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Abstract: Cancer has become one of the most deadly noncommunicable diseases globally. Several 
modalities used to treat cancer patients exist today yet many have failed to prove high efficacy with  
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low side effects. The most common example of such modalities is the use of chemotherapeutic drugs to 
treat cancerous cells and deter their uncontrolled proliferation. In addition to the destruction of cancerous 
tissues, chemotherapy destroys healthy tissues as it lacks the specificity to annihilate cancerous cells 
only and preferentially, which result in adverse side effects including nausea, hair fall and myocardial 
infarction. To prevent the side effects of non-selective chemotherapy, cancer therapy research has been 
focused on the implementation of nanocarrier systems that act as vehicles to encapsulate drugs and 
selectively transport their agent to the tumor site. In this paper, we shed light on liposomes along with 
three anticancer drug delivery approaches: passive, active and ultrasound-triggered drug delivery.  

“The published manuscript is available at EurekaSelect via http://www.eurekaselect.com/
openurl/content.php?genre=article&doi=[10.2174/1389557519666190408155251].”
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1. INTRODUCTION   

 According to the World Cancer Research Fund International (WCRF), there were an estimated 14.1 million cancer cases around 
the world, placing cancer amongst the most prominent fatal non-communicable diseases worldwide in 2012 [1]. In another report, 
published recently by the American Cancer Society, an estimated 1,735,350 new cancer cases were expected to be diagnosed in 
the US alone in 2018 [2]. Cancer can be treated by one or a combination of the following treatments: surgery, radiotherapy, and 
systemic therapy. Surgery can be used in an early-stage disease to remove a localized tumor; on the other hand, a condition in a 
more advanced stage (i.e., metastatic disease) requires the use of systemic therapy such as chemotherapy, hormonal therapy, 
targeted and immune therapy that uses the bloodstream to reach cancer sites [3]. Chemotherapy is widely used either as a single 
treatment or as an adjuvant or neoadjuvant treatment along with other treatment modalities [4]. Chemotherapy involves the use 
of anti-neoplastic agents to treat cancer or relieve its symptoms [5]. Although chemotherapy proved to be effective in destroying 
cancerous tissues, it can also affect healthy cells, especially those with high turnover such as intestinal epithelial cells, bone 
marrow, mucous membranes and hair follicles [3, 6]. The cytotoxicity of chemotherapy results in adverse effects that could 
ultimately be fatal (e.g., cardiac toxicity) [7]. Also, treatment efficacy of chemotherapy may decrease due to lack of drug 
specificity and hence action [8]. Therefore, it is vital to find a paradigm by which drugs are encapsulated and selectively delivered 
to the tumor site before getting released.   
 Research in the area of drug delivery investigated various types of nanoparticles that are effective in transporting potent drugs to 
diseased tissues [9]. Liposomes, micelles, and solid nanoparticles are three broad categories of these nanoparticles [10]. 
Nanoparticles can be tailored to acquire specific physical and chemical properties, which can be employed in drug delivery to 
reduce the adverse effects of cytotoxic agents on normal cells [8]. In this paper, we focus on liposomes as drug nanocarriers in 
cancer treatment.  These carriers allow drugs to be released in a controlled manner, both temporally and spatially [11].   

2. LIPOSOMES  

 Liposomes are vesicle-like structures made of a material similar to the cell membranes (Fig. 1). They were first described in the 
mid-60’s by the British hematologist Alec D. Bangham and were formally referred to as “Banghasomes” until the name 
“liposome” was introduced by Weissmann [12, 13]. The word liposome is derived from two Greek words: “Lipo”, meaning fat, 
and “Soma”, meaning body [12]. Synthetic and natural liposomes are composed of phospholipids, which are amphipathic 
molecules made up of a hydrophilic head, a glycerol backbone and two hydrophobic fatty acid tails. The polar head may contain 
positive and negative charges, and it interacts with water in an aqueous environment, while the hydrophobic tails are sequestered 
away from the hydrophilic environment in the interior of the lipid bilayer (i.e., between polar heads) [14, 15]. This structure 
allows liposomes to encapsulate both hydrophilic and lipophilic drugs [16]. Thus, the chemical interaction between different 
substances can be eliminated by placing them in separate compartments within the liposome [17].  

 
Fig. (1). Structure of a liposome. 
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2.1. Classification and Stabilization of Liposomes  

 Liposomes can be classified according to their sensitivity to an external stimulus such as light, pH, ultrasound, etc.; however, the 
most common method of characterization is their size [18]. The diameter of a liposome spans typically between 25 nm to 15 µm, 
depending on the vesicle structure: unilamellar vesicles (ULV), multilamellar vesicles (MLV) or multivesicular vesicles (MVV) 
[15, 18]. Both the size and composition of liposomes have vital effects on their functionality. In drug delivery, extended 
circulation time in the blood is desired. Liposomes are more likely to be recognized as a foreign body once introduced, and hence 
they are cleared from circulation by the reticuloendothelial system (RES) [19]. Clearance studies showed that the half-life of 
liposomes can be improved by reducing their size [20, 21]. For example, liposomes that are ~100 nm in diameter possess a long 
half-life of over 5 hours [22]. Other studies investigated the effect of liposome composition such as liposome charge and lipid 
saturation along with other factors on the circulation time. Generally speaking, using saturated lipids in the presence of cholesterol 
extends the circulation time of liposomes [22].  

 Another approach to increase the half-life of liposomes would be the conjugation of a hydrophilic polymer, such as polyethylene 
glycol (PEG), to the surface of the liposomes (once formed they are termed stealth liposomes) which creates a protective layer 
against opsonization, thus making them less susceptible to recognition and clearance by the RES [19]. Moreover, the 
polymerization of liposomes enhances their stability by reducing the chances of agglomeration and degradation [17]. By 
comparing the circulation time of stealth liposomes with free drug administration, the former was observed to be superior. For 
example, the widely used PEGylated liposomal formulation “Doxil” exhibits up to 100-fold longer half-life compared to free 
doxorubicin [23]. However, the composition of PEG on the surface of liposomes is critical and should be optimized in a way to 
make it large enough to avoid recognition by the body’s immune system, yet not too large as it will hinder the interaction between 
liposomes and cancer cells, which will eventually affect cellular uptake and internalization [8].   

 The delivery and the uptake of liposomes into cancerous tissue occur passively, due to the nature of the diseased tissues, or 
actively, using targeting moieties conjugated to the surface of liposomes. Liposomes can also be designed to be sensitive to an 
internal or external stimulus to release their cargo. Targeting moieties may also be used to classify liposomes. For example, 
immunoliposomes have antibodies conjugated to their surface which are selective for specific proteins on the surface of cancer 
cells [24]. Several liposomal formulations have gained approval for clinical use to treat various medical conditions including 
sarcomas (especially Kaposi’s sarcoma), breast cancers and some forms of lymphoma (Table 1), while other formulations are 
still undergoing clinical trials to treat other types of cancer.  
Table 1.  Approved liposomal-based formulations for cancer treatment.  

Product Name  
(Approval Year)  Active Agent  Lipid Composition  Indications  Reference  

Doxil® (1995)  Doxorubicin  
HSPC, PEG2000- DSPE and 

cholesterol  
Ovarian cancer, AIDS-related Kaposi’s 

sarcoma and multiple myeloma*  [25-27]  

DaunoXome® (1996)  Daunorubicin  DSPC and cholesterol  AIDS-related Kaposi’s sarcoma  [28]  

Myocet® (2000)  Doxorubicin  EPC and cholesterol  Metastatic breast cancer  [29-31]  

Mepact® (2009)  Mifamurtide  DOPS and POPC  Non-metastatic osteosarcoma  [32, 33]  

Marqibo® (2012)  Vincristine sulfate  SPH and cholesterol  Acute lymphoblastic leukemia  [34, 35]  

Lipodox® (2013)  Doxorubicin  
HSPC, PEG2000- DSPE and 

cholesterol  
Ovarian/breast cancer, AIDS-related 

Kaposi’s sarcoma and multiple myeloma  [32, 36]  

(Table 1) Contd....  

