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1 
 
General Introduction 
 

I. Nanomedicine and Nanoparticles 
 

i. Definitions of ‘nano’ terminology 
 
  The field of nanomedicine is coming after the biochemistry, molecular 
medicine, as well as nanobiotechnology. The literal explanation of 
nanomedicine, applying nanotechnology to medicine points out the 
significance of nanotechnology in this area. The term nanotechnology is 
concerned to manipulate single atoms and molecules in a dimension range of 
0.1-100 nm [1]. There is a more specific definition that was given by US 
National Nanotechnology Initiative in 2000: ‘‘Nanotechnology is concerned 
with materials and systems whose structures and components exhibit novel 
and significantly improved physical, chemical, and biological properties, 
phenomena and processes due to their nanoscale size’’ [2,3]. Nonetheless, 
nanobiotechnology is a field that intersects the biology and nanomaterial [4]. 
It focuses on the basic research of biological systems within a nanoscopic 
level. As for the molecular medicine, it relates more conventional 
biochemistry purpose. Comparing the conventional therapies such as 
surgery, radiation, and chemotherapy, removing pathological tissues or cells 
faster than healthy cells, nanomedicine is applying more complicated 
mechanism to kill or repair the diseased parts by the biosensors [1]. Both 
size and site specific characteristics enrich the nanomedicine applicability. It 
is attempted to design molecular aggregates in different levels, possessing 
novel functional and dynamic properties to perform the curing role in 
pathology; that is, we call this is nanomedicine [5]. The general purposes and 
advantages of nanomedicine are fast local process in a nano-range, 
facilitation of drug actions, and reduction of side effects and toxicity. For 
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example, the diffusion, intermixing, and sensoric response become more 
efficient and fast. There are several nanomedicine applications in different 
purposes listed in Table 1 [6]. Due to controllable of physical and chemical 
process, by enhancing the precision, directly and immediately accessing the 
biomarker becomes feasible (real time). 
 
Table 1. Nanoscale application in medicine [6]. 
Drug delivery Nanoscale delivery vehicles can (1) enhance the therapeutic efficiency 

and minimize adversities associated with available drugs; (2) enable new 
classes of therapeutics; and (3) encourage the re-investigation of 
pharmaceutically suboptimal but biologically active new molecular 
entities that were previously considered undevelopable. 

In vitro diagnostics Nanotechnology-based sensors (e.g., nanowires, nanotubes, 
nanoparticles, cantilevers, and micro / nanoarrays) can enable fast and 
high throughput detection of disease biomarkers with higher sensitivity 
and lower sample consumption. Nanotechnology also offers hope for the 
early detection of virus, bacteria, and circulation tumor cells, as well as 
for single cell analysis. 

In vivo imaging Targeted imaging nanoprobes (e.g. magnetic nanoparticles, quantum 
dots, and carbon nanotubes) could provide a faster, less invasive, and 
more accurate way to diagnose diseases (e.g., cancer) at their earliest 
stages and monitor disease progression. Some other possible 
opportunities include reporting in vivo efficacy of therapeutics and 
tracking nanocarrier biodistribution in the body. In addition, imaging 
nanoprobes could help surgeons to locate tumors and their margins, 
identify important adjacent structures, and map sentinel lymph nodes. 

Therapy techniques Certain nanomaterials have unique therapeutic properties that differ 
from conventional drugs, and can, therefore, be directly used to treat 
diseases. For example, hafnium oxide- and gold-based nanoparticles can 
greatly enhance X-ray therapy; gold nanoshells / nanorods, carbon 
nanotubes, magnetic nanoparticles can induce hypothermia to kill cancer 
cells; and nanocrystalline silver is being used as an antimicrobial agent. 

Biomaterials Biocompatible nanomaterials that have optimal mechanical properties 
can be used as medical implants, such as dental restoratives and bone 
substitutes (also categorized as hard-tissue engineering.). Nanocoatings 
or nanostructured surfaces can also improve the biocompatibility and 
adhesion of biomaterials. 

Tissue engineering Nanotechnology can enable the design the fabrication of biocompatible 
scaffolds at the nanoscale and control the spatiotemporal release of 
biological factors, resembling native extracellular matrix to direct cell 
behaviors, and eventually lead to the creation of implantable tissues. 

 
ii. Merits of nanoparticles 

 
  In terms of nanomedicine, nanoparticle (NP) is a choice for pursuing the 
purposes of nonamedicine. Nanoparticle is a subdiscipline of nanomaterial 
(NM). To define nanomaterial is not easy, but in general, intentionally 
produced in a nanoscale with specific property or composition can be 



 5 

considered [7]. By applying nanobiotechnology, nanoparticle acts as a 
functional vector in diagnostic or therapeutic purposes. Different 
nanoparticle drug delivery systems (DDS) are developed and summarized in 
Table 2 [8]. 
 
Table 2. Comparison of nanoparticle drug delivery systems [8]. 
Nanoparticulate 

material 
Size 
(nm) 

Therapeutic 
agent(s) carried Advantages Limitations 

Biodegrable 
polymers 10-100 

Plasmid DNA 
(deoxyribonucleic 
acid), proteins, 
peptides, low-MW 
(molecular weight) 
organic compounds 

Sustained localized 
drug delivery for weeks 

Exocytosis of undissolved 
nanoparticles. Fixed 
functionality after synthesis 
may require new synthetic 
pathways for alternate surface 
functionalities 

Ceramic < 100 

Proteins, DNA, 
chemotherapeutic 
agents, high-MW 
organic compounds 

Easily prepared, water 
dispersible, stable in 
biological environments 

Toxicity of materials, exocytosis 
of undissolved nanoparticles, 
time-consuming synthesis, 
surface decoration instead of 
encapsulation 

Metals < 50 
Proteins, DNA, 
chemotherapeutic 
agents 

Small particles present 
a large surface area for 
surface decoration 
delivery 

Toxicity of materials, exocytosis 
of undissolved nanoparticles, 
time-consuming synthesis, 
surface decoration instead of 
encapsulation 

Polymeric 
micelles < 100 

Proteins, DNA, 
chemotherapeutic 
agents 

Suitable for 
water-insoluble drugs 
due to hydrophobic core 

Toxicity of materials, fixed 
functionality after synthesis 

Dendrimers < 10 

Chemotherapeutic 
agents, 
antibacterial, 
antiviral agents, 
DNA, high-MW 
organic compounds 

Suitable for 
hydrophobic or 
hydrophilic drugs 

May use toxic materials, 
time-consuming synthesis, fixed 
functionality after synthesis 
may require new synthetic 
pathways for alternate surface 
functionalities 

Liposomes 50-100 
Chemotherapeutic 
agents, proteins, 
DNA 

Reduced systemic 
toxicity, increased 
circulation time 

Fixed functionality after 
synthesis, some leakage of 
encapsulated agent, lack of 
colloidal stability 

PRINT 20-2000 

Chemotherapeutic 
agents, proteins, 
DNA, imaging 
agents 

Precise control over 
size, shape, and surface 
functionalization 

Toxicity of materials depending 
on material 

Ceramic 
phosphosilicate 20-60 

Chemotherapeutic 
agents, RNA, high- 
and low-MW 
organic compounds, 
imaging agents 

Simple preparation, 
suitable for hydrophilic 
or hydrophobic drugs, 
colloidal stability in 
physiological 
environments, 
pH-dependent 
dissolution results in 
intracellular delivery of 
drugs, composed of 
bioresorbable material 

Encapsulated materials limited 
to solubility in water or organic 
solvent 
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Nanoparticles are usually applied in the form of nanoparticle-bioconjugates 
(nanoparticle-ligands) that possesses the unique size-dependent physical, 
chemical properties. The desired feathers were listed in Table 3 [9]. Briefly, 
they will be designed to reach the purposes below [10]: 
①	 bring the bioactives (cargos / drug molecules) externally or internally 
②	 bring the hydrophilic or hydrophobic molecules 
③	 release the molecules gradually 
④	 sensible to environmental changing such as pH, potential, thermal 
⑤	 biodegradable 
⑥	 specifically target to various cells or issues 
⑦	 evade the reticuloendothelial system and immune systems 
Nonetheless, the constituents of nanoparticles cover wide materials with 
different physicochemical properties for different biological purposes. The 
summary the overview of nanoparticles is drawn in Figure 1 [10]. 
 
Table 3. Desired characteristics for a nanoparticles drug delivery platform [9]. 

Desired characteristic Comments 
Inherently nontoxic materials and 
degradation products 

The initial material selection should be based on nontoxic materials 
especially with an aim toward human health care. 

Small size (10-200 nm)  

There is not a particular size that seems most efficacious, particularly based 
on in vivo studies. This is the range of particle diameters that have proven 
most effective for a wide variety of delivery systems. Also of note is the 
debate around the influence of particle shape. 

Encapsulation of active agent  

To be effective, the active agent must be encapsulated within the 
nanoparticle vehicle. Surface decoration (i.e., adsorption) will often be 
effective in vitro but falls short for in vivo studies because of the 
reticuloendoplasmic systems in vivo. 

Colloidally stable in physiological 
conditions 

The nanoparticle vehicle and surface functionalization must resist 
agglomeration for the solution pH values, ionic strength, macromolecular 
interactions, and temperature encountered in the physiological environment. 

Clearance mechanism The nanoparticle vehicle must have a ready clearance mechanism to avoid 
the cumulative and / or systemic effects of the drug-laden particles. 

Long clearance times 

Resistance to agglomeration and other effects that remove the 
nanoparticle-encapsulated drug from the patient must be avoided to promote 
long circulation times in the circulatory system for as many of the 
nanoparticles to find and sequester in the cancer cells as possible. 

Biologically or extrinsically 
controlled release of therapeutic 
agents 

There should be a trigger mechanism such as the acidic pH within the tumor 
or during endosome maturation designed into the nanoparticle platform to 
ensure the release of the encapsulated drug into the targeted tissue. 

Can be targeted to cell / tissue of 
choice 

The nanoparticle platform should be capable of surface bioconjugation to 
target molecules for the specific cancer to provide the greatest uptake with 
the lesions and fewest side effects with healthy tissue. 
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Figure 1. The materials, properties, and promising biological applications of 
selected nanoparticles [10]. 

 
iii. Anticipation of nanoparticles 

 
  Here, liposomes, main character in this study, are the lipid-based vehicles 
belonging to a subclass of nanoparticles, and are the most established for the 
clinical applications. Four important features make liposomes work 
strikingly in the drug delivery systems: biocompatibility, biodegradability, 
variable sizes, and manipulable surface coating materials. The liposomes are 
responsible to carry bioactives in the clinical environment for enhancing the 
solubility, stability, reducing the side effect, toxicity and prolonging the drug 
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clearance time in circulation. In addition, reducing potential immunogenicity, 
releasing cargos gradually or by environment-triggered manner are also 
benefited. The drug formulation with liposomes strongly lifts the drug 
pharmacological efficiency [11,12]. For example, the representative 
marketed liposomal nanotherapeutics approved by Food and Drug 
Administration (FDA) for cancer treatment such as stealth liposomal 
doxorubicin (Doxil® / Caelyx®), liposomal cytosine β-arabinoside (DepoCyt®), 
liposomal amphotericin B (AmBisome®, Amphotec®, Abelcet®), and 
liposomal daunorubicine (DaunoXomo®), demonstrate the outstanding 
results in the clinical applications of nanomedicine [13]. However, these 
applications mostly depend on the passive accumulation to reach the 
pathological tissues e.g., tumors through the enhanced permeability and 
retention (EPR) effect, which is because of the leaky neovasculature of tumor 
tissues [14,15]. Beyond this first generation drug delivery system, mature 
developments of nanobiotechnology and nanomaterials started to fertilize 
next generation of drug delivery system, active targeting. 
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II. Active Targeting of Drug Delivery Systems 
 

i. Passive targeting 
 
  Since the liposomes were firstly invented in 1960s, the attempts of 
carrying the proteins or drugs were intensively investigated to treat the 
diseases. Magnitude efforts have been made for the nanotechnology during 
these decades. These investigations benefit and optimize the nanoparticles 
drug delivery systems; also, twenties nanotechnology-based products have 
been approved by FDA including liposomes, which mentioned previous 
section I. Although most liposomes formulations, which approved by FDA 
were targeted passively, they have already largely reduced defeats of 
conventional drug delivery that we describe in section I. 
  The story started in 1990; while the first polyethylene glycolylated 
(PEGylated) liposomes were born, it set an important milestone of the 
liposomes history [16]. The features of polyethylene glycol (PEG) make 
liposomes defeats alter to be stable of lipid bilayer and avoid the absorption 
of proteins, e.g., opsonin in the serum. Besides, most importantly, the 
surficial hindrance of PEG on the liposome helps liposomes avoid to be 
sensed by mononuclear phagocytic system (MPS) in the liver and spleen, 
which is known as the reticuloendothelial system (RES) [17,18]. This is 
called ‘stealth’ function of PEG to avoid the body defense systems [16]. These 
significant properties of liposomes lead to be sustainable for long time during 
the circulation so that further to enhance the EPR effect due to having 
efficient time and enough stability to reach the tumor tissues. Therefore, the 
liposomes possess these features to conduct the drug delivery system to first 
generation: passive targeting. These well-established techniques create 
several drug formulations approved by FDA such as one of most famous drug, 
stealth liposomal doxorubicin (Doxil® / Caelyx®) (Figure 2) [9]. 
 



