA also precipitates with HEPES. 

This leads to that the loading needs to be performed in another buffer. Both MBA and EMBA 

are soluble in Borax which makes borax buffer suitable for loading. When the molar ratio 

increases from 1:1 of Borax: EMBA, two phases are formed while the solubility of MBA in 

borax is higher.    

The system of citric buffer with MBA and EMBA respectively was investigated using 

absorbance measurements. The results from absorbance measurements are that MBA forms 

precipitate with the citric buffer at a molar distribution 1:0.72 citric to MBA and the solubility 

has its limit at molar distribrution 1:3 citric MBA. The results from absorbance measurements 

also show that EMBA forms a precipitate with citric buffer at a molar distribution 1:1 citric to 

EMBA and that the solubility has its limit at a molar distribrution 1:2.25 citric to EMBA. The 

maximum loading is hence at a molar ratio of Citric:MBA to 1:3 and EMBA can be loaded 

into the liposomes at a molar ratio of Citric: EMBA 1:2.25.   

  

Figure 9. Cryo TEM image of unloaded 

liposomes, in HEPES buffer (HEPES 10mM, 

NaCl 150 mM, pH 7,4). 
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5.2.2 Loaded Liposomes  

Liposomes loaded with MBA ranges in average size from 162 nm to 171 nm in diameter 

according to DLS measurements. They also have a quite even size distribution as can be seen 

in the Cryo- TEM image in figure 10 were loaded and unloaded are mixed 1:1. More 

information on size and size-distribution of liposomes loaded with MBA are shown in the 

appendix. Based on calculations visible in the appendix of the volume inside the liposome, the 

possible amount of loaded marker molecule are approximately 1 000 000 -1 180 000 MBA 

molecules/liposome. This leads to that the maximum loading of MBA into the liposomes is 

slightly above the detection limit in the MSI. The investigation of the loading of MBA into 

liposomes was ended after this stage due to limitations in the MS detection. In the MSI, a 

contaminating peak with an exact mass isobaric interference is present at the MBA peak.  

Liposomes loaded with EMBA ranges in average size from 157 nm to 203 nm in diameter 

according to DLS measurements. As can be seen in the Cryo- TEM image in figure 10, where 

loaded and unloaded liposomes are mixed 1:1, the size distribution is quite even. Based on 

calculations of the volume inside the liposome the possible amount of loaded marker 

molecule are EMBA 680 000 – 1 530 000 molecules/liposome. The maximum loading of 

EMBA into the liposomes are close to the detection limit of EMBA in the MSI depending of 

the size.  

 

Figure 10. Cryo- TEM images, A 1:1 unloaded liposomes and liposomes loaded with MBA and B 1:1 unloaded liposomes 

and liposomes loaded with EMBA. 

From the Cryo- TEM images in figure 10, there is no clear difference between the loaded and 

the unloaded liposomes. That there is no visual difference between loaded and unloaded 

liposomes can have several different reasons. One possibility could be that there is no 

precipitate in the liposome or that there is no loading. Another possibility is that there is a 

precipitation within the liposomes but the electron density of the precipitate does not differ 

enough from its surroundings to be visual in the Cryo- TEM.  

To further investigate if there is a loading of marker molecules, more investigations are 

needed. To investigate the loading efficiency the total loading need to be determined. Another 

reason for no precipitation could be that the marker molecule is loaded into the membrane as 

well as the inside of the liposome and this also needs to be examined.  
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5.3 Loading Properties of EMBA in Liposomes 
The amount of EMBA loaded in the liposomes is essential for the detection of the liposomes 

and thereby the function of this method. Depending on size of the liposomes the maximum 

amount of loading of EMBA was estimated to be close to the detection limit of EMBA in 

MSI.  

The total loading investigated by dissolving the liposomes in methanol and detection using 

UV-vis shows that there is around 100% loading of EMBA within the liposomes. Another 

approach to determine the total loading is to investigate the loading efficiency by centrifuging 

the liposome solution straight after loading using the scheme described in 4.4.1. The loading 

efficiency was at above 74% loading with some variation depending on the batch. From these 

results the total loading is concluded to be somewhere above 74%.  

Since a high amount of the added EMBA has been loaded into the liposomes, a loss of 

liposomes in the solution would increase the amount of loaded EMBA in each liposome. The 

opportunity of a rise in EMBA loading due to a loss of liposomes would possibly rise above 

the MSI detection limit. The result of the phosphor analysis was that the final solutions have a 

range of 70 -98% of lipids left in the final solutions.  

From the observation that no precipitation was visible in the cryo- TEM, a hypothesis was 

that some of the EMBA might be loaded into the membrane of the liposomes and not only the 

aqueous inner compartment. To further investigate where in the liposome the EMBA was, a 

loading test with Triton was performed. The objective behind mixing liposomes with triton is 

to dissolve the liposomes due to that they will form micelles and thereby release the EMBA 

contained within the liposomes. In this test the loaded liposomes were mixed with Tritonx100 

at the molar ration 1:20 liposome to Triton for 20 minutes. The amount of EMBA outside the 

liposomes were then investigated and compared to the outside concentration before the 

Tritonx100 treatment. The outside concentration of EMBA was decreased when the sample 

had been treated with Triton. From this an assumption can be made that some of the EMBA 

could be placed in the membrane.  

To be able to decide if the loading of EMBA is sufficient, the leakage over time needs to be 

investigated. The amount EMBA leaked was rather constant over the period of 48 hours that 

was investigated. The results from the leakage tests were normalised to the amount of lipids 

left in the tested solution during leakage the total leakage varied between 9 and 15% 

depending on the batch. The results from one of the leakage test are visible in figure 11.  

 

Figure 11. Leakage of liposomes loaded with EMBA from batch 10 were the amount of EMBA outside of the liposomes is 

investigated straight after buffer exchange to HBS after 10, 24 and 48 hours.  
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These observations can then be summarised, in that there is EMBA loaded within the inside 

of the liposomes and some of the EMBA could be loaded within the membrane. The amount 

of EMBA loaded into the liposomes is at the edge of the detection limit in MSI, especially if 

taking the leakage over time into consideration. It is expected that the post insertion technique 

will cause some leakage of EMBA loaded within the liposomes. To see if the leakage due to 

post insertion will decrease the loading below the detection limit of EMBA, the next step is to 

investigate the leakage caused by post insertion.  

5.3.1 Post Insertion  

To start the evaluation of post insertion as a possible technique for targeting of the liposomes, 

the leakage caused by the post insertion was investigated. Some leakage is expected during 

post insertion due to the temperature rise during the incubation and possibly due to 

disturbance of the liposomes during the attachment of the targeted lipids to the liposomes. The 

leakage was investigated by determination of EMBA outside the liposomes after the post 

insertion. The untargeted liposomes are mixed with PEG2000 micelles, PEG5000 and HBS 

respectively followed by incubation. In figure 12 the leakage of max loading after post 

insertion is presented both for the samples with micelles and the blank sample with only HBS. 

The final leakage of EMBA in the liposomes after the post insertion is approximately 40%. 

After repeating the experiment with addition only of HBS, the leakage caused by the 

incubation itself was investigated. There is no significant difference in concentration EMBA 

outside the liposomes between the samples treated with PEG and the samples treated in the 

same way without PEG, see figure 12. This leads to the conclusion that the major reason for 

leakage is the incubation.  

 

Figure 12. The leakage of EMBA after post insertion. The calculations are made assuming 100% loading. 
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5.4 Mass Spectrometry Imaging Detection  
Mass spectrometry on a solution of loaded liposomes showed that EMBA was present, 

however the exact detection limit of loaded liposomes in solution was not determined. To be 

able to detect one loaded liposome at a time in the MSI instrument, a highly diluted liposome 

solution has to be created. However since liposomes are self-assembled we could not be sure 

that the liposomes would actually be intact at the requested dilution to detect single liposomes 

in solution. Due to these limitations the next step was to try to determine the detection limit of 

loaded liposomes on a surface.  

To enable the detection of liposomes on a surface, the liposomes have to be immobilised on a 

surface. To investigate the immobilisation, QCM-D was used in which changes in frequency 

and dissipation is measured. Change in the frequency is correlated to the mass of the layer 

formed on the sensor and a larger ∆ƒ in the measurements corresponds to a larger mass. 

Change in the dissipation ∆D is correlated to the rigidity of the formed film. A large ∆D 

corresponds to a soft film and a small ∆D corresponds to a rigid film. To investigate the 

immobilisation, a QCM-D measurement was performed with liposomes as shown in figure 

13.   

 

Figure 13. Results from QCM-D experiments were a shift in frequency and dissipation obtained as the liposomes immobilises 

on the surface. The figure shows that the layer is stable over a time span of 3 hours. Curve F3- F7 corresponds to the 

frequency (overtone 3, 5 and 7 respectively) while D3-D7 corresponds to the dissipation (overtone 3, 5 and 7 respectively).  

The graph in figure 13 shows a change in frequency which corresponds to a change in mass 

on the sensor and a change in dissipation which corresponds to the rigidity of the bound 

molecules to the sensor. The change in frequency and dissipation suggests that a liposome 

layer has been formed. The graph in figure 13 also show that liposomes stick to the silica 

surface in a stable manner over a time span for at least 3 hours. That the liposomes were 

immobilized on a surface was ensured before each of the investigations example of this can be 

seen in figure 14.  
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Figure 14. Results from QCM-D experiments previous to MSI, a shift in frequency and dissipation obtained as the liposomes 

immobilises on the surface. The measurements are stopped as the layer is formed. Curve F3- F7 corresponds to the 

frequency  (overtone 3, 5 and 7 respectively) while D3-D7 corresponds to the dissipation (overtone 3, 5 and 7 respectively). 

In figure 14 the liposome layer used in MSI in figure 15 is formed in the QCM-D 

measurements. The immobilization on the surface is assured and then the prepared sample 

was then investigated in the MSI. Unfortunately during the MSI analysis, the sample dried in 

a highly inhomogeneous manner. Another issue that arose due to the inhomogeneous drying 

of the surface is that the salt from the HBS dried in islands on the surface and could be 

disturbing the MSI measurements since it is a very surface sensitive technique. 

MSI on the surface that originally had 1.5 loaded liposomes per probe area produced peaks of 

EMBA see figure 15 which shows a spectrum for EMBA during a line scan. Due to the issues 

occurring due to drying of the surface, the detection of one single loaded liposome can not be 

extracted. However in the spectrum, peaks of different heights are visible representing EMBA 

and also sections without EMBA. Hence the MSI can detect EMBA without any isobaric 

interference but there is no way of telling if there is one liposome or several in the spectrum 

shown in figure 15.  

 

Figure 15. Spectrum of EMBA from linescan of immobilised liposomes with a concentration of 1,5 loaded liposomes/probe 

area.   
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6 Discussion  

6.1 Loading Protocol  
In principal the liposome protocol is working well in terms of size and properties of the 

prepared liposomes. The amount of EMBA loading is concluded to be somewhere between 

74-100%. The results for the total EMBA loading using the methanol and UV-vis detection 

are very high, in the range of 100 % of total loading. However the results of the total loading 

might be affected by the lipids still in the solution during UV-vis so the loading efficiency 

might be a more reliable value.  

The amount of liposomes in the solution when determining the loading efficiency of EMBA 

and total loading of EMBA is of interest when calculating the actual loading. The liposomes 

left in the final solutions is determined to be 70-98%. The amount of liposomes left in the 

solution is however, not correlated to the loading efficiency or the total loading of EMBA in 

the liposomes. That would suggest that there is a possibility to load the liposomes more than 

anticipated, the concentration of EMBA could be higher than the solubility of EMBA in citric 

buffer. A loading higher than the solubility limit in citric buffer could support the suggestion 

that there could be EMBA included in the membrane as well.  

Even more relevant than determining the molecules loaded into the liposomes is to determine 

if the loading or marker molecule is sufficient for detection in MSI. According to the MSI 

determination one million molecules are needed for detection of the liposomes. The loading 

of EMBA in the liposomes ranges between approximately 300 000- 1 600 000 molecules. 

Since the loading is not at an amount were one million molecules can be guaranteed, the 

possibility of increasing the loading in the system will be of interest in future studies. To 

enhance the loading with the existing protocol, one might think about increasing the 

concentration of citric acid higher than 300mM. However this concentration change would 

potentially cause too high osmotic stresses due to that the concentration within the liposomes 

would be much higher than the outside concentration. This could in turn make the liposomes 

less stable and less reliable for a stable amount of molecules in the loaded liposomes. The 

stability of the liposomes in the presented loading protocol is considered to be sufficient for 

the application. This is due to that the liposomes are stable with respect to leakage during the 

timespan investigated which is 48 hours. This could possibly be a timespan long enough for 

this application. The pattern of a large initial leakage followed by a very slow leakage is a 

common behaviour for loaded liposomes as shown by Hernandez et al [20].  

To ensure an EMBA loading in liposomes high enough, one could make the liposomes larger 

or try a new marker molecule. Larger liposomes would be hard to attain due to that the risk of 

multilamellar liposomes would increase.  One way to reduce the risk of multilammellar 

liposomes would be to increase the amount of PEG. However an addition of PEG would not 

be suitable if post insertion is to be used due to that the amount of PEG would be to high. If 

the amount of PEG in the liposomes rises there is a risk the liposomes will transform from 

liposomes to disks [21]. To try loading with another marker molecule could possibly lead to a 

lager loading, for example a higher amount was possible with MBA.   
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6.2 Post Insertion 
The post insertion technique is good for targeting of the liposomes due to that it is a simple 

system that is well used and successfully applied to this system. However the leakage is a 

major concern. In this system, the encapsulated amount is likely to be too low after the 

leakage caused by the post insertion, approximately 200 000- 1 000 000 molecules. This 

could, however possibly be solved by one of the previously discussed techniques to increase 

the loading of marker molecule. There could be other ways of decreasing the leakage caused 

by the post insertion. Since the main amount of leakage is caused by the incubation and not 

the PEG addition itself, one possibility is to investigate if the post insertion could be 

performed at a lower temperature. Previous reports show that it is possible but less effective 

[12].  Another solution could be to try another targeting method. The most promising 

depending on the targeting agent requested might be to add functionalized- PEG before the 

liposome preparation.  

6.3 Mass Spectrometry Imaging 
Before usage of this method for membrane protein detection, further investigations of the 

detection limit in MSI must be performed. The actual detection limit in MSI needs to be 

determined more accurately. In this project the detection of one single liposome is not 

determined, mainly due to that we can not determine how many liposomes we detect at each 

peak in the MSI. To be able to use this method, the detection limit needs to be determined. If 

the detection of one single liposome proves not possible using the MSI, the amount of marker 

molecule that is required to enable detection when loaded into liposomes needs to be 

determined. There are two possible ways considered to determine the detection limit of loaded 

liposomes in the MSI, the detection is possible to do either in solution of on a surface.  

To be able to detect the liposomes on a surface, a flow chamber would most likely have to be 

created in the future. The need for the flow chamber is that the liposomes bursts when they 

dry and for increased certainty in the measurements it is better if the liposomes stay intact. 

The liposome layers on surfaces in this project did not dry homogeneously, this leads to 

problems with detection of single liposomes. In the future to be able to detect membrane 

proteins in living tissue, the tissue should also be kept wet.  

To determine the liposomes detection limit in solution, dilution series of liposome solutions 

with different ratios of loaded and unloaded is a possibility. The need for unloaded liposomes 

is due to that liposomes are self-associated systems, which break if the solution is too diluted. 

However, by altering the ratio of loaded to unloaded liposomes in the solution less dilution is 

needed to determine the detection of one loaded liposome.  
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7 Conclusion  
A loading protocol has been developed were EMBA and MBA were both successfully loaded 

into liposomes. The liposomes are around 200 nm in diameter quite evenly distributed and 

mainly unilamellar.   

MBA is a good molecule for liposome loading but not in the MSI analysis due to a 

contaminating peak with an exact mass isobaric interference. EMBA, however seems to work 

well in regards to the MSI analysis. The detection limit of EMBA in solution was determined 

to one million molecules in the MSI instrument used in this project.  It is possible to load 

liposomes with this amount of molecules. The stability of the system, however is not enough 

to be certain that all liposomes have a sufficient amount of loading 

The results suggest that it is possible to attach a targeting molecule to the loaded liposomes 

using a post insertion technique. The post insertion technique leads to a substantial amount of 

leakage but there are possibilities to solve this. One promising solution is if the targeting 

molecule is robust, the PEG molecules can be functionalized with the targeting molecule from 

the start of the liposome preparation.  

In MSI some peaks are present but it was not possible to detect if there is one or several 

liposomes detected using the techniques described in this report. There are possibilities for 

attaining a detection limit by using a flow cell and liposomes immobilized on a silica surface. 

Another possible way to determine the detection limit of loaded liposomes is to use dilution 

series of liposome solutions with different ratios of loaded and unloaded liposomes.  

This project has resulted in key advancements towards a method were a liposome system can 

be used for mapping of membrane proteins in tissue by presenting a loading protocol for 

liposomes filled with the marker molecule EMBA.  
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8 Future Work  
To be able to implement the proposed method, there are many aspects that need to be 

optimised. A short summery of the most important parts are described in the list below.  

- Determine the detection limit of loaded liposomes and how much of the marker 

molecule that is needed within the liposomes for detection.  

- Depending on the results of the detection limit, alter the loaded liposomes either by 

optimizing the present loading protocol or developing a new protocol. One promising 

solution to increase the amount of marker molecule for detection could be coupling of 

the present liposomes.  

- To enable the MSI detection, a flow chamber or another kind of system where the 

surface does not dry. This is also vital for the system to work on actual tissues in the 

future.   
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Appendix   

Dynamic Light Scattering Results   
The mean diameter (numeric weight) of loaded liposomes per batch is presented in table 2 for 

unloaded liposomes, table 3 for liposomes loaded with MBA and table 4 for liposomes loaded 

with EMBA. Representative examples of size distributions from the DLS experiments can be 

seen in figure 16-18.  

Table 2. The mean number diametric diameter of unloaded liposomes per batch 

Batch  1 2 3 4 5 8 9 13 

Diameter (nm)  170 151 163 175 189 158 195 170 

 

 

Figure 16. The size distribution of unloaded liposomes in batch 4 with a medium Number weight diameter of 175nm.  

Table 3. The mean number diametric diameter of liposomes loaded with MBA per batch 

Batch  1 2 3 

Diameter (nm)  170 171 162 
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Figure 17. The size distribution of liposomes loaded with MBA in batch 2 with a medium Number weight diameter of 171nm.  

Table 4. The mean number diametric diameter of liposomes loaded with EMBA per batch 

Batch  4 5 7 8 9 10 13 

Diameter (nm) 182 157 185 200 175 203 185 

 

 

Figure 18. The size distribution of liposomes loaded with EMBA in batch 5 with a medium Number weight diameter of 

157nm.  
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Calculations  
Amount of lipids per liposome  

𝐿𝑖𝑝𝑖𝑑𝑠 =
𝐴𝑜 + 𝐴𝑖

𝐴𝑙𝑖𝑝𝑖𝑑
 

𝐴𝑜 = 𝑜𝑢𝑡𝑒𝑟 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 = (
𝐷

2
)

2

∗ 4 ∗  𝜋 

𝐴𝑖 = 𝑖𝑛𝑛𝑒𝑟 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 = (
𝐷 − 10 𝑛𝑚

2
)

2

∗ 4 ∗  𝜋 

𝐷 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑢𝑠𝑖𝑛𝑔 𝐷𝐿𝑆  

Marker molecule in liposomes  

𝑀𝑜𝑙𝑒 𝑀𝑎𝑟𝑘𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 = 𝑋 ∗  𝑉𝑖  

𝑉𝑖 = 𝑖𝑛𝑛𝑒𝑟 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 =
(

𝐷 − 10 𝑛𝑚
2 )

3

∗ 4 ∗  𝜋

3
 

𝑋: 𝐸𝑀𝐵𝐴 = 900 𝑚𝑀  𝑎𝑛𝑑 𝑀𝐵𝐴 = 650 𝑚𝑀  

  