*Doxil was first approved in 1995 for AIDS-related Kaposi’s sarcoma, then in 1999 for ovarian cancer and later in 2007 for multiple myeloma 
[27].  
  

Product Name  
(Approval Year)  Active Agent  Lipid Composition  Indications  Reference  

Onivyde® (2015)  Irinotecan  
DSPC, MPEG2000-DSPE and 

cholesterol  Metastatic pancreatic cancer  [37, 38]  

VyxeosTM (2017)  Daunorubicin and Cytarabine  DSPC, DSPG and cholesterol  
Therapy-realted acute myeloid leukemia   

(t-AML), AML with myelodysplasia-related 
changes (AML-MRC)  

[39, 40]  
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 Success in clinical trials is limited because there exist multiple factors competing to produce the desired outcome, and those 
factors are often challenging to control all at once. Some factors are related to the physical properties of ligandconjugated 
liposomes such as: their size, the method of synthesis, the method used to conjugate the targeting ligands on their surface (i.e. the 
type of linkers used), ligand density as well as the amount of coated PEG used to form stealth liposomes. Such factors highly 
contribute to the ligand’s accessibility to the tumor site and its binding affinity to the target receptor [23]. Other factors; on the 
other hand, are related to the systemic utilization of liposomes, including the number of nanoparticles that reach tumor sites and 
the spatiotemporal regulation of drug release [41]. Thus, it is essential to be acquainted with existing advances in this field in 
order to overcome the aforementioned challenges.   

2.2. eLiposomes  
 Emulsion-containing liposomes, also known as eliposomes, are a type of stealth liposomes that contain nanoemulsions. 
Nanoemulsions are usually made up of perfluorocarbons (PFCs), especially those with a high vapor pressure, which makes them 
sensitive to ultrasound (US) waves. PFCs are inert, nontoxic and stable in aqueous environments [42].  

 In general, liposomes are not highly sensitive to ultrasonic induction unless they contain a gas phase [42, 43]. The presence of 
air bubbles or other gases in the liposomal vicinity facilitates the release of drug contents, and such liposomes are termed 
echogenic liposomes [44]. Ultrasound mediated microbubbles were also used in drug delivery where drug extravasation into 
tumors is facilitated either by the convective flow induced by oscillating bubbles “microstreaming” or by liquid jetting [45]. 
Liposomes can also be coupled to surface of microbubbles [46]. However, since microbubbles are big in size compared to the 
pores of the leaky vasculature of cancer tissues, nanoemulsions are getting more attention in drug delivery. eliposomes use 
nanoemulsions incorporated inside their structures where they change rapidly from liquid to gas upon exposure to US thus 
shearing the liposomal structure open and releasing their content at the target site [44]. A study conducted by Lattin et al. showed 
that drug release from eliposomes was significantly higher than conventional liposomes [47]. eLiposomes are also small in size 
which facilitates their passive penetration into cancerous tissue, as opposed to microbubbles.   

3. DELIVERY OF NANOCARRIERS TO THE TUMOR  
3.1. Passive Targeting  
  Passive targeting of cancerous tissues is fundamentally based on the inherent physical and chemical properties of 
tumor cells. The efficacy of passive targeting can be enhanced through the use of nanocarrier systems, which have become the 
focus of cancer research [48]. Liposomes, micelles, nanoemulsions and polymeric nanoparticles, amongst other nanocarriers, 
all demonstrate a wide range of advantageous properties that entitle them to be used in drug delivery. Prolonged circulation is 
one of the useful properties that give nanocarriers the time to reach the tumor site before being opsonized by the patient’s 
immune system. The flexibility in tailoring the size of a nanocarrier is another advantage that allows nanocarriers to exploit the 
compromised vasculature of cancerous tissues and hence to penetrate their structure. Also, the possibility of conjugating ligands 
to the surface of nanoparticles allows them to become more target-specific and thus enhancing the intracellular penetration as 
well as increasing sensitivity to stimuli that trigger drug release [49].   

 The unique vascular architecture of tumors distinguishes them from healthy cells. As the tumor grows beyond a volume of 2 
mm3, substances needed for its growth and nourishment can no longer be provided by simple diffusion from the blood supply; 
and the tumor is said to be diffusion limited [50]. To overcome this phenomenon, vascular endothelial growth factor (VEGF), 
previously known as vascular permeability factor (VPF), is produced which stimulates angiogenesis. Angiogenesis is one of the 
characteristics of tumors where new blood vessels form from existing ones, and this contributes to the tumor metastatic pathway 
as it spreads from its primary site into other parts of the body [51]. The fast progression of angiogenesis in cancerous tissues 
results in the leaky and defective vasculature of the tumor with gap/pore sizes ranging between 100 nm to 2 µm [27]. Hence, the 
drug enters the tumor site through these fenestrations and accumulates eventually at high concentrations in tumors compared to 
plasma [52]. Drug retention in tumors results from the poor lymphatic drainage system, which, in normal tissues, is responsible 
for eliminating waste materials [53]. Subsequently, drug clearance is reduced, and drug toxicity within the tumor vicinity is 
increased due to prolonged retention [54]. That, combined with hypervascularization, result in the enhanced permeability and 
retention (EPR) effect which was first discussed by Maeda and Matsumura [54-56].  

 Many studies were conducted later to examine the EPR phenomenon [27, 57, 58]. For example, a study conducted by Harrington 
et al. showed that the uptake of radiolabeled pegylated liposomes by a tumor is higher than normal tissues by a factor ranging 
between 1.4 and 16.9 [59]. And even though the EPR phenomenon aids in nanocarrier-based cancer treatment, there exists some 
problems that hinder its effectiveness. Dams et al. [60] studied the effect of frequent injections of radiolabeled pegylated 
liposomes on their circulation time. They found that a second dose of pegylated liposomes within 5 days and up to 4 weeks after 
the first injection reduced their circulatory half-life dramatically and increased their uptake in the liver and spleen. This 
phenomenon was termed the “accelerated blood clearance (ABC) phenomenon”, and was further investigated in other studies 
[61-63].   
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3.2. Active Targeting  

 To improve the selectivity of a nanocarrier, ligands can be conjugated to its surface that would specifically bind to the desired 
receptors overexpressed on tumor cells. The successful application of ligand-conjugated liposomes is highly dependent on their 
conformation [64], their cellular processing, pharmacodynamics and pharmacokinetics [65]. It has been observed that specific 
types of receptors are overexpressed on certain cancerous cells, such as transferrin and folate receptors [6, 66]. The amount of 
drug, therefore, reaching the tumor site and penetrating the diseased tissue can be drastically enhanced by the use of active ligand 
targeting [67]. Ligands grafted on the surface of a nanocarrier can be antibodies, hormones, aptamers, peptides and others [66]. 
For instance, the expression of the human epidermal growth factor receptor 2 (HER2) in cancerous cells is 1000fold higher than 
in normal cells in nearly 25% of breast cancer cases [23]. A study conducted by Park et al. proved the  
  
Table 2.  Targeted liposomal formulations in clinical trials.  