 10 

 
Figure 2. Schematic liposome of near ideal drug delivery platforms. 
The drugs are encapsulated within the bilayer amphiphilic capsule with polyethylene glycol 
surface functionalization shown [9]. 

 
ii. Active targeting 

 
  Close to this decade, anticipating second generation of drug delivery 
system is revealing: active targeting (targeted delivery). 
 

 
Figure 3. The design of the second generation of liposomes with stealth and 

recognition functions. 
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It is believed smart surface coating intelligent the nanoparticles (Figure 3). 
Through the modification of the liposomal surface by various ligands, the 
liposomes search the targets of stronger binding affinity spontaneously but 
not passively accumulation. Clearly, the enhancement of cellular uptake of 
liposomes via receptor-mediate endocytosis is observed. In short, the active 
targeting largely expands accessible target species in a human body or even 
in a cell. Especially in gene therapeutic area, this attractive behavior also 
creates higher intracellular drug concentration so that enhance the 
therapeutic capability of liposomes while it is necessary to transfer bioactive 
macromolecules, e.g., siRNA, to the intracellular spaces. However, there are 
still no any liposomes formulation of active targeting type that are approved 
by FDA, even though the first ligand-modified liposomes were invented in 
1980 (Figure 4) [6]. This may be some possible barriers discourage the 
development progressing. 
 

 
Figure 4. Timeline of nanotechnology-based drug delivery [6]. 
Here, we highlight some delivery systems that serve as important milestones throughout the 
history of drug delivery. 
   
  The barriers of biological aspect is that due to the active targeting strongly 
depend on ligand-receptor interaction more than EPR, especially in 
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endothelial cells targeting or immunological tissues, to improve the 
transcytosis, which is to pass through epithelial and endothelial cells, e.g., 
blood brain barrier, becomes strictly important [19-21]. The barriers of 
producing aspect include the complicated manufacture of ligands 
functionalized liposomes, and the choice of targeting ligands. It is considered 
that ligands features such as cell specificity, biding affinity, quantity and 
purity, will affect the active targeting performance. Besides, the other 
additional reasons to cause the barriers may influence cell targeting, 
including the length and species of linkers, surface PEG density (the point of 
this study), surface ligand density (the other point of this study), and 
arrangement. Through overcome these barriers, the nanotechniques are 
expected to resolve these obstacles and reveal the whole mechanisms. 
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III. Bioconjugation for the Liposomes 
 

i. Synthetic methods of functionalized liposomes 
 
  Ligands are responsible for leading the liposomes to the aimed locations to 
be a critical role for the active targeting of drug delivery systems. To arrange 
these functional biological materials on the liposomes becomes a topic to be 
intensively discussed. Due to several different liposome preparation and 
functionalizing methods create the functionalized liposomes, possibly, 
possessing different therapeutic efficacy respectively, and the reasons are 
still remaining unclear (the point of this study) [22-26]. 
  Firstly, there are several techniques of the plain liposomes preparation, 
including the original method, which was invented by Alec Bangham in 1964, 
called thin-film method [27,28]. Applying lipids mixture in organic solvents 
(alcohol with chloroform), and then remove the solvents in high vacuum to 
form the lipids film on the flask wall. Further adding the aqueous phase 
detaches the film from the wall during agitation, and then utilizes the phase 
transition of lipids to form the heterogeneous multilamellar vesicles (MLVs) 
at the higher temperature than transition temperature of lipid compositions. 
It is also because of amphiphilic properties, phospholipids transform the 
aggregation into lipid bilayer. Secondly, it is notable that the bioactives 
(drugs) or biomaterials (ligand-lipid conjugates) can be involved either in the 
lipid film formation stage or in the aqueous stage depending on the 
physicochemical properties of them to functionalize the liposomes. Other 
processes also include freeze-thaw extrusion [29], double emulsification [30], 
ether vaporization / injection [31,32], dehydration–rehydration [33-35], 
reverse phase evaporation [36,37], and controlled sonication [38] to control 
the uniformity of liposomes [39]. 
  Through these processes, the functionalized liposomes carrying bioactive 
have been built. Alternatively, the biological lipid conjugates can be 
incorporated before liposomes formation, which is in lipids film formation 
stage or after liposomes formation, which is in aqueous phase. It is worth to 
point out that these two different timings lead to different configurations of 
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conjugated liposomes [22]. In general, ligands are facing both outward and 
inward of liposomes while the ligands are incorporated in the former stage. 
In contrast, if it is in the later stage, the ligands will face outward of 
liposomes only. Additionally, different preparation methods create variety of 
ligands activities, and it might be possibly caused by the alternative 
properties of the liposomes created by various methods. The size, sharp, 
curvatures, lipids distribution, homogeneity of size or ligands distribution, 
and structure of lipids are affecting the activities of the functions of 
biomaterials (the other point of this study). 
 

ii. The nano-bio interface 
 
  This is the issue that this study is going to reveal some of the reasons why 
liposomes perform differently even though the lipids and biomaterials 
compositions are the same (the point of this study). By understanding the 
nano-bio interfaces we would reveal the real mechanisms of producing 
nanoparticles activities. While we discuss the bioconjugation on the 
nanoparticles, the terms, ‘nano-bio interface’, and the synonyms, ‘nanoscale 
interface to biology’ or ‘nanoparticles corona’ are with significant meanings 
of the liposomal functions [40-44]. When the bioconjugated nanoparticles 
introduced into complicated biological environment, e.g., serum, the 
‘nanoparticles corona’ determines the nanoparticles activities, which is 
considered as least understood field [45]. The particles and surficial 
biomolecules are all suffering the complicated biophysicochemical 
interactions by dealing with native molecules in the blood or biological 
systems. For example, these interaction are categorized by hydrogen bonding, 
London dispersion interactions, acidity / basicity properties, Columbus 
interactions [46]. The interactions are further classified in different parts of 
system components with different factors listed on Table 4 [42]. Definitely, 
these interactions strongly influence the biovonjugates activities on the 
nanoparticles to contribute the therapeutic efficacy. Of course, the enzymes 
in biological environment will also destroy some biomaterial such as 
nucleotides but these are not discussed in the dissertation [46]. 
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  While these interactions are tried to be understood, the ligand 
configurations on the nanoparticles or liposomes needs to be considered 
[40-43]; that is, term this concerning ‘‘topology* of surface ligands’’ on this 
dissertation title. It is a known issue that during the manufacturing 
processes, the losing activities and misunderstanding topology of 
bioconjugates on liposomes result in difficult estimate of the bioconjugates 
capabilities and therapeutic efficacy. That we discussed in last section is 
during liposomes producing processes, several physical and chemical 
properties are created to affect the topology of ligands and liposomes, and 
further to hinder the bioactivities of liposomes [47,48]. Therefore, it is 
necessary to have effective method to measure or characterize the topology of 
ligands and liposomes (the other point of this study). 
 

Table 4. Principle Bio / Physicochemical Influences on the Interface between 
Nanomaterials and Biological Systems [42]. 
Classes Influencing factors 
Nanoparticle • size, shape, and surface area 

• surface charge, energy, roughness, and porosity 
• valence and conductance states 
• functional groups 
• ligands crystallinity and defects 
• hydrophobicity and hydrophilicity 

Suspending 
media 

• water molecules 
• acids and bases 
• salts and multivalent ions 
• natural organic matter (humics, proteins, lipids) 
• surfactants 
• polymers 
• polyelectrolytes 

Solid−liquid 
interface 

• surface hydration and dehydration 
• surface reconstruction and release of free surface energy 
• ion adsorption and charge neutralization 
• electrical double-layer formation, ζ potential, and isoelectric 
• point sorption of steric molecules and toxins electrostatic, 
• steric, and electrosteric interactions aggregation, dispersion, 
• and dissolution hydrophilic and hydrophobic interactions 

Nano−bio 
interface 

• membrane interactions: specific and nonspecific forces 
• receptor−ligand binding interactions 
• membrane wrapping: resistive and promotive forces 
• biomolecule interactions (lipids, proteins, DNA) leading to structural and functional effects 
• free energy transfer to biomolecules  
• conformational change in biomolecules 
• oxidant injury to biomolecules 
• mitochondrial and lysosomal damage, decrease in adenosine triphosphate 

 
*The term, ‘topology’ (18th century), should be define as topographic study of a particular 
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place; specifically, the history of a region as indicated by its topography (from Greek, from 
topos place, logia study). Also, topography (15th century) means the art or science of making 
maps that show the height, shape, etc., of the land in a particular area (from Greek, from 
topos place, logia study). 
 

iii. Bioconjugation chemistry 
 
  Several conjugation strategies of the bioconjugates for liposomes 
modification are able to be used or tuned to adapt between the bioactive 
molecules and lipids. To prepare biocomjugates with high quality, high 
purity, and integrity that can be involved on the liposomes, is necessary; 
nonetheless, maintaining the biomolecules activity is also quite important. 
Therefore, the effective and mild reaction conditions are usually chosen for 
either covalently or non-covalently binding between biomolecules and lipids. 
Most natural biomolecules, i.e., proteins / peptides, carbohydrates, nucleic 
acids, lipids, own intrinsic chemical reactive functional groups, including 
carboxylate, amine, hydroxyl, thiol [49] of residues or terminal of 
macromolecules. It is also possible to introduce different kinds of functional 
group, i.e., aldehyde, ketone, maleimide, azide, alkyne, diene, etc., into the 
macromolecules so that reaction types are largely expanded. Although the 
functional groups determine the reaction types, in the aspect of bioactive 
macromolecules, the chemical reactive site, tertiary structure, reaction 
chemoselectivity, stability and solubility are also major determinants for a 
proper reaction. Additionally, in the part of lipids, the proper linker, 
correspondent functional group and solubility are also considered. Generally, 
the buffer, pH value, temperature, reaction time and reactants equivalent 
are rationally designed and eventually optimized for the reaction conditions 
[50-52]. Obviously, it is beneficial while the identification and purification of 
eventual products are fast and easy. 
  As for the covalently conjugation, three conventional reactions are 
frequently used: maleimide-thio reaction, succinimidyl ester-amine reaction, 
and carbodiimide activation and reaction to an amine (Table 5) [53]. Except 
these, well-established reactions such as click chemistry [54-59] and the 
subclass, the reaction with bioorthogonality [60-63] are also applied. 
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Table 5. Selected nanoparticles functionalization chemistry [53]. 

