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ABSTRACT 
 

Modern drug discovery gives rise to a great number of potential new therapeutic 
agents, but in some cases the efficient treatment of patient may not be achieved because the 
delivery of active compounds to the target site is insufficient. Thus, drug delivery is one of 
the major challenges in current pharmaceutical research. Numerous nanoparticle-based drug 
carriers, e.g. liposomes, have been developed for enhanced drug delivery and targeting. Drug 
targeting may enhance the efficiency of the treatment and, importantly, reduce unwanted side 
effects by decreasing drug distribution to non-target tissues. Liposomes are biocompatible 
lipid-based carriers that have been studied for drug delivery during the last 40 years. They 
can be functionalized with targeting ligands and sensing materials for triggered activation. 
 In this study, various external signal-assisted liposomal delivery systems were 
developed. Signals can be used to modulate drug permeation or release from the liposome 
formulation, and they provide accurate control of time, place, and rate of activation. The 
study involved three types of signals that were used to trigger drug permeation and release: 
electricity, heat and light. 
 Electrical stimulus was utilized to enhance the permeation of liposomal DNA across 
the skin. Liposome/DNA complex-mediated transfections were performed in tight rat 
epidermal cell model. Various transfection media and current intensities were tested, and 
transfection efficiency was evaluated non-invasively by monitoring the concentration of 
secreted reporter protein in cell culture medium. Liposome/DNA complexes produced gene 
expression, but electrical stimulus did not enhance the transfection efficiency significantly. 
 Heat-sensitive liposomal drug delivery system was developed by coating liposomes 
with biodegradable and thermosensitive poly(N-(2-hydroxypropyl) methacrylamide-
mono/dilactate polymer. Temperature-triggered liposome aggregation and contents release 
from liposomes were evaluated. The cloud point temperature (CP) of the polymer was set to 
42 °C. Polymer-coated liposome aggregation and contents release were observed above CP of 
the polymer, while non-coated liposomes remained intact. Polymer precipitates above its CP 
and interacts with liposomal bilayers. It is likely that this induces permeabilization of the 
liposomal membrane and contents release. 
 Light-sensitivity was introduced to liposomes by incorporation of small (< 5 nm) 
gold nanoparticles. Hydrophobic and hydrophilic gold nanoparticles were embedded in 
thermosensitive liposomes, and contents release was investigated upon UV light exposure. 
UV light-induced lipid phase transitions were examined with small angle X-ray scattering, 
and light-triggered contents release was shown also in human retinal pigment epithelial cell 
line. Gold nanoparticles absorb light energy and transfer it into heat, which induces phase 
transitions in liposomes and triggers the contents release. 
 In conclusion, external signal-activated liposomes offer an advanced platform for 
numerous applications in drug delivery, particularly in the localized drug delivery. Drug 
release may be localized to the target site with triggering stimulus that results in better 
therapeutic response and less adverse effects. Triggering signal and mechanism of activation 
can be selected according to a specific application.  
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1 INTRODUCTION 
 

Efficient drug delivery to the target site is one of the major challenges in modern drug 
discovery and development. Modern technologies, such as combinatorial chemistry, high 
throughput screening, protein engineering, and gene medicine give rise to a great number of 
potential therapeutic agents, but in some cases the efficient treatment may not be achieved 
due to the insufficient delivery of active compounds to the site of action. For example, brain 
tissue, cancer cells, and posterior segment of the eye are hard to reach with conventional drug 
delivery methods such as per oral tablets. Also treatments with bio-drugs, such as DNA and 
proteins, may suffer from the deficient drug delivery to the target cells.  

Several nanoparticle-based carrier systems have been developed to enhance drug 
delivery. Nanocarriers have a size in the nanometer-scale (from 10 nm to hundreds of 
nanometers in diameter),  much smaller than normal eukaryotic cells (range of 10 -  20 µm). 
Nanocarriers for drug and gene delivery include e.g., liposomes (Torchilin 2005, Dass, 
Choong 2006), polymeric nanoparticles (Sinha et al. 2004, Wagner 2004) and polymeric 
micelles (Park et al. 2008). Nanoparticle research has expanded significantly during the last 
decade (Figure 1). The interest in nanocarrier use in parenteral drug administration arises 
from the potentially favorable properties, such as extended half-life and targeted delivery. 
Nanocarriers may be utilized in various therapeutic fields such as the treatment of malignant 
tumors, infectious diseases, and retinal disorders. In the case of peptides, proteins or nucleic 
acids,  the  need  for  novel  carrier  systems  is  obvious  due  to  inefficient  delivery  of  these  
compounds.  

 

 
Figure 1. Number of nanoparticle-related drug delivery publications in the literature from 1999 to 2009. 
(Source: ISI Web of Science®, Thomson Reuters corp. Search terms: nanoparticle* and “drug delivery”, date of 
search: January 2010). 
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 The aim of targeted drug delivery is to carry the pharmacologically active compound 
in intact form to the target site, and to avoid the adverse effects by reducing drug distribution 
to non-target tissues. Liposomes are attractive vehicles for targeted drug delivery (Torchilin 
2005). These biocompatible nanocarriers have been extensively studied for drug delivery 
since 1970’s. Liposomal vesicles are composed of lipid bilayers that can be further modified 
in various ways, e.g. with targeting ligands and materials for triggered release. Sensing 
elements can be incorporated into the liposomes in order to trigger the drug release in a site- 
or time-controlled manner. The release triggering stimulus can be endogenous, for example 
change in the pH or temperature (Ganta et al. 2008). Alternatively, the drug release can be 
activated with external signal, such as light, electric current, heat, ultrasound, or magnetic 
field. External activating signal should reach the drug delivery vehicles at the target tissue 
and trigger the drug release. Accessibility of the tissue to the activating signal depends on the 
signal type and the target tissue. Some tissues, like skin, eye, and surgical operation sites are 
obviously easier to reach than many internal organs or the interior of large organs.  
 In this study, liposomal delivery technologies for triggered drug release were 
investigated.  
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2 REVIEW OF LITERATURE 
 
2.1 Liposomes in drug delivery 
 
2.1.1 Structural properties of liposomes 
 
 Liposomes are spherical vesicles of lipid bilayers that surround the aqueous core 
(Figure 2). The diameter of liposomes ranges typically from 50 to 5 000 nm. Liposomes are 
self-assembling structures that resemble cell membranes and they can be composed of 
various natural or synthetic lipids. Phospholipids, such as phosphatidylcholines (PC) and 
phosphatidylethanolamines (PE) are the most widely used lipids in liposomes. Small 
unilamellar vesicles (SUV) have a single bilayer and a diameter of 50 to 200 nm (Figure 2B), 
while large unilamellar vesicles (LUV) have a diameter range from 200 to 800 nm. 
Multilamellar vesicles (MLV) are composed of several concentric lipid bilayers and their 
diameter ranges from 500 to 5 000 nm. The type of liposomes depends on the preparation 
method and the lipid composition (Torchilin, Weissig 2003).  

After their discovery in the 1960’s (Bangham, Standish & Watkins 1965), liposomes 
have become probably the most intensively studied nanocarrier type for drug delivery 
(Maurer, Fenske & Cullis 2001). One of the attractive features of liposomes is their 
biocompatibility, i.e. liposomes do not elicit immune response and are relatively non-toxic. 
Moreover, liposomes have a high drug carrying capacity compared with other delivery 
vehicles such as micelles or solid nanoparticles. Hydrophilic drug molecules can be 
encapsulated in the aqueous core and in the interlamellar space in the case of MLVs, while 
hydrophobic drug molecules can be entrapped in the bilayers. In some cases, the half-life of 
the drug in the body is extended and the liposome-encapsulated drug does not elicit toxic 
effects in the non-target tissues. Liposomes can provide the enhanced delivery of active 
compound to the cells and even to the specific cellular compartments.  
 
 
 

A B 100nm

 
 

Figure 2. (A) Schematic representation of the cross-section of unilamellar liposome, and (B) transmission 
electron microscopy (TEM) picture of unilamellar EPC:Cholesterol liposomes (Modified from Edwards et al. 
1997). 
 
 



 

15 
 

Physical properties of the liposomes can be readily modified. Size, charge, rigidity, 
and surface properties can be changed by using different liposome preparation methods and 
lipid compositions (Torchilin, Weissig 2003). Liposomes with a net surface charge can be 
prepared by using charged lipids, such as phosphatidylglycerol (PG). Many liposomes exhibit 
structural phase transition from the gel phase to the liquid crystalline phase when temperature 
is increased. Such phase transition increases the permeability of the liposomal membrane to 
the drug, and the transition temperature (T ) can be adjusted by varying the lipid 
composition. In general, longer alkyl chains increase T  and saturated lipids exhibit higher T  
than unsaturated ones (Small 1986). PE lipids have higher T  compared to PC with same acyl 
chains. Cholesterol is often used to increase the liposomal stability. Also other materials, such 
as polymers can be incorporated into the liposomes. 

Liposomes have been studied for various pharmaceutical applications (Table 1). 
Improved pharmacokinetics of intravenously administered drug is probably the most common 
reason for the use of liposomes in drug delivery. Liposomal formulations of the cytostatic 
compounds doxorubicin (Doxil®, Caelyx®) (Gabizon et al. 1994), daunorubicin 
(DaunoXome®) (Forssen 1997), and vincristine (Onco TCS®)  (Sarris  et  al.  2000)  are  
examples of clinically used liposomal drugs. Liposomes increase the drug concentration in 
the tumour tissue significantly as compared to the drug alone. For doxorubicin, even 16-fold 
increase in the drug concentrations in the tumour can be achieved with liposomal formulation 
(Doxil®) (Gabizon et al. 1994).  

 
 
2.1.2 Administration routes and pharmaceutical applications of liposomes 

 
Liposomes  have  been  administered  using  different  routes,  such  as  oral,  topical,  and  

pulmonary. More recently, delivery of peptides, proteins, siRNA and DNA with liposomes 
has been investigated, as well as the liposomal vaccine formulations and liposomes in 
diagnostic imaging. Examples of administration routes and pharmaceutical applications of 
liposomes are shown in Table 1.  



 

16 
 

Table 1. Selected publications of liposomes in pharmaceutical applications. 
 
Application 
 

Effect References 

Intravenous 
drug delivery 
 

Improved delivery of doxorubicin for ovarian cancer 
Improved delivery of daunorubicin to solid tumors 
Increased plasma concentration of vincristine 

(Vaage et al. 1993) 
(Forssen 1997) 
(Embree et al. 1998) 

Oral drug 
delivery 

Enhanced bioavailability of fenofibrate 
Enhanced bioavailability and therapeutic efficacy of 5-
fluorouracil 
Stability of liposomes in gastrointestinal tract 

(Chen et al. 2009) 
(Sun et al. 2008) 
 
(Taira et al. 2004)  

Topical drug 
delivery 

Various applications of liposomes in topical drug delivery 
Skin permeation enhancement 
 
Improved drug penetration 
Enhanced dermal and transdermal drug penetration 

(Schaeffer, Krohn 1982) 
(El Maghraby, Barry & 
Williams 2008) 
(Choi, Maibach 2005) 
(Kirjavainen et al. 1999) 

Pulmonary 
drug delivery 

Improved efficiency of camptothecin against human cancer 
xenografts 
Liposomal aerosol of paclitaxel for lung cancer 
Aerosolized liposomal amphotercin B for the treatment of 
invasive pulmonary aspergillosis 
Review of liposomes for various pulmonary diseases 
 

(Knight et al. 1999) 
 
(Koshkina et al. 2001) 
(Ruijgrok, Vulto & Van Etten 
2001) 
(Schreier, Gonzalezrothi & 
Stecenko 1993) 

Ocular drug 
delivery 
 

Enhanced delivery of immunosuppressive agent, FK506, to 
ocular tissues 
Increased corneal absorption of acyclovir 
Various applications of liposomes in ophtalmology 
 
Liposomal gene eyedrops 

(Pleyer et al. 1993) 
 
(Law, Huang & Chiang 2000) 
(Ebrahim, Peyman & Lee 
2005) 
(Toropainen et al. 2007) 

Peptide and 
protein 
delivery 

Oral delivery of peptide drug 
Improved therapeutic effect of interleukin-2 against hepatic 
metastases 
Intracellular delivery of cytosolic exopeptidase prolidase 

(Iwanaga et al. 1999) 
(Kanaoka et al. 2002) 
 
(Perugini et al. 2005) 

Liposomal 
vaccination 
 

Liposomes as immunological adjuvants 
Enhanced immune response by DNA vaccination 

(Gregoriadis 1990) 
(Hattori et al. 2004) 

Nucleic acid 
delivery 

Efficient plasmid transfection into mammalian cells 
Targeted gene delivery for cancer treatment 
Cationic liposomes as non-viral vectors for gene therapy 
In vivo delivery of siRNA 
Improved stability and intracellular delivery of 
oligonucleotides 

(Itani et al. 1987) 
(Dass, Choong 2006) 
(Audouy et al. 2002) 
(Sioud, Sorensen 2003) 
(Lappalainen et al. 1994) 

Diagnostic 
imaging 

Delivery of imaging agents for gamma- and magnetic 
resonance imaging 
Enhanced magnetic resonance imaging with 
immunoliposomes 
Immunoliposomes for molecular imaging 

(Torchilin 1997) 
 
(Mulder et al. 2004) 
 
(Kozlowska et al. 2009) 

Liposomes for 
active drug 
targeting 
 

Tumour-targeted delivery of antibody-incorporated 
liposomes 
Folate-mediated cellular targeting of macromolecules 
Transferrin-mediated tumor targeting of cytostatics 

(Park et al. 2001) 
 
(Leamon, Low 1991) 
(Maruyama et al. 2004) 

Liposomes for 
triggered drug 
release 

Temperature-sensitive liposomes for tumor treatments 
Improved drug delivery with pH-sensitive liposomes 
Light-triggered drug release from liposomes 

(Needham, Dewhirst 2001) 
(Simoes et al. 2004) 
(Mueller, Bondurant & 
O'Brien 2000) 
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2.1.3 Local administration of liposomes in the skin and eye  
 
 Skin. Drug delivery through the skin can be used in the treatment of dermatological 
and systemic diseases. Drug application on the skin is simple, controlled and non-invasive. 
However, the outermost layer of the skin, stratum corneum (SC), limits drug absorption 
through the skin (Scheuplein, Blank 1971). SC can be described as a “brickwall”, in which 
the dead protein containing corneocyte remnants are embedded in the intercellular lipid 
matrix. Drugs can permeate either across the stratum corneum, or via hair follicles or sweat 
glands.  Permeation  through  stratum  corneum  takes  place  through  the  lipid  matrix  that  is  
critically important barrier structure in the skin (Sweeney, Downing 1970). Permeation 
through  hair  follicles  and  sweat  glands  avoids  the  SC,  but  the  surface  area  of  these  routes  
constitutes  only  less  than  0.01% of  the  total  skin  area,  which  diminishes  the  importance  of  
this route in dermal and transdermal drug delivery. Liposomes have been used both for 
improved localized drug deposition into the skin, and for improved transdermal delivery (El 
Maghraby, Williams & Barry 2006). Different mechanisms have been proposed for 
penetration enhancement, including liposome fusion with the SC, intact liposome penetration 
in the SC, and transappendageal penetration (El Maghraby, Barry & Williams 2008). 
Permeation of intact liposomes in the skin is unlikely, and the delivery properties of 
liposomes are improved if fusogenic lipids are used in the formulation (Kirjavainen et al. 
1999, Kirjavainen et al. 1996). Such lipids (e.g. lysolipids, cationic lipids, unsaturated lipids 
with small head groups) act as permeation enhancers in the stratum corneum. Liposomes 
have also been utilized as vectors in non-invasive gene therapy and topical vaccination 
(Vogel 2000, Shi, Curiel & Tang 1999). 
 Eye. Liposomes have been studied for various treatments in both the anterior and 
posterior segments of the eye (Ebrahim, Peyman & Lee 2005). Modest improvements in 
ocular drug absorption have been reached with topical ocular liposomes, but similar 
improvements have been obtained with simpler means, like increased eyedrop viscosity. 
Toropainen et al. (2007) achieved prolonged protein delivery into the aqueous humour and 
tear fluid by transfecting the corneal epithelium with liposomal gene eyedrops. Liposomes 
have been also used to prolong the action of intravitreally and subconjunctivally administered 
drugs (Hirnle, Hirnle & Wright 1991). Retinal pigment epithelial (RPE) cells maintain the 
homeostasis of the neural retina and choroids and therefore, they are potential targets for 
treatments of age-related macular degeneration and proliferative vitreoretinopathy. The RPE 
cells are phagocytic, i.e. they are able to internalize even micron sized particles (Tuovinen et 
al. 2004). 
 
2.1.4 Pharmacokinetics of liposomes 
  

One of the major limitations in the systemic parenteral use of liposomes is their fast 
elimination from the bloodstream by the reticuloendothelial system (RES). Liposomes are 
opsonized by plasma proteins followed by recognition and uptake by macrophages mainly in 
the liver and spleen (Yan, Scherphof & Kamps 2005). Certain hydrophilic polymer coatings 
are used to extend the circulation time of liposomes (Woodle 1998). Flexible polymer chains 
grafted to the liposome surface form a protective barrier and reduce recognition and uptake 
by the macrophages (Allen 1994). As a result of the steric stabilization, the liposomes 
circulate longer in the bloodstream, providing enhanced delivery to the target tissues and 
improved efficiency of the drug. The gold standard for polymer coating is poly(ethylene 
glycol) (PEG). PEG coating prolongs the blood circulation time of the liposomes 
significantly. In mice, half-life of the liposomes increased 10-fold, and the accumulation into 
liver and spleen (elimination) decreased 50 % (Klibanov et al. 1990). Also other hydrophilic 
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polymers, such as 2-(N-hydroxypropyl)methacrylamide, (Whiteman et al. 2001), polyvinyl 
alcohol (Takeuchi et al. 2001), and poly(oxazoline) (Woodle, Engbers & Zalipsky 1994) have 
been shown prolong the plasma half-life of liposomes.  

Liposomes must be able to extravasate from the systemic blood circulation in order to 
reach the target tissues.  In general, small liposomes (> 100 nm in diameter) can escape from 
the vascular bed easier than larger ones. Liposomes can easily escape the blood stream in the 
leaky sinusoidal vessels of the liver and spleen, but they cannot permeate across the tight 
endothelia in the brain and retinal capillaries. Drug distribution to the target tissue can be 
increased with liposomes. When the drug is administered in the long-circulating liposomes, 
the extended half-life of the drug enhances its accumulation into the tumour by enhanced 
permeability and retention (EPR) effect (Maeda et al. 2000). The physiology of solid tumors 
differs from normal tissues: tumors promote extensive angiogenesis with hypervasculature, 
higher vascular permeability, and impaired lymphatic system. Thus, liposomes can be 
passively targeted into the tumors with long-circulating liposomes. 
 
2.1.5 Cellular internalization of liposomes 

 
 The interaction between liposomes and target cells is important for efficient drug 
delivery. Early studies on liposome-cell interactions suggested that liposomes fuse with the 
cell membrane (Papahadjopoulos, Poste & Schaeffer 1973). According to present 
understanding, liposomes are internalized via endocytosis. Szoka et al. showed that more than 
90% of the cell-associated liposomes studied were adsorbed on the cell surface and 
endocytosed in several different cell lines (Szoka et al. 1980). The rate of liposome uptake 
via endocytosis varies between cell lines. Usually liposomes reach the endosomes after 30 
min to 3 h incubation (Straubinger, Papahadjopoulos & Hong 1990). Naturally, different cell 
types have different liposome-binding sites, and it is likely that several types of receptors are 
utilized to bind liposomes on the cell surface. Endocytosis may direct the liposomes into the 
lysosomes that have high catalytic enzyme activity. This can be a problem if the drug is 
degraded by the enzymes (e.g. oligonucleotides, proteins). In that case liposomes should 
preferably induce the cargo release to the cytoplasm to avoid their targeting to lysosomes. 
 
2.1.6 Drug release from liposomes  
 
 After the delivery to the target tissue, drug must be released from liposomes in the 
extracellular space or within the cells in order to induce the desired therapeutic activity. 
Accumulation of liposomes into the target tissue does not necessarily improve therapeutic 
effect, if the drug release from carrier is hampered (Abraham et al. 2005). The release 
depends mainly on the lipid composition of the liposomes and physical properties of the drug 
molecule. Lipid composition defines the physical phase of the lipid bilayer structure. For 
example, phospholipid-based liposomes in the liquid crystalline state release the drug more 
efficiently than liposomes in solid (gel) state. Cholesterol can be used for enhanced drug 
retention by improving the packing density of phospholipids (Shimanouchi et al. 2009, van 
Meer, Voelker & Feigenson 2008). Drug release from liposomes takes place by diffusion 
through the liposomal bilayer according to a concentration gradient. Diffusion is dependent 
on  the  molecular  mass  and  the  polarity  of  the  drug.  As  the  drug  release  from liposomes  is  
crucial for the therapeutic effect, fast and effective release at the target site is needed, but on 
the other hand, the liposomes must remain intact in the bloodstream prior to reaching the 
target tissue. 
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 Functional liposomes that respond to a specific factor at the target site can be used 
for site specific drug release. For example, the elevated temperature in solid tumors has been 
utilized for the triggered drug delivery. Temperature-sensitive liposomes remain intact at the 
normal body temperature, but become more permeable and release the drug in the higher 
temperature of the tumor tissue (Needham, Dewhirst 2001, Lindner et al. 2004). Likewise, 
the acidic pH of the endosomes can be used for pH-sensitive drug release from the liposomes. 
The pH-sensitive liposomes are endocytosed by the cells, and thereafter, they fuse with the 
endovacuolar membrane and release their contents to the cytoplasm (Simoes et al. 2004, 
Hatakeyama et al. 2009).  
 