 

efficient binding and internalization of immunoliposomes (i.e., liposomes with antibodies on their surface) by p185HER2 
overexpressing breast cancer cells (SK-BR-3 and BT-474), which was investigated further in other studies [68, 69]. Hence, the 
use of targeted liposomes against HER2 receptors could be promising in in vivo preclinical trials. Moreover, biligand liposomes 
that exhibit dual functionality have also been used. Yuan et al. conjugated two ligands, transferrin (Tf) and cell-penetrating 
peptide CPP (TAT), to the surface of liposomes to target melanoma [70]. Liposomes in this study were encapsulated with 
paclitaxel and doxorubicin which successfully showed a synergistic effect in cytotoxicity studies. Also, in vitro cellular uptake 
studies of dualligand liposomes (Tf/TAT-DOX-LP) showed a higher uptake by B16 cells when compared to single-ligand 
liposomes (TF-DOX-LP and TAT-DOX-LP) with 8.7 and 2.8-fold increase, accordingly [70]. This could be attributed to the 
synergistic effect of using both ligands, which is consistent with a study conducted earlier by Tang et al. [71]. Bi-ligand liposomes 
targeting transferrin receptors have also proven their anti-tumor efficacy against lung cancer [72]. In one of the studies, 
accumulation of bi-ligand liposomes in the brain showed a two-fold increase when compared to single-ligand liposomes and 
improved penetration through the blood-brain barrier [73]. And despite the extensive research on activeligand targeting of 
nanocarriers, only few targeted-liposomal formulations made it to clinical trials (Table 2).  

  
 Alongside challenges posed by the intricate nature of developing a new cancer treatment and the long time span it takes to prove 
its efficacy in clinical trials, pharmaceutical manufacturing costs and government regulations stand as obstacles. One of the 
solutions to overcome such problems, especially for targeted-liposomes being developed currently, could be through modifying 
one of the approved nontargeted liposomal formulations listed in Table 1 with the desired ligand as already proposed by a team 
from the research institute in the University of California (UCSF) and ZoneOne Pharma [80]. Other types of nanocarriers, such 
as micelles and dendrimers can also be functionalized with conjugated moieties to enhance their accumulation in cancerous tissue 
and facilitate their cellular uptake through receptormediated endocytosis [81-85].   
 Both passive and active targeting schemes of nanocarriers showed promising results in cancer treatment according to several 
studies. The mechanism of drug release also plays an important role in drug delivery where an external or internal trigger can be 
employed to control the release profile.   

Treatment Name  Conjugated Ligand  Therapeutic Agent  Condition/Disease  Clinical Status  Reference  

MBP-426  Transferrin  Oxaliplatin  
Gastric adenocarcinoma, 
gastroesophageal junction 

adenocarcinoma, esophageal junction 
adenocarcinoma  

Phase II  [74-76]  

MCC-465  
F(ab’)2 fragment of human 
monoclonal antibody GAH  Doxorubicin  Metastatic or recurrent stomach cancer  Phase I  [75-77]  

MM-302  Antibody fragments  Doxorubicin  HER2-positive metastatic breast cancer  
Phase II 

(stopped)  [75, 78]  

SGT-94  
Anti-transferrin receptor 

single chain antibody 
fragment (TfRscFv)  

RB94 gene  
(plasmid DNA)  Neoplasm  Phase I  [79]  
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3.3. Triggering Drug Delivery  

3.3.1. Internal and External Triggers   

 The main objective of a drug delivery system is to attain specific therapeutic drug levels of cytotoxic agents in the tumor site. 
This minimizes the side effects arising from chemotherapy which is usually administered at large doses to compensate for its 
possible clearance from the circulatory system before reaching the desired site [86, 87]. To control the release of a cytotoxic agent 
encapsulated in a nanocarrier both spatially and temporally, various internal and external stimuli can be used. The type of the 
stimulus that the nanocarrier will respond to is highly dependent on the structure and composition of the nanocarrier [88]. Internal 
triggers include pH, temperature, and enzymes, while external triggers include light, electromagnetic waves and ultrasound [44]. 
It is important to note that external triggers can either directly initiate drug release through a mechanical effect imposed on the 
nanocarrier or can indirectly cause release through inducing an internal trigger. The choice of one of these techniques is dependent 
on the type of liposome being employed. For example, heat can be utilized to trigger drug release from thermosensitive liposomes 
(TSLs). Applying thermal energy results in local hyperthermia at the desired site, where the liposomes accumulate, causing the 
lipids that constitute the liposomes to change their phase from gel to liquid at their phase transition temperature (Tm) [89]. Pores 
begin to form in the lipid bilayer of liposomes and the encapsulated drug leaks. Thermal liposomes are stable at normal body 
temperatures (37°C), which keeps the liposomes intact as they circulate to reach the tumor site. They only begin to disintegrate 
at a temperature range of 39-43°C, depending on the type of lipids used in their synthesis [44, 87]. Examples of external stimuli 
that can induce such an internal trigger (heat) are microwaves, radiowaves, and high intensity focused ultrasound [87, 90].  

 Another type of internal trigger is enzyme activity. The surrounding environment plays a vital role in determining the fate of a 
liposomal vesicle. Fortunately, cancerous cellular environments happen to be different from healthy cellular environments. One 
differentiating factor is the type and concentration of enzymes that function in cancerous tissues [91]. In general, liposomes that 
are sensitive to tissues with a specific microenvironment such as pH, temperature and enzymes are called “bioresponsive” 
liposomes. During their synthesis, bioresponsive liposomes are internally programmed to undergo changes only when proper 
conditions are met in order to release their cargo at the diseased tissues. pH-sensitive liposomes have also been studied. These 
liposomes are made of lipids that are stable at physiological pH (pH 7.4) yet are disrupted under acidic conditions [92]. These are 
usually synthesized by blending derivatives of phosphatidylethanolamine with compounds having an acidic functional group to 
stabilize the formulation at neutral pH [24, 93]. It has been observed that pH conditions in tumor sites are acidic and hence trigger 
a fusogenic response causing liposomes to release their contents [94]. In addition, the use of light to trigger drug release using 
photosensitive liposomes has also been studied. Those nanocarriers are synthesized using polymerized photoreactive lipids called 
photoactivable lipids and are modified with sensitizers that respond to light triggers; usually UV light [95]. This poses a potential 
clinical threat as UV-light exposure can be toxic. Therefore, alternative light sources, like infrared light, are being investigated 
[18]. Magnetic fields can also be used to trigger drug release. Magnetic field can be used as an indirect external trigger that 
produces heat and releases drug from TSLs modified with magnetic nanoparticles [96]. Magnetic field can also be used to guide 
magnetically-responsive liposomes that contain conductive metals to tumor site [96]. The use of ultrasound as an external stimulus 
has also attracted research in drug delivery, especially that ultrasonic waves can be focused and directed to penetrate deep tissues 
in a small focal zone, unlike other triggering mechanisms.    

3.3.2. Ultrasound   

 Ultrasound (US) is one example of an external stimulus utilized to trigger drug release after a nanocarrier reaches its target site. 
US is preferable in drug delivery because it is benign, non-invasive, controllable and causes no pain when applied [97]. It can 
also be localized with high accuracy in terms of the area it is applied to [10]. The use of US can yield thermal and/or non-thermal 
effects; both of which contribute to triggering drug release. The thermal effect results from body tissues absorbing thermal energy 
produced by focused ultrasound (FUS) waves. While the non-thermal effects are mechanical effects that result from the nature of 
the US waves propagating through the medium [98].   

 Mild hyperthermia induced by high intensity focused ultrasound (HIFU) was utilized in many studies as a mechanism to release 
drug from TSLs. To improve the targeting of TSLs and monitor treatment, several studies combined HIFU with magnetic 
resonance imaging (MRI) in a system known as MR-guided high intensity focused ultrasound (MRHIFU), in order to acquire 
temperature images to investigate the bioeffects of HIFU. A study conducted by Ranjan et al. used the MR-HIFU system to 
induce hyperthermia between 40-41oC, and they reported 7.6- and 3.4-fold increase of doxorubicin concentration when TSL-MR-
HIFU was used compared to free doxorubicin and TSLs alone [99].  Although several in vitro and in vivo studies were conducted 
to examine the role of US as a drug releasing mechanism from liposomal formulations, only one study so far has been extended 
to clinical trials, namely, the ThermoDox® liposomes in the TARDOX Phase I study for treating liver cancer [100]. The study 
aimed to investigate the release of doxorubicin from thermally sensitive liposomes using focused ultrasound to induce mild 
hyperthermia. The results of this study were released recently, and concluded that doxorubicin concentration inside tumors 
showed an average increase of 3.7 times after applying focused ultrasound compared to its concertation immediately after drug 
infusion [101].  