 
 
For example, 1,3-dipolar cycloaddition, Diels-Alder reaction, Staudinger 
ligation, native chemical ligation, hydrazine and oxime ligation chemistry 
are all belonging this category (Figure 4) [4,61-63]. These are all relative 
mild and effective reactions for the synthesis of bioconjugates. 
  On the liposomes, it is possible that either bioconjugation performs before 
incorporation with the liposomes or after anchor-lipids incorporation with 
the liposomes and then react with on the liposomal surface [12]. About the 
differences, we will describe in chapter 2 (the point of this study). 
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Figure 4. Schematic highlighting CuAAC, Cu-free AAC, the Diels− Alder reaction, 
and Staudinger ligation [4].  
The blue circle and red square represent the different molecules to which these functionalities 
would be attached. 
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IV. Surface Ligand Density 
 

i. Topology of surface ligands 
 
  In order to judge the bioactive behaviors of nanoparticles in applications, 
there are several metrics being interested: composition purity, size, a 
particle / conjugate mass, shape, aspect ratio, surface area, poly dispersity 
(Pd), surface properties, colloidal stability, ζ potential, hydrogynamic radius, 
conjugate valence, and the distribution; also, the orientation, acidity, affinity, 
avidity of bioconjugates are equally focused [64]. Previously, we intentionally 
termed topology to represent some of these metric properties. We also want 
to refer several important statements of the review article, Functionalizing 
Nanoparticles with Biological Molecules: Developing Chemistries that 
Facilitate Nanotechnology, Chem. Rev. 43 (2013) 1904-2074, to present how 
the significance of characterization of nanomaterial bioconjugates on the 
nanoparticle is: ‘‘proper characterization of NM bioconjugates is being 
recognized as an essential element not only in the design and production of 
these unique materials but also for the subsequent interpretation, 
reproducibility, and comparison during their intended use’’ [65], ‘‘As 
important as these applications are or may become, researchers sometimes 
charge into NP use with inadequate attention to what the NPs actually are’’, 
and ‘‘Understanding impurities or left over reaction products in the system is 
also important, especially in the emerging field of nanotoxicology’’ [4]. 
Clearly, the topology is difficult to realize but extremely important; therefore, 
the (nanoscale) analytical or separation techniques are becoming relative 
important in this field (Table 6) [66]. 
  The term, surface ligand density, is one element of topology; also, this is 
one criterion of the ideal nanoparticles (Figure 5) [4]. It demonstrates most 
critical key role in the bioapplications. As for the liposomes, the surface 
ligand density can be considered as that ratio of surface ligands 
concentration to total lipids concentration in the liposomes. 
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Table 6. Common Characterization Techniques for NM Bioconjugates [66]. 
Technique Examples Typical information obtained General comments 
Separation high-performance liquid 

chromatography (HPLC), 
nanofluidic size 
exclusion, field flow 
fractionation (FFF), 
electrophoresis, analytical 
ultracentrifugation, 
electospray differential 
mobility analysis (ES- DMA) 

confirms NM bioconjugation, 
ζ potential, hydrodynamic 
radius, size distribution, 
biomolecule-to-NM ratio, 
postproduction stability, 
aggregation or agglomeration 
state, purity 

routinely used to purify NM 
bioconjugates, requires 
optimization for each NM 
system under investigation, 
cost ranges widely, may be 
nondestructive to sample 

Scattering dynamic light scattering (DLS), 
fluorescence correlation 
spectroscopy (FCS), resonance 
light scattering correlation 
spectroscopy, ζ potential, 
Raman techniques, X-ray 
diffraction, small angle 
scattering techniques 

NM structure, morphology, 
hydrodynamic size, 
aggregation or agglomeration 
state, biomolecular 
conformation upon NM 
bioconjugation, 
postproduction stability, 
surface charge, confirms NM 
bioconjugation 

cost ranges widely, in some 
cases limited to specific 
materials (e.g., fluorescence), 
typically provides average 
bulk analysis of NM 
bioconjugate (not single 
molecule), sample preparation 
key to analysis 

Microscopy scanning electron microscopy 
(SEM) and transmission 
electron microscopy (TEM), 
atomic force microscopy (AFM), 
near-field scanning optical 
microscopy (NSOM), optical 
light microscopy 

NM size and shape (aspect 
ratio), individual NMs 
characterized, composition, 
in some cases can measure or 
image biomolecule with 
suitable staining although 
more typically used to 
characterize the core NM 

apart from light microscopy 
single particle resolution 
obtained, sample preparation 
key to analysis, specific 
instrument conditions 
required, technical expertise 
required, significant number of 
particles representative of 
total sample must be analyzed. 

Spectroscopic UV-visible absorbance, circular 
dichroism (CD), fluorescence 
spectroscopy, infrared 
spectroscopy, nuclear magnetic 
resonance, magnetic resonance 
imaging (MRI), mass 
spectrometry 

concentration, confirms NM 
bioconjugation, biomolecular 
conformation in NM 
bioconjugate, average 
NM-to-bioconjugate ratio, 
postproduction stability, 
mass of NM bioconjugate 

provides bulk analysis of NM 
bioconjugate (not single 
molecule), intrinsic 
spectroscopic properties 
required, sample preparation 
key to analysis, may require 
fairly concentrated samples 

Thermal thermal gravitational analysis 
(TGA), differential scanning 
calorimetry (DSC), isothermal 
titration calorimetry, 
thermophoresis 

determine the amount of 
biomolecule conjugated and 
the NM/ biomolecule’s 
thermal stability 

sample preparation key to 
analysis, technique 
optimization required, can 
require highly concentrated 
samples 

Emerging CytoViva with hyperspectral 
imaging, XiGo Acorn analysis, 
resonance frequency devices 
(quartz crystal microbalances 
and suspended cantilevers, 
single particle tracking 
(NanoSight and others), 
Coulter counter devices 

surface area, activity of NM 
bioconjugates, NM size, 
concentration, confirms NM 
bioconjugation, aggregation 
or agglomeration state 

sample preparation key to 
analysis, technique 
optimization required, newer 
techniques may require 
further optimization, in some 
cases require precalibration 
with known size or NM 
standards 

In this study, we are going to reveal measurement and calculation method of 
surface ligand density to realized liposomal surficial topology while the 
purity is ensured, and further it can offer the explanation of therapeutic 
efficacy. Once the nanoparticles reach to the Good Laboratory Product (GLP) 
or Good Manufacture Product (GMP) levels, the qualities of liposomes are 
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strictly required. 
 

 
Figure 5. Schematic representation of the six ideal or principle criteria for a 
universal “toolset” that would allow controlled attachment of any protein or other 
biomolecule to any NP or surface [4].  
These criteria include (1) control over the valence or ratio of biomolecule per NP; (2) control over 
orientation on the NP; (3) control over relative separation distance from the NP; (4) control over 
attachment affinity; (5) maintenance of the optimal function or activity of both participants; and 
(6) ability to be replicated in a facile manner with a variety of biologicals. In this example, the 
proteins would cover the NP surface in three dimensions and could still have some rotational 
freedom around the axis connecting them to the NP while still fulfilling the criteria. 
 
Every property of nanoparticles needs to be clearly stated with number, for 
example, the binding affinity, and producing process need to be controlled by 
digitized conditions. In clinical trial, purify and quality are definitely 
required for the Food and Drug Administration (FDA) approving. For these 
goals, firstly we are clarifying the surface ligand density and purity to 
approach the ideal nanoparticles for nanomedcine. 
  The purification techniques, size exclusion chromatography, not only offer 
clearance of the impurity, but also can control the size distribution range, 
which is the nanoparticles uniformity. While the nanoparticles formation, 
the sizes will distribute like Gaussian (normal) distribution; that is, the 
nanoparticles originally are with lower uniformity. To control the uniformity 
of nanoparticles is one reason of applying size exclusion chromatography, 
and the other reason is to obtain a desired size range. If the size distribution 
mean value 70 nm of liposomes are wanted to investigate its specific effect in 
this size, the size exclusion chromatograph can offer the liposomes that 
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really close to this size value.  
  Usually sizes affect several different therapeutic effects, and especially, 
smaller size has stronger capability to distribute and penetrate into tissues. 
Therefore, controlling nanoparticles in a smaller size distribution rage, and 
characterizing the surface topology could raise the other development trend 
for enhancing the nanoparticles efficacy [47,67]. In this study, we also 
investigate the smaller liposomes in 40 nm about controlling size 
distribution and the influence of the surface ligand density. 
 

ii. Purification 
 
  Purity of the liposomes is rarely to be discussed in most of literatures 
about liposomal researches or applications. However, Several important 
criteria are strictly required to become the ideal nanoparticles or liposomes 
and they are shown in Figure 5 [4]. Especially, first requirement is the ratio 
of a nanoparticle to the surface ligands that is the aforementioned surface 
ligand density. To judge the surface ligand amount is related to the topology 
of ligands on the nanoparticles that we describe in previous section. However, 
before understanding the their topology, the purity of the functionalized 
nanoparticles solutions need to be estimated. In other words, the 
concentration of, for example, lipid constituents in liposomes, and of the 
bioconjugates, and ensuring of remove all the impurities are necessary to 
give values that referred to be the quality of liposomes [68]. 
  It is always assumed that during the preparation process of liposomes the 
impurity is not remained and whole the modification process are perfectly 
100% incorporated. Nevertheless, this is not true because regarding these 
ignored impurities such as micelles or unreacted biomolecules in the 
liposomal solutions, some of them are still functioning as different intentions 
that are unexpected. Owing the bioactivities, micelles could bind to target to 
interfere the therapeutic results, and the free surfactants or endotoxins 
result in false explanation of toxicity. Hence, offering the purity degree and 
purification of liposomes are rising to becoming important concerning. 
  Here, among these purification techniques, the size exclusion 
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chromatography (SEC), e.g., Sepharose®, is exclusively suitable for the 
purpose of getting uniformity of particles size and exclude the impurity such 
as free bioconjugates, surfactants, and micelles, by the separation principle 
of size dependency [69,70]. Specifically, the Sepharose® CL-4B is suitable for 
the liposomes purification because of the resolution range: 1-100 nm (our 
experimental experiences) [71]. In order to understand the surficial topology 
of liposomes, pure liposomes are required to further physicochemical 
properties characterization. 
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2 
 
Characterizing the Topology of Surface Ligands on 
Liposomes 
 

I. Introduction 
 
  Nanotechnology has the capability to deliver drugs to specific cell types, 
but it is important to maximize therapeutic effects and minimize unexpected 
adverse effects, for this technology to be effectively used [1,4-6]. In using 
nanoparticles for specific drug delivery, they need to have both a stealth 
function to prevent non-specific recognition by the reticuloendothelial system 
(RES) [17,18] and an active targeting function to allow them to bind to the 
specific cell type of interest [8-10]. PEG modification is frequently used to 
confer a stealth function to nanoparticles [16-18]. For active targeting, 
specific ligands for bioactive molecules such as nucleic acids, peptides, 
proteins, and antibodies are attached to the surface of nanoparticles via PEG 
spacer [12]. Many attempts have been made to develop various types of 
specific ligands for use in active targeting, which is critical for targeting 
non-fenestrated tissues such as brain, lung and related tissues [19-21]. The 
procedures used to prepare ligands that are used in modifying nanoparticles 
are relatively complicated because this increases the number of steps in the 
preparation processes that can lead to conditions where ligand molecules can 
be unstable [39]. Therefore, optimal reaction (modification) conditions and 
methods for quantifying the density of the attached ligand that is attached to 
the nanoparticles need to be evaluated precisely. 
  Problems are usually encountered in evaluating both the density of the 
liposomal ligands and the PEG, since a variety of methods can be used to 
prepare such liposomes [22-26]. The issue of micelle contamination and 
controlling orientation of the anchors are major impediments to such an 
evaluation. Currently, three methods are in widespread use for modifying 
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the liposomal surface [12,22,39]. These methods include the pre-insertion 
method, the post-insertion method, and the surface reaction modification. 
The first two methods result in quite different liposomal surface topologies, 
namely, the orientation of the ligand and its density. When 
ligand-PEG-lipids are incorporated into liposomes by the pre-insertion 
method, only about half of the ligands are facing outward from the 
membrane, and the rest are facing toward the inside of the liposomes and 
are therefore nonfunctional. In contrast, in the case of ligand modified 
liposomes prepared by the post-insertion method, all of the ligands are facing 
outward from the membrane but ligand-modified micelles also remain in the 
reaction solution [68-70]. Because the such modified micelles have the ability 
to bind to targeting receptors, it is important to determine the purity of the 
liposomes, and to evaluate the density of surface ligands [66,72-75], which 
serve as an index of the quality of the liposomes [40,43,47,48]. 
  Surface reaction modification can efficiently modify the liposomal surface 
without micelle contamination, and ensures that the ligands are orientated 
facing outward from the membrane. Pan et al. applied both post-insertion 
method and surface reaction modification method to introduce a monoclonal 
antibody cetuximab against the human epidermal growth factor receptor 
(EGFR) on F98EGFR glioma cells as ligands on the liposomal surface for active 
targeting delivery [76]. The liposomes encapsulated the boron anion, 
dodecahydro-closo-dodecaborate (2-), to permit the preparation to actively 
deliver the boron derivative to selective tumors for boron neutron capture 
therapy. Based on thio-maleimide chemistry, the thiolated antibodies were 
covalently bound to the liposomal surface at room temperature for 4 hours 
using maleimide-PEG2000-DSPE as anchors that had been previously 
incorporated into the liposomes. Nonetheless, attempts to evaluate the 
extent of binding to the cells using various liposomal surfaces became 
difficult because it was impossible to precisely calculate the reaction yield, 
and no information regarding the incorporation ratio (the ratio of 
incorporated ligands to total lipids of liposomes) was available [76]. Most 
literature reports do not provide these two values or provide sufficiently 
accurate values to permit the surface topologies to be evaluated.  Instead, 
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bioactivities are evaluated with reference to differences in the composition of 
liposomal lipids (Table 1) [76-90]. 
 
Table 1. Reaction yield and incorporation ratios reported in the literature reports. 

Ligands Reaction types Reaction conditions 
Reaction 
yields (%) 

Incorporation 
ratios (%) 

References 

bovine γ-globulin 
thio-maleimide 

Michael addition 
pH 7.5, rt, 2 hr n.d. (1.38) [77] 

mAb her2 Fab′ 
thio-maleimide 

Michael addition 
pH > 7.0 n.d. (1.08) [78] 

mAb her2 Fab′ 
thio-maleimide 

Michael addition 
pH 7.3-7.4, rt, o/n n.d. (0.65) [79] 

mAb CC52 
thio-maleimide 

Michael addition 
pH 6.7, rt, 4 hr n.d. (1.35/1.08) [80] 

mAb E-selectin 
thio-maleimide 

Michael addition 
pH 6.7 n.d. (1.38) [81] 

GNGRGGVRSSSRT
PSDKYC (peptide) 

thio-maleimide 
Michael addition 

pH 7.4, 4 oC, 16 hr n.d. (0.35) [82] 

mAb E-selectin 
thio-maleimide 

Michael addition 
pH 6.5, 4 oC o/n n.d. (1.25) [83] 

mAb cetuximab 
thio-maleimide 

Michael addition 
pH 7.4, rt, 4 hr n.d. (0.03) [76] 

cRGDFC (peptide) 
thio-maleimide 

Michael addition 
pH 4.0-6.5, rt, o/n n.d. (0.03) [84] 

GLase-ZZ-His 
(protein) 

thio-maleimide 
Michael addition 

pH 7.4, rt, o/n n.d. (0.03) [85] 

transferrin (protein) Staudinger ligation pH 7.4, rt, 6 hr n.d. (0.10) [86] 

mAb 2C5 
(anti-nucleosome) 

thio-maleimide 
Michael addition 

pH 7.4, 4 oC, o/n n.d. (0.05) [87] 

hemoglobin 
thio-maleimide 

Michael addition 
pH 7.4, 37 oC, 1 hr n.d. (2.27) [88] 

Octreotide (TATE, 
peptide) 

thio-maleimide 
Michael addition 

pH 6.5, rt, 10 
min-24 hr 

40 (0.22) [89] 

p18-4 (peptide) 
carbodiimide mediate 

peptide coupling 
pH 5.2-7.2, 4 oC, 8 

hr 
35 0.30 [90] 

Most reports assumed a reaction yield of 100%, ignored micelle contamination and implied that 

the bioactive results were affected by the original lipid composition. Only two prior studies 

reported such values but calculated the reaction yield using equation (1) in Scheme 1, which is a 

conventional and inaccurate method. The values for incorporation ratios in parenthesis were 

calculated by us based on following equation: maleimide lipid molar ratio (of the total lipids in the 

liposomes) × 0.55 (ratio facing outward from the membrane) (equation (1) in Scheme 1) with the 

assumption of a 100% reaction yield, which means that all of the anchors contained an attached 

ligand. mAb: monoclonal antibody, rt: room temperature, n.d.; no data. 
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  The affinity of a liposome toward binding and its pharmacokinetics are 
related to its surface topology [40-44], which is defined as the ratio of the 
density of the surface ligand and PEG that are located on the liposomal 
surface. An accurate value for incorporation ratio represents the surface 
ligand density. To obtain an accurate figure for this ratio, it is necessary to 
accurately and precisely evaluate two independent parameters, namely the 
surface anchor (anchor-PEG-lipid) density and the reaction yield. To 
accomplish this, an analysis of the density of the first coating layer of PEG 
on the surface of the liposome is needed. This critical parameter, surface 
anchor density, represents both the amount of ligand acceptor that present 
on the liposome surface and, therefore, the amount of PEG present on the 
liposomal surface. It is therefore necessary to determine the purity of the 
liposome by removing contaminating micelles from the anchor grafted 
liposomes solution. The second ligand coating layer then needs to be 
examined to determine the reaction yield, which represents the efficiency of 
conjugation of the ligand to the anchor. The reaction yield can then be 
calculated by dividing the amount of conjugation that occurred by the 
amount of surface anchor applied to the liposome. The surface topology 
therefore, can be represented by the following mathematical formula: 
incorporation ratio = surface anchor density × reaction yield. In the past, 
such an evaluation was based on using the original lipids constituent, which 
is implied the surface composition to predict bioactive results but without an 
accurate value for the incorporation ratio. Such a procedure fails to correctly 
predict and explain bioactivities (Table 1). Furthermore, such an inaccuracy 
can lead to large deviations of the bioactivities of a liposomal preparation. 
Collectively, to our knowledge, this is first report to offer a methodology for 
combing these accurate parameters to differentiate various liposomal 
surface topologies for use in explaining the active targeting capability of a 
liposomal preparation.  
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II. Materials and Methods 
 

i. Materials 
 
  EPC, cholesterol, rhodamine DOPE (rho), maleimide-PEG2000-DSPE 
(MA-PEG lipid), and 5-carboxyfluorescein (5-FAM) were purchased.  
 

ii. Preparation of capped liposomes by pre-insertion method 
 
  The anchor grafted liposomes were composed of EPC : chol : rho lipid : 
MA-PEG lipid (60 : 33 : 2 : 5). The lipids were dissolved in ethanol, and 
chloroform was added and the solution was mixed well. The solution was 
evaporated to form a lipid film, and hydrated in HEPES-NaOH (pH 7.4) for 
10 min at room temperature. The mixture was sonicated for 2 minutes, 
yielding the anchor grafted liposomes. 
  For analyzing conventional surface anchor density, three individual 100µL, 
5mM (ensured by 2% rho UV absorbance) liposomal solutions were treated 
with 10, 0.9, and 0.5 equivalents 5-FAM-SH to MA-PEG lipid (surface molar 
amount, calculated by MA-PEG lipid amount × 0.55, outside surface ratio) 
to incubate at 60 oC for 1 hr. The excess unreacted 5-FAM-SH was removed 
by passage through a Sephadex® G-25 column (φ 12 mm × 40 mm), eluted 
with HEPES-NaOH (pH = 7) to get pure capped liposomes. Particle size, size 
distribution, and zeta potential (see supplementary data) of anchor grafted 
liposomes, capped liposomes, and capped liposomes after purification were 
determined by dynamic laser light scattering using a Malvern Zetasizer 
Spectrometer. 
 

iii. Preparation of capped liposomes by post-inserted method 
 
  The plain liposomes were composed of EPC : chol : rho lipid (60 : 38 : 2). 
The hydration method followed by sonication was performed, as described 
above. While the 250 µL, 3.83 mM (ensured by 2 % rho UV absorbance: 959.5 
nmole total lipids) plain liposomes were produced, the post-insertion manner 
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by adding MA-PEG lipid (MA-PEG lipid : plain liposomes lipids = 1 : 20) to 
incubate at 60 oC for 30 minutes was performed to offer the anchor grafted 
liposomes solution, mixed with the anchor micelles.  
  In order to cap the entire anchors of the liposomes and micelles in the 
solution, the mixture was treated with 3 equivalents 5-FAM-SH to the added 
MA-PEG lipid and allowed to react under 60 oC for 1 hr. The reaction 
mixture was purified by passing through the same Sephadex® G-25 column 
to remove excess unreacted 5-FAM-SH. Further purification was performed 
by means of a Sepharose® CL-4B column (φ 15 mm × 350 mm), eluted with 
HEPES-NaOH (pH = 7) to produce the pure capped liposomes. The 
concentration normalized surface anchor density (2.82%) was calculated as 
described in Table 2. Particle size, size distribution, and zeta potential (see 
supplementary data) of plain liposomes, anchor grafted liposomes, capped 
liposomes, and capped liposomes after purification were determined by the 
same instrument as above. 
 

iv. Preparation of conjugated liposomes by surface reaction 
modification 

 
  The plain liposomes were composed of EPC : chol : rho lipid (60 : 38 : 2). 
The anchor grafted liposomes mixed with a solution of anchor micelles 
(MA-PEG lipid) were treated exactly the same as described above. The 250 
µL 3.83 mM (verified by a 2% rho UV absorbance) liposomal solution was 
purified by means of a Sepharose® CL-4B column, as described above, 
resulting in the production of pure anchor grafted liposomes with a known 
surface anchor density, 2.82%. 
  For ligand conjugation, the anchor grafted liposomes, e.g., the surface 
MA-PEG lipids were treated with 1.1 equivalents 5-FAM-SH (the liposome 
concentration was calculated based on a 2% rho UV absorbance, and the 
amount of surface MA-PEG lipids was calculated based on the surface 
anchor density, 2.82%) as four groups at different temperatures, 4, 25, 37, 
and 60 oC for 1 hr. The reaction solutions were quenched by adding 
mercaptoethanol (107 equivalents of MA-PEG lipids in each group). One 
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additional anchor grafted liposome group was treated with 3 equivalents 
5-FAM-SH at 60 oC for 1 hr to completely consume the surface MA-PEG lipid. 
All reaction mixtures that are the five groups were purified using the same 
Sephadex® G-25 column to remove excess unreacted 5-FAM-SH and 
mercaptoethanol, respectively, to produce the different pure conjugated 
liposomes. Particle size, size distribution, and zeta potential (see 
supplementary data) of the plain liposomes, the anchor grafted liposomes, 
conjugated liposomes, and the conjugated liposomes after purification were 
determined using the same instrument as above. 
 

v. Liposome separation by Sepharose® CL-4B 
 

  To ensure that contaminating micelles were completely separated from 
liposomes (as shown in the separation profile in Figure 1), separation 
conditions were optimized as follows: a 45mL bed volume of Sepharose® 
CL-4B in a φ 15 mm × 350 mm column. Sample mounting amount was 
within 250 µL and eluted by HEPES-NaOH (pH = 7) buffer. Before each 
separation, the column was washed with 200 mL of buffer. The samples were 
mounted, and eluted with HEPES-NaOH (pH = 7) buffer, and the 1 mL 
fractions were collected by the autocollector for 40 tubes after void volumes 
were eluted. 
 

vi. UV-vis spectrophotometric and fluorescence spectrophotometric 
analysis of liposomes 

 
  To calculate total lipids amount is basing on 2% rho molar amount 
contained in the liposomes, and the rho absorbance of each tube were 
measured by UV-vis spectrometer. The value in λex (in HEPES-NaOH pH = 
7.4) = 570 nm, and ε = 142,000 were utilized to calculate. To calculate the 
5-FAM conj. molar amount, the 5-FAM conj. absorbance of each tube was 
measured by a UV-vis spectrometer as well. The value in λex (in 
HEPES-NaOH pH = 7.4) = 495 nm, and ε = 31,000 were utilized in the 
calculation. 
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vii. HPLC analysis of liposomes 

 
  For preparing an HPLC standard analytical curve (area under the curve 
(AUC) vs. nmole) in the sample concentration range, a series of 
concentrations (2 µM-50 µM) of 5-FAM conj. solutions (HEPES-NaOH, pH = 
7.4) were prepared (see supplementary data). 
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III. Results and Discussion 
 

i. Determination of the conventional surface anchor density of 
pre-inserted liposomes 

 
  The anchors of anchor grafted liposomes prepared by the pre-insertion 
method (Scheme 1) are generally assumed to be facing both outward in 
inward from the membrane surface in a ratio of 45 : 55.  
 

 
Scheme 1. Surface anchor density on pre-inserted liposomes. 
To analyze surface anchor density, the conventional calculation method was used with 

5-FAM-SH as a probe based on a thio-maleimide Michael addition reaction at the surface of the 

pre-prepared liposomes. It should be noted that, in the pre-prepared liposomes, maleimide 

anchoring groups were exposed and facing both inward and outward with a theoretical ratio 

55/45, but the probes became attached only to the outward facing moieties; however, our result 

was not consistent with the surface anchor density calculated using conventional assumptions. 

(liposomes containing EPC : chol : rho lipid : MA-PEG lipid = 60 : 33 : 2 : 5) 
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The theoretical calculation of surface anchor density that are facing outward, 
which is referred to as the conventional surface anchor density (shown in 
equation (1)) was determined. Thiolated 5-carboxyfluorescein (5-FAM-SH) 
was employed as a probe to cap the outward facing anchors on the liposomes. 
The reaction conditions for conjugation between the probes and anchors were 
adjusts to ensure that all of the anchors had reacted in advance. Unreacted 
probes were removed by Sephadex® G-25 to result in pure capped liposomes 
that were used in the surface anchor density calculations. The conventional 
surface anchor density, calculated as 5% ×   !!!"" = 2.75% (= added anchor 
molar ratio ×   !!!"" ) was inconsistent with the surface anchor density (= 

!"##$%  !"#$%&
!"#"$%  !"#$%&'

), 3.04%, that was calculated by the probe capping method. This 

result indicates that the ratio outward facing and inward facing ligands was 
!"
!"". A possible reason for this is that the ratio of the outward facing surface 
anchors is higher than !!

!"" , that anchor micelles exist in the liposomal 
solution, or that the accuracy and reproducibility of the theoretical ratio is 
low. However, the density of anchors facing the two sides was difficult to 
control. It is important to know the surface anchor density before surface 
reaction modification. While the calculation of surface anchor density of 
pre-inserted liposomes was performed, it is not possible to estimate the 
amount of inward facing anchors using the above probes. The uncertainty 
associated with the ratio of inward versus outward facing anchors indicates 
that pre-inserted liposomes are not acceptable as candidates for calculating 
surface anchor density. 
 

ii. Analysis of the conventional surface anchor density of post-inserted 
liposomes 

 

  The conventional surface anchor density is considered by the added molar 
ratio of anchors in the total lipids. While anchor grafted liposomes are 
prepared, which are referred to as post-inserted liposomes by the anchor 
insertion process, micelles may present as contaminants of the anchor 
grafted liposomes (Scheme 2).  
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Scheme 2. Surface anchor density on post-inserted liposomes. 
Using the post-inserted method to determine the conventional surface anchor density. Although 

the anchors of theseliposomes are only outward facing, micelles that contaminate liposomal 

solutions are usually not considered after the post-insertion process. Ignoring the existence of 

micelles leads the inaccurate estimation of surface anchor density. Therefore, to remove 

micelles Sepharose® CL-4B is recommended for producing pure anchor graft liposomes. 

(liposomes containing EPC : chol : rho lipid = 60 : 38 : 2; liposomes : micelles = 20 : 1) 

 
As micelles result in an inaccurate liposomal solution, applying size 
exclusion column, Sepharose® CL-4B, to remove micelles from liposomes is 
necessary. Since the anchors in post-inserted liposomes are only outward 
facing, it is easy to control and calculate surface anchor density. Therefore, 
the post-insertion method is a viable candidate for use in evaluating surface 
anchor density. 
  To evaluate the surface anchor density of anchor grafted liposomes 
prepared by the post-insertion method, the probes were introduced again to 
cap the anchors on both the micelles and the outer membrane of the 
liposomal surface (Scheme 3).  
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Scheme 3. Quantification of surface anchor density on the post-inserted 

liposome by probe introduction 
The flowchart was designed to precisely estimate the surface anchor density of post-inserted 

liposomes. A 5-FAM-SH was introduced as a probe to visualize micelles that are removed and to 

quantitatively determine the surface anchor density. The result proved that micelles were present 

after the post-insertion process and show that Sepharose® CL-4B can be used to efficiently 

remove micelles to produce pure and homogeneous capped liposomes. (liposomes containing 

EPC : chol : rho lipid = 60 : 38 : 2; liposome : micelle = 20 : 1) 

 

All of the anchors are consumed because all are outward facing. Next, 
Sephadex® G-25 was utilized to remove unreacted probes, and further 
capped micelles were removed by Sepharose® CL-4B, resulting in the 
production of pure capped liposomes for surface anchor density calculation. 
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By doing this, we are able to verify that there were micelles in the liposomal 
solutions, and that the micelles could be completely removed from the 
liposome suspension. Sepharose® CL-4B separation is critical in evaluating 
the surface anchor density of intact liposomes. The size of micelles and 
liposomes are in the resolution range of the Sepharose® CL-4B column. Some 
studies have used this approach to show that micelles can actually be 
removed. The separation results (Figure 1) show three peaks with two kinds 
of fluorescent intensity along the tube number sequence. 
 

 

Figure 1. Sepharose® CL-4B fluorescent chromatography shows that micelles 
were removed from liposomes. 
Capped liposomal solution mixed with capped micelles was separated by Separose® CL-4B. The 

two fluorescents, rhodamine DOPE and 5-FAM conj. were shown as red and green bars, 

respectively. The red bars represent different amount of liposomes in different fractions with 

various intensity. The green bars represent capped 5-FAM in liposomes and micelles. The tubes 

from No. 5 to 8 were collected as pure capped liposomes due to most reliable fractions. The 

tubes from No. 14 to 19 contain aggregated micelles. The tubes from No. 26 to 28 contain 

micelles. 

 

Three peaks, tubes 5-8, 14-19, and 26-28, indicating capped liposomes, 
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aggregating capped micelles, and capped micelles, respectively, were well 
separated. The ratio of the intensity of the three peaks of 5-FAM conj. was 
63 : 14 : 23. This shows the amount of contaminating micelles is significant. 

  We defined the surface anchor density as !"#$%&'  !"##$%  !"#$%&
!"#"$%  !"#$%&'  !  !"#$%&'  !"##$%  !"#$%&

 

(equation (5)), as shown in scheme 3. The surface anchor density of pure 
liposomes in tube No. 5 (Figure 1) of the purified liposomal fractions was 

!.!"#
!.!"#  !  !".!!"

 = 2.600% (Table 2). Furthermore, normalized by the 

concentration of total lipids in tubes 5-8, the contribution value was 0.0095. 
By summing up the four contribution values, the average of surface anchor 
density of post-inserted liposomes was 2.82% as explained in Table 2.  
 
Table 2. Calculations of lipids amount and liposomal surface anchor density. 

Tube 
No. 

Capped 
anchor abs. 

Capped anchor 
amount (nmole)* 

Rho abs. 
Total lipids 

amount (nmole)* 
Surface anchor 

density (%) 

Normalized by 
total lipids 

conc.** 

5 0.240 0.489 0.744 18.338 2.600 0.0095 

6 0.264 0.513 0.767 18.905 2.644 0.0099 

7 0.132 0.288 0.353 8.7010 3.206 0.0055 

8 0.069 0.171 0.176 4.3380 3.794 0.0033 

*HPLC analysis, each injection 70 µL 
**the values were calculated by surface anchor density (%) × !"!#$  !"#"$%  !"#$%&  

!"#  !"  !"!#$  !"#"$%  !"#$%&'  (!"#$  !".!  !"  !)
, 

i.e., in tube No. 5 the value of normalized by total lipids concentration = 2.600% × 
!".!!"  

!".!!"!!".!"#!!.!"#"!!.!!"#
 = 0.0095. 

The absorbance of surface capped anchor and liposomes (rhodamine DOPE) were measured, 

respectively. Based on each calibration curves, the molar amount of surface capped anchor and 

total lipids were calculated by HPLC analysis. Using the formula (equation (5)) in scheme 3, the 

surface anchor density of each fraction was calculated. Furthermore, each surface anchor 

density was normalized by total lipids amounts in order to get an average surface anchor density 

of these 4 fractions. 

 
However, the 2.82% also represents a discordant result in comparison with 
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the conventional surface anchor density, which is defined as the added 
anchor molar ratio in the total lipids (equation (3)) = !

!"  !  ! = 4.76%. 4.76% 
also represents the maximum value for the surface anchor density. Therefore, 
the inconsistent results indicate that the conventional surface anchor 
density overestimates the actual density. Actually only about 60% of the 
added anchors are actually inserted into the anchor grafted liposomes 
(Scheme 3). 
  Surface anchor density is a key parameter, as it accurately represents the 
amount of PEG in first coating layer and the active anchors amount in the 
second coating layer provides a more precise evaluation of the ligand 
conjugation efficiency of a liposomal preparation. After ligand conjugation, 
these evaluations of the processes are used in calculating the ligand density. 
 

iii. Characterizing the liposomal surface topology functionalized by surface 
reaction method 

 
  To develop a model to explain the surface topology, 5-FAM-SH was 
introduced as a ligand to modify the liposomal surface. As the surface anchor 
density (2.82%) is already known by a previous analysis, the same anchor 
graft liposomes were used in the next surface functionalization (Scheme 4). 
The thio-maleimide Michael addition reaction was performed at different 
temperatures from 4 oC to 60 oC in order to produce different liposomal 
surface conditions. After removing all of the unreacted ligands by Sephadex® 
G-25, the qualities of different liposomal surfaces of conjugated liposomes 
are ready for further surface examination. 
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Scheme 4. Characterization of functionalized liposomal surface topology by 
reaction yield and incorporation ratio. 
To evaluate surface topology, 5-FAM-SH was introduced as a ligand. Surface conjugation was 

performed to analyze the ligand density and surface conditions based on a thio-maleimide 

Michael addition reaction at different temperatures. The surface reaction functionalizing method 

takes into account micelles remaining, ligand remaining and insufficient reaction problems, 

which result in the failure to understand the active targeting capability of liposomes. In order to 

determine the actual topology, Sepharose® CL-4B and Sephadex® G-25 was used to remove 

contaminating micelles and unreacted ligands, respectively. Two factors, reaction yield and 

incorporation ratio were introduced to describe the actual topology. Based on these two factors, 

the qualities of ligand modified liposomal surfaces reacted at different temperature are 

accurately described. (liposomes containing EPC : chol : rho lipid = 60 : 38 : 2; liposome : micelle 

= 20 : 1) 
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  To describe the surface topology, it is necessary to represent the 
conjugation efficiency of the anchors and ligands. Therefore, the reaction 
yield was introduced as a primary parameter. Here, we define the reaction 

yield of surface reaction as !"#$%&'  !!!!"  !"#$
!"#$%&'  !"#$%&

 shown in scheme 4. In the case of 

4 oC (Table 3), which is usually used to prevent proteins as ligands from 
denaturing, the reaction yield was !.!"#!.!"# = 44.6% (by equation (6) in Scheme 
4). 
 
Table 3. Calculations of lipids amount and liposomal surface reaction yield. 

Temperature 
(oC) 

5-FAM 
conj. 
(abs.) 

5-FAM conj. 
amount 
(nmole)* 

Rho 
(abs.) 

Total lipids 
amount 
(nmole)* 

Surface anchor 
density (%) 

Surface anchor 
amount 
(nmole) 

Reaction 
yield (%) 

4 0.052 0.109 0.242 8.521 2.825 0.248 44.620 

25 0.058 0.122 0.249 8.768 2.825 0.248 48.512 

37 0.099 0.277 0.313 11.021 2.825 0.312 86.799 

60 0.089 0.287 0.32 11.268 2.825 0.319 87.830 

60** 0.186 0.316 0.315 11.092 2.825 0.314 98.024 

The absorbance of surface 5-FAM conjugations and rhodamine DOPE were measured. The 

molar amount of the surface 5-FAM conjugations and total lipids were calculated by calibration 

curves as well as Table 1. Following the formula (6) in scheme 4, the reaction yields on different 

conditions were obtained. 
*These values were obtained by HPLC analysis. 
**This sample was treated with excess amount of 5-FAM-SH to ensure complete reaction, 

confirming surface maleimide molar ratio under 60 oC, 3 eq. = 2.77% (very close to the average 

surface anchor density, 2.82%). 

 

This result suggest that the assumption of a reaction yield of 100%, which is 
usually assumed in most studies, is not true, but less than half of the total 
ligands become conjugated on the surface. It is reasonable that the reaction 
yields increase from 44.6 to 87.8% showing a trend alone the temperatures 
from 4 oC to 60 oC. Surprisingly, the findings also show that a reaction at 37 
oC gave a yield similar to that at 60 oC, with a yield in excess of 86%. 
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Therefore, in the case of 37 oC, the surface topology can be described as 
follows: PEG density is 2.825%, and ligands are attached to 86.8% of the 
anchors. In order to conjugate efficiently, we conclude that in contrast with 
room temperature, heating at 37 oC will offer efficient activating energy for 
surface reaction modification by a thio-maleimide Michael addition. Again, 
applying excess ligands to conjugate all the anchors on the surface verifies 
the accuracy of the surface anchor density determined in this study, i.e., 
surface ligand density = surface anchor density = !.!"#

!!.!"#  !  !.!"# = 2.770%, which 
was very close to the previous value (2.82%). 
  The binding affinity of ligand modified liposomes to target receptors is 
usually attributed to the surface ligand density, i.e., the incorporation ratio. 
The incorporation ratio was introduced as a second parameter to describe 
surface topology. For an accurate incorporation ratio, the following two steps 
are required: removal of micelles to obtain the surface anchor density, and 
removal of unreacted ligands to calculate the reaction yield. Therefore, we 

proposed a definition for the incorporation ratio as !"#$%&'  !!!"#  !"#$.
!"#"$%  !"#$%&'  !  !"#$%&'  !"#$%&

 = 

surface anchor density ×  reaction yield ( !"#$%&'  !"##$%  !"#$%&
!"#"$%  !"#$%&'  !  !"#$%&'  !"##$%  !"#$%&

 × 

!"#$%&'  !!!"#  !"#$.
!"#$%&'  !"#$%&

). Therefore, the incorporation ratio at 4 oC can be calculated 

as 2.825% × 44.620% = 1.261%. The increasing trend of incorporation ratios 
from 4 oC to 60 oC are governed by reaction yields because the surface anchor 
density is fixed in this model (Figure 2). However, during the anchor 
insertion processes, the following three factors will mainly affect the surface 
anchor density: ratio between anchors and lipids during insertion process, 
the PEG density on the liposomes, and the temperature. 
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Figure 2. Incorporation ratios at different liposomal surface modifying conditions. 
The incorporation ratio was calculated. Liposomal incorporation ratios in ideal reaction 

environment with different temperatures were well differentiated. Thirty-seven degree offered 

enough activation energy of thio-maleimide Michael addition reaction on liposomal surface. 

 
  It is definitely possible to determine the incorporation ratio directly from 

following formula: incorporation ratio = !"#$%&'  !!!"#  !"#$.
!"#"$%  !"#$%&'(  !  !"#$%&'  !!!"#  !"#$.

 

(equation (5)) without knowing the surface anchor density and the reaction 
yield only when unreacted ligands and conjugated micelles are removed, and 
importantly, the reaction yield is assumed to be 100%. However, in the 
denominator, surface 5-FAM conj. is not always equal to the surface anchor 
as the reaction yield is not 100%. This means while the reaction yield is 
lower than 100%, the surface PEG density remains unknown, which 
influences the pharmacokinetics, and makes the incorporation ratio vague. 
In Scheme 5, in a practical case while plain liposomes undergo two different 
anchor insertion conditions, two kinds of anchor grafted liposomes with 
different surface anchor densities will be obtained. After then, through 
different surface reaction conditions, three kinds of conjugated liposomes 
will be produced. 
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Conjugated liposome Surface anchor density Reaction yield Incorporation ratio 

A 
!

!""  !  !
 = 3.85% 

!
!
 = 25.0% 3.85% × 25.0% = 0.963% 

B !
!
 = 50.0% 3.85% × 50.0% = 1.925% 

C !
!""  !  !

 = 5.66% !
!
 = 33.3% 5.66% × 33.3% = 1.885% 

Scheme 5. Differentiation of various anchor graft liposomes and conjugated 

liposomes 
On the preparation of conjugated liposomes by surface reaction procedure, following 

conventional calculation, incorporation ratio = !"#$%&'  !!!"#  !"#$.
!"#"$%  !"#$%&'(  !  !"#$%&'  !!!"#  !"#$.

, results in an 

overestimated result. It is particularly difficult to distinguish between conjugated liposomes B and 

C. 

 
All the parameters on the table in Scheme 5 can only be calculated by the 
calculation method outlined herein. Different liposomal surface topologies 
can be distinguished clearly. On the other hand, if the incorporation ratio 
was calculated directly (by equation (5)), conjugated liposome B can be 
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distinguished from conjugated liposome A but the result is quite difficult 
from conjugated liposome C. The similarity of conjugated liposomes B and C 
do not adequately reflect the liposomal binding affinity and pharmacokinetic 
properties, even though the ligand density is very similar in each case. 
Collectively, to our knowledge, this is first report to demonstrate that three 
parameters (surface anchor density, reaction yield and incorporation ratio) 
and equation (7) are essential to precisely depict the topology of a liposomal 
surface for explaining and predicting bioactivities. 
  This precise methodology standardizes the surface ligand topology for 
active targeting.  Purity, accuracy and reproducibility for Good Laboratory 
Practice (GLP) and Good Manufacture Practice (GMP) level, and for 
proceeding to clinical trials of the designed liposomes are required. Precise 
values draw an accurate profile of surface topology to explain or predict the 
bioactivities of such preparations. The incorporation ratio represents the 
ligand density, which is mainly referred to as the binding affinity and this 
leads directly to active targeting capability. Regarding the binding affinity 
evaluation assay, an inaccurate incorporation ratio misleads the results, and 
further affects EC50 values. Besides, the standard deviation of bioactivities is 
also enlarged due to this type of inaccuracy. In this study, we offer a 
methodology to assess the quality control of liposomes that are purified from 
micelles with reliable parameters for further applications. 
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IV. Conclusion 
 
  The methodology described herein provides a precise calculation method 
for characterizing different liposomal surfaces. During the process of the 
liposomal surface modification by surface reaction, the micelles and excess 
reactants are removed to produce pure and qualified liposomes for further 
study. Also, ligand orientation is fixed so as to be outward facing. Surface 
anchor density is a critical parameter to represent PEG density and to 
calculate the mount of surface anchor present. Further, while proceeding 
through the surface reaction modification, the reaction yield, another 
parameter, of ligands and anchors is calculated based on the surface anchor 
amount as the denominator. These two independent parameters can be 
estimated separately and precisely. Consequently, we are the first to propose 
an equation to describe a liposomal surface topology: incorporation ratio = 
surface anchor density × reaction yield. By the incorporation ratio, the 
ligand density on the liposomal surface is well recognized, and surface 
anchor density represents the density of PEG on the liposomal surface as 
well. This methodology can offer the liposomal surfaces that are described 
accurately by surface anchor density and these two parameters for 
evaluating liposome delivery capabilities. 
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3 
 
Size-dependency in Surface Ligand Density of 
Liposomes by Post-insertion Manner 
 

I. Introduction 
 
  Active targeting is a trend of designing the liposomes for the second 
generation of drug delivery systems [6]. It is that in order to confer the 
liposomal capability of actively targeting recognition, laboratories endeavor 
to develop suitable ligands to graft on the surface of liposomes. That is, these 
ligand-modified liposomes are not restricted by dependency of EPR effect to 
deliver the bioactives for the porosity feature of tissues such as liver, spleen 
or tumors [14,15]. They extend the possibility of targeting the other kinds of 
tissue or cell with none-porous features, i.e., brains with blood brain barrier 
or normal tissues and cells [19-21]. Hence, the ligands have the ability to 
duck the liposomes, carrying the bioactives to aimed specific organelles, 
tissues, organs or pathological locations of human bodies. Differently, the 
first generation of drug delivering systems, e.g., passive targeting, strongly 
dependent on the enhanced permeability and retention effect on, especially, 
tumors so that allows the liposomes can accumulate and penetrate to the 
aims [6,13]. However, for the first generation, efficient circulation time is 
essential for the enhanced permeability and retention effect, and also, for 
both generations all need to evade the recognition of mononuclear phagocytic 
system known as reticuloendothelial system [17,18]. To escape from the 
immune systems recognition and prolong the circulation time, the inevitable 
‘stealth’ function is adopted by coating polyethylene glycol (PEG) on the 
liposomal surface [9,16]. Surface modification changes the physicochemical 
and pharmacological properties of liposomes, including the surface charge, 
size, stability and binding affinities for the targets. Understanding modified 
surface conditions that we called surface topology is becoming significantly 
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important [40-44]. 
  To reveal liposomal surface conditions, some criteria of functionalized 
liposomes are necessary to be considered such as sizes, charges, ligands 
orientation and functions, distance between particles and ligands, and 
biocompatibility [4]. Most importantly, the ratio of nanoparticles and ligands 
need to be clearly known to represent surface topology. The definition of this 
ratio called surface ligand density that can indicate the capabilities of 
liposomes for its own purpose[45-48]. Most literature reports describe the 
various bioactivities of liposomes without providing clear value to reflect 
liposomal surface conditions, e.g., the surface ligand density. These reports 
attempt to imply the liposomal surface ligand density by initial ratios of 
lipids composition of liposomes [76-90]. Indeed, accurate surface ligand 
density can not only offer the ability of target recognition of liposomes, but 
also give the accurate assessment of each degree of modified liposomes. This 
accurate density values will minimize the standard deviation while the 
liposomes are repeatedly prepared and examined. There are several methods 
to access this value and consider the surface topology of liposomes [40-44]; 
however, to calculate the grafted ligands molar amount is a most 
straightforward way to understand surface ligand density. In order to do this, 
the preparation methods of liposomes and the purity of liposomes become 
critical issues [66]. 
  Post-insertion method to modify the liposomal surface has been widely 
applied for several decades [76-90]. It is desired to graft the entire functional 
conjugates on the liposomal surface and during this process the ligands 
maintain the functions with the proper orientation and distance. The notable 
characteristic of post-insertion method is all the ligands will be facing 
outward but the remaining conjugate micelles will contaminate the 
liposomal solutions if the insertion efficiency is not 100% [22-26]. During this 
insertion process, some factors influence the insertion efficiency as well as 
surface ligand density.	 As so far, the temperature, lipids composition of 
liposomes, incubation time, the ratio of micelles to lipids of liposomes, and 
the PEG density on the liposomal surface are known factors [76]. However, 
some ligands are temperature sensitive so that they cannot sustain strict 
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conditions during the modifying process. Hence, to enhancing the insertion 
efficiency within mild conditions to provide functional ligands on the 
liposomes is needed. Among these, we found surface ligand density is also 
governed by a critical factor: liposomes sizes. 
  It is known that liposomes with smaller sizes have higher distribution 
capability in the tumor microenvironment to raise the therapeutic efficiency. 
Therefore, to relate the surface ligand density to the liposomes sizes may 
explain the therapeutic efficacy of smaller liposomes (diameter about 50 nm). 
The probe sonication technique provides four different size groups of 
liposomes (diameters from 200-40 nm) [38], and the size exclusion 
chromatography further separate one size to different sizes in the fractions. 
During this analytical process the impurity, e.g., conjugate micelles, was 
removed [68-70], and the parameter, incorporation ratio, is calculated to 
represent the surface ligand density. The trend of incorporation ratio in 
different sizes shows the strong size-dependency of incorporation ratio along 
the liposome sizes caused from post-insertion manner. 
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II. Materials and Methods 
 

i. Materials 
 
  EPC, cholesterol, rhodamine, maleimide-PEG2000-DSPE (MA-PEG lipid), 
and 5-carboxyfluorescein (5-FAM) were purchased.	 
 

ii. Preparation of the inserted liposomes 
 
  The plain liposomes were composed of EPC : chol : rho lipid (48 : 50 : 2). 
The lipids were dissolved in ethanol, and chloroform was added and the 
solution was mixed well. The solution was evaporated to form a lipid film, 
and hydrated in HEPES-NaOH (pH 7.4) for 10 min at room temperature. 
The hydration method followed by probe sonication technique was performed 
as the sonicator was optimized by pules and time. While the 300 µL, 15.05 
mM (ensured by 2 % rho UV absorbance: 4515 nmole total lipids) plain 
liposomes with diameter of 71 nm were produced, the 5-FAM conj. was added 
(5-FAM conj. : plain liposomes lipids = 1 : 16). The mixture was separated as 
five eppendorfs equally to perform the post-insertion manner to incubate at 
37 oC or 60 oC for five different time intervals, e.g., 10, 30, 60, 120, 180 
minutes for each eppendorf. It offers the five aliquots of inserted liposomes 
solutions in different time intervals, mixed with the conjugates micelles. 
  The other sizes such as 188, 137, and 40 nm were also prepared by simple 
hydration method followed by the probe sonication technique mentioned 
above. Further post-insertion manner was performed at the same conditions 
including molar ratio of 5-FAM conj. to plain liposomes lipids, temperature 
and time intervals. The inserted liposomes of different sizes incubated in 
different temperature within different time intervals were produced. 
 

iii. Calibration of Sepharose® CL-4B column 
 
  To ensure that contaminating micelles were completely separated from 
liposomes (as shown in the separation profile in Figure 1 of chapter 2), 
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separation conditions were optimized as follows: a 45mL bed volume of 
Sepharose® CL-4B in a φ 15 mm ×   350 mm column. Sample mounting 
amount was within 250 µL and eluted by HEPES-NaOH (pH = 7) buffer. 
Before each separation, the column was washed with 200 mL of buffer. The 
samples were mounted, and eluted with HEPES-NaOH (pH = 7) buffer, and 
the 1 mL fractions were collected by the autocollector for 40 tubes after void 
volumes were eluted (the void volume was determed by the elution of Bule 
Dextran 2,000). 
  The plain liposomes were composed of EPC : chol : mPEG2000-DSPE : rho 
lipid (60 : 34 : 5 : 1). The hydration method followed by bath sonication was 
performed, as described above. While the 80 µL, 5.0 mM (ensured by 2 % rho 
UV absorbance) PEG liposomes were produced, they were mounted into the 
same Sepharose® CL-4B column to get 40 tubes. Particle size, size 
distribution, and zeta potential were gotten by dynamic laser light scattering 
using a Malvern Zetasizer Spectrometer. The correlation of size versus 
elution volume were drawn in Figure 1. 
 

iv. Separation of the liposomes by Sepharose® CL-4B chromatography 
 
  In order to purify and separate an aliquot into different sizes, each 
eppendorf with liposomes mixture was purified by means of a Sepharose® 
CL-4B column (φ 15 mm × 350 mm), eluted with HEPES-NaOH (pH = 7) to 
produce the pure inserted liposomes. Particle size, size distribution, and zeta 
potential (see supplementary data) of plain liposomes, inserted liposomes, 
and inserted liposomes after purification were determined by the same 
instrument as it described above. 
 

v. Calculation of surface ligand density 
 
  For preparing an HPLC standard analytical curve (area under the curve 
(AUC) vs. nmole) in the sample concentration range, a series concentrations 
(2 µM-50 µM) of 5-FAM conj. solutions (HEPES-NaOH, pH = 7.4) were 
prepared (see supplementary data). 
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  To calculate total lipids amount is basing on 2% rho molar amount 
contained in the liposomes, and the rho absorbance of each tube were 
measured by UV-vis spectrometer. The value in λex (in HEPES-NaOH pH = 
7.4) = 570 nm, and ε = 142,000 were utilized to calculate. To calculate the 
5-FAM conj. molar amount, the 5-FAM conj. absorbance of each tube was 
measured by a UV-vis spectrometer as well. The value in λex (in 
HEPES-NaOH pH = 7.4) = 495 nm, and ε = 31,000 were utilized in the 
calculation. 
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III. Results and Discussion 
 

i. Estimation of liposomal surface ligand density 
 

 

 
Scheme 1. Analysis of the incorporation ratio for surface ligand modified 
liposomes. 
To analyze the post-insertion manner and calculate surface ligand density of liposomes, the 

5-FAM conj. are introduced as ligand-lipid conjugate to perform the post-insertion manner. It is 

important to fix the molar ratio of conjugate to lipids of liposomes and temperature while the 

insertion process. Each aliquot of liposomal solution after several time interval are collected and 

analyze the incorporation ratio precisely after purification. Moreover, the incorporation ratio 

represents the surface ligand density and the average of the incorporation ratio represent the 

insertion efficiency. 
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  It is desired to control the quality of the functionalized liposomes and the 
post-insertion process for the preparation of functionalized liposomes. In 
order to do this, the model is set to calculate surface ligand density of the 
modified liposomes and monitor the efficiency of post-insertion process by 
controlling the factors to analyze the qualities of the liposomes and 
post-insertion process. The post-insertion process was performed on the 
plain liposomes, and 5-FAM conj. was introduced as functionalized conjugate 
to modify the liposomal surface (scheme 1). To remove the contaminating 
micelles of 5-FAM conj. from the inserted liposomes solution, these mixture 
solutions were purified by Sepharose® CL-4B column perfectly to get pure 
inserted liposomes solutions. For calculating the surface ligand density of 
pure inserted liposomes as functionalized liposomes, a term called 
incorporation ratio is introduced; also, we define it as 

!"#$%&$%'()*  !!!"#  !"#$.
!"#"$%  !"#$%&'  !  !"#$%&$%'()*  !!!"#  !"#$.

, shown as equation (1) in scheme 1. The 

ultimate purpose of this operating model is to be able to calculate the 
incorporation ratio for different samples accurately, and understand and 
control the factors to enhance the insertion efficiency to get higher density of 
conjugate-incorporated liposomes.  
  To perform post-insertion process, four liposomes groups with different 
sizes that is including the liposomes in 188 nm, 137 nm, 70 nm and 40 nm 
are prepared as four kinds of example to calculate incorporation ratio. 
Besides the sizes, the factors of controlling post-insertion efficiency such as 
temperature, and ratio of micelles to lipids are fixed. It is known that higher 
ratio of micelles to lipids leads higher insertion efficiency so that the 
condition was set relative high ratio of 1 : 16. Moreover, the temperature of 
37 oC and 60 oC are also examined the effect of insertion process, and results 
shows 37 oC offer enough energy during insertion process as 60 oC in the 
lipids composition of EPC / chol / rho lipid. It is considered that while 
insertion temperature is higher than the liposomal transition temperature, 
the insertion efficiency will be similar. 
  The calculation process and results of the group of liposomes with 
diameter of 70 nm incubated in 10 min. are shown in scheme 2.  
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functionalized 
liposomes 

   

 
 
 

 

Scheme 2. Analysis of incorporation ratio of different sizes of liposomes by 
Sepharose® CL-4B separation. 
To realize the incorporation ratio of a group of inserted liposomes, the liposomes with most 

reliable qualities in the five tubes were collected after Sepharose® CL-4B separation. The UV 

absorbance of each tube was measured by HPLC to get molar amount of conjugates and lipids 

of liposomes. Then, the incorporation ratio was gotten in each tube and in different time interval. 

 
The Sepharose® CL-4B chromatogram on the left top gives the overlapped 
two peaks in the rectangle, which is the area of collected elution in five tubes. 
Following right side figure of UV absorbance versus tube number indicates 
UV intensity to represent the molar amount of conjugates and lipids of plain 
liposomes for the five tubes. Applying the equation (1), the right side figure 
was converted to the incorporation ratios in different sizes (different tubes) 
respectively as we mentioned in chapter 1. Here, it is observed that different 
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fractions have various incorporation ratios. Especially, the smaller liposomes 
show higher potential to possess the higher incorporation ratio. Besides, the 
samples of different time intervals were analyzed precisely to characterize 
variation of incorporation ratio along the time course. 
 

ii. Quality control of the liposomes 
 

 
 
 

 
Figure 1. Separation of liposomes by Sepharose® CL-4B and calibration of 
Sepharose® CL-4B column by sizes. 
The logarithmic correlation between particle sizes and elution volume is presented on the 

Sepharose® CL-4B column chromatogram (y = -38.77ln(x) + 135.52, R² = 0.99514) on the top. 

The correlation is transformed to Kav value in the function of square root of minus Napierian 

logarithm versus Stokes’ radius to show the linearity (y = 0.0137x + 0.5203, R² = 0.99453). This 
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calibrating curve shows the separation capability of Sepharose® CL-4B column depending on 

size strongly in the size range of 45 nm to 95 nm. 

   
  It is important to understand the ligand density on the liposomal surface, 
including control the purity of liposomes. That is, removing the 
contaminating conjugate micelles remaining from post-insertion process, 
and controlling the mean value of size distribution of liposomes by size 
exclusion chromatography guarantee the quality of the liposomes. For this 
purpose, the separation efficiency of Sepharose® CL-4B separation was 
examined and calibrate to show the capability to separate nanoparticles 
accurately in different group by sizes but not dipole-dipole interaction 
(Figure 1) [91]. The inserted liposomes of the size 82.26 nm, PDI 0.198, and ζ 
-18.4 V was passed through the Sepharose® CL-4B column to get the 
chromatogram as on the top of Figure 1. It shows the size (nm) and elution 
volume (mL) have perfect logarithmic correlation that has been known very 
early [92-93]. This result also shows the separating resolution of Sepharose® 
CL-4B column focuses on the area of slow tangent slope in about 70 nm. 
However, the correlation can be transformed to linearity that was reported 
by Ohno et al. in Biochem. J. 1986 [92]. First, the Kav value of each sample 

needs to be determined by its definition, Kav = !!  !  !!
!!"!.!  !!

 where Ve = elution 

volume for the protein, Vv = column void volume = elution volume for Blue 
Dextran 2000, and Vtot. = total bed volume respectively. Next, the Kav value 
is substituted into the function of square root of minus Napierian logarithm 
to versus Stokes’ radius, which is offered by light scattering detector. The 
result of highly linearity tells the nanoparticles are separated strongly by 
size dependency in the range of 45 nm to 95 nm on the button of Figure 1. 
  This also proves we can get several subgroups of liposomes with different 
sizes of mean value of liposomal size distribution. This is different from 
initial liposomal solution with broad size distribution before separation; that 
is, it gives low resolution of a group of liposomes. After separation the 
resolution of size in a fraction gives higher resolution of a group of liposomes 
with sharp size distribution. Furthermore, while the liposomes of narrow 
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size distribution in one specific size is desired such as 70 nm, the separated 
fraction in closing 70 nm can offer a closest sample, which is wanted. 
  As for the purity, 5-FAM conj. micelles should be removed by size 
dependent Sepharose® CL-4B column in the fraction of elution volume 35 in 
the top of Figure 1 due to the existence of 5-FAM conj.. The size of 
mPEG2000-DSPE micelles is reported to be 17 nm by Ashok et al. in J. Pharm. 
Sci. 2004 [94]. Hence, while the elution volume  = 35 mL transforms to 
(– !"!"#)!/! = 0.629, by the bottom of Figure 1 the corresponding Stokes’ 
radius = 17 nm, which is the particle size of mPEG2000-DSPE micelles. In 
short, this also prove the 5-FAM conj. micelles were removed in the elution 
volume 35 mL because mPEG2000-DSPE is constituted to 5-FAM conj. 
 

iii. The distribution of incorporation ratios in different sizes 
 
  We defined the incorporation ratio and this represents the surface ligand 
density of the liposomes. To reveal the incorporation ratios in different sizes, 
we calculate one average incorporation ratio value of a group of liposomes 
with a broad size distribution, which is a sample before the Sepharose® 
CL-4B column separation. Moreover, in order to observe the details, the 
liposomes with broad size distribution were separated into five fractions 
with different size values by the Sepharose® CL-4B column. Also, the 
individual incorporation ratio value of each fraction for a narrow size 
distribution of liposomes is calculated (Figure 2) as well. Along several time 
intervals (10, 30, 60, 120, 180 min), each aliquot of each time interval is 
separated into five fractions to analyze the distribution trend of 
incorporation ratios, e.g., time versus size. The results give the Figure 2 (a), 
(b), (c), and (d), showing different trends in higher resolution of size value 
(narrow size distribution in each tube). 
  Comparing the Figure 2 (a), (b), (c), and (d), the incorporation ratios of 
each three-dimension box have the increasing tendency depending on 
decreasing the particle size. That is, while the size decreased, the 
incorporation ratio increases. Surprisingly, the group of 40 nm shows almost 
all reach the maximum value of the incorporation ratio (IR), which is IR = 
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  = 5.88%  (maximum). Also, the 

averages of each group have the trend: IR40 nm > IR70 nm > IR137 nm > IR188 
nm, called ‘size-dependency’. 
  In the three-dimension box of the group of 188 nm, the incorporation ratios 
do not show the obvious size-dependency in each size fraction (Figure 2 (a)). 
 
 a.                                  b. 

  

 c.                                  d. 

  

Figure 2. Incorporation ratio of different liposome sizes of (a) the group of 188 
nm, (b) the group of 137 nm, and (c) the group of 70 nm, (d) the group of 40 nm 

along the time course. 
Four liposomal groups with different sizes were separated into five tubes with different size 

values in higher size resolution (narrow size distribution). The individual incorporation ratio is 

calculated for each aliquot of each tube of each liposomal group along the time course. The 

average trend for four groups is observed as size-dependency. (a), (b) In both groups of 188 and 

137 nm do not show the tendency of whole individual incorporation ratios. However, the groups 
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of the individual trend of (c) group of 70 nm and (d) 40 nm clearly show size-dependency of 

incorporation ratio. 

 

Although along the time course, it shows the plateau of incorporation ratio 
after 40 min. In the group of 137 nm, the incorporation ratios do not show 
the tendency, either, but in the group of 70 nm, they show strong 
size-dependency in each size fraction. In Figure 2 (c) along the time course, 
94 nm liposomes increases slower to reach the plateau with relative lower 
incorporation ratio. In contrast, smaller liposomes, 71 nm ones, reach to a 
higher incorporation ratio value very soon.  
 
 a.                                 b. 

  

 c.                                  d. 

  

Figure 3. Size-dependency of incorporation ratio in the group of (a) 188 nm 

liposomes, (b) 137 nm liposomes, (c) 70 nm liposomes, and (d) 40 liposomes. 
The correlations of incorporation ratios and sizes are analyzed. (a), (b) The group of 188 (y = 

-0.0133x + 5.1857, R² = 0.22239) and 137 nm (y = 0.0622x - 5.3674, R² = 0.34024) liposomes 
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show low correlations of the average of incorporation ratios and size. (c), (d) However, in the 

group of 70 (y = -0.0543x + 8.5732, R² = 0.99765) and 40 nm (y = -0.0765x + 9.1685, R² = 

0.96875) liposomes, the average of incorporation ratios give strong linear correlation toward 

sizes. The average of incorporation of each tube was calculated by three values corresponding 

to three different time intervals (n = 3). 

 
In the group of 40 nm liposomes, due to the size differences of each tube are 
small, the incorporation ratios show trace size-dependency. Especially, these 
fractions almost reach the maximum incorporation value as the plateau in a 
short time period. Here, we conclude the smaller size of liposomes will 
possess a potential to reach higher incorporation ratio while they go through 
the post-insertion process for the liposomal surface functionalization. 
Moreover, they can reach the plateau of value in a short time. 
  To understand the correlation of incorporation ratio and size deeply, we 
further analyze the average values of incorporation ratios in each tube of 
each group (Figure 3). Based on these results, in the larger size of the group 
of 188 and 137 nm these give low linearity of correlation (Figure 3 (a), (b)), 

and the incorporation ratios are around 3%, which is about 51% (=    !  %
!.!!  %

) of 

maximum incorporation ratio value. On the other hand, the smaller size of 
the group of 70 and 40 nm give strong linear correlation between 
incorporation ratio and size (Figure 3 (c), (d)). Especially, in the smallest size 
fraction of 40 nm liposomes, it reaches the maximum incorporation ratio 
value. Interestingly, the slope also tells the strength of size dependency. In 
the range of 70 nm to 95 nm, the liposomes has strongest size dependency 
trend during the post-insertion process. 
  Therefore, even in one size (the mean value of Gaussian distribution of 
liposomes size) of the liposomes may shows heterogeneity of surface ligand 
density distributed on different sizes of liposomes. Controlling the size by 
passing through the Sepharose® CL-4B column will minimize the 
heterogeneity to give a fine resolution of liposomes size and incorporation 
ratio. In conclude, the smaller size group gives higher average of 
incorporation ratio such as 40 nm. That is, its insertion efficiency is higher 
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than other sizes while they undergoes the post-insertion process: the added 
5-FAM conj. are almost incorporated into the liposomal surface. 
  The reason of smaller liposomes with higher insertion efficiency during the 
insertion process, and possessing higher potential of reaching the maximum 
incorporation ratio values may be the curvature. Smaller liposomes have 
larger curvature leading to have larger surface space to let conjugates insert 
into the liposomes. It is also possible that smaller liposomes with higher 
cholesterol composition ratio to sustain the larger surface curvature and 
stabilize the structure of smaller liposomes after conjugates insertion. 
 

iv. The overall tendency of incorporation ratio  
   
  In the overview of each size group of liposomes such as group of 188, 137, 
70 and 40 nm, to give an average incorporation ratio to each group is 
performed in Figure 5. The average incorporation ratio is gotten from tree 
‘concentration normalizing incorporation ratio’ of five tubes in each group at 
the same time interval. The calculation detail of the ‘concentration 
normalizing incorporation ratio’ is described in chapter 2. In figure 5 these 
four groups of liposomes also show size-dependent tendency that smaller size 
liposomes lead to incorporate more conjugates to possess higher surface 
ligand density. However, while the size is less than 70 nm, the strength of 
size-dependency is increasing comparing the larger sizes. The overview of 
different sizes liposomes and the view of each separated size all give the 
corresponding tendency. 
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Figure 5. Size-dependency of incorporation ratio during post-insertion manner. 
The overview of each size group of liposomes including 40, 70, 137, 188 nm presents the 

average incorporation ratio (average of ‘concentration normalizing incorporation ratios’) also 

shows the size dependency as the view of individual separated fractions (n = 3). 

 
v. Incorporation ratio of pre-inserted liposomes 

 
  An interesting question rose whether the size-dependency occurs during 
the insertion process or not. To prove this the pre-inserted liposomes 
incorporated with 5-FAM conj. were prepared. Different size fractions were 
separated by Sepharose® CL-4B column, and incorporation ratios were 
calculated for eight fractions (because of the broad peak) shown in Figure 4. 
Surprisingly, small differences of incorporation ratios in eight different sizes 
suggest no size-dependency trend like Figure 2 during the liposomes 
formation. Additionally, the pre-inserted liposomes gave the broad peak of 
the Sepharose® CL-4B chromatogram. This result may be caused by 
homogeneous lipids in initial hydrated liposomes to form the liposomes after 
sonication. Hence, each unit of surface area of liposomes contains similar 
compositions of lipids disregarding the sizes of liposomes. We conclude the 
pre-inserted liposomes offer homogeneous incorporation ratio of 
functionalized liposomes. 
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Figure 4. No size-dependency of incorporation ratio of the pre-inserted 
liposomes. 
Pre-inserted liposomes were separated into several different sizes by Sepharose® CL-4B column, 

and the incorporation ratio of each fraction was calculated. No size-dependency was observed 

on the pre-inserted liposomes incorporated with 5-FAM conj.. 
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IV. Conclusions 
 
  Post-insertion process is an important method to construct functionalized 
liposomal surface.  To manage this process and control the quality of 
liposomes, this critical step need to be thoroughly realized by several 
affective factors for the insertion efficiency such as temperature, time, lipids 
composition, the ratio of conjugates to lipids of the liposomes, and size. For 
this purpose, we give the definition of a part of liposomal surface quality, 
surface ligand density, to identify the capability of functionalized liposomes. 
As for the purity of liposomes, the size exclusion chromatography removes all 
the micelles and categorizes liposomes by accurate size dependency. 
Surprisingly, the enhancement of surface ligand density is depending on the 
size diminishing. Additionally, to further ensure the stability of size 
exclusion chromatograph, Sepharose® CL-4B column, the calibrating curve 
performs an perfect linearity line to prove its accuracy. Therefore, each 
group of liposomes were categorized in five kinds of size and analyze the 
variation of incorporation ratio individually. Liposomes from 70 to 90 nm 
show most strongly size-dependency of incorporation ratios, and amount 
them the smallest liposomes always possess the high potential to be 
incorporated by conjugates. Also, the smallest liposomes can reach to the 
maximum incorporation ratios in a short time. Either in the overview of a 
group of liposomes or a view of narrow size-distributed liposomes all shows 
the size-dependency toward the incorporation ratios. However, the 
pre-inserted liposomes were examined to prove no size-dependency is 
occurred. Hence, we conclude the size dependency only happens while the 
post-insertion process proceeds. Probably the smaller size liposomes present 
larger curvature on the surfaces to facilitate conjugate insertion process. 
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Supplementary 
 

 

 
Scheme 1. The synthetic route to thiolated 5-FAM and 5-FAM-DSPE conjugation 

lipid 

 
• correctly synthesized and purified, as evidenced by NMR, MS data 

• further HPLC to verify purity  

 

 
Figure 1. MS of 5-FAM-DSPE conjugation lipid 

 
• MS to confirm conjugation 
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Figure 2. 5-FAM conjugation lipid shows linearity of molar amount and UV abs.  
 

• to determine the ε and linearity of abs. and the molar amount 

 
Table 1. The liposome physical data of before the reaction, after the reaction and 

after purification 
 	  size d.nm PDI ζ  (mV)   size d.nm PDI ζ  (mV) 

before reaction liposome 75.72 0.187 -20.1      

after reaction control 74.96 0.183 -14.0 after purify     

 0.5 eq. 75.93 0.163 -10.5  0.5eq 76.14 0.169 -24.2 

 1 eq. 76.87 0.197 -13.8  1 eq. 76.81 0.183 -26.9 

 10 eq. 128.1 0.431 -18.0  10eq. 111.6 0.478 -19.6 

 
• the sizes do not change significantly except 10 eq. 

• negative charges are increasing because of 5-FAM conjugation 

• negative charge is difficult to use to judge the surface ligand density in pre-prepared 

liposomes 
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surficial maleimide molar ratio = 3.04% (theoretically maximum 2.75% base on surface/internal 

ratio 55/100 to calculation ) 

while with 5-FAM-SH, 10 eq. 

Figure 3. HPLC chromatography of 5-FAM-DSPE conjugation in the liposome to 

calculate surficial anchor density 

 
• in order to know the surficial anchor density 

• 5-FAM-DSPE conjugation can be separated and quantified by HPLC 

 
Table 2. Physical data of post-inserted liposomes  

liposome size d.nm  PDI  ζ  (mV)  

plain 109.0 0.265 -26.4 

after insertion 114.4 0.206 -5.67 

after Sephadex
®
 G-25 114.6 0.241 -16.0 

 
• size increase indicates MA-PEG lipid insertion 

• zeta potential increase indicates MA-PEG lipid insertion 
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Table 3. Physical data of fractions after Sepharose CL-4B separation 

 tube No. size d.nm PDI ζ  (mV) 

after Sepharose® 

CL-4B 

5 127.7 0.19 -14.2 

6 115.5 0.178 -19.2 

7 105.7 0.214 -19.0 

8 95.66 0.253 -9.95 

 

•  collect most concentrate and similar sizes of liposomes to further calculation 

 
Table 4. Physical data of liposomes after Sephdex G-25 purification 

temp. size nm PDI ζ  (mV)  

4oC 114.3 0.174 -5.72 

25oC 120.8 0.193 -10.4 

37oC 119 0.197 -12.5 

60oC 117.9 0.185 -14.7 

60oC (3 eq.) 107.9 0.184 -14.4 

 
•  shows similar sizes, and zeta potential negative charge increase with increasing reaction 

temperature 
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Table 1. Post-insertion at room temperature 

 
size d.nm PDI ζ  (mV) 

liposome B.I. 79.87 0.217 -22.9 

micelle 49.7 1 -11.5 

tube 14.5 113.8 0.237 -17.4 

tube 15.5 94.45 0.175 -17.4 

tube 16.5 83.82 0.255 -10.2 

tube 17.5 75.43 0.353 -3.12 

tube 18.5 80.21 0.368 -1.96 

tube 20.4 95.97 0.515 -1.05 

tube 22.5 97.29 0.783 -8.95 

tube 24.5 87.24 0.85 -1.13 

 
Table 2. Post-insertion at 60 oC 

 
size d.nm PDI ζ  (mV) 

liposome B.I. 80.9 0.192 -22.9 

micelle - - - 

tube 14.2 107.4 0.195 -24 

tube 15.3 94.98 0.176 -20.1 

tube 16.3 82.14 0.182 -18.8 

tube 17.3 71.92 0.251 -13.3 

tube 18.3 67.05 0.337 -11.8 

tube 20.3 52.86 0.285 -3.31 

tube 22.4 47.36 0.307 -5.34 

tube 36.4 167 0.322 0.0227 

liposome A.I. 82.26 0.198 -18.4 
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Table 3. Post-insertion liposomes with 180nm at 60 oC 

 
tubes size d.nm PDI ζ  (mV) 

 
original 188.1 0.134 -9.7 

60oC, 40min 
t7 174.6 0.116 -13.1 

t8 159.9 0.137 -14.3 

60oC, 80min 
t5 164.6 0.127 -13.8 

t6 162.3 0.092 -9.75 

60oC, 3hr 
t6 164.4 0.089 -12 

t7 163.4 0.098 -8.37 

 
Table 4. Post-insertion liposomes with 140nm at 60 oC 

 
tubes size d.nm PDI ζ  (mV) 

 
original 136.6 0.051 -3.54 

60oC, 30min 

t5 137 0.047 -3.52 

t6 133.5 0.074 -5.25 

t7 136.1 0.024 -3.44 

60oC, 1hr 
t5 142 0.002 -9.6 

t6 138.9 0.049 -5.99 

60oC, 3hr 

t2 145.4 0.149 -6.66 

t3 128 0.113 -3.69 

t4 144.1 0.159 -5.22 
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Table 5. Post-insertion liposomes with 70nm at 37 oC 

 
tubes size d.nm PDI ζ  (mV) 

 
original 71.36 0.118 -18.3 

37oC, 10min 
t3 94.55 0.131 -13.6 

t4 87.35 0.134 -16.6 

37oC, 30min 
t2 98.82 0.137 -14.6 

t3 89.48 0.105 -23.4 

37oC, 1hr 
t3 91.21 0.126 -22.4 

t4 85.72 0.107 -15.6 

37oC, 2hr 
t3 93.59 0.134 -18.7 

t4 87.06 0.107 -16.3 

37oC, 3hr 
t3 92.83 0.121 -19.5 

t4 84.45 0.113 -19.4 
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Table 6. Post-insertion liposomes with 40nm at 37 oC 

 
tubes size d.nm PDI ζ  (mV) 

 
original 42.61 0.209 -17.1 

37oC, 10min 
t9 44.42 0.219 -7.69 

t10 43.74 0.186 -6.29 

37oC, 30min 
t11 44.41 0.194 -9.21 

t12 42.55 0.16 -11.3 

37oC, 1hr 
t11 42.3 0.184 -12.4 

t12 42.39 0.164 -9.76 

37oC, 2hr 
t10 43.8 0.185 -9.17 

t11 42.97 0.213 -11.7 

37oC, 3hr 
t11 42.37 0.169 -12.7 

t12 43.25 0.218 -14.8 

 
Table 7. Pre-inserted liposomes 

pre-inserted 

method 

tubes size d.nm PDI ζ  (mV) 

original 102 0.372 -39 

t3 86.78 0.176 -8.1 

t4 81.19 0.146 -8.94 

t5 80.76 0.233 -7.35 

t6 72.79 0.204 -9.2 

t7 72.48 0.309 -2.79 

t8 68.29 0.38 -5.34 

t9 63.82 0.394 -6.62 

t10 59.1 0.261 -6.46 
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