2.1.7 Cellular and tissue targeting of liposomes 
 
 Active targeting of drug-loaded liposomes to a specific location in the body has 
evident potential for enhanced drug delivery. Active targeting is achieved by modifying the 
liposome surface with targeting molecules such as proteins, peptides, aptamers or small 
molecules that act as ligands for cell surface receptors. The rationale of this approach is that 
the target receptor or antigen is expressed on the target cells at much higher levels than 
elsewhere. Therefore, the liposomes will be preferably distributed to the target cells.  
 Antibody-mediated targeting is the most extensively studied method for homing the 
liposomes to the target tissue (Figure 3). The liposome surface is modified with monoclonal 
antibodies that recognize the antigen expressed on the target cell surface (Park et al. 2001, 
Kim et al. 2009, Simard, Leroux 2009). Antibodies have high specificity and affinity to their 
targets. Antibody-functionalized liposomes can be also used to target diagnostic and imaging 
agents to tissues (Kozlowska et al. 2009). 
 Various receptors that are overexpressed on the surface of the cancer cells can be 
used for active liposome targeting. Epidermal growth factor receptor (EGFR) is over-
expressed in many tumour cells and has been used for liposome targeting (Kim et al. 2009). 
Likewise, vasoactive intestinal peptide (VIP) (Dagar et al. 2003) and folate-mediated 
liposome targeting have been extensively studied. Folate receptors are over-expressed by 
many tumour cells, and folate-derivatised liposomes are internalized via folate receptor 
mediated endocytosis (Leamon, Low 1991). This system has also been utilized in targeted 
delivery of DNA (Hofland et al. 2002) and oligonucleotides (Leamon, Cooper & Hardee 
2003) to the tumor cells. Transferrin-coupled liposomes have also been used, since transferrin 
receptors are overexpressed on many tumor cells (Maruyama et al. 2004, Hatakeyama et al. 
2004). Aptamers, i.e. oligonucleotide or peptide-based molecules that bind to specific target 
molecule can be also used for targeting. For example, vascular endothelial growth factor 
(VEGF) –specific aptamers have been incorporated into liposomes for enhanced inhibition of 
angiogenesis (Willis et al. 1998). 
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Figure 3. Schematic illustration of immunoliposome. The surface of liposome is coated with monoclonal 
antibodies and protective polymer (Modified from Torchilin 2005). 
 
 
2.2 External signals in triggered drug delivery 
  
 External signal-assisted delivery systems are useful as they allow time and site 
specific drug release. In principle, this approach might improve drug delivery at target site 
and minimize off-site effects. Drug is administered in delivery system that is sensitive to a 
specific external signal. External signal, such as light, heat, electricity, magnetic field or 
ultrasound, is directed to the target tissue from an outside source. The signal induces 
structural change in the delivery system, thereby facilitating drug penetration to the target or 
its release from the formulation. The success of this approach depends on the specificity of 
the activating mechanism. Physical targeting of the drug carriers into their targets may be 
unnecessary  if  activation  of  the  system takes  place  only  by  the  external  signal  in  the  target  
area. Triggering mechanism on top of physical targeting may further improve the treatment. 
External signal-activated delivery systems are discussed in the following chapters. 
 
 
2.2.1 Electricity  
  

Electric current-assisted drug delivery is used mostly in topical and transdermal 
applications. As indicated above, the outer layer of the skin, i.e. stratum corneum forms a 
limiting barrier and restrains drug penetration into the viable epidermal and dermal cells 
beneath. In iontophoretic drug delivery the electric current facilitates the permeation of drug 
by migration in the electric field and/or by electro-osmotic flow in the moving solvent. 
Electroporation means application of a short (10 - 20 msec) electric pulses (usually > 200 V) 
that induce formation of small transient pores in the target, like the plasma membrane of cells 
or stratum corneum of the skin.   

In iontophoretic delivery, constant electric current is applied to enhance the 
penetration of the drug molecules e.g. across the stratum corneum (Kalia et al. 2004). Low 
molecular weight and hydrophilicity are desirable properties of the drug molecules to be used 
in the iontophoretic delivery. The principle of iontophoretic flux is based on electrorepulsion. 
Positively charged drug molecules are placed on the anodal electrode compartment of the 
iontophoresis device. When the current is applied, the electric field drives cations, including 
the drug molecules, towards the cathode. In analogy, negatively charged molecules can be 
driven from the cathode to the anode. The iontophoretic flux is the sum of two different 
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transport mechanisms: electromigration and electroosmosis. Electromigration is ordered 
movement of ions in the electric field. Since charge across the membrane is carried by all 
transporting ions, the presence of competing ions in the iontophoretic drug delivery system 
reduces the drug delivery efficiency. Electroosmosis refers to motion of polar liquid through 
the membrane induced by the applied electric field. For rapidly-diffusing small cations 
electromigration is the dominant transport mechanism, while larger ions and neutral 
molecules e.g. peptides are transported almost entirely by electroosmosis (Guy et al. 2000).   

Some iontophoretic drug delivery systems are already in clinical use. Transdermal 
delivery of strong analgesic compound, fentanyl, is used in the management of post-operative 
pain (Power 2007). Iontophoretic delivery of lidocaine has been used in pediatric practice for 
local dermal anesthesia (Kearns et al. 2003). Enhanced efficacy of several other drugs, like 
antibiotics, analgesics, cardiovascular agents, antiemetics, antiviral agents and therapeutics 
for neurodegenerative conditions have been demonstrated with iontophoresis (Kalia et al. 
2004). Iontophoresis has been studied also for ocular drug delivery. Transcorneal and 
transscleral iontophoresis of various drugs including siRNA have been reported (Eljarrat-
Binstock, Domb 2006, Bejjani et al. 2007). 

Electroporation enhances the cellular uptake of drug molecules by application of 
nanosecond-to-millisecond electrical pulses that temporarily increase the cell membrane 
permeability. Short electric pulses with high voltage cause formation of pores in the 
nanometer scale, which enables the transport of large and neutral compounds as well (Denet, 
Vanbever  &  Preat  2004).  It  has  been  shown  that  uptake  and  efficiency  of  cytotoxic  
compounds increase significantly with electroporation (Gothelf, Mir & Gehl 2003, Wong et 
al. 2006). Transdermal gene delivery is an interesting application for electroporation because 
transient  pore  formation  allows  the  delivery  of  large  molecules,  such  as  plasmid  DNA.  It  
offers  an  effective  method for  delivery  and  transient  expression  of  therapeutic  genes  in  the  
skin. Electroporation also enhances gene expression and produces rapid induction of immune 
responses in needleless DNA vaccination (Babiuk et al. 2003, Isaka, Imai 2007). 
 
2.2.2 Temperature 
 
 Controlled drug release can be achieved by local temperature increase induced by an 
external heat source. Temperature-sensitive carriers include thermosensitive polymers and 
lipids that respond to temperature change by altering their physical state, thus enabling drug 
release. Combinations of lipids, polymers, and solid nanoparticles have been used to achieve 
better thermosensitive drug release systems. Hyperthermia-triggered release can be utilized 
only in targets that are accessible to external heat modulation (e.g. skin and some tumours). 
On the other hand, the temperature in tumours is slightly above 37 °C, which has been 
utilized to trigger the drug release from temperature-sensitive drug formulations. 
 Thermosensitive liposomes are based on lipids with sharp gel-to-liquid crystalline 
phase transition temperature (T ) close to the normal body temperature. Examples include 
dipalmitoylphosphatidylcholine (DPPC, T  = 41 °C) and distearoylphosphatidylcholine 
(DSPC, T  = 56 °C). The highest liposomal bilayer permeability is seen at the phase transition 
temperature, which depends on the lipid composition. Enhanced delivery of doxorubicin into 
a tumor with thermosensitive DPPC:DSPC:ganglioside liposomes and hyperthermia was 
shown in 1993 (Maruyama et al. 1993). Thereafter, different lipids have been introduced to 
obtain thermosensitive liposomes with better stability and release properties. Heat-triggered 
release from DPPC-based antibody-targeted immunoliposomes into the tumor cells has been 
reported recently (Kullberg, Mann & Owens 2009).  

Thermosensitive polymers have also been incorporated on liposomes for triggered 
drug release. These polymers are water soluble below the lower critical solution temperature 
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(LCST),  but  they  become  hydrophobic  and  precipitate  above  LCST.  Precipitation  of  the  
polymer destabilizes the liposomal membrane and triggers the contents release. The first 
thermosensitive polymer coating for liposomes, poly(N-isopropylacrylamide) (NIPAM), was 
reported by Kono and co-workers, and it has been further developed by co-polymerization 
with acrylamide and incorporation of PEG (Kono, Hayashi & Takagishi 1994, Kono et al. 
1999, Han, Shin & Choi 2006). Amphiphilic thermosensitive polymers can self-assemble in 
water into temperature-responsive nanocarriers such as nanospheres and micelles. Polymeric 
micelles, usually composed of block copolymers, have been studied for temperature-triggered 
drug and gene delivery (Liu et al. 2009, Liu et al. 2008, Soga et al. 2005, Turk et al. 2004). 
Also thermosensitive polymer-based hydrogels have been investigated for controlled release 
of proteins and small molecular weight model drugs (Censi et al. 2009, Vihola et al. 2008).  
 
2.2.3 Light 
  
 Light-sensitive release systems respond to electromagnetic radiation, e.g. UV, 
visible or near-infrared (NIR) light. The irradiation must have sufficient energy to trigger the 
drug release. Electromagnetic radiation energy is inversely proportional to the wavelength, 
meaning that at the lower wavelengths the light has higher energy. UV light and visible light 
penetrate into the superficial tissues, like skin or eye, but may not reach the internal organs. 
NIR light penetrates deeper into tissues and can be therefore utilized in the treatment of 
various targets in the body. In photodynamic therapy, light induction can be used to activate 
the drug (Richter et al. 1993, Konan, Gurny & Allemann 2002) but it is out of the scope of 
this review.   
 Light-sensitive drug carriers are based on light-sensitive materials, such as lipids and 
polymers that enable the triggered drug delivery by responding to the light irradiation. Drug 
release is triggered by light-induced structural changes in the formulation. Irreversible 
changes are useful in single-dose drug release systems, while reversible systems enable 
pulsatile release. Light-triggered release has been shown from liposomes with 
photopolymerized lipid. Incorporation of 1,2-bis[10-(2´,4´-hexadienoyloxy)decanyoyl]-sn-
glycero-3-phosphocholine (bis-SorbPC) to the lipid bilayer sensitizes the liposomes to UV 
light (Bondurant, Mueller & O'Brien 2001). When exposed to UV light, bis-SorbPC forms 
cross-linked polymer networks that disrupt the bilayer integrity and thus increases its 
permeability (Figure 4). Increased permeability is achieved also by visible light exposure 
when 1,1´-dioctadecyl-3,3,3´,3´-tetramethyl indocarbocyanine [DiI C(18)3] is incorporated 
into the liposomal bilayer (Mueller, Bondurant & O'Brien 2000). Other mechanisms of 
triggered release from liposomes include photochemical reactions, such as photooxidation 
(Thompson et al. 1996), photodeprotection of fusogenic lipids (Zhang, Smith 1999), and 
photoisomerization of lipids (Bisby, Mead & Morgan 2000).  
 Visible laser light can be also used to induce the release of liposome contents 
(Ebrahim, Peyman & Lee 2005). This approach utilizes heat sensitivity of the delivery 
system; liposomes are heated with laser light to their phase transition temperature (T ), which 
induces the contents release. This approach may lead to tissue damage due to heating of 
cellular membranes. 
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Figure 4. The light-triggered contents release from liposomes by photopolymerization-induced bilayer 
disturbance (Modified from Shum, Kim & Thompson 2001). 
 
 
 Polymeric micelles are self-assembling nanocarriers that are usually composed of 
amphiphilic block copolymers (BCP). Light-triggered micelles have been developed by 
incorporating a chromophore, such as azobenzene, to the hydrophobic block of BCP. Light 
exposure induces a structural change that destabilizes the micelles and triggers drug release. 
Both irreversible and reversible dissociation of micelles have been demonstrated with various 
polymer/chromophore combinations and at different wavelengths of the light irradiation 
(Zhao 2007). Another approach employs light-triggered increase in fluidity of hydrogels. The 
drug is subsequently released from the degrading reservoir gel after light exposure (Yui, 
Okano & Sakurai 1993). The slow response time is the major drawback of the hydrogel 
system (Qiu, Park 2001). 
 Recently, photosensitive inorganic nanoparticles have received attention in advanced 
drug and gene delivery. Silica nanoparticles functionalized with photosensitive groups have 
been studied for light-triggered contents release (Wu et al. 2008a, Angelos et al. 2007). Also 
gold nanoparticles can be utilized in photosensitive drug delivery as they absorb the light 
energy and transfer it into heat. For example, light-triggered behavior of gold nanoparticles 
coated with NIPAM-based thermosensitive hydrogel has been reported (Kim, Lee 2006, Wu 
et al. 2008b). Gold nanoparticles have also been used in gene delivery. DNA is attached to 
gold nanorods and released inside the cells upon NIR irradiation, which results in enhanced 
gene expression (Chen et al. 2006a). The most significant weakness of inorganic 
nanoparticles as drug delivery vehicles is their low loading capacity that may prevent the 
requisite drug concentration at the target site. 
 
2.2.4 Other triggers  
 
 Magnetic field can be utilized for drug targeting to the specific site in the body and 
for triggering the drug release (Pankhurst et al. 2003). In targeting applications, therapeutic 
compounds are attached to biocompatible magnetic nanoparticles and external magnetic field 
is used to guide the nanoparticles to the target site (Alexiou et al. 2003). A similar strategy 
has been used to improve non-viral gene delivery (Scherer et al. 2002). For magnetic field-
controlled drug release, magnetic nanoparticles are incorporated into thermosensitive carriers 
and drug release is triggered by the temperature increase caused by oscillating magnetic field. 
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Magnetic nanocarrier systems have been studied for the release of 5-fluorouracil from 
thermosensitive magnetoliposomes (Viroonchatapan et al. 1997), tumor-targeted delivery of 
epidermal growth factor (EGF)-conjugated magnetoliposomes (Kullberg, Mann & Owens 
2005), and burst-like contents release from magnetic silica-based nanoparticles (Hu et al. 
2008). Iron oxide nanoparticles with thermosensitive polymer coating have been developed 
for controlled drug delivery (Zhang, Misra 2007). The drug-containing nanocarrier can be 
directed to the target site by magnetic field, and the drug release is triggered by natural or 
magnetic field-induced hyperthermia (Suzuki et al. 2003). 
 Ultrasound imaging is widely used in diagnostics, while high-energy ultrasound has 
therapeutic applications, for example in cancer treatment and kidney stone disruption (Liu et 
al. 2005, Eisenmenger et al. 2002). Current technology allows accurate focusing of the 
energy waves and their penetration into the deeper tissues. Ultrasound enhances cellular 
uptake of drugs and genes by forming transient pores in the cell membrane (Mehier-Humbert 
et al. 2005). In addition to such sonoporation-induced uptake, various ultrasound-sensitive 
nanocarriers have been developed for triggered drug delivery. Therapeutic compounds can be 
incorporated into polymer-based microspheres and released in the target tissue by focused 
ultrasound waves (Chen et al. 2006b, Rapoport et al. 2009). Also polymeric micelles, mainly 
block copolymers with polyethylene oxide as hydrophilic block, have been utilized for 
ultrasonic-assisted drug delivery (Husseini, Pitt 2008, Nelson et al. 2002). Echogenic, i.e. 
gas-containing liposomes have drug loading properties similar to conventional liposomes. 
Targeting moieties, such as antibodies, may be incorporated to the liposome surface, and gas-
derived cavitation increases the permeability of the target cells. The release from echogenic 
liposomes can be controlled from burst to sustained release by altering the ultrasonic pulse 
amplitude (Huang 2008, Huang, MacDonald 2004, Schroeder, Kost & Barenholz 2009).  
 
 
2.3 Gold nanoparticles in biological applications 
 

Modern nanotechnology provides tools for controlled engineering of materials in the 
nanometer scale. Colloidal gold nanoparticles with diameters ranging from one to several 
hundred nanometers have emerged as potential scaffold for various medical applications, 
such as diagnostic imaging, hyperthermia-related treatments and delivery of therapeutic 
agents (Ghosh et al. 2008) (Figure 5). Gold nanoparticles can be synthesized in aqueous 
solutions as well as in organic solvents, and the particles are coated with stabilizing 
molecules to achieve stable colloids (Sperling et al. 2008). The physical properties of gold 
nanoparticles depend on their size, shape and surface coating. Small (< 5 nm) particles absorb 
mainly UV light, while larger nanoparticles absorb also visible and NIR light due to the 
plasmon resonance (Sonnichsen et al. 2002). Water-soluble stabilizing agents, such as citrate 
produce hydrophilic particles, and alkyl chain coating results in hydrophobic particles. Gold 
nanoparticles with different geometric shapes e.g. rods and hollow shells can be also 
prepared. Gold nanoparticles are inert and there is no indication of particle corrosion. They 
are relatively biocompatible and non-toxic (Lewinski, Colvin & Drezek 2008). The synthesis 
of colloidally stable gold nanoparticles is simple, as is the conjugation of biological 
molecules on the gold nanoparticle surface. Gold nanoparticles are a versatile technology, but 
the loading capacity of drug molecules on the gold nanoparticles is rather limited.  
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Figure 5. Biological applications of gold nanoparticles (Modified from Ghosh et al. 2008). 
 
 
2.3.1 Imaging agents and sensors 
  
 Gold nanoparticles are commonly used in biological imaging. They are directed to 
the target site and they provide contrast for visualization. Gold nanoparticles can be imaged 
with various methods that are usually based on the light absorption and scattering of the gold 
nanoparticles (Huang et al. 2007). These methods enable even single particle detection. 
Nanoparticles larger than 20 nm can be visualized with optical microscopy (Tkachenko et al. 
2004,  Souza  et  al.  2006).  Light  energy  excites  the  free  electrons  in  gold  particles  to  a  
collective oscillation, which is called plasmon resonance. The relaxation of excited electrons 
produces thermal energy and leads to the heating of gold particles. Photothermal imaging 
utilizes the density changes of the liquid surrounding the gold particles, while photoacoustic 
imaging detects the sound waves that are created by the heat-induced expansion of the liquid 
(Berciaud et al. 2004, Agarwal et al. 2007). Immunostaining enables the labelling of specific 
cell compartments and molecules with antibody-conjugated gold nanoparticles. Antibodies 
guide  the  nanoparticles  to  target  cells  that  can  be  then  visualized  with  TEM  or  optical  
microscopy (Demey et al. 1982). Compared to traditional fluorescence labelling, gold 
particles are more stable as they do not suffer from photobleaching. Gold nanoparticles can 
also be used also in single particle tracking studies and as contrast agents in X-ray 
tomography (Cang et al. 2006, Kim et al. 2007).  
 In addition to their use as passive labels, gold nanoparticles are also used as active 
sensors, for example to determine an analyte concentration. The plasmon resonance 
frequency of gold particles changes upon the the binding of molecules on the gold 
nanoparticle surface or the formation of small gold nanoparticle aggregates. This is seen as 
colour change and it can be used for the detection of the analytes. Gold nanoparticles with 
conjugated oligonucleotides are commonly used as sensors in DNA detection (Moller, 
Fritzsche 2007). Quenching of fluorophores by gold nanoparticles can also be used for 
analyte detection (Dulkeith et al. 2005). Gold nanoparticles are conjugated with analyte-
binding ligands and the binding sites of the ligands are blocked with fluorophores. 
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Competitive displacement between fluorophores and analyte molecules reveals the analyte 
concentration, as the fluorescence is emitted after the release of fluorophores from gold 
nanoparticles in continuous dynamic equilibrium. Gold nanoparticles have also been 
employed in surface-enhanced Raman scattering (SERS) studies and in ELISA-like assays 
(enzyme-linked immunosorbent assays) for quantitative or qualitative detection of proteins 
and DNA (Ni et al. 1999, Wang et al. 2005). 
 
2.3.2 Hyperthermal therapy 
 
 Light irradiation of the gold nanoparticles at the plasmon resonance wavelength 
produces a collective oscillation of free electrons. Thermal energy is transferred to the crystal 
lattice of the gold particles upon the relaxation of the electrons. Release of heat from the 
nanoparticles to the surrounding environment provides various therapeutic possibilities 
(Pissuwan, Valenzuela & Cortie 2006). Local heating has been studied to treat cancer, since 
the temperature increase of a few degrees leads to the cell death. Gold nanoparticles are used 
for localized hyperthermal cancer cell destruction (Hirsch et al. 2003, Choi et al. 2007). Gold 
nanoparticles can be enriched in the tumour by passive targeting (EPR effect) or by 
conjugating the nanoparticles with targeting ligands (e.g. antibodies) (Pitsillides et al. 2003). 
Once in the tumour, light irradiation and consequent heating of the gold nanoparticles can 
lead to destruction of the tumour. 
 