 The mechanical effect of US in triggering drug release from nanoparticles utilizes acoustic cavitation, which is defined by the 
rapid growth and collapse of compressible gas bubbles in response to varying pressure fields caused by US waves. As pressure 
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passes through a medium, bubbles respond by altering their sizes. They contract at high pressure and expand at the negative 
pressure phase of the acoustic cycle. If the intensity is low and the resulting change in bubble size is stable, the cavitation is said 
to be stable and it results in a flowing stream of fluid around the bubbles called “microstreaming”, which is proportional to the 
amplitude of the US waves applied (i.e. the intensity of US) [102]. Microstreaming with high velocities may rupture the 
surrounding cells and synthetic lipid-based nanoparticles if they exist [102]. If the intensity is high and the resulting change in 
bubble size is unstable, the cavitation is said to be transient.  

Therefore, the higher intensity US is associated with more violent bubble collapse and hence a larger shear force that can burst 
the nanocarriers [103, 104].  

 Such observations led to further research to determine which levels of US intensities resulted in the most effective drug delivery 
scheme. Studies by Staples et al. conducted on rats models injected with micelle-encapsulated doxorubicin proved that the 
combination of insonation with an effective drug delivery system reduced tumor growth, regardless of the frequency of US used 
[105]. However, studies by Ueda et al. established that the in vitro use of low-frequency US at high intensity is the most effective 
in releasing drugs from nanocarriers [106].   

 The mechanical properties of US result in enhanced nanocarrier internalization into cancerous tissue as well as a more efficient 
drug release process. The different effects of US on the nanocarrier as well as the cell membrane of cancerous tissues are 
summarized below:   

3.3.2.1. Permeabilization of Target Cell Membranes  

 As bubbles collapse, they produce waves of shear forces and/or sonic jets of liquid that form holes/pores in the cell membrane 
of the targeted tissues. This increases the cells’ permeability to nanocarriers, thus facilitating drug access to cancerous tissue 
under an acoustic field [104]. In a study conducted by Stringham et al., the role of acoustic cavitation in cell membrane 
permeabilization of rat colon cancer cells was examined [107]. A linear increase in cell membrane permeabilization in correlation 
with time and intensity of sonication was observed. The subsequent increase in drug uptake into cancerous tissues was recorded. 
The pores forming at the cell membranes were found to be self-healing at certain US pressures and frequencies where transient 
pores re-seal through a repairing mechanism as described by Yang et al. [108]. The cell membrane permeability is dependent on 
the US parameters. In one of the studies, it was found that the cell permeability increased with increasing the negative peak 
pressure, pulse repetition frequency, pulse duration and insonation duration. However, it was also found that cell viability 
decreased by increasing the parameters above. Therefore US parameters should be optimized to achieve a suitable degree of cell 
permeation [109].  

3.3.2.2. Enhanced Nanocarrier/Drug Transport to Target Cells  

 The US waves aid in transporting drugs and other nanocarriers in the presence or absence of cavitation. In the absence of bubbles 
(i.e., cavitation), US waves can improve the diffusivity of molecules by inducing a convective motion in the insonated fluid [102]. 
It can also enhance the targetability of nanocarriers by increasing the ligand/receptor interactions through the convective motion 
[110]. Also, the presence of bubbles contributes significantly to drug transport through cavitation. The stable oscillation of 
bubbles when exposed to US generates eddies around them. Such convective motion is termed “microstreaming” and can 
transport molecules close to the surface of the bubble at high speed [102].   

3.3.2.3. Perturbation of Nanocarriers  

 The effect of oscillating bubbles and shear stress produced by pressure waves acting on the nanocarriers cause them to shear 
open and release the encapsulated drug at the required site [111]. The bubble activity causing such a violent impact on surrounding 
vesicles/cells is due to “inertial cavitation”. Unlike stable cavitation, inertial cavitation causes bubbles to oscillate in size and 
eventually collapse during the compression cycle of the wave [112]. This causes shock waves in the surrounding liquid or a 
micro-jet with high velocity, also known as asymmetric bubble collapse, close to a boundary [112]. A micro-jet can pierce the 
surrounding structures, thus creating pores that facilitate the passage of drugs. Inertial cavitation is more likely to occur at low 
US frequencies and high negative peak pressures as predicted from the mechanical index developed by Apfel and Holland [113].   

 When it comes to ultrasonic liposomal drug delivery, the primary objective is to render these nanocarriers more susceptible to 
ultrasound.  We have previously introduced the concept of eLiposomes [114], which are nanovehicles encapsulating a low boiling 
point emulsion, capable of acoustic droplet vaporization upon exposure to ultrasound [115, 116].  Although the perfluorocarbon 
used to synthesize these emulsions has a boiling point lower than 30°C, these eLiposomes are stable at physiological conditions 
but start to boil at higher temperatures [117, 118]. Our group has also been investigating the multimodal drug delivery of 
biologically targeted liposomes and acoustic power [119, 120], and comparing it to non-targeted liposomes [121]. We have also 
reported the concept of acoustically controlling liposomal drug delivery using a model predictive control, so that the concentration 
of the drug will not drop below therapeutic levels [122].   
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CONCLUSION  

 This paper sheds light on a synergistic approach in cancer therapy that involves passive, active and triggered drug delivery. To 
prevent the potentially toxic effects of nonselective chemotherapy, research has focused on nanocarrier systems that act as 
vehicles to encapsulate a cytotoxic agent and selectively transport it to the tumor site. Passive targeting is achieved when 
nanocarriers passively exploit the nature of cancerous tissues that facilitate their site-specific accumulation. The conjugation of 
target moieties on the surface of liposomes actively enhances their selective internalization into the tumor site through ligand-
receptor binding mechanisms. Lastly, to trigger the release of drugs at the tumor site, various external and internal triggers can 
be utilized including US waves.  

CONSENT FOR PUBLICATION  

  Not applicable.  

FUNDING    

None.  

CONFLICT OF INTEREST  

 The authors declare no conflict of interest, financial or otherwise.  

ACKNOWLEDGEMENTS  

 The authors would like to acknowledge the support received by the American University of Sharjah Faculty Research Grants 
(AUS/FRG15-R-41 and AUS/FRG16-R-24); Patient’s Friends Committee, Sharjah; AlJalila Foundation (AJF201555); and Al 
Qasimi Foundation, and the Dana Gas Endowed Chair in Chemical Engineering.  

REFERENCES  
[1] Ferlay, J.; Soerjomataram, I.; Ervik, M.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. GLOBOCAN 2012: estimated 

cancer incidence, mortality and prevalence worldwide in 2012: IARC cancerbase No. 11. International Agency for Research on Cancer [Online] 2012. 
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx (Accessed August 11, 2018).  

[2] Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA:  
Cancer. J. Clin., 2018, 68(1), 7-30.   

[3] Dickens, E.; Ahmed, S. Principles of cancer treatment by chemotherapy. Surgery, 2018, 36(3), 134-138.   
[4] Symonds, R.P.; Foweraker, K. Principles of chemotherapy and radiotherapy. Curr. Obstet. Gynecol., 2006, 16(2), 100-106.   
[5] Types  of  cancer  treatment.  National  Cancer  Institute.  

https://www.cancer.gov/about-cancer/treatment/types (Accessed August 11, 2018).  
[6] Pastorino, F.; Brignole, C.; Di Paolo, D.; Nico, B.; Pezzolo, A.; Marimpietri, D.; Pagnan, G.; Piccardi, F.; Cilli, M.; Longhi, R.; Ribatti, D.; Corti, A.; 

Allen, T.M.; Ponzoni, M. Targeting liposomal chemotherapy via both tumor cell-specific and tumor vasculature-specific ligands potentiates therapeutic 
efficacy. Cancer Res., 2006, 66(20), 10073-10082.  

[7] Monsuez, J.J.; Charniot, J.C.; Vignat, N.; Artigou, J.Y. Cardiac side-effects of cancer chemotherapy. Int. J. Cardiol., 2010, 144(1), 3-15.   
[8] Elkhodiry, M.A.; Momah, C.C.; Suwaidi, S.R.; Gadalla, D.; Martins, A.M.; Vitor, R.F.; Husseini, G.A. Synergistic nanomedicine: passive, active, and 

ultrasound-triggered drug delivery in cancer treatment. J. Nanosci. Nanotechnol., 2016, 16(1), 1-18.   
[9] Pitt, W.G.; Husseini, G.A.; Roeder, B.L.; Dickinson, D.J.; Warden, D.R.; Hartley, J.M.; Jones, P.W. Preliminary results of combining low frequency 

low intensity ultrasound and liposomal drug delivery to treat tumors in rats. J. Nanosci. Nanotechnol., 2011, 11(3), 18661870.   
[10] Husseini, G.A.; Pitt, W.G.; Martins, A.M. Ultrasonically triggered drug delivery: breaking the barrier. Colloids Surf. B. Biointerfaces, 2014, 123, 364-

386.   
[11] Collins, I.; Workman, P. New approaches to molecular cancer therapeutics. Nat. Chem. Biol., 2006, 2(12), 689-700.   
[12] Dua, J.S.; Rana, A.C.; Bhandari, A.K. Liposome: methods of preparation and applications.  Int. J. Pharm. Stud. Res., 2012, 3(2), 1420.   
[13] Deamer, D.W. From "banghasomes" to liposomes: a memoir of Alec Bangham, 1921-2010. FASEB J., 2010, 24(5), 1308-1310.   
[14] Wagner, A.; Vorauer-Uhl, K. Liposome technology for industrial purposes. J. Drug Deliv., 2011, 2011.   
[15] Monteiro, N.; Martins, A.; Reis, R.L.; Neves, N.M. Liposomes in tissue engineering and regenerative medicine. J. R. Soc. Interface, 2014, 11(101).   
[16] Willis, M.; Forssen, E. Ligand-targeted liposomes. Adv. Drug Deliv. Rev., 1998, 29(3), 249-271.   
[17] Brey, R.N.; Liang, L. Polymerizable fatty acids, phospholipids and polymerized liposomes therefrom. U.S. Patent US6187335B1, February 13, 2001.  
[18] Leung, S.J.; Romanowski, M. Light-activated content release from liposomes. Theranostics, 2012, 2(10), 1020–1036.   
[19] Gabizon, A.A. Stealth liposomes and tumor targeting: one step further in the quest for the magic bullet. Clin. Cancer Res., 2001, 7(2), 223-225.   
[20] Juliano, R.L.; Stamp, D. The effect of particle size and charge on the clearance rates of liposomes and liposome encapsulated drugs. Biochem. Biophys. 

Res. Commun., 1975, 63(3), 651-658.   
[21] Magin, R.L.; Hunter, J.M.; Niesman, M.R.; Bark, G.A. Effect of vesicle size on the clearance, distribution, and tumor uptake of temperature-sensitive 

liposomes. Cancer Drug Deliv., 1986, 3(4), 223-237.   
[22] Fenske, D.B.; Cullis, P.R. Entrapment of small molecules and nucleic acid-based drugs in liposomes. Methods Enzymol., 2005, 391, 7-40.   
[23] Noble, G.T.; Stefanick, J.F.; Ashley, J.D.; Kiziltepe, T.; Bilgicer, B. Ligand-targeted liposome design: challenges and fundamental considerations. 

Trends Biotechnol., 2014, 32(1), 32-45.   
[24] Karanth, H.; Murthy, R.S. pH-sensitive liposomes-principle and application in cancer therapy. J. Pharm. Pharmacol., 2007, 59(4), 469-483.   
[25] Barenholz, Y. Doxil®—The first FDA-approved nano-drug: Lessons learned. J. Control. Release, 2012, 160(2), 117-134.   
[26] Delivered  by  stealth®  technology  home  page. https://www.doxil.com/ (Accessed August 16, 2018).  



Liposomes in Active, Passive and Acoustically-Triggered Drug Delivery  Mini-Reviews in Medicinal Chemistry, 2019, Vol. 19, No. 0     9  

[27] Wong, A.D.; Ye, M.; Ulmschneider, M.B.; Searson, P.C. Quantitative analysis of the enhanced permeation and retention (EPR) effect. PLoS One, 2015, 
10(5), e0123461.   

[28] Bulbake, U.; Doppalapudi, S.; Kommineni, N.; Khan, W. Liposomal formulations in clinical use: an updated review. Pharmaceutics, 2017, 9(2), 12.   
[29] Prescribing Myocet®. http://www.tevauk.com/hcp/myocet (Accessed August 16, 2018).  
[30] Swenson, C.E.; Perkins, W.R.; Roberts, P.; Janoff, A.S. Liposome technology and the development of Myocet™ (liposomal doxorubicin citrate). Breast, 

2001, 10, 1-7.   
[31] Myocet. https://www.drugs.com/uk/myocet.html (Accessed August 16, 2018).  
[32] Amreddy, N.; Babu, A.; Muralidharan, R.; Panneerselvam, J.; Srivastava, A.; Ahmed, R.; Mehta, M.; Munshi, A.; Ramesh, R. Recent advances in 

nanoparticle-based cancer drug and gene delivery. Adv. Cancer Res., 2018, 137, 115-170.  
[33] Mepact home page. http://www.mepact.net/ (Accessed August 16, 2018).  
[34] Silverman, J.A.; Deitcher, S.R. Marqibo® (vincristine sulfate liposome injection) improves the pharmacokinetics and pharmacodynamics of vincristine. 

Cancer Chemother. Pharmacol., 2013, 71(3), 555-564.   
[35] The  first  and  only  liposome-encapsulated  vincristine. http://www.marqibo.com/ (Accessed August 16, 2018).  
[36] Burade, V.; Bhowmick, S.; Maiti, K.; Zalawadia, R.; Ruan, H.; Thennati, R. Lipodox® (generic doxorubicin hydrochloride liposome injection): in vivo 

efficacy and bioequivalence versus Caelyx® (doxorubicin hydrochloride liposome injection) in human mammary carcinoma (MX-1) xenograft and 
syngeneic fibrosarcoma (WEHI 164) mouse mode. BMC Cancer, 2017, 17(1), 405.   

[37] Understanding therapy with ONIVYDE® (Irinotecan Liposome Injection). https://www.onivyde.com/for-patients/ (Accessed August 26, 2018).  
[38] Onivyde. https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/ 207793Orig1s000Lbl.pdf (Accessed August 27, 2018).  
[39] Kim, M.; Williams, S. Daunorubicin and cytarabine liposome in newly diagnosed therapy-related acute myeloid leukemia (AML) or AML with 

myelodysplasia-related changes. Ann. Pharmacother., 2018, 52(8), 792-800.   
[40] Drug approval package: VYXEOS (daunorubicin and cytarabine).  

https://www.accessdata.fda.gov/drugsatfda_docs/nda/2017/209401 Orig1s000ChemR.pdf (Accessed August 27, 2018).  
[41] Park, K. Facing the truth about nanotechnology in drug delivery.  

ACS Nano., 2013, 7(9), 7442-7447.   
[42] Lattin, J.R.; Pitt, W.G.; Belnap, D.M.; Husseini, G.A. Ultrasoundinduced calcein release from eLiposomes. Ultrasound Med. Biol., 2012, 38(12), 2163-

2173.   
[43] Staples, B.J.; Pitt, W.G.; Roeder, B.L.; Husseini, G.A.; Rajeev, D.; Schaalje, G.B. Distribution of doxorubicin in rats undergoing ultrasonic drug delivery. 