2.3.3 Drug and gene delivery vehicles 
 
 Gold nanoparticles can be utilized for the delivery of therapeutic molecules into the 
cells. As colloidal gold nanoparticles are ingested by cells, the uptake enables the delivery of 
molecules that would not be internalized by the cells otherwise. The drug can be encapsulated 
in a gold core-shell particle or loaded into a larger carrier with suitable gold particles. 
Therapeutic molecules may be also incorporated to the surface of gold particle. For example, 
a gold nanoparticle with diameter of 2 nm can incorporate 70 drug molecules (Gibson, 
Khanal & Zubarev 2007). This approach may be suitable for very potent drugs, but not 
necessarily for the less potent ones. On the other hand, gold nanoparticles do not favour drug 
distribution across tight tissue barriers. Suitability of gold nanoparticles in drug delivery 
should be investigated case by case.  
 Gold nanoparticles can be modified to render them more suitable for drug delivery. 
They can be conjugated with ligands for over-expressed cell surface receptors to guide them 
into the target cells. For example, transferrin and folate receptors have been used for targeting 
gold nanoparticles to the cancer cells (Yang et al. 2005, Dixit et al. 2006). Glutathione-
mediated release provides a strategy for intracellular release of the disulfide bridge-bound 
drug. This is based on the high intracellular glutathione concentration compared to its low 
extracellular concentration (Hong et al. 2006). However, because the number of drug 
molecules on the gold nanoparticle surface is limited, the approach incorporating drug 
directly to the nanoparticle surface is suitable mainly for applications where a low drug 
concentration is adequate. 
 Gold nanoparticles are capable of delivering large biomolecules such as peptides, 
proteins, and nucleic acids. Small gold nanoparticles have a high surface to volume ratio that 
maximizes the payload/carrier ratio, and different monolayer coatings allow the control of 
particle charge and hydrophobicity to maximize the delivery efficiency. Delivery can be 
forced, as in the case of gene guns, or achieved via cellular uptake of the particles. The gene 
gun method uses gold nanoparticles as bullets for the ballistic delivery of DNA (Yang et al. 
1990), but it is not practical in the human gene therapy. Covalent linking of gold particles 
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with thiolated nucleic acids and non-covalent complexes with DNA provide means for 
cellular delivery (Oishi et al. 2006, Thomas, Klibanov 2003). Applications based on cellular 
delivery of proteins and peptides with gold nanoparticles have also been demonstrated 
(Kogan et al. 2007, Bhumkar et al. 2007). Gold nanoparticles are taken up by endocytosis, 
and like other nanoparticles, they face intracellular distribution problems. 
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3 AIMS OF THE STUDY 
 
The general objective of the research described in this thesis was to design, develop, and 
evaluate specific external signal-sensitive liposomal carriers for drug and gene delivery 
applications. The specific aims were as follows: 
 
 

1. To evaluate the suitability of an epidermal cell culture model for dermal gene delivery 
studies and to enhance the epidermal transfection efficiency with DOTAP/DOPE 
liposomes and iontophoresis. 
 
 

2. To develop thermally triggered drug delivery system by coating liposomes with 
HPMA-based biodegradable and thermosensitive polymer. 
 
 

3. To develop a novel light-triggered drug delivery system with high loading capacity by 
incorporating gold nanoparticles in thermosensitive liposomes, and to evaluate the 
structural mechanism of light-activated contents release from gold nanoparticle-
embedded liposomes. 
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4 EPIDERMAL CELL CULTURE MODEL WITH TIGHT STRATUM CORNEUM 
AS A TOOL FOR IONTOPHORETIC DERMAL GENE DELIVERY STUDIES * 
 
 
 
Abstract: The purpose of this study was to evaluate the feasibility of organotypic cultures of 
rat epidermal cells (REK) as a tool to study non-invasive dermal gene delivery, and enhance 
the transfection efficiency with iontophoresis. Also, a novel transfection method employing 
liposomal pre-treatment of stratum corneum was evaluated. Rat epidermal cells were cultured 
on Transwell tissue culture inserts and formation of stratum corneum barrier was evaluated in 
permeability studies with two model compounds. Transfections were performed with naked 
pCMV-SEAP2 plasmid and DOTAP/DOPE/DNA lipoplexes. Naked DNA was administered 
on  the  stratum  corneum  of  the  cell  culture  model  with  or  without  prior  treatment  of  the  
stratum corneum with DOTAP/DOPE liposomes. Transfection was evaluated non-invasively 
by monitoring concentrations of secreted alkaline phosphatase (SEAP) in the culture medium 
of the basolateral compartment at 24 h intervals. Transfection with lipoplexes produced 
significant gene expression in REK epidermal culture model. Pre-treatment of the cultured 
stratum corneum with DOTAP/DOPE liposomes and subsequent application of naked DNA 
resulted in epidermal gene expression. Naked DNA alone did not result in detectable gene 
expression. Iontophoresis did not enhance transfection efficiency. In dermal gene delivery 
studies REK epidermal culture model is a suitable tool that includes tight stratum corneum, 
and allows monitoring the transgene expression in viable epidermis and non-invasive 
sampling of secreted gene product in the basolateral compartment. Liposomal pretreatment of 
the stratum corneum augments transfection of viable epidermis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Adapted from: Lauri Paasonen, Maarit Korhonen, Marjo Yliperttula, Arto Urtti: Epidermal 
cell culture model with tight stratum corneum as a tool for dermal gene delivery studies. Int J 
Pharm 307:188-193, 2006. 
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4.1. Introduction 
 

Gene therapy is potential treatment in several dermatological disease states (e.g. 
psoriasis, melanoma, wounds) (Kopp et al. 2004). Topical application would be the easiest 
method of gene delivery into the skin. It is more convenient and efficient than parenteral gene 
delivery in some instances (Fynan et al. 1993, Shi, Curiel & Tang 1999). In addition to the 
skin conditions, genes can be used also for dermal delivery of systemic medical purposes, for 
example percutaneous DNA vaccination. In that case, the gene encoding a specific antigen is 
delivered into the dendritic cells in the skin to develop immune response against infectious 
pathogens and tumours. Several delivery methods have been used for dermal DNA 
vaccination: gene gun (Fynan et al. 1993), adenoviruses and liposomes (Shi, Curiel & Tang 
1999), electroporation (Babiuk et al. 2003) and naked DNA (Kang et al. 2004). Due to the 
emerging interest in dermal gene therapy, efficient methods are needed for the DNA delivery. 
After its topical application onto the skin, DNA must be transferred across the barrier of 
stratum corneum into the viable cells below (e.g. epidermal, dermal or dendritic cells). After 
transfection, the viable cells express the transgene. 

Gene delivery can be studied using cell models in vitro or in vivo in animals or man. 
Gene delivery studies with non-differentiated skin cells give unrealistic information, because 
the major penetration barrier, stratum corneum, is not present. Pieces of isolated human 
cadaver skin are widely used in transdermal drug delivery experiments (Kang et al. 2004, 
Suhonen et al. 2003), but as the dead tissue does not express transgenes, it is not suitable for 
gene delivery studies. In vivo studies are laborious and not always suitable for mechanistic 
experiments. Permeability of animal skin (typically 10-100 times higher than in the human 
skin) is the major drawback of animal models such as hairless mice and rats. On the other 
hand, experiments with human volunteers are not ethical  in the early phase of gene transfer 
studies. 

Keratinocyte-based epidermal cell culture models represent an alternative in vitro 
method  for  dermal  gene  delivery.  Cell  cultures  are  cost-effective,  easy  to  maintain  and  
ethically acceptable. Several commercial cell models of human skin have been introduced. 
For example, EpiDerm® (MatTek Corporation, MA, USA), EpiSkin® (Episkin  SNC,  Lyon,  
France) and SkinEthic® (Laboratoire SkinEthic, Nice, France) have been used in permeability 
and irritation studies with chemicals (Lotte et al. 2002, Faller, Bracher 2002). Primary or 
early passage human keratinocytes form stratified differentiated epidermis in these models, 
but unfortunately the commercial skin models are much more permeable than the human skin 
(Schmook, Meingassner & Billich 2001).  

It has been recently shown that a continuous rat epidermal keratinocyte (REK) cell 
line forms differentiated epidermal culture model with proper tight stratum corneum (SC) 
(Pasonen-Seppanen et al. 2001a, Pasonen-Seppanen et al. 2001b). Extensive drug 
permeability studies (with 18 drugs at logP range of -4.0 to +4.0) showed that the 
permeability of this epidermal model corresponds well with human skin (Suhonen et al. 
2003).  

In this study, the feasibility of organotypic REK culture model was evaluated as a tool 
for dermal gene delivery studies. Transgene expression was investigated with pCMV-SEAP2 
plasmid that encodes for secreted alkaline phosphatase (SEAP). We show that both 
DOTAP/DOPE lipoplexes and stratum corneum pre-treatment with DOTAP/DOPE elicit 
gene expression in the viable epidermal cells after topical DNA administration. Iontophoresis 
has been reported to enhance transdermal penetration of charged compounds (Kalia et al. 
2004). The penetration enhancement is based on electrorepulsion and electro-osmosis (Guy et 
al. 2000). We evaluated iontophoretic DNA delivery in the organotypic REK culture model. 
The results suggest that dermal gene delivery was not enhanced by iontophoresis. 
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4.2 Materials and methods 
 
4.2.1 REK culture 

The rat epidermal keratinocyte (REK) culture derived from newborn rat epidermal 
keratinocytes was originally isolated by Baden and Kubilus (Baden, Kubilus 1983). The 
continuous REK cell line used in these studies was a generous gift from Dr. Donald K. 
MacCallum, Ann Arbor, MI, USA. REK culture was maintained and subcultured as described 
earlier (Pasonen-Seppanen et al. 2001a). Minimal essential medium (MEM) was acquired 
from  Gibco  (Life  Technologies,  Paisley,  UK)  and  fetal  bovine  serum  (FBS)  was  acquired  
from HyClone (Logan, UT, USA). Penicillin-streptomycin solution, L-glutamine and trypsin-
EDTA solution were acquired from Sigma (St. Louis, MO, USA). 
 
4.2.2 Epidermal culture model 

Organotypic epidermal cell cultures were grown on Transwell tissue culture inserts 
(24 mm diameter; 3.0 m pores) from Costar (Cambridge, MA, USA). Collagen from rat tails 
was isolated and collagen supports on tissue culture inserts were prepared as described 
previously (Pasonen-Seppanen et al. 2001b). Eagle’s balanced salt solution (EBSS) was 
obtained from Sigma, sodium hydroxide from FF-chemicals (Yli-Ii, Finland), and 7.5% 
sodium bicarbonate solution from Gibco. 

Confluent REK cultures were subcultivated on the collagen supported Transwells and 
maintained for three weeks as described earlier (Suhonen et al. 2003) with minor 
modifications. On the 1st day, 2 ml of cell suspension (200 000 cells/ml) was applied onto the 
apical side of the filter and 2 ml of Dulbecco’s MEM (DMEM, obtained from Gibco) with 
10% FBS (HyClone), 4 mM L-glutamine (Sigma), 50 g/ml streptomycin and 50 U/ml 
penicillin (Sigma), was applied onto the basolateral side of the insert. On the 4th day, the air-
lift conditions were accomplished by removing the medium from the apical side and the 
basolateral medium was replaced with 1.5 ml of fresh medium. Since the 5th day, the 
basolateral  medium  with  40  g/ml  ascorbic  acid  was  used  (Sigma).  On  the  7th day and 
thereafter every day during 2 weeks, the medium was replaced with fresh culture medium 
with ascorbic acid. 
 
4.2.3 Permeability studies 

The permeability of the epidermal culture model was evaluated in order to validate 
the barrier formation. Two permeant probes, mannitol (hydrophilic) and corticosterone 
(lipophilic), were used as described earlier (Pasonen-Seppanen et al. 2001b). Studies were 
performed in two-chamber diffusion cells (Side-Bi-Side, Crown Glass Company, Cambridge, 
NJ, USA) with 3 ml compartment volumes and 0.64 cm2 effective diffusional area. Phosphate 
buffered saline (DPBS, 10x, pH 7.4) was obtained from Cambrex BioScience (Verviers, 
Belgium). Radiolabeled mannitol (D-(1-3H(N))-mannitol, 26.3 Ci/mmol) and radiolabeled 
corticosterone (1,2,6,7-3H(N))-corticosterone, 70.0 Ci/mmol) were acquired from NEN Life 
Science Products (Boston, MA, USA). Both radiolabeled permeants had higher than 97% 
purity. Samples from the donor and receiver compartments were mixed with 3 ml of 
scintillation cocktail (UltimaGold, Packard, Bioscience, Groningen, Netherlands) and 
analyzed by liquid scintillation counter (WinSpectral 1414, Wallac, Finland) for 10 min. The 
condition of the epidermal culture models was monitored during the experiment visually and 
possible air bubbles were removed from the diffusion area. Permeability coefficients P (cm s-

1) were calculated at pseudo steady state situation for the model compounds as: 
 
P = J/ACD  
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where J is the flux (dpm s-1 cm-2) at steady state, A is the diffusional area (cm2), and CD is the 
concentration (dpm cm-3) in the donor compartment.  
 
4.2.4 Plasmid DNA 

The reporter gene plasmid pCMV-SEAP2 encoding secreted alkaline phosphatase 
(SEAP) under the control of the cytomegalovirus enhancer/promoter was constructed by Mr. 
Mika Reinisalo at the University of Kuopio, Finland. The plasmid DNA was amplified using 
Escherichia Coli and purified by column separation with Qiagen Mega Kit (Qiagen, Hilden, 
Germany). The concentration of plasmid DNA was evaluated by absorbance at 260 nm (Cary 
50 Bio Spectrophotometer, Varian, Australia). 
 
4.2.5 Liposomes 
 Cationic liposomes are widely used as non-viral vectors for gene delivery. We 
prepared cationic DOTAP/DOPE liposomes at molar ratio 1:1 with final DOTAP 
concentration of 3.2 mM. DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) and DOPE 
(dioleyl-phosphatidylethanolamine) were obtained from Avanti Polar Lipids (Alabaster, AL, 
USA).  The  lipids  were  dissolved  in  chloroform  (Sigma)  to  the  concentration  of  10  mg/ml.  
DOTAP solution and DOPE solution were mixed in glass tube and subsequently chloroform 
was evaporated in vacuum evaporator (VV2011, Heidolph, West Germany) at 37 °C under 
nitrogen stream. Resulting lipid film was resuspended in sterile water and sonicated in bath 
sonicator (Sonorex, Bandelin Electronic, Germany) at room temperature for 30 min until a 
translucent solution was obtained. The size of liposomes was determined by light scattering 
with NICOMP 380ZCS particle analyzer (Particle Sizing Systems, Santa Barbara, CA, USA).  
 
4.2.6 Preparation of lipoplexes 
Complexes of pCMV-SEAP2 and DOTAP/DOPE liposomes were prepared at +/- charge 
ratio of 2. The amount of plasmid DNA per epidermal culture insert was 4.7 g. The volume 
of liposome solution required was calculated according to Eq. (2), 
 
            N   *   M 
V =                          *  R            
                 CL         (2)  
 
where V is the volume of liposome solution ( l), N is the amount of negative charges in DNA 
molecule (3.055 nmol g-1), M is  the  amount  of  plasmid  DNA  (4.7  g),  CL is the 
concentration of liposome solution (nmol l-1), and R is the +/- charge ratio (+2). Lipoplexes 
were prepared aseptically in a laminar flow hood by mixing pCMV-SEAP2 solution and 
liposome solution in 1.5 ml eppendorf tubes. Lipoplexes were incubated at room temperature 
for 20 min prior to use. 
 
4.2.7 Transfection protocol for cationic lipoplexes 
 Transfection studies were performed using epidermal culture models on Transwell 
tissue inserts as illustrated in Figure 1. First, both sides of epidermal culture models were 
washed with PBS. Fresh culture medium (2 ml) was applied on the basolateral side and 2 ml 
of 25 mM Hepes (Sigma)/133 mM NaCl buffer pH 7.4 was applied on the apical side of the 
inserts. Then 500 l of previously prepared cationic lipoplexes containing 4.7 g plasmid 
DNA were placed on the apical compartment and the cultures were incubated for 5 h at 37 °C 
in humified 95 % air/5 % CO2 atmosphere. 
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Figure 1. Dermal gene delivery in REK epidermal culture model. Stratum corneum is illustrated as a brick wall 
-structure. 
 
 
 
4.2.8 Transfection protocol for liposome pre-treatment studies 
 The liposome pre-treatment of epidermal culture model was performed 12 h prior to 
transfections. Medium in the basolateral compartment was replaced with 2 ml of culture 
medium and 2 ml of 25 mM Hepes/133 mM NaCl buffer pH 7.4 was applied on the apical 
compartment.  The  amount  of  cationic  DOTAP/DOPE  liposomes  equivalent  to  that  in  the  
lipoplexes was added on the apical compartment. The epidermal cultures were incubated at 
37 °C in humified 95 % air/5 % CO2 for 12 h. Subsequently, liposomes were removed and the 
apical compartment was washed with 2 ml of PBS. The amount of naked plasmid DNA 
equivalent to protocol for lipoplexes (4.7 g) was added on the apical compartment and 
inserts were incubated for 5 h. Transfection of naked DNA without liposome pre-treatment 
was performed as a control. 
 
4.2.9 Iontophoretic transfections 
 Hewlett Packard DC current source (6181C, USA) with Ag/AgCl electrodes was 
used as a current source in iontophoretic transfection studies. Cathodes were prepared from 
silver wire (1.0 mm diameter, Aldrich Chemical Company, Milwaukee, WI, USA) and 
molten silver chloride (Sigma). Anodes were prepared by placing previously made cathodes 
and platinum wires (0.3 mm diameter, Tamro MedLab, Vantaa, Finland) in 35 ml glass jars 
containing 25 mM Hepes (Sigma)/150 mM NaCl pH 7.4 buffer, and applying 0.5 mA current 
for 24 h. Voltage was monitored with Hewlett Packard F 2378A multimeter (Japan). For 
transfection studies, conductive salt bridges were prepared; silicone tubings (2.0 mm inner 
diameter,  4.0  mm  outer  diameter,  15  cm  length)  were  filled  with  3%  agar  (Sigma)  in  1  M  
NaCl solution.  

Current was lead from Ag/AgCl electrodes (in 150 mM NaCl) to cell culture inserts 
via salt bridges and inserts were connected to each other in series. In the lipoplex experiments 
the direction of current was from anode to cathode, i.e. from the apical to the basolateral 
compartment.  In  pre-treatment  studies  the  direction  of  current  was  from  cathode  to  anode  
(from the apical to the basolateral compartment), on the contrary to transfection with 
lipoplexes. Samples were applied to cell culture inserts as described in 4.2.7 and 4.2.8 before 
applying the current. 

Current intensities of 0.01, 0.05, 0.1 and 1 mA/cm2 were tested for transfections, 
respectively. Voltage across the membrane was monitored and the duration of iontophoresis 
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was  5  h.  Iontophoretic  transfection  of  naked  DNA  without  liposome  pre-treatment  was  
performed as a control. Also buffer solutions with different ionic strength and serum-free 
DMEM were tested as transfection medium (Table 1). 
 
 
Table 1. Transfection medium compositions, pH 7.4.  
 
 Composition 

 
Transfection medium 1 25 mM Hepes + 133 mM NaCl 
Transfection medium 2 25 mM Hepes + 240 mM glucose 
Transfection medium 3 DMEM + 2% glutamine + 1% penicilline-streptomycine 
 
 
 
 
4.2.10 Sampling and SEAP assay 
 Transfections were evaluated by determining the concentrations of the gene product 
SEAP in the basolateral compartment (Figure 1) at 24 h intervals. The first samples were 
taken immediately after incubation for 5 h. The samples were transferred to 1.5 ml Eppendorf 
tubes and stored at -20 °C. The remaining medium from the basolateral compartment and the 
solution from the apical compartment were removed. Both sides were washed with 2 ml of 
PBS and 1.5 ml of fresh culture medium was applied on the basolateral compartment. 
Thereafter, the samples were withdrawn, basolateral compartment was washed with PBS, and 
fresh medium was changed at 24 h intervals during 21 days. The samples were analyzed with 
chemiluminescence assay using Great EscAPe™ SEAP Reporter System kit protocol (BD 
Biosciences Clontech, Palo Alto, CA, USA) and luminometer (Victor2 TM 1420 Multilabel 
counter, PerkinElmer Wallac, Finland). 
 
 
4.3 Results and discussion 
 
4.3.1 Permeability characteristics of the epidermal culture model 
 The formation of stratum corneum on the epidermal REK model was evaluated by 
permeability studies with mannitol and corticosterone. These studies were performed on 
liposome pre-treated epidermal culture model in order to evaluate the effect of possible 
liposome fusion with stratum corneum on membrane permeability. Permeability coefficients 
are shown in Table 2.  
 The results demonstrate that the REK model formed adequate barrier since 
permeability coefficients were close to the values of human skin and the previous REK model 
data (Suhonen et al. 2003). Permeability measurements were not done in each culture insert, 
but our extensive prior studies (Suhonen et al. 2003, Pasonen-Seppanen et al. 2001a, 
Pasonen-Seppanen et al. 2001b) indicate that the barrier formation in the REK cultures is 
reproducible. There is no reason to expect large variation or poor barrier formation in these 
cell cultures. The proper formation of stratum corneum in epidermal culture model is crucial, 
since it is the major barrier layer in the skin. These results gave us reliable starting point for 
dermal gene delivery studies. 
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Table 2. Permeability coefficients (10-7 cm/s) of model compounds in epidermal culture model.  
Average ± SD, n=5. 
 

 Mannitol Corticosterone 

Intact culture 0.51 ± 0.26 0.24 ± 0.04 

Liposome pre-treated 
culture 

0.87 ± 0.43 
 

0.31 ± 0.04 

   

 

 It has been demonstrated that the re-organization of stratum corneum lipids by 
fusion of applied lipids can result in more permeable barrier (Kirjavainen et al. 1996). In our 
studies, the pre-treatment with DOTAP/DOPE liposomes did not change substantially the 
permeability of the model compounds in the epidermal cultures (Table 2). Permeability 
coefficient  of  corticosterone  was  slightly  higher  (p  <  0.01,  Mann  Whitney’s  U-test)  in  the  
liposome pre-treated cultures than in the untreated cultures. There was no significant change 
either in mannitol permeability. The results suggest that pre-treatment with liposomes caused 
only minor changes in the integrity of stratum corneum of the epidermal cell culture model. 
  