J. Pharm. Sci., 2010, 99(7), 3122-3131.   
[44] Moussa, H.G.; Martins, A.M.; Husseini, G.A. Review on triggered liposomal drug delivery with a focus on ultrasound. Curr. Cancer Drug Targets, 

2015, 15(4), 282-313.   
[45] Khokhlova, T.D.; Haider, Y.; Hwang, J.H. Therapeutic potential of ultrasound microbubbles in gastrointestinal oncology: recent advances and future 

prospects. Therap. Adv. Gastroenterol., 2015, 8(6), 384-394.   
[46] Lentacker, I.; Geers, B.; Demeester, J.; De Smedt, S.C.; Sanders, N.N. Design and evaluation of doxorubicin-containing microbubbles for ultrasound-

triggered doxorubicin delivery: cytotoxicity and mechanisms involved. Mol. Ther., 2010, 18(1), 101-108.   
[47] Lattin, J.R.; Pitt, W.G. Factors affecting ultrasonic release from eLiposomes. J. Pharm. Sci., 2015, 104(4), 1373-1384.   
[48] Byrne, J.D.; Betancourt, T.; Brannon-Peppas, L. Active targeting schemes for nanoparticle systems in cancer therapeutics. Adv. Drug Deliv. Rev., 2008, 

60(15), 1615-1626.   
[49] Torchilin, V.P. Multifunctional nanocarriers. Adv. Drug Deliv. Rev., 2006, 58(14), 1532-1555.   
[50] Hillen, F.; Griffioen, A.W. Tumour vascularization: sprouting angiogenesis and beyond. Cancer Metastasis Rev., 2007, 26(3-4), 489-502.   
[51] Zetter, B.R. Angiogenesis and tumor metastasis. Annu. Rev. Med., 1998, 49, 407-424.   
[52] Greish, K. Enhanced permeability and retention (EPR) effect for anticancer nanomedicine drug targeting. Methods Mol. Biol., 2010, 624, 25-37.  
[53] Aggarwal, P.; Hall, J.B.; McLeland, C.B.; Dobrovolskaia, M.A.; McNeil, S.E. Nanoparticle interaction with plasma proteins as it relates to particle 

biodistribution, biocompatibility and therapeutic efficacy. Adv. Drug Deliv. Rev., 2009, 61(6), 428-437.   
[54] Greish, K. Enhanced permeability and retention of macromolecular drugs in solid tumors: a royal gate for targeted anticancer nanomedicines. J. Drug 

Target., 2007, 15(7-8), 457-464.   
[55] Fang, J.; Sawa, T.; Maeda, H. Factors and mechanism of "EPR" effect and the enhanced antitumor effects of macromolecular drugs including SMANCS. 

Adv. Exp. Med. Biol., 2003, 519, 29-49.   
[56] Jhaveri, A.M.; Torchilin, V.P. Multifunctional polymeric micelles for delivery of drugs and siRNA. Front. Pharmacol., 2014, 5, 1-26.   
[57] Vaage, J.; Donovan, D.; Uster, P.; Working, P. Tumour uptake of doxorubicin in polyethylene glycol-coated liposomes and therapeutic effect against a 

xenografted human pancreatic carcinoma. Br. J.  
Cancer, 1997, 75(4), 482-486.   

[58] Maeda, H.; Bharate, G.Y.; Daruwalla, J. Polymeric drugs for efficient tumor-targeted drug delivery based on EPR-effect. Eur. J.  
Pharm. Biopharm., 2009, 71(3), 409-419.   

[59] Harrington, K.J.; Mohammadtaghi, S.; Uster, P.S.; Glass, D.; Peters, A.M.; Vile, R.G.; Stewart, J.S. Effective targeting of solid tumors in patients with 
locally advanced cancers by radiolabeled pegylated liposomes. Clin. Cancer Res., 2001, 7(2), 243-254.   

[60] Dams, E.T.; Laverman, P.; Oyen, W.J.; Storm, G.; Scherphof, G.L.; van Der Meer, J.W.; Corstens, F.H.; Boerman, O.C. Accelerated blood clearance 
and altered biodistribution of repeated injections of sterically stabilized liposomes. J. Pharmacol. Exp. Ther., 2000, 292(3), 1071-1079.   

[61] Ishida, T.; Maeda, R.; Ichihara, M.; Irimura, K.; Kiwada, H. Accelerated clearance of PEGylated liposomes in rats after repeated injections. J. Control. 
Release, 2003, 88(1), 35-42.   

[62] Ishida, T.; Harada, M.; Wang, X.Y.; Ichihara, M.; Irimura, K.; Kiwada, H. Accelerated blood clearance of PEGylated liposomes following preceding 
liposome injection: effects of lipid dose and PEG surface-density and chain length of the first-dose liposomes. J. Control. Release, 2005, 105(3), 305-
317.   

[63] Laverman, P.; Carstens, M.G.; Boerman, O.C.; Dams, E.T.; Oyen, W.J.; van Rooijen, N.; Corstens, F.H.; Storm, G. Factors affecting the accelerated 
blood clearance of polyethylene glycol-liposomes upon repeated injection. J. Pharmacol. Exp. Ther., 2001, 298(2), 607-612.   

[64] Hossen, M.N.; Kajimoto, K.; Tatsumi, R.; Hyodo, M.; Harashima, H. Comparative assessments of crucial factors for a functional ligand-targeted 
nanocarrier. J. Drug Target., 2014, 22(7), 600-609.   

[65] Carlsson, J.; Kullberg, E.B.; Capala, J.; Sjöberg, S.; Edwards, K.; Gedda, L. Ligand liposomes and boron neutron capture therapy. J. Neuro-Oncol., 
2003, 62(1-2), 47-59.   

[66] Steichen, S.D.; Caldorera-Moore, M.; Peppas, N.A. A review of current nanoparticle and targeting moieties for the delivery of cancer therapeutics. Eur. 
J. Pharm. Sci., 2013, 48(3), 416-427.   

[67] Park, J.W. Liposome-based drug delivery in breast cancer treatment. Breast Cancer Res., 2002, 4(3), 95-99.   
[68] Park, J.W.; Hong, K.; Carter, P.; Asgari, H.; Guo, L.Y.; Keller, G.A.; Wirth, C.; Shalaby, R.; Kotts, C.; Wood, W.I. Development of anti-p185HER2 

immunoliposomes for cancer therapy. Proc. Natl. Acad. Sci. U.S.A, 1995, 92(5), 1327-1331.   



10     Mini-Reviews in Medicinal Chemistry, 2019, Vol. 19, No. 0  Al Basha et al.  

[69] Kirpotin, D.; Park, J.W.; Hong, K.; Zalipsky, S.; Li, W.L.; Carter,  
P.; Benz, C.C.; Papahadjopoulos, D. Sterically stabilized antiHER2 immunoliposomes: design and targeting to human breast cancer cells in vitro. 
Biochemistry, 1997, 36(1), 66-75.   

[70] Yuan, M.; Qiu, Y.; Zhang, L.; Gao, H.; He, Q. Targeted delivery of transferrin and TAT co-modified liposomes encapsulating both paclitaxel and 
doxorubicin for melanoma. Drug Deliv., 2016, 23(4), 1171-1183.   

[71] Tang, J.; Zhang, L.; Liu, Y.; Zhang, Q.; Qin, Y.; Yin, Y.; Yuan, W.; Yang, Y.; Xie, Y.; Zhang, Z.; He, Q. Synergistic targeted delivery of payload into 
tumor cells by dual-ligand liposomes comodified with cholesterol anchored transferrin and TAT. Int. J. Pharm., 2013, 454(1), 31-40.   

[72] Wang, R.H.; Cao, H.M.; Tian, Z.J.; Jin, B.; Wang, Q.; Ma, H.; Wu, J. Efficacy of dual-functional liposomes containing paclitaxel for treatment of lung 
cancer. Oncol. Rep., 2015, 33(2), 783-791.   

[73] Sharma, G.; Modgil, A.; Layek, B.; Arora, K.; Sun, C.; Law, B.; Singh, J. Cell penetrating peptide tethered bi-ligand liposomes for delivery to brain in 
vivo: biodistribution and transfection. J. Control. Release, 2013, 167(1), 1-10.   

[74] ClinicalTrials.gov registry. Study of MBP-426 in patients with second line gastric, gastroesophageal, or esophageal adenocarcinoma. U.S. National 
Library of Medicine. 2014. https://clinicaltrials.gov/ct2/show/NCT00964080 (Accessed August 30, 2018).  

[75] van der Meel, R.; Vehmeijer, L.J.C.; Kok, R.J.; Storm, G.; van Gaal, E.V.B. Ligand-targeted Particulate Nanomedicines Undergoing Clinical Evaluation: 
Current Status. In Intracellular Delivery III: Market Entry Barriers of Nanomedicines; Prokop, A., Weissig, V., Eds.; Springer: Switzerland, 2016; pp 
163-200.  

[76] Liu, R.; Xiao, K.; Luo, J.; Lam, K.S. Development of CancerTargeting Ligands and Ligand-Drug Conjugates. In Drug Delivery in Oncology: From 
Basic Research to Cancer Therapy; Kratz, F., Senter, P., Eds.; Wiley-VCH: Germany, 2012; pp 121-168.  

[77] Matsumura, Y.; Gotoh, M.; Muro, K.; Yamada, Y.; Shirao, K.; Shimada, Y.; Okuwa, M.; Matsumoto, S.; Miyata, Y.; Ohkura, H.; Chin, K.; Baba, S.; 
Yamao, T.; Kannami, A.; Takamatsu, Y.; Ito, K.; Takahashi, K. Phase I and pharmacokinetic study of MCC-465, a doxorubicin (DXR) encapsulated in 
PEG immunoliposome, in patients with metastatic stomach cancer. Ann. Oncol., 2004, 15(3), 517-525.   

[78] Broderick, J.M. MM-302 falls short in phase II HER2+ breast cancer trial. OncLive [Online], December 21, 2016. https://www.onclive.com/web-
exclusives/mm302-falls-short-inphase-ii-her2-breast-cancer-trial (Accessed August 30, 2018).  

[79] ClinicalTrials.gov registry. A phase I study of systemic gene therapy with SGT-94 in patients with solid tumors (SGT94-01). U.S. National Library of 
Medicine. 2017. https://clinicaltrials.gov/ct2/ show/NCT01517464 (Accessed August 30, 2018).  

[80] National Institutes of Health. Retargeting FDA approved anticancer liposomal drugs to cancer stem cells. Department of Health and Human Services. 
2015. https://www.sbir.gov/sbirsearch/detail/ 1043275 (Accessed August 30, 2018).  

[81] Shih, Y.-H.; Luo, T.-Y.; Chiang, P.-F.; Yao, C.-J.; Lin, W.-J.; Peng, C.-L.; Shieh, M.-J. EGFR-targeted micelles containing nearinfrared dye for enhanced 
photothermal therapy in colorectal cancer. J. Control. Release, 2017, 258, 196-207.   

[82] Ahn, J.; Miura, Y.; Yamada, N.; Chida, T.; Liu, X.; Kim, A.; Sato, R.; Tsumura, R.; Koga, Y.; Yasunaga, M.; Nishiyama, N.; Matsumura, Y.; Cabral, 
H.; Kataoka, K. Antibody fragment-conjugated polymeric micelles incorporating platinum drugs for targeted therapy of pancreatic cancer. Biomaterials, 
2015, 39, 23-30.   

[83] Cui, M.Y.; Dong, Z.; Cai, H.; Huang, K.; Liu, Y.; Fang, Z.; Li, X.; Luo, Y. Folate-targeted polymeric micelles loaded with superparamagnetic iron oxide 
as a contrast agent for magnetic resonance im- 
aging of a human tongue cancer cell line. Mol. Med. Rep., 2017, 16(5), 7597-7602.   

[84] Wu, G.; Barth, R.F.; Yang, W.; Chatterjee, M.; Tjarks, W.; Ciesielski, M.J.; Fenstermaker, R.A. Site-specific conjugation of boroncontaining dendrimers 
to anti-EGF receptor monoclonal antibody cetuximab (IMC-C225) and its evaluation as a potential delivery agent for neutron capture therapy. Bioconjug. 
Chem., 2004, 15(1), 185-194.   

[85] Poh, S.; Putt, K.S.; Low, P.S. Folate-targeted dendrimers selectively accumulate at sites of inflammation in mouse models of ulcerative colitis and 
atherosclerosis. Biomacromolecules, 2017, 18(10), 3082-3088.   

[86] Skyba, D.M.; Price, R.J.; Linka, A.Z.; Skalak, T.C.; Kaul, S. Direct in vivo visualization of intravascular destruction of microbubbles by ultrasound and 
its local effects on tissue. Circulation, 1998, 98(4), 290-293.   

[87] Ta, T.; Porter, T.M. Thermosensitive liposomes for localized delivery and triggered release of chemotherapy. J. Control. Release, 2013, 169(1-2), 112-
125.   

[88] Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-responsive nanocarriers for drug delivery. Nat. Mater., 2013, 12(11), 991-1003.   
[89] Kneidl, B.; Peller, M.; Winter, G.; Lindner, L.H.; Hossann, M. Thermosensitive liposomal drug delivery systems: state of the art review. Int. J. Nanomed., 

2014, 9, 4387-4398.   
[90] Forbes, N.A.; Zasadzinski, J.A. Localized photothermal heating of temperature sensitive liposomes. Biophys. J., 2010, 98(3), 274a.   
[91] de la Rica, R.; Aili, D.; Stevens, M.M. Enzyme-responsive nanoparticles for drug release and diagnostics. Adv. Drug Deliv. Rev., 2012, 64(11), 967-

978.   
[92] He, X.; Li, J.; An, S.; Jiang, C. pH-sensitive drug-delivery systems for tumor targeting. Ther. Deliv., 2013, 4(12), 1499-1510.   
[93] Ellens, H.; Bentz, J.; Szoka, F.C. H+- and Ca2+-induced fusion and destabilization of liposomes. Biochemistry, 1985, 24(13), 30993106.   
[94] Ferreira, D.S.; Lopes, S.C.; Franco M.S.; Oliveira, M.C. pHsensitive liposomes for drug delivery in cancer treatment. Ther. Deliv., 2013, 4(9), 1099-

1123.   
[95] Yavlovich, A.; Singh, A.; Blumenthal, R.; Puri, A. A novel class of phototriggerable liposomes containing DPPC:DC(8,9)PC as vehicles for delivery of 

doxorubicin to cells. Biochim. Biophys. Acta, 2011, 1808(1), 117-126.   
[96] Pradhan, P.; Giri, J.; Rieken, F.; Koch, C.; Mykhaylyk, O.; Döblinger, M.; Banerjee, R.; Bahadur, D.; Plank, C. Targeted temperature sensitive magnetic 

liposomes for thermo-chemotherapy. J.  
Control. Release, 2010, 142(1), 108-121.   

[97] Jain, A.; Tiwari, A.; Verma, A.; Jain, S.K. Ultrasound-based triggered drug delivery to tumors. Drug Deliv. Transl. Res., 2018, 8(1), 150-164.   
[98] Dromi, S.; Frenkel, V.; Luk, A.; Traughber, B.; Angstadt, M.; Bur, M.; Poff, J.; Xie, J.; Libutti, S.K.; Li, K.C.; Wood, B.J. Pulsed-high intensity focused 

ultrasound and low temperature-sensitive liposomes for enhanced targeted drug delivery and antitumor effect. Clin. Cancer Res., 2007, 13(9), 2722-
2727.   