4.3.2 Transfections 
 Long-term secretion of SEAP was achieved after non-invasive gene delivery to the 
epidermal culture model. Both lipoplex and liposome pre-treatment methods produced 
significant expression of SEAP reporter gene (Figure 2). Pharmacokinetic parameters of 
SEAP secretion were calculated and they are given in Table 3. Transfection of naked DNA 
into untreated culture model did not produce any detectable gene expression.  
 Transfection with DOTAP/DOPE lipoplexes resulted in the most efficient 
transfection. The peak of SEAP production was seen at 96 h after transfection, when the 
concentration of SEAP in the basolateral samples was 0.15 µg/ml (Table 3). Secretion of 
SEAP protein continued for 12 days and the final cumulative amount of SEAP secretion was 
0.86 g (Figure 2B). 

Liposomes are widely used as non-viral vectors in gene delivery and smaller (100-200 
nm) liposomes are generally preferred. The mean size of free DOTAP/DOPE liposomes was 
150  nm,  but  the  mean  size  of  DOTAP/DOPE  lipoplexes  was  about  900  nm.  However,  the  
size of lipoplexes may not be significant in dermal gene delivery, since intact lipoplexes do 
not penetrate into the skin. Instead, the lipids may fuse to the stratum corneum and facilitate 
the delivery of DNA across the stratum corneum. 
 Since intact liposomes probably do not permeate into the skin, we tested application 
of liposomes separately prior to the administration of DNA. Liposome pre-treatment of the 
culture model prior to the application of naked DNA yielded successful transfection. Lipid 
pre-treatment for 12 h resulted in SEAP secretion almost equal to lipoplex administration 
(Figure 2A-B, Table 3). On the contrary, DNA alone without pre-treatment did not show any 
detectable transfection (Figure 2). Presumably, the barrier of untreated stratum corneum 
prevented transfection with naked DNA. 
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Table 3. Pharmacokinetic parameters of SEAP secretion in epidermal culture model after transfection with 
lipoplexes or using the pre-treatment method. Average ± SD, n = 3. 
 
 
 
 
 

Cmax 
( g/ml) 

Tmax (h) Cumulative 
secretion of SEAP 
( g) at 504 h 

Rate of SEAP 
secretion 

(ng/h) 
 

AUC 
( g * h / ml) 

Lipoplexes 0.15 ± 0.03 96 0.85 ± 0.14 5.17 ± 0.78 20.35 ± 4.76 

Liposome 
pre-treatment 

0.10 ± 0.01 96 0.66 ± 0.03 3.33 ± 0.18 15.39 ± 1.68 

 
 
 

It seems that formation of lipoplexes is not required for topical transfection of 
keratinocytes. Prior administration of cationic lipid into the stratum corneum works as 
penetration  enhancer  for  DNA  (Figure  2)  in  specific  way,  not  by  barrier  disruption,  as  the  
barrier  of  stratum  corneum  was  not  compromised  to  small  neutral  solutes  (Table  2).  
Liposome pre-treatment could form a basis of new formulations and clinical applications in 
dermal gene delivery. For example, semi-solid or liquid liposomal formulation could be 
applied on the skin, followed by transfection with solution or gel with naked DNA. This 
could be easy and cheap method for dermal gene delivery in vivo. Liposome pre-treatment is 
probably more controlled method for penetration enhancement than lipoplexes as suggested 
by smaller standard deviations in the pre-treatment group (Figure 2A). The problems of 
lipoplexes include the variable complex size, low reproducibility, and stability issues. 
Efficacy of pre-treatment could be optimized by using different lipids, media, and incubation 
conditions. 

The lag time of 24 h was found in SEAP production (Figure 2). This is likely due to 
DNA transport across stratum corneum, internalization, nuclear disposition in the epidermal 
cells, and finally initiation of SEAP production and secretion. Secretion of SEAP was linear 
for 5 days (between 72 h and 192 h) with both methods (Figure 2B) and the rate of SEAP 
production with lipoplexes was slightly greater than in the case of pre-treatment (Figure 2B, 
Table 3).  The cumulative amount of SEAP with lipoplexes was 25 % higher than with pre-
treatment, but duration of gene expression was identical for the two methods. Expression was 
more stable with pre-treatment method (Figure 2A). 

It has been shown in animal studies (Fan et al. 1999) that gene expression after topical 
DNA application is mainly localized in the hair follicles. Liposomes may also concentrate in 
lipid-rich hair follicles providing plasmid DNA with localized access into the skin. In our 
study, only the delivery of DNA through stratum corneum was evaluated, since there are no 
hair follicles in the REK culture. The model demonstrates the delivery of plasmid DNA 
directly through stratum corneum, gene expression in the keratinocytes. This contrasts the 
animal studies showing gene expression is only in the hair follicles. 
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Figure 2. SEAP (secreted alkaline phosphatase) concentration (A) in epidermal culture medium, and cumulative 
SEAP amount (B) after transfection of pCMV-SEAP2 with 3 different methods: lipoplexes, liposome pre-
treatment plus naked DNA, and naked DNA alone. Each point represents the average ± SD, n=3. 
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Iontophoresis did not enhance gene transfection at the tested current intensities. Slight 
increase in cumulative SEAP production was observed with the current of 0.01 mA/cm2 when 
transfection medium 1 and DMEM were used (Figure 3). Normally, iontophoretic delivery of 
drug molecules is proportional to the current intensity. Higher current intensities result in 
increased delivery of the drug (Kalia et al. 2004), but our results showed that current intensity 
of 1 mA/cm2 decreased the SEAP production significantly. Liposome-DNA complex is much 
larger and more complicated structure than small drug molecules. There may be several 
reasons why transfection efficiency was decreased. At higher current densities the lipoplex 
might break up and DNA molecules can be released to the medium, where anode binds the 
negatively charged DNA.  

The results suggest that the ionic strength of the transfection medium has an effect on 
transfection efficiency. The transfection media with high concentration of sodium and 
chloride ions (transfection medium 1 and DMEM) induced higher SEAP production than 
other media (Figure 3). In general, iontophoretic drug delivery is more effective when there 
are minimal concentration of competing small ions (Na+, Cl-), but the formation of liposome-
DNA complex may require certain ion concentration. On the other hand, iontophoretic 
delivery of large molecules is based on electro-osmosis in which the flow of ions increases 
the flow of solvent due to the concentration gradient (Kalia et al. 2004, Guy et al. 2000). 
Transfection media with high ion content may produce faster electro-osmotic flow and 
thereby might enhance the delivery of large DNA molecules into the cells. Iontophoresis did 
not deliver naked DNA through stratum corneum or produce transfection. 
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Figure 3. Cumulative SEAP production in REK cell culture in 21 days after lipoplex transfection as a function 
of current density in different transfection media. Naked DNA in Transfection medium 1 was analyzed as a 
control. Each data point represents average, n=2-9. 
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5 TEMPERATURE-SENSITIVE POLYMER-COATED LIPOSOMES FOR 
TRIGGERED CONTENTS RELEASE* 
 
 
 
Abstract: We prepared thermosensitive poly(N-(2-hydroxypropyl)methacrylamide-
mono/dilactate (pHPMA-mono/dilactate) polymer and studied temperature-triggered contents 
release from polymer-coated liposomes. HPMA-mono/dilactate polymer was synthesized 
with a cholesterol anchor suitable for incorporation in the liposomal bilayers and with a cloud 
point (CP) temperature of the polymer slightly above normal body temperature (42 °C). 
Dynamic light scattering (DLS) measurements showed that whereas the size of non-coated 
liposomes remained stable upon raising the temperature from 25 °C to 46 °C, polymer-coated 
liposomes aggregated around 43 °C. Non-coated liposomes loaded with calcein showed 
hardly any leakage of the fluorescent marker when heated to 46 °C, while polymer-coated 
liposomes showed a high degree of temperature-triggered calcein release above the CP of the 
polymer. Liposome aggregation and destabilization were likely triggered due to the 
precipitation of the thermosensitive polymer above its CP onto the liposomal bilayers, 
followed by permeabilization of the liposomal membrane. This study demonstrates that 
liposomes surface-modified with HPMA-mono/dilactate copolymer are promising systems 
for achieving temperature-triggered contents release. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Adapted from: Lauri Paasonen, Birgit Romberg, Gert Storm, Marjo Yliperttula, Arto Urtti, 
Wim E. Hennink: Temperature-sensitive poly(N-(2-hydroxypropyl) methacrylamide 
mono/dilactate)-coated liposomes for triggered contents release. Bioconjug Chem 18:2131-
2136, 2007.  
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5.1 Introduction 
Liposomes have been widely studied as vehicles for drug delivery. They are 

biocompatible, non-toxic, non-immunogenic and can be used for the delivery of both 
hydrophilic and hydrophobic drugs (Torchilin 2005, Metselaar, Storm 2005). A major 
challenge in liposomal drug delivery is triggered release of the drug specifically at the site of 
action resulting in exposure of the target cells to a high concentration of the drug. Several 
approaches for triggered drug release from liposomes have been investigated. These involve 
enzyme-activated (Meers 2001, Andresen et al. 2004), pH-sensitive (Drummond, Zignani & 
Leroux 2000), light-sensitive (Mueller, Bondurant & O'Brien 2000), ultrasound-triggered 
(Huang, MacDonald 2004), and temperature-sensitive liposomes (Needham, Dewhirst 2001, 
Lindner et al. 2004).  

Temperature-sensitive liposomes can be prepared from phospholipids which have a 
sharp gel-to-liquid crystalline transition, but they can be also prepared by functionalizing 
liposomes with polymers that exhibit a lower critical solution temperature (LCST) (Kono 
2001). These polymers are water-soluble below their cloud point (CP) temperature but 
become hydrophobic and subsequently precipitate when the temperature is raised above the 
CP. Due to the polymer precipitation and exposed hydrophobic surface, the polymer interacts 
with the liposomal bilayer destabilizing it. This feature may be applicable in temperature-
triggered drug release from the liposomes. Such temperature-sensitive liposomes would 
remain intact at 37 °C and avoid drug leakage in the blood circulation. Heating at the target 
site  (e.g.  tumor,  skin,  back  of  the  eye)  should  trigger  the  drug  release  from  the  liposomes  
locally, thereby improving the efficacy of the treatment and reducing side effects. The release 
temperature should be adjusted to 41-42 °C, so that the heating does not cause damage to the 
healthy tissues. 

Poly(N-isopropylacrylamide) [p(NIPAM)] exhibits the CP at 32 °C and has been 
studied as a thermosensitive coating for liposomes by Kono and co-workers (Kono, Hayashi 
& Takagishi 1994, Hayashi, Kono & Takagishi 1999, Kono et al. 1999, Yoshino et al. 2004). 
They showed that p(NIPAM) can induce temperature-triggered contents release from 
liposomes. Hayashi et al. reported that the CP of p(NIPAM) can be increased by 
copolymerization of NIPAM with acrylamide (Hayashi, Kono & Takagishi 1999). This is 
important, because in the clinical use the polymer precipitation and drug release from the 
liposomes should take place at a few degrees above normal body temperature. Han and co-
workers studied temperature-triggered release of doxorubicin from liposomes which were 
coated with p(NIPAM-co-acrylamide) and polyethyleneglycol (PEG), and observed enhanced 
drug release around the CP of the thermosensitive polymer (Han, Shin & Choi 2006). The 
major drawback of p(NIPAM) is, that it is not biodegradable, and it may accumulate in the 
body. 

Poly(N-(2-hydroxypropyl)methacrylamide) (HPMA) polymers have been widely 
studied as biodegradable macromolecular carriers for anti-cancer drugs (Kopecek et al. 
2000). Recently, HPMA-based copolymers with tunable thermosensitivity were synthesized 
by free radical polymerization of HPMA-monolactate and HPMA-dilactate (Soga, van 
Nostrum & Hennink 2004). It was shown that the CP of HPMA-mono/dilactate copolymers 
can be tailored between 13 °C and 65 °C by varying the monolactate/dilactate ratio in the 
copolymer. Importantly, the polymers were shown to be biodegradable.  

Because of their adjustable thermosensitivity and biodegradability HPMA-
mono/dilactate copolymers are a promising tool for temperature-triggered contents release 
from liposomes. In this study, we synthesized thermosensitive HPMA-mono/dilactate 
copolymers with a cholesterol anchor that allows incorporation of the polymer in liposomal 
bilayers. Liposomes were successfully coated with the polymer and temperature-triggered 
liposome aggregation and release of encapsulated fluorescent marker were determined. 
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5.2 Experimental section 
 
5.2.1 Materials  

Thiocholesterol, Ellman’s reagent [5,5’-Dithio-bis-(2-nitrobenzoic acid)], cysteine, 
cholesterol, and calcein were purchased from Sigma-Aldrich Chemie BV, Zwijndrecht, The 
Netherlands. N, N’-azobisisobutyronitrile (AIBN) and 1,4-dioxane were purchased from 
Fluka Chemie AG, Buchs, Switzerland. Egg phosphocholine (EPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) were purchased from Lipoid GmbH, Ludwigshafen, Germany. 

  
5.2.2 Synthesis of HPMA-mono/dilactate copolymers with cholesterol anchor  

The synthesis of poly(HPMA-mono/dilactate) with a cholesterol anchor is illustrated 
in Scheme 1. HPMAm-monolactate and HPMAm-dilactate monomers were synthesized as 
reported earlier (Neradovic et al. 2003) and copolymers were prepared by radical 
polymerization using thiocholesterol as a chain transfer agent (CTA). Thiol compounds act as 
CTA in radical polymerization (Kaneko et al. 1995). The molar ratio of HPMAm-
monolactate to HPMAm-dilactate ranged from 70/30 to 85/15. Monomers were dissolved in 
freshly distilled 1,4-dioxane at a concentration of 100 mg/ml. N, N’-azobisisobutyronitrile 
was used as a radical initiator at a molar ratio of 500/1 (monomers/AIBN) and thiocholesterol 
as chain transfer agent was used at a molar ratio of 50/1 (monomers/thiocholesterol). Desired 
amounts of monomers, AIBN and thiocholesterol were transferred into sealable glass vial, 
followed by five freeze-thaw cycles under a nitrogen atmosphere in order to remove oxygen. 
Polymerization was carried out at 70 °C for 24 h. The obtained polymers were precipitated 
dropwise into an excess of diethyl ether under vigorous stirring. After centrifugation, the 
supernatants were discarded and traces of diethyl ether were removed in vacuo. The polymers 
were dissolved in water, freeze-dried and stored in a freezer. 

 
 
 
 

 
Scheme1. Synthesis of poly(HPMA-mono/dilactate)-cholesterol 

 
 
5.2.3 Characterization of the polymers  

Unreacted thiocholesterol in the crude polymers were determined by Ellman’s assay 
(Ellman 1959). A calibration curve was obtained with cysteine standards by measuring UV 
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absorbance at 412 nm (Perkin Elmer UV/VIS Spectrometer Lambda 2, Überlingen, 
Germany). The molecular weights of the polymers were determined by gel permeation 
chromatography (GPC). Analysis was performed with a Waters GPC system (Waters 
Associates Inc., Milford, MA) at 40 °C with Plgel 3 m MIXED-D column (Polymer 
Laboratories) using poly(ethylene glycol) standards. The eluent was DMF containing 10 mM 
LiCl and the elution rate was 0.7 mL/min.  

The polymers were characterized by 1H NMR (Gemini 300 MHz Spectrometer, 
Varian  Associates  Inc.  NMR  Instruments,  Palo  Alto,  CA)  using  CDCL3 as a solvent. The 
ratios of monolactate to dilactate side chains in the polymers were determined from the peaks 
at 5.0 ppm and 4.3 ppm as described earlier (Soga, van Nostrum & Hennink 2004), and the 
cholesterol peak was observed at 0.7 ppm.  

CP of the polymers was measured by static light scattering (SLS) using a temperature 
gradient (approximately 1 °C/min). The polymers were dissolved in 120 mM ammonium 
acetate buffer (pH 5) at the concentration of 1, 2 or 5 mg/mL and the scattering was measured 
with a fluorometer (Fluorolog Horiba, Edison, NJ) in a quartz cuvette at 650 nm. The samples 
were under constant stirring during the experiment. The onset of transition from scattering 
intensity-temperature curve was considered as the CP temperature.  
 
5.2.4 Preparation of polymer-coated liposomes  

Two  different  liposome  compositions  were  coated  with  5  mol%  of  poly(HPMA-
mono/dilactate)-cholesterol. The polymer chains are expected to be located both on the outer 
and on the inner surface of the liposomes. One composition was prepared from DPPC, 
cholesterol and the polymer with a molar ratio of 100:42.5:7.5. The polymers used for 
coating were 49/51 (monolactate/dilactate) and 71/29, respectively. Another liposome 
composition was prepared from DOPE, EPC and the polymer (71/29) with molar ratio of 
70:25:5. Lipids and polymer were dissolved in chloroform in a 50 ml round-bottom flask and 
the solvent was evaporated in a rotating vacuum evaporator at 35 °C. The resulting lipid-
polymer film was further dried under a nitrogen stream, and then hydrated with 3 mL of 20 
mM HEPES buffer (pH 7.4) to obtain a final lipid concentration of 30 mol/mL. To prepare 
calcein-loaded liposomes, the lipid-polymer film was hydrated with 3 mL of calcein solution 
(60 mM, 280 mOsm). This solution was prepared by dissolving 374 mg of calcein and 17 mg 
of  NaCl  in  10  mL  of  water,  and  the  pH  was  adjusted  to  7.4  with  NaOH.  The  
DPPC:cholesterol liposomes were sized by multiple extrusions through two stacked 
polycarbonate filters with a pore size of 100 nm. The DOPE:EPC liposomes were extruded 
through filters with pore sizes of 100 nm and 50 nm. Free calcein was removed by gel 
filtration on a Sephadex G-50 (Pharmacia Fine Chemicals AB, Uppsala, Sweden) column; 
samples were eluted with 20 mM HEPES buffer. The same protocol was used to prepare 
control  liposomes  (DPPC:cholesterol  (molar  ratio  2:1)  and  DOPE:EPC  (molar  ratio  7:3)  
without polymer coating. 
 
5.2.5 Characterization of polymer-coated liposomes  

The amount of incorporated polymer on the DPPC:cholesterol liposomes was 
estimated with 1H NMR using a method described earlier (Romberg et al. 2006). Briefly, part 
of the polymer-coated liposome dispersion was subjected to ultracentrifugation (Optima™ 
LE-80K, Beckman Instruments, Inc., USA) at 200 000 g for 1 h to separate the liposomes 
from non-incorporated polymer molecules. The supernatant was removed and the liposome 
pellet was dispersed in 20 mM HEPES buffer. Subsequently, liposomes were freeze-dried, 
the residue was dissolved in CDCl3 and analyzed with 1H NMR. The amount of polymer 
associated with the liposomes was estimated by comparing the polymer peak (5.0 
ppm)/DPPC peak (5.2 ppm) ratio between liposomes before and after ultracentrifugation.  
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The mean size of the liposomes was evaluated by dynamic light scattering (DLS). 
Liposome samples were diluted with 20 mM HEPES buffer (30 l liposomes + 1 mL buffer) 
and  measured  with  a  Malvern  ALV/CGS-3  Goniometer  (Malvern,  UK).  Also  the  
polydispersity index (PDI), i.e. a value indicating the size distribution of the liposomes, was 
determined. Measurements were carried out at temperatures between 25 °C and 46 °C in 
order to investigate the temperature-dependent behavior of the liposomes. 
 
5.2.6 Temperature-triggered calcein release  

The release of calcein from liposomes was studied by fluorometry. Calcein does not 
show fluorescence emission when entrapped at high concentration (60 mM) inside the 
liposomes, but gives strong fluorescence when it is released from the liposomes and diluted 
in the surrounding buffer. Different calcein concentrations were studied to determine the 
linear part of the fluorescence intensity and all the subsequent sample measurements were 
performed in the range 0.01 – 2 µM. Calcein excitation and emission wavelengths were 490 
nm and 520 nm, respectively. DPPC:cholesterol:polymer liposomes containing calcein were 
diluted 1:40 in 20 mM HEPES buffer and the fluorescence was monitored with Fluorolog 
Horiba upon heating the samples from 25 °C to 50 °C at a heating rate of approximately 1 
°C/min. Calcein-loaded DOPE:EPC:polymer liposomes were diluted 1:400 in 20 mM HEPES 
buffer and the fluorescence intensity was determined with Fluostar Optima fluorometer 
(BMG Labtech, Offenburg, Germany) after incubation of the samples at different 
temperatures. The % release was then calculated as follows: 

 
calcein release = [(F - FI) / (FT - FI)] * 100% 
 
where F is the sample fluorescence intensity at certain temperature, FI is the initial 
fluorescence, and FT is the fluorescence of calcein after solubilization of liposomes by 
addition of 50 L 10% Triton X-100 (Sigma-Aldrich). 
 
5.2.7 Pharmacokinetic in vivo study in tumour bearing mice 
 The study in tumour bearing mice was performed to investigate the circulation time 
and tumour accumulation of the polymer-coated liposomes after intravenous (i.v.) injection. 
Polymer-coated DPPC:cholesterol and polymer-coated DOPE:EPC liposomes were tested 
with  uncoated  DPPC:cholesterol  and  uncoated  DOPE:EPC  liposomes.  The  experiment  was  
carried out according to Dutch regulations and approved by the animal experiments ethical 
committee.  
 Female BALB/c mice (age 5 to 7 weeks) were purchased from Harlan (Horst, The 
Netherlands). A subcutaneous (s.c.) tumour was induced by inoculation of 1 x 106 of murine 
colon carcinoma (C26) cells s.c. on the back of each mouse. After 13 days, 100 L of 
liposomes containing [3H]-cholesterol label was injected in the tail vein. The liposomes were 
prepared at the total lipid concentration of 4 mol/ml, using 5 mol% of poly(HPMA-
mono/dilactate)-cholesterol with monolactate to dilactate (ratio of 71/29) as the coating 
polymer. The phospholipid concentration in liposome dispersions was determined 
spectrophotometrically (Rouser, Fleische.S & Yamamoto 1970).  

At 30 min and 2 h after injection, blood samples (approximately 150 l) were 
collected from vena cava inferior and stored with heparin. At 1 h, 6 h or 24 h, the mice were 
sacrificed by cervical dislocation, followed by blood sampling and dissection of the tumour. 
Blood samples were mixed with equal volume of Solvable tissue solubilizer and 100-200 µL 
35% hydrogen peroxide. Tumours were homogenized in 5 ml water using Ultra-Turrax T8 
(Ika Labortechnik GmbH, Staufen, Germany). Tumour homogenates, solvable tissue 
solubilizer and 35% hydrogen peroxide were mixed and incubated overnight. Ten millilitres 



 

60 
 

of  Ultima  Gold  scintillation  cocktail  was  added  to  each  sample  and  radioactivity  was  
measured with Packard Tricarb 2200CA liquid scintillation counter.  

The liposome concentration in blood at different time points was calculated from the 
radioactivity as the percentage of the radioactivity measured from blood sample immediately 
after injection (%ID). Accumulation of the liposomes in tumour was calculated as percentage 
of injected dose radioactivity per gram of tumor (%ID/g). 
 
5.3 Results and discussion 
 
5.3.1 Polymer synthesis and characterization  

Poly(HPMA-mono/dilactate)-cholesterol copolymers were synthesized by free radical 
polymerization using thiocholesterol as a CTA. Ellman’s assay showed less than 1% free 
thiol goups remaining in the crude reaction mixture. This suggests that thiocholesterol was 
effectively derivatized in the polymer. The characteristics of the cholesterol-containing 
copolymers are summarized in Table 1. The yield of all copolymers was around 60%. Figure 
1 shows a 1H NMR spectrum of poly(HPMA-mono/dilactate)-cholesterol with monomer ratio 
71/29 (monolactate/dilactate). The copolymer composition was determined based on 1H 
NMR analysis. The amounts of HPMA-monolactate in the products were slightly lower when 
compared to the feed ratios, suggesting that HPMA-dilactate is more reactive than HPMA-
monolactate under the conditions used. The peak at 0.7 ppm (Figure 1) indicates the presence 
of cholesterol in the copolymer,  but due to peak overlap quantitative analysis of cholesterol 
content could not be performed. GPC analysis showed that the number average molecular 
weight (Mn) of the copolymers ranged from 5600 Da to 6300 Da, depending on the monomer 
ratio. The polydispersity index (Mw/Mn) of all the copolymers was below 1.5 which indicates 
a relatively narrow size distribution (Table 1). 
 
 
Table 1. Poly(HPMA-mono/dilactate)-cholesterol copolymer characteristics 

 
Copolymer feed ratio 

(monolactate/dilactate) 
 

Copolymer composition 
(monolactate/dilactate) 

Yield 
(%)  

Mn  
(Da) 

PDI 
(Mw/Mn) 

CP  
(°C) 

70/30 49/51 60 6200 1.44 36 
75/25 55/45 61 5850 1.47 37.5 
80/20 71/29 56 5800 1.46 42 
85/15 79/21 59 5600 1.42 44 
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Figure 1. NMR spectrum of poly(HPMA-mono/dilactate)-cholesterol (monolactate/dilactate side chain ratio 
71/29). The copolymer composition was calculated from the peak integrals at 5.0 ppm and 4.3 ppm as described 
earlier (Soga, van Nostrum & Hennink 2004). The arrow indicates the peak at 0.7 ppm which can be ascribed to 
cholesterol anchor since the peak was present only in cholesterol-containing polymers. 
 
 

Static light scattering measurements showed that the aggregation onset of all the 
copolymers was sharp, no aggregation was seen below the CP. The CP of the different 
copolymers at 1 mg/ml could be adjusted from 36 °C to 44 °C by changing the 
monolactate/dilactate ratio (Table 1). In agreement with the previous data (Soga, van 
Nostrum & Hennink 2004), the CP of the polymer decreased when the concentration of the 
polymer solution was increased to 2 mg/mL or 5 mg/mL (Figure 2). The CP of the 
copolymers increased with higher monolactate content in the copolymer. The increase of the 
CP  is  due  to  the  higher  hydrophilicity  of  the  monolactate  moiety.  The  CPs  of  cholesterol-
containing 71/29 polymer and 79/21 polymer (Table 1) were approximately 4 °C lower than 
those without anchor (Soga, van Nostrum & Hennink 2004). This can be explained that the 
hydrophobicity  of  the  polymers  is  increased  due  to  the  cholesterol  anchor.  The  CPs  of  
cholesterol containing 49/51 polymer and 55/45 polymer were close to CP of polymer 
without cholesterol. In these polymers the hydrophobicity of cholesterol was probably 
covered by hydrophobic dilactate side groups and does not decrease the CP. 
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Figure 2. Temperature dependency of precipitation of poly(HPMA-mono/dilactate)-cholesterol (71/29) at 
different polymer concentrations. 
 
 
5.3.2 Polymer-coated liposomes  

1H NMR analysis showed that approximately 60% of the copolymer (copolymer 
composition 71/29; Table 1) which was added to the liposome preparation became associated 
with the liposomes. Probably not all polymer chains contain a cholesterol anchor and, 
therefore, were not grafted onto the liposomal bilayers. It is also possible that the longer 
polymer chains containing the anchor may have been extracted out of the liposomes during 
extrusion and/or ultracentrifugation.  

Dynamic  light  scattering  measurements  showed  that  the  mean  size  and  the  
polydispersity index (PDI) of non-coated liposomes did not change upon heating from 25 °C 
to 46 °C (Figure 3). However, both the mean size and PDI of the DPPC:cholesterol:polymer 
liposomes  strongly  increased  at  43  °C  (Figure  3A),  which  corresponds  with  the  CP  of  the  
71/29 polymer (42 °C). Also, when polymers with different CPs were used for coating, 
DPPC:cholesterol liposomes showed aggregation at the polymer CP (data not shown). It is 
likely that when the polymer chains become hydrophobic and precipitate above their CP, they 
interact with the liposomal bilayers and cause liposome aggregation. It was also observed that 
liposome aggregation was reversible. When the temperature was set back to 25 °C, the mean 
diameter of the particles decreased to 200 nm.  

Non-coated DOPE:EPC liposomes were stable between 25 °C and 46 °C. The mean 
size and PDI of DOPE:EPC:polymer liposomes did not increase upon heating to 43 °C, but 
aggregation was observed at 46 °C (Figure 3B). The size increase was not as pronounced as 
with DPPC:cholesterol:polymer liposomes, but substantial increase in PDI indicated 
liposome aggregation. These findings are likely related to the properties of the lipids. DOPE 
alone does not form liposomes because it has tendency to adopt a hexagonal II phase at 3 °C 
(Toombes et al. 2002). However, liposomes can be prepared by mixing DOPE with other 
lipids, such as cholesterol or phosphocholines. EPC is a mixture of saturated and unsaturated 
phosphocholines with a gel-to-liquid crystalline transition temperatures ranging from -70 °C 
to 55 °C. 
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Figure 3. Mean size (solid line) and polydispersity (dashed line) of A) poly(HPMA-mono/dilactate)-cholesterol 
(71/29) coated DPPC:Cholesterol liposomes (open square) and uncoated DPPC:Cholesterol liposomes 
(triangle), and B) poly(HPMA-mono/dilactate)-cholesterol (71/29) coated DOPE:EPC liposomes (open square) 
and uncoated DOPE:EPC liposomes (triangle). Each data point represents average ± S.E., n=4. 

 
5.3.3 Temperature-triggered calcein release  

Uncoated DPPC:cholesterol liposomes remained intact and did not release calcein 
when the dispersion was heated from 25 to 50 °C. Temperature-triggered calcein release was 
observed when poly(HPMA-mono/dilactate)-cholesterol (monolactate/dilactate ratio 49/51) 
was present (Figure 4A). The onset temperature of calcein release corresponds with the CP of 
the coating polymer (36 °C). As mentioned, once passing the CP, the polymer molecules 
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become hydrophobic, precipitate and interact with the liposomal bilayer. As a consequence 
the ordered structure of the lipid bilayer is disturbed, and the calcein release is facilitated. 
Aggregation of the liposomes was reversible, which suggests that liposomal bilayers are not 
decomposed when the polymer precipitates. However, when the 71/29 polymer with the CP 
of 42 °C was used as coating polymer, no temperature-triggered contents release was 
observed even when the temperature was increased to 50 °C. It is well known that DPPC has 
a transition temperature from the gel to the liquid crystalline phase at 41.5°C. Probably the 
interaction between the polymer and the lipid bilayer above the transition temperature of 
DPPC is not effective enough to induce calcein release due to the higher fluidity of the lipid 
bilayer.  

For clinical applications it is desirable to prepare drug-containing liposomes which 
remain intact at 37 °C, but will release their contents at the target site when the temperature is 
locally increased by a few degrees. Kono et al. reported that incorporation of DOPE into the 
liposome composition increased temperature-triggered contents release from poly(NIPAM) 
coated liposomes (Yoshino et al. 2004). The enhancement of temperature-sensitivity is 
thought to result from the hydrogen bonding between DOPE and the coating polymer. We 
determined temperature-triggered calcein release from poly(HPMA-mono/dilactate)-
cholesterol (71/29) coated DOPE:EPC liposomes. The CP of the coating polymer was 42 °C 
and calcein release was observed above this temperature (Figure 4B). After incubating the 
polymer coated liposomes at 46 °C, almost 90 % of the calcein was released, while 
temperature-triggered release enhancement from uncoated liposomes was not observed. It is 
likely that the interaction between precipitated polymer and DOPE:EPC liposomes is 
effective enough to induce calcein release, possibly because of the hydrogen bonding. The 
release temperature (46 °C) is likely too high for clinical applications and should be 
decreased to ~42 °C. This can be done by using a polymer with lower CP, but also by 
modifying the liposome composition to be more responsive to the phase transition of the 
polymer. 
 
5.3.4 Pharmacokinetics of polymer-coated liposomes 

Pharmacokinetic study in tumor bearing mice was performed in order to study the 
effect of polymer coating on the circulation time and tumour accumulation of liposomes. Two 
different liposomes were coated: DPPC:cholesterol and DOPE:EPC. The circulation time and 
tumour accumulation of poly(HPMA-mono/dilactate)-coated liposomes were compared to the 
uncoated liposomes. Torchilin and co-workers showed that poly(HPMA)–based polymer-
coated liposomes possess prolonged circulation time in mice (Whiteman et al. 2001). They 
used poly(HPMA) with single- or double-oleic acid terminus, which produced increased 
circulation time and decreased liver accumulation comparable to PEG.  

We did not observe similar behaviour with poly(HPMA-mono/dilactate). Both coated 
and uncoated liposomes were rapidly cleared from the bloodstream (Figure 5). Polymer-
coated DPPC:cholesterol liposomes were cleared faster than uncoated liposomes (Figure 5A), 
and the blood clearance of polymer-coated DOPE:EPC liposomes did not change 
significantly as compared to uncoated ones (Figure 5B). There was no significant difference 
in the tumour accumulation between polymer-coated and uncoated liposomes at 1 h or 24 h 
time points (Figure 6). Highest concentration in tumour was obtained with polymer-coated 
DPPC:cholesterol liposomes 6 h after injection. It is likely that coating of liposomes with 
poly(HPMA-mono/dilactate) –cholesterol copolymer does not produce stealth effect 
comparable to PEG, i.e. prevent the liposome recognition by reticulo endothelial system 
(RES), and liposomes are eliminated from bloodstream. Furthermore, it is possible that 
polymer coating has been sheared off from the liposome surface. Cholesterol may not be 
hydrophobic enough to keep polymer chains attached to liposomes in the presence of plasma 
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lipoproteins and other proteins. It is also worth noting that cholesterol is subject to exchange 
with various lipidic phases such as cell membranes in vivo. As the liposomes were labelled 
with  [3H]-cholesterol, it is possible that not all radiolabel molecules were associated with 
liposomes throughout the experiment. 
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Figure 4. A) Calcein release from DPPC:cholesterol liposomes coated with 49/51 polymer (square), 71/29 
polymer (open diamond), and uncoated liposomes (triangle). B) Calcein release from DOPE:EPC liposomes 
coated with 71/29 polymer (square) and uncoated liposomes (triangle) at temperatures between 25 °C and 46 
°C. 
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Figure 5. A) Blood clearance of poly(HPMA-mono/dilactate)-coated (diamond) and uncoated (square) 
DPPC:cholesterol liposomes from tumour bearing mice. B) Blood clearance of poly(HPMA-mono/dilactate) –
coated (diamond) and uncoated (square) DOPE:EPC liposomes from tumour bearing mice. Each data point 
represents an average ± S.E., n=5. 
 
 
 
 

 
Figure 6. Accumulation of liposome into tumor after i.v. injection of mice. Each bar represents average ± S.E., 
n=5. 
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5.4 Conclusions 
This study introduces a temperature-sensitive HPMA-based copolymer with a 

cholesterol anchor suitable for incorporation in liposomal bilayers. The polymer was able to 
mediate temperature-triggered liposome aggregation and contents release. Biodegradability 
and adjustable release temperature make this system attractive for various medical 
applications, e.g. for targeted anti-cancer therapy to enhance the efficacy. Such temperature-
sensitive liposomes can be prepared to remain intact at 37°C thus avoiding drug release in 
blood circulation and to accumulate into tumor tissue by virtue of their enhanced permeation 
and  retention  (EPR)  effect.  Local  heating  of  the  tumor  with  external  heating  device  
subsequently triggers the drug release due to the aggregation of the thermosensitive polymer 
permeabilizing the liposomal membrane. Poly(HPMA-mono/dilactate) coating did not extend 
the half-life of liposomes in bloodstream.  
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6 GOLD NANOPARTICLES ENABLE SELECTIVE LIGHT-INDUCED CONTENTS 
RELEASE FROM LIPOSOMES * 
 
 
 
 
Abstract: A proof of principle for light-induced contents release from liposomes is 
presented. The release temperature was adjusted to slightly above body temperature, and 
hydrophobic or hydrophilic gold nanoparticles were incorporated into the lipid bilayer or the 
core of the liposomes, respectively. The release of a fluorescent marker was monitored upon 
exposure of the liposomes to UV light. The liposomes remained intact at 37 °C but contents 
release was triggered by UV light-induced heating of the gold nanoparticles. This light-
induced release is mediated by heat transfer from the gold nanoparticles to the lipid bilayer 
and subsequent phase transition. Heating is highly localized in the liposomes as the gold 
nanoparticles act as energy collectors that sensitize the liposomes to the light signal. This 
kind of selectivity is advantageous as it can potentially make the drug delivery mechanism 
biologically more compatible. Triggered contents release could also be extended to other 
applications where local contents release is needed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Adapted from: Lauri Paasonen, Timo Laaksonen, Christoffer Johans, Marjo Yliperttula, 
Kyösti Kontturi, Arto Urtti: Gold nanoparticles enable selective light-induced contents 
release from liposomes. J Control Release 122:86-93, 2007 
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6.1 Introduction 
Triggered contents release from nanosized particulates has interesting potential 

applications in drug targeting, diagnostics, and miniaturised methods of biology. For 
example, in cell arrays (Ziauddin, Sabatini 2001) such systems could be embedded in the 
extracellular matrix of the cells and used as a reservoir of bioactive compounds that are 
released at defined time by an external signal. In living tissues requirement of physical 
targeting of the nanocarriers, such as liposomes, into their targets may be avoided, because 
selective activation of the system takes place only upon their entry to the area of interest. The 
success of these approaches requires high selectivity of the activating mechanism thus 
rendering the liposomes susceptible to the triggering signal while leaving cell membranes 
unaffected. Lab-on-chip system is another potential field of application for triggered contents 
release (Santini, Cima & Langer 1999). Triggered nanosystems could be localized in the 
chips at specified sites, and the contents released by turning on the triggering signal. 

Heat sensitive liposome technology has potential to provide triggered systems for 
controlled contents delivery. The temperature required for gel-to-liquid crystalline phase 
transition of liposomes can be adjusted by changing the lipid composition. This has been used 
for example in cancer treatments, where the slightly higher temperature in the tumour triggers 
the drug release from the liposomes with a phase transition below 41 °C (Lindner et al. 2004, 
Needham, Dewhirst 2001). Temperature sensitivity of the liposomes can be further improved 
with thermosensitive polymers (Kono 2001). Triggered drug release from the liposomes has 
been achieved also by pH-sensitive lipids. In that case, drug release is induced by the 
acidification of endosomes after cellular internalization (Drummond, Zignani & Leroux 2000, 
Simoes et al. 2004). 
 In addition to the triggering signals from the body, external ones have been used to 
induce contents release from liposomes. For example, Huang and MacDonald studied 
ultrasound-triggered release from acoustically responsive liposomes (Huang, MacDonald 
2004). Another way to stimulate release of pharmaceuticals is to encapsulate them into 
photosensitive liposomes. Peyman and co-workers used laser light to release drugs from such 
liposomes (Ebrahim, Peyman & Lee 2005), whereas Mueller et al. reported destabilization of 
liposomes using visible and ultraviolet light (Mueller, Bondurant & O'Brien 2000). However, 
these methods may harm the cell membranes. 
 The physical properties of noble metal nanoparticles deviate from the bulk materials 
(Klabunde et al. 1996) and may provide the basis for many novel applications (Schmid et al. 
1999, Lewis 1993, Pileni 2001, Weller, Moser 1999). Metallic nanoparticles can be 
impregnated into various matrices, including polyelectrolytes (Gittins, Caruso 2001), other 
polymers (Mayer, Mark 1997, Cole et al. 1999) and liposomes (Markowitz et al. 1999, 
Regev, Backov & Faure 2004, Faure, Derre & Neri 2003, Park et al. 2006). Medical 
applications of gold nanoparticles include biosensors, enhanced magnetic resonance imaging 
and targeted drug delivery (Jianrong et al. 2004, Berry, Curtis 2003). Liposomal metal 
nanoparticles, e.g. gold nanoparticles, have been used to trace liposomes in living tissue 
(Thurston et al. 1998). Noble metal nanoparticles exhibit surface plasmon resonance 
(Mulvaney 1996) and thus absorb energy at a distinctive wavelength in UV-vis region. Most 
of the absorbed energy is converted to heat while part of it is emitted as photoluminescence 
(Wilcoxon et al. 1998, Harris, Ford & Cortie 2006). In principle, local temperature changes in 
the vicinity of the nanoparticles could be used to trigger drug release. Light-induced heating 
of metal nanoparticles has been previously used to generate damage in nanoparticle labeled 
cells (Pitsillides et al. 2003), and this finding may have various therapeutic applications in the 
future (Pissuwan, Valenzuela & Cortie 2006). 

In this report, we describe a novel method for light-induced contents release from 
liposomes with incorporated gold nanoparticles. Three different approaches are presented. 
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Hydrophobic nanoparticles were embedded into the lipid bilayer, negatively charged 
hydrophilic nanoparticles were encapsulated in the core of liposomes, and lipid 
functionalized gold particles were localized on the inner and the outer surface of the 
liposomes (Figure 1). Small gold nanoparticles (2-3 nm) were used, since bigger particles 
could interfere with the integrity of the lipid bilayer and cause unwanted leaking. As a proof 
of principle, light-induced contents release from these liposomes was demonstrated. Gold 
nanoparticle-loaded liposomes remained intact at 37°C, but released a marker substance, 
calcein, upon light irradiation.  

 
 
 
 

 
 
Figure 1. Schematic representation of the gold nanoparticle-functionalized liposomes: a) hydrophobic particles 
embedded in the lipid bilayer, b) anionic hydrophilic nanoparticles in the liposome core and c) gold 
nanoparticles at the lipid bilayer-water interface.   
 
 
6.2 Materials and methods 
 
6.2.1 Preparation of calcein-encapsulated thermosensitive liposomes 

Dipalmitoylphosphatidylcholine (DPPC) and distearoylphosphatidylcholine (DSPC) 
were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). The lipids were 
dissolved (5 mg/ml) in chloroform (Sigma-Aldrich, St. Louis, MO, USA). Liposomes were 
prepared by reverse-phase evaporation method (REV) originally introduced by Szoka and 
Papahadjopoulos (Szoka, Papahadjopoulos 1978). Different ratios of DPPC and DSPC were 
used to adjust the release temperature of the liposomes. Lipid solutions (6.8 mol total lipids) 
were transferred to a 10 ml glass tube. The tube was placed into a larger glass tube with 2 ml 
of water for enhanced heat transfer and chloroform was evaporated at 52°C in a rotating 
vacuum evaporator (Büchi R-114, Büchi Labortechnik AG, Flawil, Switzerland) under a 
nitrogen atmosphere. The pressure was gradually decreased to 70 mbar during 1 h. The 
resulting lipid film was dissolved in 1.2 ml of di-isopropylether (DIPE) (Merck Chemicals, 
Darmstadt, Germany). Calcein solution (60 mM, 280 mOsm) was prepared by dissolving 374 
mg of calcein (Sigma-Aldrich) and 17 mg of sodium chloride (Baker, Deventer, The 
Netherlands) in 10 ml of water, and the pH was adjusted to 7.4 with NaOH. Calcein solution 
(480 l) was added to lipids dissolved in DIPE, resulting in organic phase to aqueous phase 
ratio of 2.5. The resulting two-phase dispersion was sonicated at 56°C in a bath sonicator 
(FinnSonic m03, Lahti, Finland) for 10 min until a homogenous solution was obtained. To 
form liposomes, the organic solvent was evaporated at 56 °C in a rotating vacuum evaporator 
under nitrogen atmosphere by decreasing the pressure gradually to 70 mbar during 2 h to 
avoid the formation of bubbles. Free calcein was removed by gel filtration in Sephadex G-50 
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(Sigma-Aldrich) column where samples were eluated with 20 mM HEPES (Sigma-Aldrich) 
and 140 mM NaCl (pH 7.4, 280 mOsm). Calcein encapsulation was monitored with Victor2 
1420 Multilabel Counter (Wallac, Turku, Finland). Purified liposomes were diluted 1:400 
with buffer solution and fluorescence was measured before and after liposome solubilization 
by 50 l of 10% Triton® X-100 (YA-Kemia, Helsinki, Finland). Calcein fluorescence is 
autoquenched inside the liposomes, but the fluorescence quenching is relieved after its 
release. Therefore, the encapsulated calcein (E) was calculated as: 

 
E = 100% - [(Fi – Fb)/(Ft-Fbt)]*100%      (1) 
 
where Fi is the initial fluorescence intensity of purified liposome dispersions, Fb is the 
background fluorescence, Ft is the fluorescence after addition of 50 l Triton® X-100, and Fbt 
is the background fluorescence after addition of 50 l Triton® X-100. The size of liposomes 
was determined by dynamic light scattering with NICOMP 380ZCS particle analyzer 
(Particle Sizing Systems, Santa Barbara, CA, USA).  
 
6.2.2 Calcein release as a function of temperature 

Calcein release experiments were performed with Luminescence Spectrometer 
(Perkin Elmer LS50B, UK) by measuring fluorescence intensity. Experiments were carried 
out immediately after the preparation of liposomes. Excitation and emission wavelengths 
were 494 and 515 nm, respectively. As a self-quenching molecule, calcein does not show 
fluorescence emission at high concentrations inside liposomes but causes strong fluorescence 
upon its release from liposomes and dilution in the buffer. Measurements at different calcein 
concentrations were carried out to determine the linear range of the fluorescence intensity. 
All subsequent measurements were performed within this linear range. Mixtures of calcein 
solution and empty liposomes were measured as controls. Purified liposome samples (10 l) 
were  diluted  in  2  ml  of  buffer  (20  mM HEPES/140 mM NaCl  pH 7.4)  in  a  quartz  cuvette.  
The fluorescence spectrometer was connected to a waterbath and the fluorescence intensity 
was monitored using temperature gradients ranging from 25 to 50 °C. The temperature was 
monitored with Fluke 51 (John Fluke, Mfg. Co. Inc., Washington, USA) thermocouple in a 
parallel cuvette, and samples were under constant stirring during the experiments. The release 
temperature was determined from the linear part of calcein burst in the release graph. At the 
end of each measurement, 10 l of Triton® X-100 was added to dissolve the liposomes and to 
complete the calcein release. Mixtures of Triton® X-100, calcein solution and empty 
liposomes were measured as control samples under similar conditions. 
 
6.2.3 Preparation of gold nanoparticles 

Hexanethiol-capped gold nanoparticles (Au-C6SH) were prepared by a standard 
Brust-Schiffrin method (Hostetler et al. 1998, Brust et al. 1994). Briefly, a solution of 0.31 g 
of HAuCl4 (99.9%, Sigma-Aldrich) in 25 ml of water (distilled and then ion-exchanged using 
a Millipore Milli-Q® system) was stirred with 1.5 g of tetraoctylammonium bromide (98%, 
Alfa Aesar) in 80 ml of toluene (p.a., Riedel de Haën). AuCl4- was transferred to the organic 
phase, which was subsequently isolated. Then 0.6 ml of hexanethiol (97%, Alfa Aesar) was 
added to the solution. The reaction vessel was placed in an ice bath and 400 mg of NaBH4 
(Merck) in 15 ml of water was quickly added under vigorous stirring. The reaction was 
allowed to continue overnight, after which the product was purified as described previously 
(Hostetler et al. 1998). Only the ethanol soluble fraction was used. The particles were 
dissolved in toluene or chloroform yielding in a dark brown solution. 

Mercaptosuccinic acid (MSA) protected nanoparticles (Au-MSA) were formed by a 
direct one-phase method (Chen, Kimura 1999). First, 170 mg of HAuCl4 dissolved 4 ml 
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water was mixed with 188 mg of MSA (97%, Aldrich) in 100 mL methanol (p.a., Merck). 
189 mg sodium borohydride in 25 ml water was then added dropwise under vigorous stirring 
to  reduce  gold  ions  to  metallic  gold.  The  solution  was  stirred  for  1  h  and  the  solvent  was  
removed after centrifugation. The precipitate was washed twice with a 20% water/methanol 
solution and finally once with pure methanol to remove byproducts and inorganic 
compounds. Particles were dissolved in water yielding a dark brown solution.  
 DPPE-Nanogold®-particles were purchased from Nanoprobes, Inc. (NY, USA). In 
this preparation, the gold nanoparticle (1.4 nm) is covalently attached to a single di-
palmitoylphosphatidylethanolamine (DPPE) molecule. 
 
6.2.4 Size analysis of gold nanoparticles 

Transmission electron microscope (TEM) analyses were performed with a Tecnai 12 
instrument operated at 120 kV accelerating voltage. The samples were prepared by pipeting a 
drop of nanoparticle chloroform solution on formvar/carbon-coated copper grids followed by 
drying in air. The size analysis was carried out with ImageJ software by fitting ellipses 
around the particle outlines. The fit was verified visually by plotting the ellipses on the same 
image file and removing obvious fake images from the results. 
 
6.2.5 Preparation of gold nanoparticle-loaded liposomes 

Au-C6SH was dissolved in DIPE at concentration of 1 mg/ml. Au-C6SH particle-
loaded liposomes were prepared as described in Section 6.2.1 with minor modifications. 
After sonication, desired amount of Au-C6SH nanoparticles in DIPE were added to lipid-
calcein dispersion and vortexed. The concentrations of gold nanoparticles that were loaded 
into liposomes varied from 8.6 g/ml to 86 g/ml. Liposomes were centrifuged shortly after 
DIPE evaporation to separate unbound gold nanoparticles from the embedded ones. 

Au-MSA particles were dissolved in water at a concentration of 1 mg/ml. In general, 
Au-MSA loaded liposomes were prepared as described in Section 6.2.1. Different amounts of 
Au-MSA nanoparticles were added with calcein solution, respectively, followed by standard 
sonication and evaporation steps. Unbound gold nanoparticles were separated by short 
centrifugation. 

DPPE-Nanogold® particles were dissolved in a mixture of methanol (Sigma-Aldrich) 
and chloroform (1:2). DPPC:DSPC:DPPE-Nanogold® liposomes were prepared by mixing 
1000 pmol of DPPE-Nanogold® with  DPPC  and  DSPC,  and  protocol  was  followed  as  
described in Section 6.2.1. 1000 pmol corresponds to a Au-MSA nanoparticle concentration 
of 86 g/ml. DPPC:DSPC:DPPE liposomes without gold nanoparticles were also prepared as 
a control. 
 
6.2.6 Light-induced calcein release from gold nanoparticle-loaded liposomes 

Calcein release induced by temperature gradient in the absence of UV light was 
performed as described above. This was done to determine the characteristic release 
temperature and the effect of gold nanoparticles on the release temperature of DPPC:DSPC 
(9:1) liposomes. Liposomal bilayer integrity at 37 C was determined by measuring the 
fluorescence without UV light irradiation for 20 min. UV light-induced release was studied 
by exposing the liposomes to 250 nm UV light for 30 min and measuring the fluorescence at 
5 min intervals using the same settings as earlier ( ex=494 nm and em=515 nm). UV light 
was switched off during the each fluorescence measurement (1 min). After the measurements, 
Triton® X-100 (10 l) was added to solubilize the liposomes and completely release calcein. 
Similar control experiments were performed with calcein-loaded liposomes without gold 
nanoparticles. 
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6.3 Results 
 
6.3.1 Temperature-dependent release of calcein from DSPC:DPPC liposomes  

Liposomes with different ratios of DSPC and DPPC (100:0, 95:5, 90:10, 80:20, 60:40, 
0:100) were prepared. By changing DSPC:DPPC ratio in the liposomes, we were able to 
control the minimum temperature for calcein release from 35 to 48 °C (Table 1). These 
temperatures are slightly lower than expected based on the transition temperature (T ) of the 
lipids (DSPC 55 °C, DPPC 41 °C) (Lindner et al. 2004, Needham, Dewhirst 2001). This is 
probably due to the experimental conditions, such as buffer components and/or differences in 
liposome size. It has been shown that small unilamellar DPPC vesicles have phase transition 
temperatures approximately 4 °C lower than the multilamellar vesicles of DPPC (Melchior, 
Steim 1976). We used the REV method that is known to produce large unilamellar vesicles. 
The diameter of liposomes in our experiments was between 200 and 500 nm and the size did 
not depend on the lipid composition (data not shown). The DSPC:DPPC (90:10) liposomes 
released calcein at 45 °C and this formulation was chosen for further experiments. The 
liposomes with T  of 45 °C remain intact at 37 °C, but a relatively small increase in 
temperature should cause a phase transition and an increase in the permeability of the 
liposomal membrane, thereby releasing the contents. 
 
 
 
Table 1.  Calcein release temperature from different DSPC:DPPC liposomesa.  
The size of the liposomes was 200-500 nm. 
 
Lipid ratio 
(DSPC:DPPC) 

Release temperature 
(°C) 
 

100:0 48.2 ± 0.7  

95:5 46.4 ± 1.1  

90:10 44.9 ± 0.6  

80:20 40.9 ± 0.5 

60:40 36.7 ± 0.6 

0:100 34.7 ± 0.9 

aAverage ± S.E., n = 3 
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6.3.2 Gold nanoparticles 

The size distribution of nanoparticles were obtained from TEM measurements. Au-
C6SH samples had an average size of 2.5 nm and Au-MSA 2.8 nm (Figure 2). According to 
the manufacturer’s information DPPE-Nanogold® has an average size of 1.4 nm. 
 The distinctive color of nanoparticle solutions arises from the surface plasmon 
resonance effect where electrons in the nanoparticle oscillate due to an electromagnetic field 
(Hostetler et al. 1998) (UV-vis spectra shown in Figure 3). This is responsible for the red-
brownish color of the particle, which is also visible in the liposomal gold nanoparticle 
solutions. It is important that the UV-vis -spectra of the pure gold nanoparticles is due to the 
light absorption rather than scattering. This means that the light energy that particles absorb 
will be eventually emitted and this property can be used to heat the environment of the 
particles. Since the absorbance increases towards the UV region, any wavelength in that area 
is suitable for heating the particles and thus, UV light was used in the experiments.  
 
 
 
 A B 

 
 
Figure 2. TEM images of hexanethiol-capped gold nanoparticles (Au-C6SH) (A) and mercaptosuccinic acid-
capped gold nanoparticles (Au-MSA) (B). 
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Figure 3. UV-vis spectra of Au-C6SH (dashed line) and Au-MSA (solid line) nanoparticle solutions in toluene 
and water respectively. 
 
6.3.3 Effect of temperature on calcein release from gold nanoparticle -loaded liposomes  

Both hydrophobic (Au-C6SH, Nanogold ) and hydrophilic (Au-MSA) gold 
nanoparticles were incorporated in liposomes. Based on their physicochemical properties, 
Au-C6SH and Au-Nanogold  nanoparticles are expected to localize in the liposomal bilayer 
and the hydrophilic Au-MSA nanoparticles in the core of liposomes. Incorporation of gold 
nanoparticles into the liposomes did not give a discernible effect on calcein encapsulation or 
liposome size. 

Calcein  release  in  the  absence  of  UV light  was  affected  slightly  by  the  presence  of  
gold nanoparticles in the liposomes. Gold nanoparticles decreased the calcein release 
temperature by ~ 2 °C and slight calcein release starting at 37 °C was observed with Au-
C6SH (Figure 4). Importantly, in the case of DSPC:DPPC (90:10) liposomes with gold 
nanoparticles in the bilayer, the main release temperature was still clearly above 37 °C. 
Embedding of gold nanoparticles in the bilayer probably changes lipid packing, as indicated 
by  slow  release  of  calcein.  The  lamellar  lipid  bilayer  undergoes  a  structural  change  to  the  
‘rippled’ gel state which can be observed as a change in calcein release (Park et al. 2006). It 
is also possible that hydrophobic gold nanoparticles form separate phases in the lipid bilayer, 
and the calcein release is induced due to the phase separation between lipids and 
nanoparticles. In Figure 4, the complete calcein release from liposomes without nanoparticles 
is set as 100%. The intensity of the calcein fluorescence from gold nanoparticle-loaded 
liposomes was about 40% higher than from plain liposomes. Similarly, a 40% increase in the 
calcein UV-vis absorbance spectra at 495 nm was observed at corresponding gold 
nanoparticle concentration, compared to the absorbance of calcein without gold particles 
(data not shown). These three changes in calcein release (i.e. decreased release temperature, 
calcein release below the main release temperature, fluorescence increase) in temperature 
gradient indicated the successful integration of gold nanoparticles into the liposomes. 
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Figure 4. Calcein release kinetics from hydrophobic Au-C6SH nanoparticle-loaded (43 g/ml) liposomes (open 
square) and plain liposomes (circle) in temperature gradient. 
 
 
6.3.4 UV light-induced calcein release from gold nanoparticle-loaded liposomes 

Our results indicate that calcein is released from gold nanoparticle-loaded liposomes 
by a light-triggered mechanism. At 37 °C without UV light, liposomes showed much lower 
release rates than with irradiation. When liposomes were exposed to 250 nm UV light, 
calcein release was simultaneously triggered (Figure 5). Photobleaching of calcein during the 
20 min UV exposure was not significant. 

Low Au-C6SH concentrations in the liposomes had only slight effect on liposomal 
bilayer integrity at 37°C. The half-live of calcein release without UV light was 2.75 h at 8.6 
µg/ml, and 3.3 h at 17.2 µg/ml. At 43 g/ml and 86 g/ml Au-C6SH, the leakage half-lives 
were 1.1 h and 0.5 h, respectively. It is likely that high gold nanoparticle concentrations in the 
liposomal bilayer may interfere with the integrity of bilayer, thereby causing non-specific 
leakage  of  the  encapsulated  calcein.  However,  it  was  observed  that  all  the  liposomes  with  
different Au-C6SH concentrations were able to induce calcein release with 250 nm UV light 
for 30 min (Figure 5A). It was also clearly seen that without gold particles, UV radiation of 
liposomes did not induce any calcein release from liposomes, whereas the liposomes with 
Au-C6SH, Au-MSA or Nanogold® released calcein upon UV irradiation. 

Hydrophilic Au-MSA nanoparticles were encapsulated in liposomes and, 
interestingly, were also able to induce UV light-triggered calcein release (Figure 5B). A low 
Au-MSA concentration (8.6 g/ml) did not compromise bilayer integrity at 37 ºC, where the 
leakage half-life was 2.8 h without UV light. Higher Au-MSA concentrations resulted in 
faster rates of calcein release upon UV irradiation, but also decreased the leakage half-lives 
(1 h at 43 g/ml, and 0.6 h at 86 g/ml) during the incubation without UV light. This suggests 
that there are interactions between the Au-MSA nanoparticles and the liposomal bilayer inner 
surface. These interactions may be concentration dependent, thus explaining calcein leakage 
at  high  Au-MSA  concentrations.  It  is  also  possible  that  calcein  leakage  at  the  highest  Au-
MSA concentration was due to altered liposome formation because of the large volume of 
Au-MSA solution, resulting in decreased organic phase/hydrophilic phase ratio (from 2.5 to 
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1.9) in the liposome preparation. Also, Au-MSA particles themselves can escape from the 
liposomes. Because the heating intensity is inversely proportional to the square of the 
distance, it is likely that nanoparticles in the bulk phase will be too far from the liposomes to 
cause any perceivable heating. At some point, most of the Au-MSA particles will have 
escaped from the liposomes and they will no longer be efficiently heated, leaving some of the 
calcein still inside the liposomes. 

Liposomes with 1000 pmol of commercial DPPE-Nanogold® released calcein after 
UV irradiation (Figure 5C). These gold nanoparticles with core diameter of 1.4 nm are 
covalently attached to the ethanolamine headgroup of the lipid, and thus, they are presumably 
located on the outer and inner surfaces of the liposomes. Incubation of the samples at 37 °C 
without UV irradiation caused only minor calcein leakage compared to the Au-C6SH and 
Au-MPC liposomes. The rate of calcein release upon UV exposure was comparable to 
liposomes with 86 g/ml of Au-C6SH nanoparticles. Liposomes with 1000 pmol of DPPE 
without gold nanoparticles were used as a control. They did not show light-induced contents 
release. 

 



 

80 
 

0

20

40

60

80

100

0 10 20 30

Time (min)

C
al

ce
in

 re
le

as
e 

(%
)

No gold
8.6 µg/ml
17.2 µg/ml
43 µg/ml
86 µg/ml

A

0

20

40

60

80

100

0 10 20 30

Time (min)

C
al

ce
in

 re
le

as
e 

(%
)

No gold
8.6 µg/ml
43 µg/ml
86 µg/ml

B

0

20

40

60

80

100

0 10 20 30

Time (min)

C
al

ce
in

 re
le

as
e 

(%
)

No gold
1000 pmol

C

 
 
Figure 5. UV light-induced calcein release from liposomes at constant temperature (37°C) with different types 
of loaded nanoparticles: A) Au-C6SH, B) Au-MSA and C) Nanogold®. 
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6.4 Discussion 
 Light-induced release of contents from gold nanoparticle-loaded liposomes was 
demonstrated. Liposomes remained intact at 37°C but released calcein upon UV light 
irradiation. Triggered release of calcein was more pronounced with hydrophobic Au-C6SH 
and DPPE-Nanogold® than with hydrophilic Au-MSA nanoparticles (Figure 5) giving over a 
100-fold increase in the release rate compared to plain liposomes (Figure 6). Gold 
nanoparticles  work  as  localized  heat  sources  by  absorbing  the  energy  of  UV  radiation  and  
transferring it as heat to the surrounding environment. The permeability of the bilayer is 
increased by the separation of gel and fluid phases (Needham, Dewhirst 2001) and calcein 
can escape from the liposomes. Since the bilayer-associated Au-C6SH and Nanogold® 
particles are in direct contact with the lipids, heat is conducted more efficiently to the lipid 
molecules, thereby inducing the phase transition and consequent calcein release. Light-
induced heating by nanoparticles is presumably extremely localized and therefore Au-MSA 
particles located in the core of the liposome do little to heat the liposomes, whereas particles 
close or attached to the bilayer are much more efficient in this respect.  Furthermore,  it  was 
recently reported that integration of gold nanoparticles to DPPC bilayers also increases the 
fluidity of the membranes above their gel-to-liquid crystalline transition temperature (Park et 
al. 2006).  
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Figure 6. The slope of calcein release curve (k) from UV light-irradiated Au-C6SH liposomes at various gold 
nanoparticle concentrations at 37 °C. 
 
 

This study demonstrated for the first time the use of gold nanoparticles as energy 
collectors for triggering the selective contents release from gold nanoparticle containing 
liposomes. UV light was used here to demonstrate the proof of principle. The same approach 
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can be further modified by using different lipid compositions or different light signals in 
terms of the wavelength, duration of the pulse, and the light intensity. Calcein leakage half-
lives from gold nanoparticle-loaded liposomes were relatively low without UV irradiation. It 
is possible that there is a threshold concentration which is able to induce the contents release 
with UV irradiation. Decreasing the concentration to the threshold value would allow UV-
triggered release while causing minimal non-specific leakage. The presence of serum proteins 
presumably increases unwanted leaking, so liposome composition needs to be further 
developed for in vivo applications. The blood circulation time could be extended by e.g. 
incorporation of PEG coating to the liposomes. Heating of liposomes is highly selective, and 
no heating of bulk solution, as with “classical” heat sensitive liposomes, is needed. This is 
highly advantageous as it makes the delivery mechanism more compatible with living tissues, 
where one must be careful not to affect the structure and activity of the cell membranes. The 
approach could also be extended to other materials, like heat-sensitive polymers.  

The liposomes with embedded gold nanoparticles could prove useful in controlled 
release of drugs in specific areas such as the eye and skin, which are easily accessible to light 
irradiation. Deeper tissues of the body could be reached by adjusting the wavelength of the 
triggering light. The method could also be adapted to a number of other interesting 
applications. Nanoparticle modified liposomes could be included in immobilized phases on 
lab-on-chip technologies and cell arrays, where controlled release of diagnostic substances 
could be released by laser signal. The temperature range could further be extended to useful 
regions other than body temperature by modifying the lipid composition, allowing sensor 
applications for non-biological purposes. 

 
 
6.5 Conclusions 

We demonstrated that the contents release from liposomes with embedded gold 
nanoparticles can be selectively induced with UV light irradiation, whereas liposomes devoid 
of gold nanoparticles remained unaffected.  
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7 PHOTOSENSITIVE LIPOSOMES WITH EMBEDDED GOLD NANOPARTICLES 
FOR DRUG DELIVERY: TRIGGERING MECHANISM AND INTRACELLULAR 
RELEASE* 
 
 
  
Abstract: Liposomes embedded with gold nanoparticles show light-triggered contents 
release. We investigated the mechanism of the light-induced changes and functionality of the 
light-induced release in cultured cells. Real time small angle X-ray scattering (SAXS) 
analysis revealed time-dependent phase transitions in 
distearoylphosphatidylcholine/dipalmitoylphosphatidylcholine liposomes upon heating. 
Similar changes were observed when gold nanoparticle-embedded liposomes were exposed to 
UV light: gold nanoparticles absorb light energy and convert it to heat, thereby causing lipid 
phase transition from gel phase to rippled phase, and further to fluid phase.  Without UV light 
exposure the gold nanoparticles did not affect the liposomal bilayer periodicity. Light-
triggered release of hydrophilic fluorescent probe (calcein) from the gold nanoparticle-loaded 
liposomes was demonstrated with fluorescence-activated cell sorting after liposome 
internalization into the ARPE-19 cells. The liposome formulations studied did not decrease 
the cell viability in vitro. In conclusion, the light-triggered release from the liposomes is 
functional in the cells, and the release is triggered by thermal phase changes in the lipid 
bilayers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Adapted  from:  Lauri  Paasonen,  Tuomas  Sipilä,  Astrid  Subrizi,  Pasi  Laurinmäki,  Sarah  J.  
Butcher, Michael Rappolt, Anan Yaghmur, Arto Urtti, Marjo Yliperttula: Gold-embedded 
photosensitive liposomes for drug delivery: triggering mechanism and intracellular release. J 
Control Release, 2010 (in press). 
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7.1 Introduction 
 Controlled drug release at the target site is among the main objectives of modern 
pharmaceutical research. Widely investigated lipoidal drug delivery vesicles, liposomes, have 
high loading capacity for both hydrophilic and hydrophobic drugs, but sometimes drug 
release from liposomes at the site of action may be inadequate (Torchilin 2005). Liposomes 
can be modified for controlled and triggered drug release to maximize the release at the 
desired site while minimizing it elsewhere. These approaches include pH-sensitive (Simoes et 
al. 2004, Kim et al. 2009), thermosensitive (Lindner et al. 2004, Paasonen et al. 2007b), 
photosensitive (Shum, Kim & Thompson 2001, Yavlovich et al. 2009), acoustosensitive 
(Schroeder, Kost & Barenholz 2009), and electromagnetic field-triggered (Viroonchatapan et 
al. 1997, Zhu et al. 2009) liposomes. 
 We have previously demonstrated light-triggered contents release from liposomes 
that were embedded with gold nanoparticles (Chapter 6 of this book, Paasonen et al. 2007a). 
Also several other approaches using this method for controlled release have been reported 
recently (Wu et al. 2008, Troutman, Barton & Romanowski 2008, Jin, Gao 2009). In our 
approach, the liposomes consisted of distearoylphosphatidylcholine (DSPC), 
dipalmitoylphosphatidylcholine (DPPC) and gold nanoparticles that were modified either by 
hydrophilic or hydrophobic coating. The surface functionality of gold nanoparticles is 
expected  to  guide  the  nanoparticles  either  to  the  liposomal  wall  or  aqueous  core.  UV  light  
induced the contents release from the gold nanoparticle-embedded liposomes, but not from 
the liposomes devoid of gold particles. Both types of gold nanoparticles facilitated the light-
triggered release, but their interaction with the liposomes and the mechanism of contents 
release were not established. Our working hypothesis is that the gold nanoparticles absorb 
light energy and release it to surrounding lipid bilayers as heat. This induces the thermal 
phase change in the lipid bilayers thereby increasing their permeability. In order to study the 
light-triggered mechanism of liposomal contents release in more detail, small angle X-ray 
scattering (SAXS) analysis of gold nanoparticle-loaded liposomes was performed during UV 
irradiation. SAXS can provide information about e.g. the structure, bilayer thickness, 
curvature and phase transitions in liposomal dispersions (Bouwstra et al. 1993, Kucerka et al. 
2007, Rappolt, Pabst 2008). It is known that when temperature is increased, 
phosphatidylcholines undergo phase transitions from the lamellar gel phase (L ’) to the ripple 
phase (P ’), and further to the fluid lamellar phase (L ). The highest permeability of 
phosphatidylcholine bilayer is obtained at the main phase transition temperature. Phase 
transitions of phosphatidylcholines have been investigated with SAXS as a function of 
temperature (Jorgensen 1995, Sakai et al. 2008). 
 In this work, we studied the mechanism of UV light-induced contents release from 
the  gold  nanoparticle-loaded  liposomes.  Real  time SAXS analysis  was  performed to  reveal  
the physical structure of the gold-embedded liposomes, and the structural transitions during 
the light exposure. These changes were compared to temperature-induced changes in 
liposomes. Previously, light-induced contents release from gold nanoparticle-embedded 
liposomes was investigated in buffer solutions (Paasonen et al. 2007a). Different intracellular 
conditions may, however, interfere with triggered release. The functionality and the toxicity 
of the light-triggered liposomes were studied in the cell culture. Here we used fluorescence-
activated cell sorting (FACS) to investigate the intracellular calcein release from the 
liposomes  after  UV  light  irradiation.  FACS  has  been  frequently  used  to  determine  the  cell  
association and cellular uptake of labeled compounds and nanoparticles (Elbayoumi, 
Torchilin 2007, Oviedo-Orta, Errington & Evans 2002, Lehtinen et al. 2008). 
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7.2 Materials and methods 
 
7.2.1 Preparation of multilamellar liposomes with gold nanoparticles 

Liposomes with hexanethiol-coated gold nanoparticles (Au-C6SH) or 
mercaptosuccinic acid-coated gold nanoparticles (Au-MSA) were prepared. Gold 
nanoparticles were synthesized as previously described (Paasonen et al. 2007a). The mean 
diameters of the hydrophobic (Au-C6SH) and hydrophilic (Au-MSA) nanoparticles were 2.5 
nm and 4 nm, respectively, as measured with transmission electron microscopy. DPPC and 
DSPC were purchased from Avanti Polar Lipids (Alabaster, AL, USA). The lipids were 
dissolved (5 mg/ml) in chloroform (Sigma-Aldrich, St. Louis, MO, USA). Multilamellar 
DSPC:DPPC liposomes were prepared at molar ratio 9:1 by lipid film hydration method. 
Lipid  solutions  were  transferred  into  25  ml  round  bottom  flask.  In  the  case  of  the  
hydrophobic gold nanoparticle-loaded liposomes, 145 µl of 2 mg/ml Au-C6SH in chloroform 
was  added  to  the  1  ml  of  5  mg/ml  lipid  solution.  Organic  solvent  was  evaporated  at  56  °C 
under nitrogen stream in a rotating vacuum evaporator (Büchi R-200, Büchi Labortechnik 
AG, Switzerland) and further kept in desiccator overnight. Prior to SAXS measurements, 
lipid films were hydrated by shaking with glass beads in 500 µl of 20 mM Hepes buffer at pH 
7.4. The Au-MSA containing liposomes were prepared by hydrating the lipid film (5 mg) 
with 500 µL aqueous solution of Au-MSA (1 mg/ml). 
 
7.2.2 Synchrotron X-ray studies of UV light–induced phase transitions  
 The phase transitions of liposomes were studied at the Austrian SAXS beamline 
(Amenitsch et al. 1998) at the synchrotron light source ELETTRA (Trieste, Italy) using a 
one-dimensional position sensitive detector (Gabriel type), which covered the s-range (s = 2 
sin  / , where  is the wavelength and 2  is the scattering angle) of interest from about 1/200 
to 1/15 Å-1 at  an  X-ray  energy  of  8  keV.  Silver  behenate  (CH3-(CH2)20-COOAg)  with  a  d-
spacing value of 58.4 Å was used as a standard to calibrate the angular scale of the measured 
intensity. All X-ray data have been corrected by the background of water and the empty cell. 
 Multilamellar DSPC:DPPC liposomes with hydrophobic Au-C6SH and hydrophilic 
Au-MSA gold nanoparticles were irradiated with UV light and phase transitions were 
analyzed  with  SAXS in  real  time.  Liposomes  without  gold  nanoparticles  were  studied  as  a  
control. All samples were measured at 25 °C in quartz glass capillaries in brass sample holder 
block (temperature stability 0.1 °C). UV irradiation of samples was performed with EXFO 
Omnicure S1000 light source (EXFO Life Sciences and Industrial Division, Ontario, 
Canada). The light source was operated with external switch, 365 nm filter, 5 mm optical 
guide and adjustable collimator. The distance from the collimator lens to the sample capillary 
was 64 mm. Different exposure times were tested to define the exposure time needed for 
inducing the phase transition.  

Temperature-induced liposome phase transitions were studied (without UV light) by 
controlling the sample temperature with water bath (Unistat CC, Huber, Offenburg, 
Germany) connected to the sample holder. Liposomes with and without gold nanoparticles 
were analyzed, respectively. 
 
7.2.3 Preparation of vitrified specimens and transmission electron cryo microscopy 
 Au-C6SH-loaded liposomes and control liposomes without gold nanoparticles were 
prepared as described in Section 7.2.1. Prior to vitrification, liposome samples were diluted 
1:5 in 20 mM Hepes buffer (pH 7.4). The vitrified samples were prepared from 3 l aliquots 
on freshly glow-discharged Quantifoil R2/2 (Quantifoil Micro Tools GmbH, Germany) grids 
with  FEI  Vitrobot  vitrification  device  at  57  °C  and  about  95  %  relative  humidity.  The  
samples were observed using a Gatan 626 cryo-holder maintained at -180 °C in a FEI Tecnai 
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F20 microscope operated at 200 kV. The images were recorded with a Gatan US4000 CCD 
camera at a magnification of 68000x. 
 
7.2.4 Cell internalization and UV light–triggered contents release of gold nanoparticle-
loaded liposomes 

Liposomes with fluorescent marker, calcein, and Au-C6SH gold nanoparticles were 
prepared by reverse evaporation (REV) method as previously (Paasonen et al. 2007a), with 
minor modifications. Au-C6SH nanoparticles (2 mg/ml) were dissolved in di-isopropylether 
(Merck Chemicals, Germany). The lipid-calcein aqueous dispersion was sonicated for 10 min 
in bath sonicator (Transsonic T310, Elma, Germany). Then, 145 µl of Au-C6SH (2 mg/ml) in 
di-isopropylether was added and suspension was vortexed. Evaporation of organic phase was 
performed at 56 °C under a nitrogen stream in a rotating vacuum evaporator. Non-
encapsulated calcein was removed by column filtration in Sephadex G-50 (Sigma-Aldrich) 
column.  The  liposome sample  (25  µl)  was  eluted  in  column with  20  mM HEPES/140 mM 
NaCl buffer, pH 7.4. Control liposomes without gold nanoparticles, and control liposomes 
without calcein and gold nanoparticles were also prepared. 
 Cell uptake and UV light–triggered calcein release from gold nanoparticle-loaded 
liposomes were studied in a stable human retinal pigment epithelial cell line (ARPE-19). 
ARPE-19 cells were cultured in MEM/HAM F12 medium with 10% fetal bovine serum 
(FBS), 1% L-glutamine, and 1% penicillin-streptomycin. All cell culture media and 
supplements were purchased from Gibco (Invitrogen, CA, USA). For cell uptake and 
intracellular distribution studies with confocal laser scanning microscopy, the cells (2 * 105) 
were seeded on collagen-coated MatTek dishes (diameter 35 mm). After 48 h the cells were 
rinsed with serum-free medium and incubated at 37 °C for 10 min with 100 l of purified 
gold nanoparticle-loaded liposomes or control liposomes without gold nanoparticles. 
Subsequently,  the  cells  were  rinsed  twice  with  HBSS buffer  (Gibco,  supplemented  with  10  
mM HEPES, pH 7.4) and then incubated with Hoechst 33258 (Sigma, 1 g/ml) at 37 °C for 
30 min. The cells were washed twice and examined at 37 °C using a Leica TCS SP2 AOBS 
inverted microscope equipped with a 63x/1.2 W Corr/0.17 CS water objective (lasers: Ar 488 
nm and UV 364 nm). Three-dimensional multichannel image processing was performed 
using the IMARIS software (Bitplane AG, Switzerland) on a HP xw9300 Workstation. 

For UV light-triggered release studies, the cells were seeded on black 24-well plate 
with transparent bottom (Black Visiplate TC, Wallac Oy, Turku, Finland) (2 * 105 cells/well) 
and cultured for 24 h. Prior to UV light exposure, the medium was replaced with 250 µl of 
serum-free media. Purified liposomes were diluted 1:4 in 20 mM HEPES/140 mM sodium 
chloride buffer and 25 µl of liposome sample was added into the culture wells. The cells were 
incubated at 37 °C for 10 min. After the incubation, UV light was applied for each individual 
well for 300 s by using EXFO Omnicure S1000 light source in the laminar hood. The 
triggering instrument and conditions were identical to those in SAXS measurements (section 
7.2.2).  The  beam  was  adjusted  to  cover  the  entire  well  area,  and  a  black  plastic  mask  was  
used to protect other wells during the exposure. The light intensity was 400 mW/cm2, as 
determined with UVX Radiometer (UVP Inc., CA, USA). After light exposure, the cells were 
incubated at 37 °C for 10 min. The medium was removed, and after washing with phosphate 
buffered saline (PBS, Gibco) the cells were detached from the wells with 200 µl trypsin-
EDTA (ethylene diamine tetra acetic acid, Sigma-Aldrich), and then incubated at 37 °C for 
10 min. The cells were fixed with 200 µl of 1% paraformaldehyde (PFA, Sigma-Aldrich) 
solution. After 10 min incubation at 25 °C, the cells from individual wells were transferred 
into 1.5 ml eppendorf tubes and centrifuged twice at 4 °C (1000G, 10 min). Supernatants 
were discarded, and the cell pellets were suspended in 50 µl of 1% PFA and stored at 4 °C.  
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Calcein release from liposomes internalized by ARPE-19 cells was monitored with 
FACS. Due to self-quenching, calcein does not emit fluorescence at the high concentration 
(60 mM) in the liposomes, but the release leads to its dilution and increased fluorescence 
signal. The samples were diluted in 500 µl PBS buffer, carefully vortexed, and analyzed with 
BD  LSR  II  equipment  (BD  Biosciences,  CA,  USA)  for  calcein  (excitation  at  488  nm  and  
emission at 545 nm). From every sample 10 000 events of data was collected, and data was 
handled with FACSDiva software (BD Biosciences). Fluorescence signal from living cells 
was determined by distinguishing the dead cell population from the data. 
 
7.2.5 Gold nanoparticle and UV light toxicity in vitro 

Cellular toxicity of liposomes with hydrophobic gold nanoparticles and UV light 
exposure were studied, respectively. The tests were performed with two different cell lines, 
i.e. ARPE-19 and MDCKII (a canine cell line derived from distal kidney tubulus). The cells 
were seeded on 96-well plates (10 000 cells/well) and cultured at 37 °C for 72 h. For gold 
nanoparticle toxicity studies, the cells were washed with PBS and fresh medium with 
liposomal gold nanoparticles were administered at identical concentration as in the release 
studies. The cells were incubated with gold nanoparticle-embedded liposomes for 12 h.  

For UV light toxicity studies, 10 000 cells/well were seeded and cultured for 72 h. 
The cells were washed with PBS and 100 µl of fresh serum-free media was changed prior to 
the UV light irradiation. The intensity of UV light was 400 mW/cm2 and different exposure 
times were tested: 30, 60, 120, and 300 seconds, respectively. 

After incubation with gold nanoparticle-embedded liposomes or UV light exposure, 
the cells were washed with PBS, and fresh serum-free medium (100 µl) was added. MTT-
solution (20 µl) was then added and the cells were incubated for 4 h. Medium was discarded, 
200 µl dimethylsulfoxide (DMSO) was added, and samples were analyzed with Varioskan 
Flash plate reader (Thermo Scientific,  Vantaa,  Finland) at  560 nm. The MTT test  measures 
the reduction of yellow (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to 
purple formazan in the living cell mitochondria thereby providing information about the cell 
viability. 
 
 
7.3 Results 
 
7.3.1 Light-induced lipid changes in gold nanoparticle-embedded liposomes  

SAXS analysis revealed UV light-induced phase transitions in both Au-C6SH and 
Au-MSA -loaded DSPC:DPPC liposomes, respectively. The phase transitions were observed 
as changes in the d-spacing values (i.e., the lamellar repeat distance). The threshold light 
intensity for the phase transitions of Au-C6SH-embedded liposomes was 260 mW/cm2. Less 
intense light exposure did not induce phase transitions. In the absence of gold nanoparticles, 
UV light did not cause any phase changes in the liposomes. A typical example of Au-C6SH 
nanoparticle-loaded liposome phase transitions is represented in Figure 1A. Before the light 
was switched on, the liposome dispersion displayed the lamellar gel phase (L ’) at 25 °C. The 
UV lamp was switched on after 20 s (dashed line) and kept on for the rest of the experiment. 
After  the  start  of  the  light  exposure,  the  L ’ phase remained for approximately 24 s. 
Thereafter, the stable ripple phase (P ’) was induced, and about 20 s later the fluid lamellar 
phase (L )  was  formed.  The  constant  diffuse  peak  at  about  0.045  Å-1 (*  in  Figure  1)  arises  
from closely packed 25 Å structures that suggests clustering of Au-C6SH nanoparticles in the 
liposomes. We performed transmission electron cryo microscopy of liposomes without gold 
nanoparticles and Au-C6SH-loaded liposomes to verify the SAXS finding (Figure 2). No 2.5 
nm gold particles were visible in the images. Gold nanoparticle clusters were visible only in 
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the Au-C6SH-loaded liposome sample. Analysis of these images showed that approximately 
75 % of the gold clusters were in the size range 10 – 30 nm (measurement of the largest 
dimension for 220 aggregates). 

The reversibility of phase transitions in Au-C6SH–loaded liposomes was studied by 
repetitive UV light exposure ON/OFF cycles (Figure 1B). The relaxation time between the 
exposure  periods  was  60  s.  The  first  three  illuminations  were  of  20  s,  and  the  system  
remained nearly unchanged. Only the first order diffraction peak of the L ’ phase at about 
0.0147 Å-1 (d-spacing of 68.0 Å) was visible (solid line). In the case of 25 s irradiations the 
P ’ phase could be induced, as evidenced by appearance of the (10)-reflection at 0.0131 Å-1 
(dot-dashed line, the d-spacing  of  76.3  Å).  It  is  worth  noting  that  the  d(10)-spacing in the 
ripple phase defines the stacking repetition of the corrugated bilayers. During the 60 s 
relaxation time, slow phase transition back to the L ’ phase was observed. When the sample 
was irradiated for 30 s or longer, the L  -phase was formed. The first order peak of this phase 
appeared at about 0.0146 Å-1 (dashed line, the d-spacing of 68.5 Å). It is expected that the d-
spacing of the L .-phase is in the same order as that of the L ’ –phase, since the chains are 
tilted of about 30° with respect to the membrane surface in the gel phase (Tristramnagle et al. 
1993) and the fluid phase has higher water content as compared to the gel phase (Pabst et al. 
2004). Our results indicate that when the UV light was switched off after 30 s or longer 
irradiation times, the liposomes underwent phase transition back to the P ’ phase without re-
forming the L ’ phase. It was also noted that the amount of correlated bilayers in the sample 
increased with the number of irradiation and passive cooling cycles (Figure 1B). 
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Figure 1. (A) SAXS contour plot displaying the UV light-induced phase transitions in DSPC:DPPC liposomes 
with hydrophobic gold nanoparticles. Dashed line indicates the moment when the UV light was switched ON. 
(B) Repetitive UV light-induced phase transitions, L ’ is illustrated as solid line, P ’ as dot-dashed line, and L  as 
dashed line. Relaxation time between exposures was 60 s. 
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Figure 2. Transmission electron cryo miroscopy of Au-C6SH-loaded liposomes.  
Gold nanoparticle clusters are indicated with white arrowheads. 
  
 
 Au-MSA–loaded liposomes showed similar phase transitions as Au-C6SH–loaded 
liposomes. In Figure 3, the SAXS patterns of both Au-MSA and Au-C6SH -loaded liposomes 
are illustrated. At 25 °C both gold nanoparticle–loaded liposomes display the lamellar gel 
phase (L ’). During constant UV irradiation, the stable ripple phase (P ’) forms, followed by 
the fluid lamellar phase (L ). Apart from the poorer counting statistics encountered for the 
dispersion containing the hydrophilic gold nanoparticles (Figure 3A, the inset showing the 
raw data of the L  phase), all phases display the same d-spacings as the liposomal dispersions 
with hydrophobic gold nanoparticles (Figure 3B). The membrane stacking repeat distances 
are 68.0, 76.3 and 68.5 Å for the L ’,  P ’ and L  phases, respectively. These values are in 
agreement with literature data on pure PC/water systems (Rappolt, Pabst 2008). In contrast to 
hydrophobic gold particles (Figures 1 and 3, *), no particle clustering was observed in the 
case of hydrophilic gold nanoparticles. However, SAXS measurements on pure AU-MSA 
suspensions and the analysis of the scattered intensity decay give evidence that the 
hydrophilic nanoparticles adhere loosely in groups rather than being homogenously 
dispersed, which is confirmed by former observations made by transmission electron 
microscopy (Paasonen et al. 2007a). 
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Figure 3. SAXS patterns displaying the gel and fluid lamellar phases of DSPC:DPPC liposomes containing 
hydrophilic (A), or hydrophobic (B) gold nanoparticles, induced by UV light irradiation. 
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Figure 4. SAXS patterns displaying the phases of DSPC:DPPC liposomes without gold nanoparticles (A), or 
liposomes embedded with hydrophobic Au-C6SH gold nanoparticles (B) at different temperatures. 
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7.3.2 Temperature-induced lipid changes in gold nanoparticle-embedded liposomes  
SAXS analysis of liposomes at different temperatures showed similar phase 

transitions compared to the UV light-induced changes (Figure 4). The presence of gold 
nanoparticles did not affect on the phase transition temperature. At temperatures below 45 
°C, the L ’ phase was observed. A phase transition from L ’ to P ’ occurred at 45 - 50 °C, and 
the fluid L  phase formed at 55 °C. These changes were observed both in the liposomes 
without gold nanoparticles (Figure 4A) and those with nanoparticles (Figure 4B). 
 
 
7.3.3 Cellular uptake of the liposomes and intracellular light-induced calcein release  
 Internalization and distribution of the liposomes into the ARPE-19 cells was 
investigated with confocal laser scanning microscopy. Both Au-C6SH gold nanoparticle-
loaded liposomes and control liposomes without gold nanoparticles were internalized by 
endocytosis and localized in endosomes (Figure 5).  
 UV light-triggered calcein release from the liposomes was studied with FACS. 
Calcein-derived fluorescence signal of the ARPE-19 cells increased after UV light irradiation 
of 300 s, but this did not happen without UV light exposure (Figure 6A). Calcein release was 
not triggered with UV light from the liposomes without gold nanoparticles (Figure 6B).  
 
 

 
Figure 5. Internalization of liposomes without gold nanoparticles (A) and liposomes embedded with Au-C6SH 
gold nanoparticles (B) into the ARPE-19 cells. Nucleai are shown in blue, and calcein-loaded liposomes in 
green. 
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Figure 6. FACS analysis of ARPE-19 cells after the cellular delivery of calcein liposomes. UV light-triggered 
calcein release from the gold nanoparticle-loaded liposomes (A) and control liposomes (B) was measured. The 
samples without UV light exposure are shown as shadowed areas, and the UV-irradiated samples are shown as 
black line curves.  
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7.3.4 Toxicity of gold nanoparticle-embedded liposomes and UV light irradiation  
 Liposomes with Au-C6SH gold nanoparticles did not cause significant decrease in 
the  viability  of  MDCKII  and  ARPE-19  cells.  Only  9%  and  12  %  of  the  ARPE-19  and  
MDCKII cells did not survive (Figure 7).  
 At the intensity of 400 mW/cm2, periods of < 120 s of UV light exposure did not 
affect the viability of ARPE-19 and MDCKII cells (Figure 7). However, decreased cell 
viability was seen after 300 s of UV light irradiation in both cell lines.  
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Figure 7. ARPE-19 and MDCKII cell viability after incubation 12 h with gold nanoparticles or 30 - 300 s 
exposure to UV light. Each bar represents average ± S.D., n=8-16. 
 
 
7.4 Discussion 
 SAXS analysis demonstrated UV light-induced phase transitions in the gold 
nanoparticle-loaded DSPC:DPPC liposomes. Similar phase transitions were observed when 
the samples were analyzed at different temperatures from 25 °C to 60 °C without UV light 
exposure (Figure 4B). Thus, it appears that the gold nanoparticles absorb the UV light energy 
and transfer it to heat. The ability of gold nanoparticles to convert light to heat energy has 
been demonstrated previously in different context (Harris, Ford & Cortie 2006, Stehr et al. 
2008).  
 The localized temperature increase in the liposomes causes phase transitions from 
the lamellar gel phase L ’ to the stable rippled phase P ’, and further to the liquid crystalline 
phase  L  (Figures 1 and 3). Liposomes without gold nanoparticles did not show any UV 
light–induced structural changes, which suggests that the induction of the phase transitions is 
indeed mediated by the gold nanoparticles. The amount of light needed for the Au-C6SH 
liposome phase transitions was 54 µmol/cm2. This was calculated by using the wavelength 
(365 nm), intensity (400mW/cm2), and duration (44 s) of the light exposure. Total light 
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energy per square centimeter was divided by single photon energy, and photons were 
converted to light moles. Since the amount of gold in the liposomes was 1.5 µmol, the ratio 
of the light moles to gold moles is 36. This suggests that large excess of light is not needed 
for triggering the liposomal phase transitions.  
 It is likely that the quantity of gold nanoparticles in the ordered part of the 
multilamellar liposomal dispersions (i.e. liposomal bilayers) is low, because the gold 
nanoparticles did not affect the peak position and intensity of the first and second order peaks 
compared to the liposomes without gold nanoparticles. Equal d-spacing values and similar 
intensity distributions of Au-C6SH or Au-MSA liposomes corroborate this view (Figure 3). 
To estimate the fraction of the lipid bilayers occupied by the embedded gold nanoparticles, 
we calculated the cross-section area of Au-C6SH nanoparticles relative to the total lipid 
bilayer area of the liposomes. The lipid bilayer area was calculated using the quantity of the 
lipid and the known surface area occupied by a single lipid molecule in the bilayer. The gold 
nanoparticle area was calculated by using the concentration of the gold nanoparticles, the 
number of gold atoms per nanoparticle, and the packing density of hexanethiol coating on the 
gold surface (Hornyak 2008). The gold nanoparticles occupy only 1-2% of the total bilayer 
area, suggesting that the UV light-triggered phase transitions can be produced with relatively 
small amount of gold nanoparticles. 

The number of uncorrelated bilayers is higher in the presence of hydrophilic Au-MSA 
particles. This can be qualitatively judged from the small Bragg-peak to diffuse scattering 
ratio (Figure 3A inset). It is possible that the hydrophilic nanoparticles interact with the polar 
interface of the membranes, which disturbs the proper formation of ordered bilayer stacks 
(multilamellar liposomes), since the diameter (40 Å) of the nanoparticles is about two times 
bigger than the equilibrium interlamellar space given for DPPC liposomes (Pabst et al. 2004). 
The hydrophilic nanoparticles that are localized in the aqueous core of the liposomes are not 
expected to have any influence the multilamellar bilayer structure.  

On the contrary, the hydrophobic gold nanoparticles did not disturb lipid packing. The 
diffraction to diffuse scattering ratio is similar to that of pure DPPC liposomes, and also the 
d-spacing values of control liposomes (67.3 Å) and liposomes embedded with Au-C6SH 
(67.4 Å) were equal at 40 °C (Figure 4). A plausible explanation would be that the 
hydrophobic particle-clusters (Figures 1 and 3, *) act only locally, for instance in form of 
lentils within the membrane stack. This was observed also in transmission electron 
microscopy (Figure 2). Furthermore, the hydrophobic nanoparticles are only 25 Å in 
diameter, and the alkyl chain region of the lipid bilayers is more flexible than the polar head-
groups and therefore capable of hosting single nanoparticles without compromising the 
bilayer. It is worth noting that since the Au-C6SH area in the total lipid area is only 1-2%, 
local differences in lipid packing may not be seen. Also, the higher concentration and larger 
size may increase the disturbance of lipid packing in the case of Au-MSA particles. 

Reversibility of liposome phase transitions was studied with repetitive UV light 
exposures.  The  results  showed  that  the  phase  transition  from  L ’ to  P ’ was reversible, but 
when liposomes reached the liquid crystalline phase L , they did not revert to L ’ but stayed 
in the metastable ripple phase P ’(mst) instead (Figure 1B). Rappolt and Rapp showed similar 
behavior for DPPC dispersions (Figure 8) (Rappolt, Rapp 1996). Eventually, L ’ phase may 
be formed, but it may take several hours. For the drug release purposes, the transition from 
P ’ to L  is the most relevant, but also the L ’ to P ’ transition may be involved in drug release 
(Needham, Dewhirst 2001). Because the L ’ phase  is  reformed  very  slowly  from  P ’(mst), 
there is adequate time available for drug release through more leaky bilayers at P ’ and  L   
states. 
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Figure 8. Free energy representation of DPPC bilayers. The metastable ripple phase P ’(mst) forms upon 
cooling from the fluid L  phase (Modified from Rappolt, Rapp 1996). 
  
  

For clinical applications of light-triggered drug delivery, such as targeted drug release 
from liposomes in the back of the eye, in the skin, or at the sites of surgery, it is important to 
understand the drug release behavior in biological environment. Several studies of liposomal 
drug release have been done in cell cultures (Anabousi et al. 2006, Ishida et al. 2001). We 
chose ARPE-19 cell line, because retinal pigment epithelial (RPE) cells are important targets 
in many pathological conditions of the posterior eye segment. Gold nanoparticle loading did 
not affect the uptake of liposomes into the ARPE-19 cells (Figure 5). Exposure times shorter 
than 120 s did not induce calcein release, but 300 - 600 s of UV light exposure induced 
significant calcein release (data of 300s in Figure 6A). Importantly, only slight release was 
triggered by the light in the case of liposomes without gold nanoparticles. The modest calcein 
release seen in Figure 6B may be caused by combination of sample heating and intracellular 
factors that may sensitize the liposomes to the release. After light-triggered release calcein 
did not diffuse from the endosomes to the cytoplasm, presumably because the heat effect did 
not extend to the endosomal walls. 

Toxicity of the gold nanoparticles is an important issue in clinical applications. Based 
on the MTT assay, Au-C6SH-embedded liposomes were not toxic at the concentration used 
in the calcein release experiments: the cell viability was > 90% (Figure 7). However, UV 
light exposure (400 mW/cm2 for 300 s) decreased the cell viability by 20-30%. Therefore, 
shorter irradiation time may be needed to avoid the light-induced cell death. Triggered release 
with shorter exposure may be achieved by modifying the liposome composition, increasing 
the amount of gold nanoparticles, or using, e.g., high intensity laser light pulses. On the other 
hand, the strong pigmentation of RPE cells is expected to protect them from the light-induced 
toxicity and many other cells of interest (like skin cells) may not be as sensitive to the light. 
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  Light-triggered drug delivery systems are attractive option for site and time-
controlled drug release. The preferable liposome size for parenteral use is less than 200 nm. 
The mean diameter of the liposomes used in this study ranged from 250 nm to 370 nm and 
therefore, further development of the delivery system is needed. However, light-induced 
release is a potential approach for localized drug delivery in the eye, skin, mucosal surfaces, 
and surgical sites, where the size limit is not crucial. If the drug is administered into the 
bloodstream by injection, triggered-release at the site of action should take place rapidly. On 
the other hand, in some tissue compartments and in the intracellular space, longer release 
periods are suitable because the liposomes are eliminated more slowly from the site of 
interest. UV light–induced contents release from liposomes to ARPE-19 cells took 300 s, 
which is a rather long time for UV light exposure especially in the context of clinical use. For 
clinical applications the liposome composition should be changed to achieve faster and more 
efficient release, but a balance between liposome stability and light sensitivity is needed for 
reliable drug release. Other adjustable factors include wavelength, intensity and exposure 
time of the triggering light. It is well known, that UV light causes damage to the cells, and 
therefore the possibility of light irradiation with longer wavelengths should be investigated. 
 Liposomes  are  normally  taken  up  into  the  cells  by  endocytosis,  and  then  they  are  
trafficked to the lysosomes. The acidic environment (pH 5-6) of endosomes and lysosomes 
has to be taken into account if the liposomes are activated there. However, in many clinical 
applications it is not necessary to activate the liposomes inside the cells. It may be adequate 
to release the drug load extracellularly at the target tissue, whereafter the free drug will 
permeate into the cells.  
 
7.5 Conclusions 
 The light-induced thermal phase transitions of gold nanoparticle-loaded liposomes 
were demonstrated by SAXS analysis in real time. These phase transitions lead to the 
contents release from liposomes. Efficient light–triggered calcein release from the liposomes 
in the ARPE-19 cell culture proved the functionality of this delivery system. Light-triggered 
liposomal delivery systems may have various applications in the targeted drug delivery. 
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8 CONCLUSIONS AND FUTURE PERSPECTIVES 
 
 Controlled drug delivery technologies are investigated widely because there are 
several fields in medical treatment that may benefit from improved drug delivery. Drug 
delivery may be optimized using various approaches, like targeted drug delivery, enhanced 
permeation across biological barriers and controlled or triggered release of the drug. External 
signals may be utilized to modulate both drug permeation and release from the formulation. 
In principle, external signals can provide control of the time, place, and rate of drug 
permeation or release from the formulation. External signals can be used to trigger the drug 
permeation or release at the right time, in the right site of the body, and at the desired rate of 
delivery. These goals, however, are reached only if the specific external signal and drug 
formulation are functioning well in concerted action.  
 In this study, liposomal vehicles were investigated in the context of externally 
triggered drug release and permeation. The study involved three types of external signals: 
electricity, temperature and light. Electrical signals were investigated as means of delivering 
liposomal DNA across the skin, temperature-sensitive polymers were incorporated into 
liposomes for heat-triggered release, and light-sensitive liposomes were generated by 
embedding gold nanoparticles into the formulations.  
 
 
The major conclusions of this thesis are:  
 

1. The administration of DOTAP/DOPE/DNA complexes on the stratum corneum of 
organotypic epidermal cell culture model produced significant gene expression. Plasmid 
DNA alone did not provide any transfection activity, but DOTAP/DOPE pre-treatment 
augmented gene expression. Iontophoresis did not further enhance the transfection 
efficiency. The epidermal cell culture model with tight stratum corneum and viable 
keratinocytes is a useful tool for dermal gene delivery studies.  
 
2. Biodegradable and thermosensitive HPMA-mono/dilactate copolymers with cholesterol 
anchor can be incorporated onto the liposome surface. Contents release from such 
polymer-coated liposomes was triggered by aggregation of the polymer and 
destabilization of the liposomal bilayer integrity. This sequence of events is triggered by 
increase in temperature.  

 
3. Small gold nanoparticles (hydrophilic and hydrophobic) can be embedded in 
liposomes. The nanoparticles absorb light energy and transfer it into heat, which triggers 
contents release from the gold nanoparticle-embedded DSPC:DPPC liposomes upon UV 
light exposure. No release takes place from unmodified liposomes or from the gold-
containing liposomes without light induction.  

 
4. SAXS measurements revealed that UV light induced time-dependent lipid phase 
transitions from gel phase to rippled phase and to fluid phase in DSPC:DPPC liposomes 
with gold nanoparticles. No change was seen in the absence of the gold particles. Gold-
containing liposomes were internalized by ARPE-19 cells, and light activation took place 
also in the cells. Contents release is triggered by gold nanoparticle-mediated thermal 
phase changes in the lipid bilayers. This delivery system may be potential platform for 
light-targeted drug delivery into e.g. ocular tissues, skin and surgical sites. 
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 Liposomes are clinically used vehicles that have increasing potential in drug and 
gene delivery. They are biocompatible, versatile, and easy to manufacture. Topical 
administration of liposomes is an attractive approach, but the absorption through skin is 
rather limited. In general, liposomes cannot permeate across the skin, but they permeate to 
the stratum corneum after disintegration (Kirjavainen et al. 1996). Thus, some liposomes can 
be utilized as permeation enhancers if the lipids are able to permeabilize the stratum 
corneum. The features of such lipids include e.g. cationic charge, lyso-structures (with a 
single alkyl side chain), and fusogenic properties. Regular phospholipids do not permeate into 
the skin, neither they are able to act as permeation enhancers. 
  Non-viral dermal delivery of DNA has potential to transfect epidermal or dermal 
cells for gene therapy purposes. In addition, non-invasive topical DNA vaccination is an 
interesting possibility that might avoid the problems that are associated with the contaminated 
needles in poorly equipped clinics. Permeation of DNA across the skin can be limited, and 
the improved delivery is needed. Iontophoresis has been shown to enhance the transdermal 
permeability of low molecular weight drug molecules (Kalia et al. 2004), but in our study 
electric current did not improve the transfection efficiency of DOTAP/DOPE/DNA 
lipoplexes. Delivery of plasmid DNA into epidermal cells is dependent on various factors 
such as size, charge and strength of the lipoplexes, current intensity, and concentration of 
competing ions in the medium. Further research is needed to define the possible advantage of 
electric current in dermal gene delivery. DOTAP/DOPE/DNA lipoplexes were able to induce 
transfection in the viable keratinocytes also without iontophoresis, and interestingly, the 
liposomes improved the delivery also if the artificial skin was pre-treated with the lipids prior 
to DNA administration. This indicates that the lipids eventually act as permeation enhancers. 
The therapeutic value of this approach in the dermal gene therapy or topical DNA vaccination 
remains to be seen. Usually vaccination requires smaller dosing than gene therapy, but our 
study does not reveal if the dendritic cells of the skin are transfected at adequate levels.  
 The contents release from the liposomes can be controlled by external signals if the 
liposomes are properly formulated, and the activation of the liposomes can be probed by 
various approaches. Thermosensitive lipids, thermoresponsive polymers and incorporation of 
gold nanoparticles were used in this work to render liposomes sensitive to external activation 
by temperature or light. The major challenge in the use of such ‘sensing’ liposomes in drug 
delivery applications is to find the balance between sensitivity of the liposomes and adequate 
stability prior to the external activation. Delivery vehicles should remain intact in the 
bloodstream or other site of drug administration, but they should be sensitive to the triggering 
signal and release the drug rapidly when the signal is applied.  
  We demonstrated heat-triggered contents release from HPMA-mono/dilactate 
polymer-coated liposomes. The previously used polymers (e.g. pNIPAM) in thermosensitive 
drug delivery systems are not biodegradable. HPMA-based polymers are biodegradable and 
therefore they may be safer in the clinical applications. Intravenously applied liposomes are 
rapidly eliminated from the bloodstream by liver and spleen. It is well known that hydrophilic 
polymer coating, like PEG, slows down such elimination. Previously it has been shown that 
also HPMA-coating increases the half-life of liposomes (Whiteman et al. 2001), but we did 
not obtain extended liposomal retention in the blood circulation with HPMA-mono/dilactate 
coating. The polymer coating on the liposomes was attached via cholesterol anchor. It is 
possible that the anchor is not able to hold the polymer on the liposomes surface when 
administered into the bloodstream as cholesterol is subject to exchange with other lipid 
phases present. Different lipid anchor, e.g. PE, could be used for HPMA-mono/dilactate 
coating for enhanced stability. Also, PEG could be added to the system to slow down the 
elimination of the liposomes by the reticuloendothelial system. In this case, the effect of PEG 
coating on the external signal sensitivity of the liposomes should be determined. It is possible 
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that the addition of PEG may interfere with the temperature sensitivity of the system. If PEG 
coating hampers the contents release, the therapeutic effect does not automatically improve, 
even if the blood circulation time is significantly extended. Temperature-triggered drug 
release from liposomes could be beneficial e.g. in the targeted treatment of skin and tumours.  
 Light is an attractive signal for triggered drug delivery e.g. in the eye, skin, surgical 
sites and tumour tissues. We used UV light to activate gold nanoparticle-containing 
liposomes. The exposure time required for the contents release was 5 min, which is a rather 
long time considering the possible clinical use of light-activated drug delivery systems. The 
absorbtion efficacy of small (< 5 nm) gold nanoparticles is high at the UV wavelengths and 
therefore relatively small light intensity is sufficient to provide the subsequent heat 
production needed for the liposome destabilization. However, the UV light may damage the 
cells due to the UV absorbtion of proteins and DNA. This may be avoided if extremely short 
nano-  to  picosecond  pulses  are  used.  The  role  of  the  light  intensity,  wavelength  and  pulse  
duration should be taken into account when the light-triggered system is further developed. 
Longer wavelength with high intensity could be used to avoid the long exposure times and 
damage to the healthy tissues. In this case larger gold nanoparticles would be preferable. The 
incorporation of larger nanoparticles or larger amounts of small nanoparticles into liposomal 
membrane can make the liposome more sensitive for light-activated release, but it also may 
disturb the lipid packing and cause unwanted leaking of the encapsulated moiety. The balance 
between efficient response to the triggering signal and sufficient stability needs to be further 
elucidated to optimize the gold nanoparticle-lipid formulation. 
 Additional targeting ligands can be incorporated in liposomes for enhanced drug 
delivery. Ruoslahti and co-workers functionalized nanoparticles and liposomes with tumour-
homing peptides. They showed that nanoparticles can be effectively targeted to tumor tissue 
resulting in enhanced therapeutic effect (Karmali et al. 2009). Co-application of tumour-
targeted gold nanorods for tumor heating and doxorubicin-loaded liposomes produced 
significant tumour volume reduction in mice (Park et al. 2010). Such tumour-homing 
peptides could offer further selectivity also for light-triggered liposomes, where liposomes 
could be actively targeted to the site of action, followed by drug release upon light exposure. 
 Recently, other gold nanoparticle-based systems for drug delivery have been 
introduced. Larger gold nanostructures, such as hollow gold nanoshells, are effective in 
converting near infrared (NIR) light into heat, and have been incorporated in liposomes (Wu 
et al. 2008, Chen et al. 2007). NIR light penetrates up to 10 cm into the body, it is not as toxic 
to the cells as UV light, and short NIR laser pulses can be used for the contents release. Also, 
a new generation of gold nanocontainers (diameter 10-70 nm) for controlled drug delivery 
was recently introduced (Jin, Gao 2009). These delivery vehicles with thin gold shell are 
leakage-free, and the release is achieved by NIR laser irradiation. Thus, larger gold 
nanostructures and NIR light present a promising method for externally activated drug release 
from liposomes not only in the eye or skin, but also in deeper tissues. However, the toxicity 
of these new gold nanostructures needs to be investigated.  
 Localized heating of gold nanoparticles by light irradiation could be utilized also in 
the permeabilization of cell membranes. When gold particles are exposed to light during 
longer time period, the heat from gold nanoparticles disrupts the cell membrane. This could 
facilitate e.g. the cellular uptake of macromolecules. It also remains to be seen whether the 
light induction could release therapeutic compounds from the endosomes or lysosomes into to 
the cytosol. This is important goal in the delivery of proteins, DNA or RNA. Precise control 
of light-triggered cell membrane permeabilization or endosomal release is complicated and 
permanent damage to cell membranes should be avoided. 
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 In conclusion, external signal-activated liposomes offer a potential platform for 
advanced drug delivery. The possibility to control the time, place and rate of drug release can 
provide better therapeutic response and less adverse effects by reducing the drug distribution 
to the non-target tissues. By selecting the liposomal formulation, triggering signal and 
mechanism of action to be suitable for a specific application, sensing liposomes could be 
utilized in numerous medical treatments for enhanced efficiency. 
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