[99] Ranjan, A.; Jacobs, G.C.; Woods, D.L.; Negussie, A.H.; Partanen, A.; Yarmolenko, P.S.; Gacchina, C.E.; Sharma, K.V.; Frenkel, V.; Wood, B.J.; Dreher, 
M.R. Image-guided drug delivery with magnetic resonance guided high intensity focused ultrasound and temperature sensitive liposomes in a rabbit 
Vx2 tumor model. J. Control. Release, 2012, 158(3), 487-494.   

[100] Lyon, P.C.; Griffiths, L.F.; Lee, J.; Chung, D.; Carlisle, R.; Wu, F.; Middleton, M.R.; Gleeson, F.V.; Coussios, C.C. Clinical trial protocol for TARDOX: 
a phase I study to investigate the feasibility of targeted release of lyso-thermosensitive liposomal doxorubicin (ThermoDox®) using focused ultrasound 
in patients with liver tumours. J. Ther. Ultrasound, 2017, 5, 28.   

[101] Lyon, P.C.; Gray, M.D.; Mannaris, C.; Folkes, L.K.; Stratford, M.; Campo, L.; Chung, D.Y.F.; Scott, S.; Anderson, M.; Goldin, R.; Carlisle, R.; Wu, F.; 
Middleton, M.R.; Gleeson, F.V.; Coussios, C.C. Safety and feasibility of ultrasound-triggered targeted drug delivery of doxorubicin from thermosensitive 
liposomes in liver tumours (TARDOX): a single-centre, open-label, phase 1 trial. Lancet. Oncol., 2018, 19(8), 1027-1039.   

  



Liposomes in Active, Passive and Acoustically-Triggered Drug Delivery  Mini-Reviews in Medicinal Chemistry, 2019, Vol. 19, No. 0     11  

[102] Pitt, W.G.; Husseini, G.A.; Staples, B.J. Ultrasonic drug delivery – a general review. Expert Opin. Drug Deliv., 2004, 1(1), 37-56.   
[103] Smith, N.B. Perspectives on transdermal ultrasound mediated drug delivery. Int. J. Nanomed., 2007, 2(4), 585-594.   
[104] Ahmed, S.E.; Martins, A.M.; Husseini, G.A. The use of ultrasound to release chemotherapeutic drugs from micelles and liposomes. J. Drug Target., 

2015, 23(1), 16-42.   
[105] Staples, B.J.; Roeder, B.J.; Husseini, G.A.; Badamjav, O.; Schaalje, G.B.; Pitt, W.G. Role of frequency and mechanical index in ultrasonic-enhanced 

chemotherapy in rats. Cancer Chemother. Pharmacol., 2009, 64(3), 593-600.   
[106] Ueda, H.; Mutoh, M.; Seki, T.; Kobayashi, D.; Morimoto, Y. Acoustic cavitation as an enhancing mechanism of low-frequency sonophoresis for 

transdermal drug delivery. Biol. Pharm. Bull., 2009, 32(5), 916-920.   
[107] Stringham, S.B.; Viskovska, M.A.; Richardson, E.S.; Ohmine, S.; Husseini, G.A.; Murray, B.K.; Pitt, W.G. Over-pressure suppresses ultrasonic-induced 

drug uptake. Ultrasound Med. Biol., 2009, 35(3), 409-415.   
[108] Yang, F.; Gu, N.; Chen, D.; Xi, X.; Zhang, D.; Li, Y.; Wu, J. Experimental study on cell self-sealing during sonoporation. J. Control. Release, 2008, 

131(3), 205-210.   
[109] Karshafian, R.; Bevan, P.D.; Williams, R.; Samac, S.; Burns, P.N. Sonoporation by ultrasound-activated microbubble contrast agents: effect of acoustic 

exposure parameters on cell membrane permeability and cell viability. Ultrasound Med. Biol., 2009, 35(5), 847860.   
[110] Rapoport, N. Drug-loaded perfluorocarbon nanodroplets for ultrasound-mediated drug delivery. Adv. Exp. Med. Biol., 2016, 880, 221-241.  
[111] Nomikou, N.; McHale, A.P. Exploiting ultrasound-mediated effects in delivering targeted, site-specific cancer therapy. Cancer Lett., 2010, 296(2), 133-

143.   
[112] Park, D.; Park, H.; Seo, J.; Lee, S. Sonophoresis in transdermal drug delivery. Ultrasonics, 2014, 54(1), 56-65.   
[113] Apfel, R.E.; Holland, C.K. Gauging the likelihood of cavitation from short-pulse, low-duty cycle diagnostic ultrasound. Ultrasound Med. Biol., 1991, 

17(2), 179-185.   
[114] Williams, J.B.; Buchanan, C.M.; Husseini, G.A.; Pitt, W.G. Cytosolic delivery of doxorubicin from liposomes to multidrug resistant cells via the 

vaporization of perfluoropentane droplets. J. Nanomed. Res., 2017, 5(4), 00122.  
[115] Pitt, W.G.; Singh, R.N.; Perez, K.X.; Husseini, G.A.; Jack, D.R. Phase transitions of perfluorocarbon nanoemulsion induced with ultrasound: a 

mathematical model. Ultrason. Sonochem., 2014, 21(2), 879-891.  
[116] Singh, R.; Husseini, G.A.; Pitt, W.G. Phase Transitions of Nanoemulsions using ultrasound: experimental observations. Ultrason. Sonochem., 2012, 

19(5), 1120-1125.  
[117] Husseini, G.A.; Pitt, W.G.; Javadi, M. Investigating the stability of eLiposomes at elevated temperatures. Technol. Cancer Res. Treat., 2015, 14(4), 379-

382.   
[118] Husseini, G.A.; Pitt, W.G.; Williams, J.B.; Javadi, M. Investigating the release mechanism of calcein from eLiposomes at higher temperatures. J. Colloid 

Sci. Biotechnol., 2014, 3(3), 239-244.  
[119] Salkho, N.M.; Paul, V.; Kawak, P.; Vitor, R.F.; Martins, A.M.; Al Sayah, M.; Husseini, G.A. Ultrasonically controlled estronemodified liposomes for 

estrogen-positive breast cancer therapy. Artif. Cells Nanomed. Biotechnol., 2018, 46(sup2), 462-472.  
[120] Salkho, N.M.; Turki, R.Z.; Guessoum, O.; Martins, A.M.; Vitor, R.F.; Husseini, G.A. Liposomes and ultrasound as a promising drug delivery system in 

cancer treatment. Curr. Mol. Med., 2017, 17(10), 668-688.  
[121] Ahmed, S.E.; Moussa, H.G.; Martins, A.M.; Al-Sayah, M.; Husseini, G.A. Effect of pH, ultrasound frequency and power density on the release of calcein 

from stealth liposome. Eur. J. Nanomed., 2016, 8(1), 31-43.  
[122] Moussa, H.G.; Husseini, G.A.; Abdel-Jabbar, N.M.; Ahmad, S.E. The use of model predictive control and artificial neural networks to optimize the 

ultrasonic release of a model drug from liposomes. IEEE Trans. Nanobiosci., 2017, 16(3), 149-156.  


	Liposomes in Active, Passive and Acoustically-Triggered Drug Delivery
	1. INTRODUCTION
	2. LIPOSOMES
	2.1. Classification and Stabilization of Liposomes
	2.2. eLiposomes

	3. DELIVERY OF NANOCARRIERS TO THE TUMOR
	3.1. Passive Targeting
	3.2. Active Targeting
	3.3. Triggering Drug Delivery
	3.3.1. Internal and External Triggers
	3.3.2. Ultrasound
	3.3.2.1. Permeabilization of Target Cell Membranes
	3.3.2.2. Enhanced Nanocarrier/Drug Transport to Target Cells
	3.3.2.3. Perturbation of Nanocarriers



	CONCLUSION
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES


