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ABSTRACT 

 

Ceramides, a class of bioactive sphingolipids, have been shown to contribute to various 

cellular and signalling events. C6, as a short-chain ceramide, is considered the most potent 

ceramide which can inhibit proliferation and induce pro-apoptotic effects in specific cancer 

cells, including triple-negative breast cancer (TNBC). However, the therapeutic application of 

ceramides is limited due to their poor water-solubility and susceptibility to enzymatic 

degradation. Therefore, encapsulating ceramides into nanoparticles may be required to increase 

intracellular levels and generally enhance ceramide efficacy. This study investigates the use of 

lipid nanocapsules (LNCs) as a suitable alternative to liposome for ceramide delivery. The 

presence of C6 ceramide had no major impact on the physico-chemical properties of LNCs, but 

did affected liposome properties. LNCs formulations had greater stability under storage (at 4℃) 

and cell culture conditions than liposomes. Also, liposomes were more likely to aggregate at 

high salt concentrations. C6 ceramide-loaded nanoparticles (LNCs-C6 and liposome-C6) were 

more cytotoxic than equivalent ghost nanoparticles (LNCs-ghost and liposome-ghost) towards 

MDA-MB-231 breast cancer cells. C6 ceramide was confirmed to induce cancer cell death 

through apoptosis and caspase-3/7 activation. Encapsulating ceramide did not limit its 

pharmacology activity on TNBC cells, and in some cases mildly enhanced its efficacy with 

LNCs-C6 seen to be slightly more effective than liposome-C6. These results provide further 

insight into the application of LNCs as a compatible nanocarrier for ceramide delivery and offer 

a viable platform for future development of anticancer drug-loaded ceramide LNCs for 

combination therapy in cancer treatment.  
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1. Introduction 

1.1. Ceramide structure and synthesis 

Ceramides are amphiphilic molecules, part of the sphingolipid family. Ceramides 

share a basic chemical structure consisting of a 18-carbon long sphingoid hydrophobic 

backbone with hydroxyl groups found on C1 and C3 carbons, a trans double bond across C4 

and C5, and an amide linker at C2 (1,2) (Figure 1.1 A). Ceramides are categorised by the 

length of the N-acyl chain, which also dictates their biological activities (1,3). Ceramides 

with an acyl chain length between 14 and 26 are the main ceramides found in mammalian 

cells (1,4); high concentrations of these ceramides can be found in the stratum corneum 

where they help fulfil the barrier function of the skin (5,6). In contrast, shorter-chain 

ceramides (<C12) are absent or only exist in very low levels in the cell membranes (4,5), yet  

regulate important cellular responses and signalling pathways, in both normal and cancer 

(2,6,7).  

In the body, ceramide levels are regulated by different metabolic pathways, including 

de novo synthesis, salvage pathway, and sphingomyelin hydrolysis (8–11). Firstly, de novo 

synthesis (Figure 1.1 B) produces ceramides through the condensation of serine and 

palmitoyl coenzyme A. Alternatively, ceramide synthesis can occur via the salvage pathway 

(Figure 1.1 C) which involves recycling sphingosine generated from the deacetylation of 

ceramides (>C12) by ceramidase (CDase); this pathway is also under the control of ceramide 

synthase (CerS) (10). The type of ceramide synthesised depend on which CerS enzyme 

(CerS1-CerS6) is involved. For example, CerS1 and CerS4 generate C18 – C20 ceramides, 

CerS5 and CerS6 generate C14 – C16 ceramides, CerS2 generates C22 – C24 ceramides, 

and CerS3 generates C28 – C32 ceramides (10,12). Moreover, ceramides are also generated 
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through the sphingomyelin pathway (Figure 1.1 D) from hydrolysis of sphingomyelin, a 

major component of plasma membrane (11,13), by sphingomyelinase to produce ceramides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Structure of a ceramide molecule (A) adapted from (1) with permission from Elsevier. 

Ceramide synthesis through three main metabolic pathways: de novo (B), salvage (C), and 

sphingomyelin (D) adapted from (13) with modification and permission from Elsevier.  

 

In terms of metabolism, ceramides can be hydrolysed by CDase to produce 

sphingosine which is then phosphorylated to produce sphingosine-1-phosphate (S1P) 

(10,14). Although ceramide and sphingosine are both part of the sphingolipid family they 

Ceramide 

(B) De novo pathway 

Serine + palmitoyl-CoA 

SPT 

Dihydroceramide 

DH-CerS 

DES 

(C) Salvage pathway 

CDase 

Sphingosine 

CerS1-6 

Sphingosine-1-phosphate 

S1PP SK 

Sphingomyelin pathway 

Sphingomyelin 

SMase SMS 

(D) 

(A) 

  

18-carbon sphingoid base 

N-acyl chain (e.g. C16 ceramide) 

(1) 
(2) 

(3) 
(4) 

(5) 

Sphinganine 

3-ketosphinganine 

3-ketosphinganine 
reductase 

 



3 
 

have opposite functions in cancer. Ceramides regulate cell death and suppress tumour 

growth, whereas S1P promotes cell and tumour proliferation (10,15). Because of the 

complexity of sphingolipid activity, the right balance between ceramides and S1P must be 

achieved (15,16). 

 

1.2. Role of ceramide in cancer 

As previously mentioned, ceramides are bioactive sphingolipids that play an essential 

role in cell differentiation and senescence. This makes ceramides an interesting target for 

cancer therapy, especially as synthesis is often suppress in cancer cells (14,17). The 

exogenous administration of ceramides have been shown to trigger apoptosis in cancer cells 

(Table 1.1) (8,9,12,18); similarly, it was reported that anticancer drugs, such as cisplatin, 

vincristine and doxorubicin, could increase ceramide levels in specific cancer cells which 

could enhance their anti-cancer activity (19–21). The cellular functions of ceramides are acyl 

chain length- and cell type-dependent (22,23). It can be observed that short-chain ceramides 

(C2, C6, C8 ceramide) are more common in research than longer chain ceramides. Though 

ceramides, like phospholipids, are amphiphilic, the longer the alkyl chain, the more 

hydrophobic the ceramide (24,25), the more challenging the formulation becomes (26).  

Additionally, short-chain ceramide may be a substrate for ceramide synthesis to produce 

long-chain ceramides which makes them more interesting candidates as anti-cancer drugs 

(27,28). 
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Table 1.1. The use of ceramides in nanomedicine for cancer treatment 

Ceramide Cancer cells Effect Literature 

C2 ceramide Melanoma cells (B16F10, A375) 

Acute myeloid leukaemia (AML) 

Pro-apoptotic 

Pro-apoptotic 

(29) 

(30) 

C6 ceramide Breast cancer cells (MDA-MB-231, 

MDA435/LCC6, MCF-7) 

Cervical cancer cells (HeLa) 

Colon cancer cells (HCT116) 

Pancreatic cancer cells (PANC-1) 

Hepatocellular carcinoma (SK-HEP-1) 

Chronic lymphocytic leukaemia (JVM3) 

Pro-apoptotic 

 

Inhibit proliferation 

Pro-apoptotic 

Pro-apoptotic 

Pro-apoptotic 

Inhibit proliferation 

(31–35) 

 

(36) 

(37) 

(38,39) 

(40) 

(41) 

C8 ceramide Breast cancer cells (MDA435/LCC6) Inhibit proliferation (33) 

C16 ceramide Breast cancer cells (MCF-7) 

Leukaemia cells (HL-60) 

Cervical cancer cells (HeLa) 

Inhibit proliferation 

Inhibit proliferation 

Pro-apoptotic 

(42) 

(42) 

(43) 

 

 

Among short-chain ceramides, C6 (Figure 1.2) is considered the most potent ceramide 

and can inhibit proliferation and/ or induce apoptosis in specific cancer cells, including 

breast, colon, hepatocellular and pancreatic cancer (31,33,37–40,44). Specifically, in breast 

cancer cells, shorter-chain ceramides exhibit stronger chemotherapeutic activity than the 

longer-chains (10,15,33,45). For instance, Shabbits et al. (33) reported that the IC50 of C6 

(2.71 μM) and C8 ceramide (7 µM), in MDA435/LCC6 breast cancer cells was noticeably 

lower than for C10 (44.10 μM), C14 and C16 (>100 μM) ceramides. In addition, C6 

ceramides were able to induce apoptosis in MDA-MB-231 breast cancer cells by 

upregulating caspase-3/7 activity (16,31,34).  
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Figure 1.2. Chemical structure of C6 ceramide (N-hexanoyl-D-erythro-sphingosine) 

 

The role of ceramides in breast cancer is the subject of growing interest, with current 

research evaluating the possibility of targeting the sphingolipid pathway to increase 

ceramide levels and promote ceramide-mediated cell death (46–48). This approach would 

be particularly attractive for triple-negative breast cancer (TNBC) where ceramides may act 

synergistically with anticancer drugs, as shown in MDA-MB-231 TNBC cells, when C6 

ceramide was combined with docetaxel, doxorubicin, paclitaxel, or sorafenib (49–54). 

Despite their potential role in tumour inhibition, the therapeutic application of 

ceramides may be limited due to limited water-solubility and susceptibility to enzymatic 

degradation (31,38,49), even for less hydrophobic C6 ceramide. C6 ceramide has poor 

aqueous solubility (slightly soluble in aqueous buffers), though it can be dissolved in  DMSO 

(solubility >20 mg/mL) or ethanol (solubility >33 mg/mL) (12,31). Therefore, encapsulating 

ceramides into nanoparticles may be required to increase intracellular levels, protect against 

degradation, and enhance specificity towards cancer cells. Previously, liposomes have been 

widely used for that purpose, in part due to the similarities between phospholipids and 

sphingolipids (55,56) and the ability of ceramides to position themselves within the 

liposomal membrane (41,57,58).  
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1.3. Liposome and other ceramide delivery systems 

Liposomes are spherical drug carriers prepared from one or more phospholipids with 

a water-filled inner core surrounded by one or more lipid bilayers (55,59). Although they are 

mostly used to encapsulate water-soluble drugs, liposomes can be used to deliver a variety 

of drugs. As such, liposomes are versatile, biodegradable, biocompatible drug carriers, and 

one of the few nanomedicines to have reached the clinic (56,60–62). 

 
Table 1.2. Composition of C6 ceramide-loaded liposomes previously reported 

Composition mol% Results 

DSPC/ DOPE/ PEG(2000)-DSPE/ 

PEG(750)-C8 ceramide/ C6 

ceramide 

37.5/ 17.5/ 7.5/ 

7.5/ 30 

-    IC50 5 M (MDA-MB-231 cells) 

-  Liposomes enhanced cytotoxicity 

and apoptosis induction, compared 

to free-C6 ceramide. 

EPC/ Cholesterol/ PEG(2000)-

DSPE/ C6 ceramide 

70/ 15/ 3/ 15 - IC50 >200 μM (HeLa) 

- Liposome-C6 did not significantly 

induce apoptosis 

DSPC/ Cholesterol/ C6 ceramide 40/ 45/ 15 - IC50 15.9 μM (MDA435/LCC6) 

- Liposome formulations did not 

enhance cytotoxicity of C6 

ceramide. 

 

It has been widely reported that C6 ceramide-loaded liposomes could be effective as 

an adjuvant cancer treatment that inhibits tumour growth (34–38). The lipid composition 

used for C6 ceramide-loaded liposomes in previous studies (32,33,36) are summarised in 

Table 1.2. From these studies, it appears that C6 ceramide loading should be kept below 30 

mol% to avoid interfering with vesicle stability (32,40). Importantly, such high loading have 

only been achieved by including PEG(750)-C8 ceramide in the formulation (32). 

Unfortunately, to date, there is not enough information regarding the impact of composition 
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and size of liposome on ceramide delivery, thus more work is needed to investigate these 

matters. 

Still, liposomes have several drawbacks as a drug carrier, including premature release 

or leakage of lipophilic contents and relatively low loading capacity for hydrophobic 

substances compared to other lipid-based nanoparticles (63–67). This suggests that 

nanoparticles other than liposomes may be more effective delivery system for C6 ceramide 

and that more work is needed to confirm this. For instance, PLGA (poly-lactic-co-glycolide)/ 

liposome hybrids for ceramide delivery revealed an extended release of ceramide compared 

to the liposomes without PLGA, where ceramide completely released in 2 minutes (68). 

Moreover, Wang et al. (69) found that C6 ceramide-loaded graphene oxide-polyethylene 

glycol-polyethylenimine nanoparticles (NGO-PEG-PEI/C6) considerably increased the 

activation of caspase-3 that indicate apoptosis in hepatocellular carcinoma cells (HepG2), 

compared to liposome-C6 ceramide and the vehicle control used (70).   

To date, few drug carriers have been explored for the encapsulation of C6 ceramide. 

Although liposomes are a relatively common example, solvent-free lipid nanocapsules 

(LNCs) can offer a new platform for ceramide delivery (71).  

 

1.4. Lipid nanocapsules (LNCs) 

Lipid nanocapsules (LNCs) are nano-emulsions characterised by a liquid oily core and 

a mixture of surfactant and phospholipids as the semi-solid outer shell. For most LNCs, the 

oily core consist of medium-chain triglycerides while the shell is formed by a combination 

of polyethylene glycol hydroxystrearate (HS-PEG) and soybean lecithin (Figure 1.3). 

Compared to liposomes, LNCs have several advantages, including a robust, solvent-free 
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manufacturing process, narrow size distribution, and high encapsulation efficiency for 

hydrophobic drugs (71,72). 

 

 

  

 

 

 

 

 

Figure 1.3. Schematic representation of LNCs structure; adapted from (71) with modification 

and permission from Elsevier. 

 

LNCs are prepared using a phase-inversion temperature method, developed and 

patented by Heurtault et al. (pub no. US 2009/0238865 A1). This method involved three 

cycles of a heating-cooling process followed by dilution with cold water to induce an 

irreversible shock from water-in-oil (w/o) to oil-in-water (o/w) emulsions (71,73). A ternary 

diagram was plotted to determine the optimal proportions of each component required to 

form LNCs. This revealed that LNCs are formed within the following limits:  10 – 40% of 

hydrophilic surfactant (HLB: 14 – 16), 10 – 25% of oil, and 35 – 80% of water (73,74).  As 

expected, LNC size decreased with surfactant concentration and increase with oil content 

(71,73–75). 

LNCs rely on the addition of Kolliphor® HS15 which contains HS-PEG, to create a 

stable nanocarrier with prolonged circulation times (76,77). Kolliphor® HS15 is a FDA-

approved PEGylated derivative of stearic acid (C18) (Figure 1.4). Interestingly, HS-PEG in 

the LNCs has been found to inhibit the P-glycoprotein (P-gp) efflux pump that contributes 

PEG 660 (Kolliphor® HS15) 

Phospholipid (Lipoid®) 

Oily core (Labrafac®) 

Hydrophobic drugs 
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to the multidrug resistance (MDR) in cancer cells (78,79). It should be noted, however, that 

the presence of excess free surfactant chains may lead to toxicity when unpurified LNCs are 

tested on cells (74,80). Indeed, the amphipathic nature of the surfactant allows it to disrupt 

cell membranes (80,81). The same mechanism can lead to haemolysis of red blood cells (82). 

However, Kolliphor® HS15 showed a lower haemolytic activity than polysorbate 80, a 

common pharmaceutical excipient, and no haemolytic if used at low concentrations (≤ 1%) 

(83–85). Therefore, purification will be paramount to control levels of free surfactant in LNC 

formulations.  

 

 

 

 

 

 

 

Figure 1.4. Chemical structure of (A) PEG 660 and (B) PEG 660-HS found in Kolliphor® HS15; 

adapted from (77) with permission from Wiley. 

 

 

Recently, research on the application of LNCs as nanocarriers for anticancer drug 

delivery has increased (86–90). LNCs have shown a higher capacity for poorly-soluble, non-

ionisable drugs such as paclitaxel and docetaxel, compared to liposomes (71,78). Similar 

entrapment efficiencies are expected for short-chain ceramide. This combined with the 

potential inhibition of the P-gp by HS-PEG could allow LNCs to dramatically boost the 

activity of chemotherapeutic agents (31,91).  
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Furthermore, although nano-emulsions or solid lipid nanoparticles have been explored 

for C6 ceramide delivery (92–95), it remains unclear whether those carriers address the 

issues raised about liposomes since no direct comparison was provided. Moreover, the 

specific use of LNCs for ceramide delivery has not been studied yet. Therefore, here, LNCs 

are selected as a potential alternative to liposome for C6 ceramide delivery against breast 

cancer cells because of their promising characteristics. 

 

1.5. Aim and objectives 

This research project was designed to determine whether LNCs could be a suitable 

alternative nanocarrier for C6 ceramide as a bioactive, pro-apoptotic sphingolipid. It is 

hypothesised that LNCs will be a suitable alternative to liposome as nanocarriers for 

ceramide delivery to MDA-MB-231 breast cancer cells. 

Objectives: 

1. Manufacture and characterisation of LNCs with and without C6 ceramide using a 

phase-inversion temperature method. 

2. Manufacture and characterisation of PEGylated liposomes with and without C6 

ceramide using a thin film hydration method.  

3. Assess the impact of C6 ceramide on cytotoxicity of LNCs and liposome against 

MDA-MB-231 cell line using Cell-Counting Kit 8 (CCK8) method. 

4. Study the impact of encapsulation on cytotoxicity of C6 ceramide towards MDA-MB-

231 cell line using analysis of variance (ANOVA). 

5. Probe the mechanism of cell death induced by C6 ceramide using annexin V/ PI and 

caspase-3/7 assay.  
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2.  Nanoparticles manufacturing and characterisation 

2.1. Introduction 

Characterisation of a nanoparticle’s physico-chemical properties is an essential step 

following their preparation. Typically, properties such as average diameter, size distribution 

(polydispersity index), surface charge (zeta potential) and sometimes morphology are 

assessed. Understanding these properties is beneficial to help predict the behaviour of the 

nanoparticles in the body (96,97). For example, the size and surface properties of 

nanoparticles determines their circulation times in the bloodstream and rapid clearance by 

the mononuclear phagocyte system (MPS) (98,99). Smaller, hydrophilic, neutral particles 

tend to have longer circulation times, while larger, cationic, hydrophobic nanoparticles could 

be recognised by MPS and, on occasion, induce an inflammatory response (100,101).  

Dynamic light scattering (DLS) is one of the most popular techniques to determine 

hydrodynamic particle size. DLS measures fluctuations in the intensity of light scattered by 

suspended nanoparticles subject to Brownian motion and provides a simple and rapid 

measurement method (102,103). DLS also estimates the particle size distribution data which 

is displayed as polydispersity index (PdI) (103,104). PdI values <0.3 are considered 

acceptable and indicate a homogenous nanoparticle population (105). 

Furthermore, surface properties, such as surface charge and hydrophobicity, also 

influence the interaction between nanoparticle and biological systems. Zeta potential (ZP) is 

linked to surface charge and is determined based on electrophoretic mobility and can be used 

to predict the colloidal stability of nanoparticles (106). According to the DLVO theory on 

the stability of colloid, a near-neutral ZP (- 25 mV< ZP< 25 mV), is associate with a higher 

risk of nanoparticle aggregation due to the interparticle interaction (e.g. van der Waals, 

electrostatic). For these particles, steric stabilisation with a hydrophilic coating may be 
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needed to maintain stability. On the other hand, charged particles (ZP greater or lower than 

± 60 mV) have an excellent stability (103,107). Yet, strongly positive particles may be more 

toxic and may have limited stability under physiological conditions (108–112). 

In addition to the surface charge, the hydrophobicity of nanoparticle is another key 

property, though not routinely assessed, that determines the fate and bioavailability of 

nanoparticles (113,114). Hydrophobic nanoparticles can aggregate at physiological salt 

concentrations due to a salting-out effect (115,116). Surface hydrophobicity also influence 

the cellular uptake and toxicity of nanoparticles as drug carriers (113,117–119), and has been 

associated with the ‘protein corona’ which can affect the distribution and transport of 

nanoparticles in physiological and environmental systems (120–122). Numerous techniques 

have been suggested to evaluate surface hydrophobicity, either quanti- or quali-tatively: salt 

aggregation, probe adsorption method, contact angle, and hydrophobic interaction 

chromatography (HIC) (113,117,123). Salt aggregation test (SAT) will be used in this 

current study to determine the hydrophobicity property of nanoparticles based on a salting-

out phenomenon (124). 

 

2.1.1. Aim and objectives 

This chapter will focus on the manufacture and basic characterisation of LNCs and 

liposome with and without C6 ceramide. The results obtained will be analysed to test the 

research hypothesis that the presence of C6 ceramide will not have a major impact on the 

physico-chemical properties and surface hydrophobicity of nanoparticles.  

Objectives: 

1. Manufacture LNCs and liposome with and without C6 ceramide and assess their 

particle size (DLS), size distribution (DLS), zeta potential (electrophoretic mobility), 

including as part of a colloidal stability study. 
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2. Assess surface hydrophobicity using the salt aggregation test method. 

  

2.2. Materials and methods 

2.2.1. Materials 

Kolliphor® HS15 (PEG660-C18; 30% free PEG 660 and 70% PEG 660 

hydroxystearate) and Labrafac™ Lipophile WL 1349 (medium-chain triglyceride 

(MCT): caprylic [C8] and capric [C10] acids) were kindly provided by BASF SE 

(Ludwigshafen, Germany) and Gattefosse (Saint-Priest, France), respectively. Lipoid® 

S75 (SPC; soybean phospholipid with 70% phosphatidylcholine), DSPC (1,2-Distearoyl-

sn-glycero-3-phosphocholine) and PEG (2000)-DSPE (N-(Carbonyl-

methoxypolyethyleneglycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine) 

were purchased from Lipoid GMBH (Ludwigshafen, Germany). Sodium chloride (NaCl), 

ammonium thiocyanate (NH4SCN) and cholesterol were purchased from Merck 

(Gillingham, Dorset, UK). Ferric chloride anhydrous (FeCl3) from Scientific Laboratory 

Supplies Ltd. (Wilford, Nottingham, UK) and chloroform from Thermo Fisher Scientific 

Ltd. (Loughborough, Leicestershire, UK). C6 Ceramide (d18:1/6:0) was purchased from 

Cambridge Bioscience Ltd. (Cambridge, UK). 

 

2.2.2. Methods 

2.2.2.1. Preparation and purification of LNCs 

LNCs were prepared using the phase-inversion method previously described by 

Hertault et al. (73). Briefly, a mixture of Lipoid® S75, Kolliphor® HS15, Labrafac™ 

Lipophile WL1349 and 3% NaCl aqueous were mixed and heated to 85ºC under 

constant stirring. Two sizes of LNCs were prepared by varying composition according 
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to Table 2.1. The coarse emulsion was then subjected to three cycles of heating-cooling 

(85ºC – 60ºC – 85ºC – 60ºC – 85ºC). When the mixture reached 72ºC during the last 

cooling step, cold water (2 – 4ºC) was poured into the mixture, leading to the 

spontaneous formation of stable LNCs. The LNC dispersions were stirred for 5 minutes 

at room temperature. The amount of cold water added to the mixture was 2.5-times and 

2-times the total weight of the original emulsion for LNC50 and LNC100, respectively. 

LNC concentration was estimated from the oil content from the initial formulation with 

34.29 mg/mL and 76.67 mg/mL for LNC50 and LNC100, respectively. LNC emulsions 

were stored at 4ºC until further use and were stable for at least 8 weeks at that 

temperature. C6 ceramide-containing LNCs were prepared using the protocol above 

with the amount of ceramide listed in Table 2.1. 

 

Table 2.1. LNCs composition 

Formula 

Composition (% w/w) 

Labrafac® 

Lipophile 

WL1349 

Kolliphor® 

HS15 

Lipoid® 

S75 

NaClaq 

3% 

C6 

Ceramide 

LNC50-ghost 12 10.5 1.5 76 - 

LNC50-C6 12 10.5 1.5 76 0.05 

LNC100-ghost 23 8.5 1.5 67 - 

LNC100-C6 23 8.5 1.5 67 0.09 

 

The excess surfactant and free PEG660 (Kolliphor® HS15) were removed by 

dialysis (Float-A-Lyzer® G2, UK; 1000 kD MWCO) against 2L of deionized water 

containing 4 g of BioBeads® SM-2. The water was changed daily during the purification 

process for 7 days. Residual surfactant was determined colorimetrically (117) by 

separating the excess surfactant from the particle using ultrafiltration (Amicon Ultra; 



15 
 

100 kDa MWCO; Milipore, UK, 11,357 x g for 10 minutes). For this step, 50 µL of 

ultrafiltrate supernatant containing Kolliphor® HS15 was added to the mixture of 750 

µL of chloroform and 750 µL of aqueous solution of ammonium ferrothiocyanate (16.2 

g/L FeCl3; 30.4 g/L NH4SCN). The biphasic mixture was incubated under gentle orbital 

stirring for 30 minutes at room temperature in the dark. The bottom chloroform layer 

was collected and measured the absorbance using UV-Vis spectrophotometer 

(Shimadzu UV-2600; Kyoto, Japan) at wavelength 510 nm (Shimadzu UV-2600; 

Kyoto, Japan). Validation of the assay methods based on three individual batches of 

surfactant revealed a linear range 0.5 – 4 mg/mL, a limit of detection (LoD) 0.21 mg/mL, 

and a limit of quantification (LoQ) 0.63 mg/mL. The surfactant content determined from 

a calibration curve (y = 0.1538 x + 0.0753; R2 = 0.9977).  

 

2.2.2.2. Preparation of liposomes 

Liposomes were prepared using the thin-film hydration method. Briefly, DSPC, 

cholesterol, PEG (2000)-DSPE and C6 ceramide were combined in specific molar ratios 

(Table 2.2) and dissolved in chloroform. The solvent was removed by rotary evaporator 

at 55°C for 60 mins to form a lipid film. The lipid film was then hydrated by the addition 

of 0.9% NaCl to obtain a final lipid concentration of 10 mg/mL. The dispersion was 

sonicated at 60°C for 5 – 10 minutes and then manually extruded at 60ºC  through 100 

nm polycarbonate membranes (Avanti Mini-Extruder, Avanti Polar Lipids, Alabaster, 

Alabama, USA). Liposomes were stored at 4ºC until further use. 
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Table 2.2. Liposomes composition 

 

Formula 

Composition (mol%) 

DSPC Cholesterol PEG (2000)-DSPE C6 

ceramide 

Liposome-Ghost 56.6 28.7 14.7 - 

Liposome-C6 Ceramide 55 22.5 7.5 15 

 

2.2.2.3. Size and surface charge measurement 

Particle size, polydispersity index (PdI), and zeta potential (ZP) of nanoparticles 

were measured on a Zetasizer® Malvern Nano series (Malvern Nano-ZS, Malvern, UK). 

The measurements were carried out at temperature 25ºC and scattering angle 173º. 

Refractive index for all samples was set at 1.590. The PdI was used to estimate the size 

distribution with a PdI value less than 0.3 indicates a unimodal size distribution. Prior 

to measurement, both the LNCs and liposomes were diluted 1:20 in deionized water and 

10 mM NaCl for size and zeta potential measurement, respectively.   

 

2.2.2.4. Stability study of nanoparticles 

The colloidal stability of nanoparticles was assessed under storage (4ºC) and cell 

culture conditions (sterile cell culture media (Dulbecco’s Modified Eagle Medium high 

glucose containing 10% foetal bovine serum (FBS) and 5% penicillin-streptomycin) and 

incubated under sterile condition at 37ºC). In both cases, particle size and PdI were 

measured daily for 10 days.  For cell culture conditions, the measurement settings were 

adjusted at temperature 37ºC, viscosity 0.7400 cP and refractive index 1.337. 
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2.2.2.5. Assessment of nanoparticle surface hydrophobicity 

This experiment was conducted using a salt aggregation test (SAT). Briefly, 

LNCs and liposomes were diluted in saline solutions at various NaCl concentration (2.5 

M to 5 M) and at two different temperatures, 25ºC and 37ºC. Aggregation was observed 

by measuring the change in particle size over 30 minutes. Settings were adjusted to 

mimic the changes in refractive index and viscosity of the dispersing medium at 

increasing salt concentration. 

 

2.2.2.6. Statistical analysis 

Graph processing and statistical analyses were performed using GraphPad Prism 

version 9 (GraphPad Software Inc.,California, USA). Properties of LNCs and liposomes 

were analysed using an unpaired t-test. Results from the stability study for ceramide-

loaded liposomes were analysed using one-way ANOVA with time as the sole variable, 

followed by a post-hoc Dunnett test. Salt aggregation test statistical analysis was 

performed using a two-way ANOVA with time and salt concentrations as variables and 

post hoc Dunnett’s test for multiple comparisons. 

 

2.3. Results and discussion 

2.3.1. Manufacture and characterisation of LNCs 

In this study, LNCs were successfully prepared using the phase-inversion 

temperature method previously reported (73). As expected, LNC size could be controlled 

by varying the oil (Labrafac® Lipophile WL 1349) and surfactant (Kolliphor® HS15) 

content, according to the ternary diagram proposed by Hertault et al. (73). In this study, 

two different sizes of LNCs were prepared (50 nm and 100 nm). In both cases, the 
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diameters obtained by DLS  agreed with the predicted sizes. Furthermore, introduction of 

C6 ceramide had no noticeable impact on particle size, polydispersity index. This was 

somewhat expected as the ceramide loading was relatively low. Since C6 ceramide is a 

natural cellular sphingolipid with a short hydrophobic region, it was originally predicted 

that the ceramides would be inserted at the capsule interface like the phospholipid in the 

LNCs (Figure 2.1). However, it remains possible for some or all the C6 ceramide to be 

dissolved in the oily core as well, especially as it was found that up to 1 mg/mL C6 

ceramide could be dissolved in Labrafac. The activity of C6 ceramide formulated as 

LNCs systems will be the focus of chapter 3.  

 

 

 

 

 

  

 

 

 

After preparation, the LNCs (with and without ceramide) were purified to remove 

the excess surfactant which has been associated to cytotoxicity (80,81). In a previous 

study, Vonarbourg et al. (77) showed a 30% decrease in the concentration of free 

surfactant after 48 hours of dialysis using a 50 kDa MWCO membrane, against deionised 

water. It was predicted that the removal of excess surfactant could be achieved optimally 

with a higher molecular cut-off.  

Figure 2.1. Schematic representation of LNC-C6 structure.  

PEG 660 (Kolliphor® HS15) 

Phospholipid (Lipoid®) 

Oily core (Labrafac®) 

C6 ceramide 
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Here, optimisation using surfactant stock solution (10 mg/mL) has been carried out 

to obtain appropriate conditions for LNCs purification. At this concentration, the 

surfactant is expected to exist in a mixture of free chains and micelles. However, even 

when using a dialysis membrane with a cut-off (1,000 kDa) 20 times higher than the 

molecular weight of surfactant chains, only a small amount of surfactant was removed 

after 3 days of purification against deionised water (data not shown). This may reflect the 

difficulty in removing surfactant micelles from the preparation as the cut-off is less than 

10-fold the reported MW of Kolliphor micelle (163 kDa) (83). Therefore, the addition of 

modified resin adsorbent (BioBeads® SM-2 Resin) was needed to encourage surfactant 

removal. 

Based on a previous study conducted by Jones et al. (117), the inclusion of 

adsorbent during LNC dialysis accelerated purification and led to the decrease of free 

surfactant concentrations to <0.5 mg/mL in 72 hours. Nonetheless, in the current study a 

longer duration (168 hours) was required to achieve similar results and produced 

surfactant concentrations lower than the limit of quantification (LoQ: 0.63 mg/mL). The 

correlation between the concentration of surfactant and the toxicity will be discussed in 

chapter 3.  

The properties of ghost and ceramide-loaded LNCs before and after purification are 

summarised in Tables 2.3 – 2.4. After purification, a slight, but statistically significant, 

increase in average size was noted for LNC100s only, however, that size remained within 

acceptable variation for nanoparticles. More interestingly, the PdI increased dramatically 

for both ghost LNCs after purification, though values remained within the acceptable 

range (PdI < 0.3). The exact reasons behind these observations are unclear, especially as 

these occurred without a notable change in particle size. However, the increase in PdI 
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might be correlated to the rearrangement of PEG chains during dialysis (77). Importantly, 

although the PdI increased after purification, no further increases were noted over time, 

confirming adequate colloidal stability.  

 

Table 2.3. Properties of LNCs-ghost before and after purification 

Parameter 
Before Purification After Purification 

LNC50-ghost LNC100-ghost LNC50-ghost LNC100-ghost 

Average diameter (nm) 48 ± 3 100 ± 4 47 ± 3 112 ± 2*** 

PdI*** 0.07 ± 0.07 0.06 ± 0.02 0.22 ± 0.05 0.23 ± 0.02 

Zeta potential (mV) -7 ± 2 -6 ± 1 -6 ± 1 -7 ± 1 

Theoretical surfactant 

concentration (mg/mL) 
30.00 28.33 - - 

Actual surfactant 

concentration (mg/mL) 
32.48 29.59 <LoQ <LoQ 

(1)Data are presented as mean ± SD from three individual batches (n=3) 
(2)Statistical analysis was performed, using an unpaired t-test to compare individual LNC formulations before 

and after purification (***p<0.001 pre- vs post-purification).  

 

 

Similarly, an increase in PdI was noticed for both C6 ceramide-loaded LNCs after 

dialysis. Furthermore, LNCs were found to have a neutral to slightly negative zeta 

potential, like in previous studies (125,126). This parameter was not affected by 

purification as no statistical difference was observed for any of the formulations (p>0.05).  

Table 2.4. Properties of LNCs-C6 before and after purification 

Parameter 
Before Purification After Purification 

LNC50-C6 LNC100-C6 LNC50-C6 LNC100-C6 

Average diameter (nm) 44 ± 1 100 ± 1 47 ± 2  112 ± 5***  

PdI*** 0.04 ± 0.01 0.07 ± 0.03 0.24 ± 0.02  0.19 ± 0.07 

Zeta potential (mV) -6 ± 3 -7 ± 2 -8 ± 4 -8 ± 1 

(1)Data are presented as mean ± SD from three individual batches (n=3) 
(2)Statistical analysis was performed, using an unpaired t-test to compare individual LNC formulations 

before and after purification (***p<0.001 pre- vs post-purification).  
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A stability study was also conducted on purified ghost and C6-loaded LNCs under 

storage (4°C) and cell culture conditions. All LNCs formulations were stable when stored 

in the fridge (Figure 2.2) which agrees with previous findings showing that LNCs are 

stable at this temperature for up to 18 months (73).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Stability study of LNCs with and without ceramide under storage at 4°C with (A,B) LNC50; 

(C,D) LNC100. Data presented as mean ± SD from three individual batches (n=3). 

 

In addition, although the colloidal stability at room temperature was not tested here, 

previous studies reported that LNCs were stable at room temperature (25°C) and even at 

higher temperatures (37° – 40°C) for 1.5 months, and there is no indication this would 
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not be the case for the LNCs prepared here (73,117,127). The steric stabilisation provided 

by the PEG and the semi-rigid shell led to the physical stability of LNCs and prevented 

the coalescence of the oil core (74). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Stability study of LNCs with and without ceramide under cell culture conditions with (A,B) 

LNC50; (C,D) LNC100. Data presented as mean ± SD from three individual batches (n=3). 

 

 

The stability under cell culture conditions aimed to mimic in vitro conditions by 

dispersing the nanoparticles in complete cell culture media.  Both LNC50s and LNC100s 

with and without C6 ceramide were relatively stable for 10 days, which is more than 

required for most cell assays (Figure 2.3). There was a slight change of particle size and 
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PdI of LNCs during the study period, but PdI remained within the acceptable range (PdI 

< 0.3) and particle size was within 5 – 10 nm of the initial value.  

Overall, LNCs with and without C6 ceramide were successfully prepared with the 

phase-inversion temperature method with good physico-chemical properties and stability. 

The addition of bioactive sphingolipid, C6 ceramide, did not dramatically influence the 

characteristics and stability of LNCs formulations.   

 

2.3.2. Manufacture and characterisation of liposomes 

Control DSPC liposome formulations were prepared by thin-film hydration. DSPC 

is a fully saturated neutral C18-phospholipid with a phase transition temperature ca. 55ºC, 

that has been shown to enhance liposome stability (128,129). In addition, DSPC has a 

rigid cylindrical structure (130) and produces fairly thick lipid bilayers (44.30 ± 0.11 Å) 

(131) which produces spherical liposome and could enhance encapsulation efficiency of 

hydrophobic substances, compared to unsaturated phospholipid with a similar chain 

length or other phospholipids with shorter alkyl chains (130,132). 

The properties of liposomes with and without C6 ceramide are summarised in Table 

2.5. There was a significant difference in size between liposome-ghost and liposome-C6, 

with the latter showing larger particle size, as expected. PdI remained low (<0.3), even 

after C6 loading. The zeta potential  for both liposomes was found to be slightly negative 

to neutral which as previous reported by Overbye, et al. (49) and Zolnik, et al. (133).  
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Table 2.5. Properties of liposome with and without C6 ceramide 

Parameter Liposome-Ghost Liposome-C6 ceramide 

Average diameter (nm) 68 ± 1 91 ± 2*** 

PdI 0.16 ± 0.01 0.19 ± 0.02 

Zeta potential (mV) -8 ± 2 -9 ± 1 

Lipid concentration (mg/mL) 10  10 

(1)Data are presented as mean ± SD from three individual batches (n=3) 
(2)Statistical analysis was performed using unpaired t-test (***p<0.001 liposome-ghost vs liposome-C6)  

 

 

Chemical and colloidal stability of liposomes during storage and under cell culture 

conditions can be affected by their composition. Here, the use of DSPC and addition of 

cholesterol are expected to circumvent some of those issues (130,134). Cholesterol 

improves vesicle stability by regulating the fluidity of lipid bilayer (135,136). 

Furthermore, the addition of PEG in liposome formulations, especially with C6 ceramide-

loaded, is expected to provide steric stabilisation and prevent liposome aggregation over 

time (128,137).  PEG (2000)-DSPE is a polar lipopolymer with large headgroups and 

adopts a truncated cone-shaped structure that can fit into the gaps between phospholipid 

(cylinder-shaped) and cholesterol (inverted truncated cone-shaped) or short-chain 

ceramides (inverted truncated cone-shaped), thus further stabilising the liposomal bilayer 

(Figure 2.4) (45,138).  
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Figure 2.4. Schematic illustration of space-filling models of bilayer formed from DSPC, 

cholesterol, PEG (2000)-DSPE and C6 ceramide; adapted from (45) with modification and 

permission from American Chemical Society. 

 

 

Despite the presence of PEG and cholesterol, there was a noticeable difference in 

terms of stability between liposome-ghost and liposome-C6 (Figure 2.5). Ghost 

liposomes were relatively stable both under storage conditions (at 4°C) and in cell culture 

media, during the study period. Though a small change was observed in terms of particle 

size and size distribution, it was not that remarkably different from the initial value. In 

contrast, C6 ceramide-loaded liposome showed poorer colloidal stability than ghost 

liposome, with evidence of aggregation taking place from day 13 (4°C) and day 9 (cell 

culture conditions). Interestingly, the difference in stability between ghost and C6 

liposomes was less striking under cell culture conditions. This phenomenon demonstrates 

 

C6 Ceramide Cholesterol DSPC PEG (2000)-DSPE 

Hydrophobic region 

Outer aqueous phase 

Inner aqueous core 
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that the presence of C6 ceramide in liposome formulation markedly influences the 

stability of lipid bilayer systems with the same preparation method as ghost liposome. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Stability study of liposome formulations under storage at 4°C and cell culture conditions 

with (A,C) liposome-ghost; (B,D) liposome-C6. Data presented as mean ± SD from three individual 

batches (n=3). Statistical analysis using one-way ANOVA followed by a post-hoc Dunnett test for 

particle size (***p<0.001) and PdI (αααp<0.001), compared to the initial measurement at week/day 0.  
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 The composition of lipids seems to affect the stability of liposome-C6 ceramide. 

Here, it is possible that the organisation and stability of the liposome bilayer was affected 

by the addition of C6 ceramide, an unsaturated sphingolipid. (139,140). Moreover, the 

PEG content in ceramide liposomes (7.5 mol%) was less than in ghost liposomes (14.7 

mol%), which potentially reduced colloidal stability overtime.  

 To conclude, liposome formulations with good characteristics were successfully 

manufactured. The presence of C6 ceramide seems to affect the physico-chemical 

properties and stability of liposomes. The stability parameter may be correlated to the 

surface hydrophobicity of nanoparticles which will be discussed in the next section.  

 

2.3.3. Assessment of nanoparticle surface hydrophobicity 

Surface hydrophobicity is an essential property that influences the stability and 

biodistribution of nanocarriers (121). In this study, salt aggregation test (SAT) which 

based on the salting-out of hydrophobic colloids at high ionic strength  was used to assess 

this characteristic. It is important to note that the salt concentrations used are considerably 

higher than physiological concentrations. The SAT test assesses hydrophobicity based on 

the extent of aggregation and the minimum NaCl concentration triggering aggregation.  

Although this method provides a rapid and simple qualitative assessment, it has several 

limitations including low specificity on particle-ion interaction, dependence on 

nanoparticle concentration and lack of standardized protocols (141,142).  

Theoretically, nanoparticles with high surface hydrophobicity will be more likely 

to aggregate when exposed to concentrated salt solution at 37°C (143). For LNCs, it was 

projected that LNC100s with higher oil content and lower surfactant concentrations  
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would be slightly more hydrophobic compared to the LNC50s. However, the results 

indicated the opposite. 

At room temperature (25ºC), no aggregation was observed for any of the LNCs, 

with and without ceramide. Still, LNC50-ghost, LNC50-C6 and LNC100-C6 all showed 

a slight increase in particle size (ca. 1.5-fold) when exposed to high salt concentration 

(5M). On the other hand, the aggregation was observed for both ghost and C6-loaded 

LNC50s when incubated in 2.5 M NaClaq at 37ºC (Figure 2.6 B and D), with diameter 

increasing  ca. 3-fold. Further increases in NaCl concentrations led to ca. 10-fold and 35-

fold increase in particle sizes at 4 M and 5 M NaCl solutions 37ºC, respectively. LNC100 

preparations (Figure 2.7) also experienced an increase in size, though to a lower extent 

ca. 5-fold and 10-fold for 4 M and 5 M NaCl solutions 37ºC, respectively. However, the 

presence of C6 ceramide did not affect the surface behaviour of LNCs.  

Salting-out is more likely to occur at higher temperatures when the interaction 

between ion and water becomes stronger (124). Salting-out depends on the 

hydrophobicity of the particles and particles with minimum exposed hydrophobic zones 

tend to remain fully dispersed even at high salt concentrations (124,144). 
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Figure 2.6. Salt aggregation test of LNC50 at 25° and 37°C with (A,B) LNC50-ghost; (C,D) 

LNC50-C6. Data presented as mean ± SD from three individual batches (n=3). Statistical analysis 

using two-way ANOVA followed by a post-hoc Dunnett test, compared to the initial 

measurement at minute 0. 
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Figure 2.7. Salt aggregation test of LNC100 at 25° and 37°C with (A,B) LNC100-ghost; (C,D) 

LNC100-C6. Data presented as mean ± SD from three individual batches (n=3). Statistical 

analysis using two-way ANOVA followed by a post-hoc Dunnett test, compared to the initial 

measurement at minute 0. 
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conformation, while higher densities will exist in the more rigid brush conformation 

(145,146).  Here, the combination of a lower density and lower curvature mean that PEG 

is more likely to adopt a mushroom conformation on LNC100s and have the flexibility to 

interact with water, leading better hydration and better protection against aggregation 

when exposed to salt solutions. It has also been suggested that the conformation of the 

PEG can affect the interaction with ions present in the dispersing medium. Indeed, a 

previous study confirmed that ions could penetrate deeper into the corona of  LNC50s 

due to the brush conformation of PEG, compared to the mushroom conformation of PEG 

on the surface of LNC100s (Figure 2.8) (147). 

 

 

  

 

 

 

 

 

 

Figure 2.8. Schematic representation of PEG chains in (A) LNC50 with brush conformation and 

in (B) LNC100 with mushroom conformation 

 

For liposome formulations, the presence of C6 ceramide markedly influenced the 

surface behaviour of lipid bilayer systems (Figure 2.9). At room temperature, no 

aggregation was observed for ghost liposome independently of salt concentration, though 

the size increased slightly, similar to LNCs formulations when exposed to the higher salt 

concentrations. In contrast, liposome-C6 experienced a sharp increase in size, ca. 5-fold 
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and 50-fold in 4 M and 5 M NaCl solutions, respectively. At 37°C, both ghost and C6 

ceramide-loaded liposome exhibited massive aggregation when exposed to salt 

concentrations >2.5 M. The diameter of both liposome formulations increased ca. 20-fold 

in 4 M NaCl solutions 37°C. Meanwhile, in 5 M NaClaq at 37°C, liposome-C6 

experienced a slightly higher increase in diameter (ca. 60-fold) than ghost liposome (ca. 

35-fold).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Salt aggregation test of liposomes at 25° and 37°C with (A,B) liposome-ghost; (C,D) 

liposome-C6. Data presented as mean ± SD from three individual batches (n=3). Statistical 

analysis using two-way ANOVA followed by a post-hoc Dunnett test, compared to the initial 

measurement at minute 0. 
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The SAT results confirm what was seen in the stability study, where C6 ceramide 

had an impact on the organisation of the lipid bilayer and potentially lowered the ability 

of PEG to protect the liposomes from aggregation. Yet, these results are also somewhat 

confounding, especially as the PEG chains used in liposome formulations are longer than 

for LNCs, which should be shielding the hydrophobic surface better (148,149). However, 

the conformation of PEG is likely to have had an impact, similar to what was discussed 

for LNCs. It is important to note that PEG was added to the lipid mixture during liposome 

formation, as opposed to inserted into pre-formed vesicles. The means that PEG chains 

will be found on both sides of the liposome bilayer, i.e. inner core and outer surface. Still, 

the density on the outer surface should be sufficient to shield the bilayer but may be too 

high to avoid PEG adopting a mushroom conformation. Further work may be needed to 

fully understand these results. Importantly, no significant change in size was observed at 

lower salt concentration (≤ 2.5 M), which indicated all liposomes should be stable at 

physiological salt concentration (0.9% ~ 0.15 M).  

  

2.4. Conclusion 

LNCs and liposome with and without C6 ceramide were successfully prepared with a 

unimodal distribution. The presence of C6 ceramide did not have a major impact on the 

physico-chemical properties and surface hydrophobicity of LNCs but did affect the liposome 

formulation. Both sizes of ghost and ceramide-loaded LNCs had great colloidal stability 

under storage (4°C) and cell culture conditions. In contrast, stability under both conditions 

was suboptimal for liposomal ceramide. Interestingly, though ghost liposomes were 

relatively stable, they were more prone to aggregate than LNCs at high salt concentrations, 

even at room temperature. It could be suggested that the changes in conformation and 
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hydration of PEG chains on nanoparticle surface may influence the determination of 

hydrophobic nanoparticles. Therefore, the use of LNCs as an alternative to liposome for 

ceramide delivery has the potential to be developed and requires further investigation from 

cell-based study. However, it is important to note that ceramide loading and entrapment 

efficiency were not measured here (due to issues accessing the right facilities), thus those 

experiments will be needed to confirm these findings. 
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3. Cell Study 

3.1. Introduction 

Cellular interaction of nanoparticles has an important role in most drug delivery 

studies. Here, as nanoparticles act as carriers for the  bioactive, pro-apoptotic sphingolipid, 

C6 ceramide, the cell studies were performed on cancer cells. In this study, MDA-MB-231 

cells, a metastatic triple-negative breast cancer (TNBC) cell line, were used as a model. 

Currently, limited treatment options are available for TNBC since the cells do not express 

common receptors used for targeted, personalised medicines, such as the oestrogen (ER), 

progesterone (PR) and human epidermal growth factor receptors (HER2) (150–152). 

Furthermore, MDA-MB-231 is known to express multiple multidrug resistance (MDR) 

transporters, such as P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) 

(153,154). These efflux transporters naturally protect tumour cells by pumping out cytotoxic 

drugs leading to poor intracellular drug levels (155,156). Thus, inhibiting those transporters 

may help resolve some of the causes behind failure of chemotherapy in TNBC. Interestingly, 

exogenous C6 ceramide was reported to enhance the secretion of exosome-associated efflux 

transporters and reduce MDR which makes C6 ceramide beneficial as adjuvant drug therapy 

for TNBC (157). This mechanism may partially explain the ability of ceramide C6 to act in 

synergy with doxorubicin and paclitaxel, two known substrates of the P-gp, when used to 

treat MDA-MB-231 cells  (49,50,52).  

 In vitro cytotoxicity of liposomes and LNCs was using Cell-Counting Kit 8 (WST-8/ 

CCK8). This colorimetric method is based on metabolic dyes, tetrazolium salt, which is 

reduced by cellular dehydrogenases to an orange formazan product that is soluble in cell 

culture medium (158). The amount of orange formazan is proportional to the number of 

viable and metabolic active cells. The CCK8 assay is a simpler assay compared to other 
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common tests, since it does not require an additional step to dissolve the formazan crystals, 

and as has a high sensitivity, stability and low toxicity compared to the other tetrazolium 

salt-based assays, such as MTT and XTT (158–161).  

In order to probe the mechanism of cell death, the annexin V/ PI staining was 

performed in this study to determine whether C6 ceramide induced apoptosis. This assay is 

a firmly established in vitro cytotoxicity assay to differentiate between the early and late 

stages of apoptotic and necrotic cells following exposure to the nanoparticles. Apoptosis, 

also known as programmed cell death, is typically triggered by a normal physiological 

process in the body. There are several specific characteristics in apoptotic cells, including 

cell dehydration and shrinkage, nuclear fragmentation, lack of an inflammation response, 

and formation of apoptotic bodies (162–164). Apoptosis also occurs as a defence mechanism 

during healing process and beneficial to an organism (165). In comparison, necrosis, another 

mechanism of cell death is always pathological, and can be triggered by external factors, 

drugs or disease. Necrosis is characterised by cell inflammation, nuclear degradation, cell 

enlargement, leakage of content, and loss of membrane integrity (166,167). For cancer 

treatment, it is important to differentiate between both mechanisms. Most cancer therapies 

aim to induce apoptosis as elimination of cancer cells could be controlled without triggering 

inflammation response (163,165). Necrosis, on the other hand, provoke inflammation and 

leakage of cellular contents which could provide a condition for tumour metastatic 

(163,168). 

In addition to the annexin V/ PI staining assay, the caspase-3/7 activity assay was also 

conducted in this study since the cells that undergo apoptosis are almost always correlated 

with the activation of the caspase signalling pathway (169,170). Caspase activation is an 

integral part of apoptotic cell death (165). First, the initiator caspases are activated, (caspase-
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2, -8, -9, and -10) (171,172), then cleaved which then triggers the activation of effector 

caspases (caspase-3, -6, and -7) leading to cell apoptosis (Figure 3.1 A) (172–174).  Although 

there are some similarities between caspase-3 and 7, both have distinct functions in 

apoptosis. Morphologic changes and DNA fragmentation in apoptotic cells are mainly 

controlled by caspase-3, while caspase-7 is responsible for reactive oxygen species (ROS) 

production and helps in cell detachment (175,176).  

Flow cytometry was used to study both mechanism of cell death and caspase activity. 

In brief, the interactions between nanoparticles and cells in term of toxicity and cellular death 

mechanism are presented from these results of the cell-based study. 
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Figure 3.1. Schematic figure of apoptosis cell death pathway with (A) caspase cascade activation 

and (B) caspase-3/7 assay principle; adapted from (176,177) with permission from Springer Nature 

and Cold Spring Harbor Laboratory Press. Caspase-3/7 recognizes and cleaves the DEVD peptide 

which is a caspase-3/7 specific sequence that is couple with a DNA probe. When the probe enters 

the cell nucleus, it binds to the DNA thus producing a fluorescence signal and captured by flow 

cytometry.  

 

3.1.1. Aim and objectives 

This chapter will focus on the cellular characteristics of two specific nanocarriers 

(LNCs and liposome) for C6 ceramide delivery towards MDA-MB-231 cells. The main aim 

is to determine whether encapsulation will affect the pharmacological activity of C6 

ceramide, and to examine the following additional hypotheses: 
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1. C6 ceramide-containing nanoparticles (LNCs-C6 and liposome-C6) will be more 

cytotoxic than the equivalent ghost-nanoparticles (LNCs-ghost and liposome-ghost).  

2. C6 ceramide-containing nanoparticles (LNCs-C6 and liposome-C6) will induce 

apoptotic cell death to a greater extent than the equivalent ghost-nanoparticles 

(LNCs-ghost and liposome-ghost). 

Objectives 

1. Cytotoxicity assessment of the nanoparticles with and without ceramide against 

MDA-MB-231 cells using CCK-8 assay. 

2. Analysis of cell death mechanism induced by C6 ceramide in MDA-MB-231 cells 

using annexin V/ PI staining assay by flow cytometry. 

3. Analysis of caspase-3/7 activity to probe the mechanism action of C6 ceramide in 

inducing apoptosis using CellEvent™ caspase-3/7 green flow cytometry assay kit. 

 

3.2.  Materials and methods 

3.2.1. Materials 

Dulbecco’s Modified Eagle Medium (DMEM) - high glucose, Dulbecco’s 

phosphate buffered saline (DPBS), penicillin-streptomycin (10,000 U/mL), heat-

inactivated foetal bovine serum (HI FBS) and TrypLE™ express enzyme were purchased 

from Thermo Fisher Scientific Ltd. (Loughborough, Leicestershire, UK). Cell Meter™ 

Colorimetric WST-8 Cell Quantification Kit (CCK-8) was purchased from AAT Bioquest, 

Inc. (Pleasanton, California, US). Staurosporine was purchased from Cambridge 

Bioscience Ltd. (Cambridge, UK). Dead Cell Apoptosis Kit using Annexin V Alexa Flour 

488 & Propidium Iodide, as well as CellEvent™ Caspase-3/7 Green Flow Cytometry 

Assay Kit were purchased from Thermo Fisher Scientific (Invitrogen, UK).  
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3.2.2. Methods 

3.2.2.1. Cell culture 

MDA-MB-231 triple negative breast cancer cells were grown in DMEM high 

glucose supplemented with 10% foetal bovine serum (FBS) and 1% penicillin-

streptomycin (500 U/mL).  Cells were maintained at 37ºC in humidified air with 5% CO2.  

The cells were sub-cultured when its confluency reached ~80% using TrypLE™ express 

enzyme. The passage number of the cells used for this study was 39 to 48. 

 

3.2.2.2. Cytotoxicity assay  

The cytotoxicity of the nanoparticles (with and without ceramide) and free-C6 

ceramide was evaluated by using the CCK-8 assay. The cells were seeded into 96-well 

plate (flat-bottom) at density 1 x 104 cells per well in 200 µL cell culture medium for 24 

hours before treatment. The cells (same passage) were then treated with three individual 

nanoparticle batches with several different concentrations for 24, 48 and 72 hours (37ºC, 

5% CO2, 100% humidity). The nanoparticles concentrations used were 0.04 – 5 mg/mL 

and 0.005 – 5 mg/mL, which are equivalent to ceramide concentrations (0.4 – 50 μM and 

0.95 – 945 μM) for LNCs and liposomes, respectively. At the end of incubation, the 

medium was aspirated, and the cells were washed using DPBS and replenished with 100 

µL medium containing 10 µL of CCK-8 solution per well. The plates were incubated at 

37ºC for 2 hours and measured the absorbance using microplate reader (Fluostar Omega, 

BMG Labtech, Aylesbury, UK) at wavelength 460 nm. The percentage of cell viability was 

calculated using this following equation: 

% Cell Viability =
OD treatment − OD positive control

OD untreated − OD positive control 
 x 100% 

*OD: optical density obtained from absorbance value recorded in the instrument 
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3.2.2.3.  Apoptosis assay 

The Annexin V / PI staining assay was performed according to the instructions 

of the manufacturer. Briefly, MDA-MB-231 cells were seeded at 1.0 x 105 cells/ well in 

12-well plate and grown for 48 hours in complete cell culture media. Cells were then 

treated with ghost nanoparticles or C6-containing nanoparticles for 24 hours in complete 

cell culture media. Following treatment, floating cells were collected, and adherent cells 

were harvested by trypsinization. After the cells were washed twice with cold PBS, the 

pelleted cells were resuspended in 1X-annexin binding buffer to reach the cell density 

ca.1 x 106 cells/mL, and then stained using Alexa Fluor 488 Annexin V and PI (Propidium 

Iodide) and incubated for 15 minutes at room temperature. After the incubation period, 

the stained cells were immediately analysed by flow cytometry. The fluorescence 

emission was measured at 530 nm and 575 nm (or equivalent) using 488 nm excitation. 

Viable cells were double negative, early apoptotic cells were annexin V positive and 

negative for PI staining, and late apoptotic cells were double positive.  

 

3.2.2.4. Caspase-3/7 assay 

Caspase-3/7 enzymatic activity in apoptotic cells was detected using the 

CellEvent™ caspase-3/7 green flow cytometry assay kit and performed according to the 

instruction of the manufacturer. Briefly, MDA-MB-231 cells were seeded at 1.0 x 105 

cells/ well in 12-well plate and grown for 48 hours in complete cell culture media. Cells 

were then treated with ghost nanoparticles or C6-containing nanoparticles for 24 hours in 

complete cell culture media. Cells were harvested after incubation period and adjusted 

the cell concentration between 1 x 105 cells/ml and 1 x 107 cells/mL using DPBS. 

CellEvent caspase-3/7 green detection reagent was then added into the flow cytometry 
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tubes each containing 1 ml of cell suspension and incubated for 60 minutes at room 

temperature, protected from the light. During the last 5 minutes of staining, SYTOX 

AADvanced dead cell stain in DMSO was added to the sample tubes and mix gently. The 

samples were analysed without washing or fixing, using 488 nm excitation and collecting 

fluorescence emission using a 530/30 bandpass filter or equivalent for CellEvent caspase-

3/7 green detection reagent and a 690/50 bandpass filter or equivalent for SYTOX 

AADvanced dead cell stain. The detection of activated caspase-3 and -7 in apoptotic cells 

with CellEvent caspase-3/7 green fluorescence positive and negative for SYTOX 

AADvanced can easily be discriminated from live and necrotic cells.  

 

3.2.2.5. Data processing and statistical analysis 

Data processing, graph, and statistical analysis were performed using GraphPad 

Prism version 9 (GraphPad Software Inc., California, USA). Cytotoxicity, apoptosis, and 

caspase data were analysed using two-way ANOVA. Flow cytometry data were processed 

using CytExpert version 2.5 (Beckman Coulter Inc., California, USA).  

 

3.3. Results and discussion 

3.3.1. Cytotoxicity of LNCs and liposomes (with and without C6 ceramide) 

The viability of MDA-MB-231 breast cancer cells following exposure to ghost-

nanoparticles (LNCs-ghost and liposome-ghost) and C6-loaded nanoparticles (LNCs-C6 

and liposome-C6) at various time points are displayed in Figure 3.2. All formulations 

presented concentration- and time-dependent toxicity with the longer exposure times and 

higher nanoparticle concentrations leading to noticeable decreases in cell viability.  As 

expected, ghost nanoparticles were less toxic than C6-loaded nanoparticles at the same 
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particle concentrations. Here, adding C6 ceramide to nanoparticle formulations did not 

have a major impact on the cytotoxicity of LNCs, but did affect the toxicity of liposomes. 

Indeed, though statistically significant, the change in IC50 between ghost and C6-loaded 

nanoparticles was more noticeable for liposomes compared to LNCs; this might be due to 

the low inherent toxicity of ghost liposomes towards MDA-MB-231 cells (Table 3.1). In 

contrast, ghost LNCs may be naturally more toxic due to the presence of surfactant 

(80,81,178,179). Although the purification process has been performed, surfactant 

molecules may still be released from the LNC surface to cause some toxicity (78). This 

phenomenon has also been reported in literature (78,80,81). 

 Furthermore, these results were in line with previous reports that ghost liposomes 

had no effect on the cytotoxicity of MDA-MB-231 (31), compared to ghost LNCs (126). 

The higher toxicity of LNCs must be considered against the fact that HS-PEG was reported 

to inhibit the P-gp which could help overcome drug resistance in several cancer cells, 

including TNBC cells (78,79).  
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Figure 3.2. Cell viability of MDA-MB-231 following exposure to nanoparticles (NPs) with and 

without C6 ceramide with (A) LNC50; (B) LNC100; (C) liposome. Data are presented as mean ± SD 

from three individual nanoparticle batches (n=3). 
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Table 3.1. IC50 of nanoparticles with and without C6 ceramide on MDA-MB-231 cells 

(1)Data are presented as mean ± SD from three individual nanoparticle batches (n=3) 
(2)Statistical analysis using two-way ANOVA compared ghost nanoparticles to C6-loaded nanoparticles. 

Significant differences were observed in all formulations (***p<0.001) 
 

In order to evaluate the ability of cells to recover after exposure to the ghost 

nanoparticles, a cell recovery assay was conducted. After 24 hours of treatment with the 

ghost nanoparticle, the culture media was changed and cells were left to recover for 48 and 

72 hours (Figure 3.3). The results suggested that for cells exposed to LNC50s, growth rates 

were initially slower (ca. 1.5-fold)  than the expected doubling time of MDA-MB-231 cells 

(ca. 36 hours), even at concentrations below the IC50 (0.95 ± 0.14 mg/mL). However, the 

growth rates were back as expected (ca. 4-fold) within 72h, except for the highest 

concentration where no growth was seen. For LNC100s, the growth rates were higher than 

expected with ca. 3- to 5.5-fold increases in number within 48 – 72h. Meanwhile, cells 

treated with liposomes grew at the expected rate, ca. 2-fold increase in number after 48h 

and ca. 4.5-fold increase within 72h.  

The ability of MDA-MB-231 cells to recover was increased in the order following 

exposure to LNC50-ghost < liposome-ghost < LNC100-ghost. Somewhat expectedly, cells 

treated with LNC50 possess the lowest recovery and, at the highest particle concentration 

(2.5 mg/mL) cells failed to recover. On the other hand, cells treated with LNC100s made 

the most significant recovery, even at concentrations higher than their IC50 (1.64 ± 0.30 

Exposure 

time 

(hours) 

IC50 (mg/mL) 

LNC50- 

ghost 

LNC50- 

C6*** 

LNC100- 

ghost 

LNC100- 

C6*** 

Liposome- 

ghost 

Liposome- 

C6*** 

24 0.95 ± 0.14  0.53 ± 0.06 1.64 ± 0.30 0.40 ± 0.05 3.09 ± 1.87 0.029 ± 0.003 

48 0.42 ± 0.07 0.32 ± 0.05 0.63 ± 0.12   0.26 ± 0.02 0.79 ± 0.59 0.025 ± 0.002 

72 0.29 ± 0.05 0.20 ± 0.03 0.40 ± 0.05 0.20 ± 0.03 0.38 ± 0.10 0.021 ± 0.001 
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mg/mL). Interestingly, cells recovered better from exposure to ghost LNC100s than 

exposure to ghost-liposomes. This was somewhat unexpected but may be due to the 

smaller-sized liposomes (ca. 70 vs 100nm) being able to penetrate deeply and bind more 

strongly to the cells (180–182). The results may need to be investigated further since the 

specific cell responses after exposure to nanoparticles are complex and determined by 

numerous factors. Indeed, the behaviour of drug delivery systems not only depends on 

nanocarrier intrinsic properties, but also involves different mechanisms and signalling 

pathways (183–185).  
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Figure 3.3. The ability of MDA-MB-231 cells to recover from 24h exposure to nanoparticles  (A) 

LNC50-ghost; (B) LNC100-ghost; (C) liposome-ghost. Data are presented as mean ± SD from three 

individual nanoparticle batches (n=3). Statistical analysis using one-way ANOVA followed by a post-

hoc Dunnett test compared to 24h treated cells at the same given concentration (*p<0.05, **p<0.01, 
***p<0.001). 
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C6 ceramides have been reported to diffuse spontaneously across the cellular 

membrane (31,33). Therefore, to assess the impact of encapsulation, the cytotoxicity assay 

was also performed with free-C6 ceramide on TNBC cells. The results revealed that free-

C6 and C6-loaded nanoparticles exhibited identical dose-response profiles after 24h of 

treatment. Increasing exposure time to 48 or 72h revealed some differences, with LNC-

encapsulated C6 showing slightly higher toxicity, especially at low C6 concentrations, and   

liposomal C6 having the lowest toxicity (Figure 3.4). It is important to note that the 

cytotoxicity of LNCs-C6 was limited by the toxicity of the particles themselves and it was 

not possible to test C6 concentrations beyond 50 μM.  

Here, no noticeable difference was observed in the IC50 between free-C6 and C6-

loaded nanoparticles, except for liposome-C6 (Table 3.2). Though the IC50 of liposome-

C6 was statistically significant, the values were within the same order of magnitude and 

the differences seen may not be clinically-relevant. These results indicated that 

encapsulation maintained the efficacy of C6 ceramide on MDA-MB-231 cells. For LNCs, 

the possibility of an additive effect between LNCs and C6 ceramide may need to be 

explored further.   
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Figure 3.4. Cell viability of MDA-MB-231 following exposure to free-C6 ceramide and C6-

loaded nanoparticles at different time points (A) 24h; (B) 48h; (C) 72h. Data are presented as 

mean ± SD from three biological replicates (n=3). 
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Table 3.2. IC50 of free-C6 and C6-loaded nanoparticles on MDA-MB-231 cells 

 

 

 

 

(1)Data are presented as mean ± SD from three individual nanoparticle batches (n=3) 
(2)Statistical analysis using two-way ANOVA compared free-C6 to C6-loaded nanoparticles. 

Significant difference was observed in liposome-C6 (***p<0.001)  

 

 

For liposome-C6, uptake is projected to occur via spontaneous exchange of the 

ceramides between particles and the cellular membrane (Figure 3.5) as reported previously 

(31,33,133,186). Meanwhile, for LNCs, ceramide uptake is predicted to happen either 

through endocytosis and intracellular release of encapsulated ceramides, or via 

spontaneous exchange of C6 ceramide chains released into the extracellular environment.  

However, it remains unclear whether the PEG chains found on both liposome and LNC 

surface could  interfere with these transfer mechanisms. Therefore, the uptake mechanism 

of C6-loaded nanoparticles may need to be investigated further.  

 

 

 

 

 

 

 

 

Exposure time 

(hours) 

IC50 (μM) 

Free-C6 Liposome-C6*** LNC50-C6 LNC100-C6 

24 4.41 ± 0.75 5.53 ± 0.52 5.27 ± 0.60 4.01 ± 0.48 

48 3.13 ± 0.34 4.80 ± 0.31 3.24 ± 0.46 2.64 ± 0.23 

72 2.11 ± 0.11 3.79 ± 0.21 1.96 ± 0.32 1.97 ± 0.29 
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Figure 3.5. Schematic representation of ceramide bilayer exchange mechanism from LNCs-C6 and 

liposome-C6 into cell membrane, adapted from (133) with modification and permission of Am Soc 

for Pharmacology & Experimental Therapeutics. 

 

 

3.3.2. Apoptosis assay 

A flow cytometry annexin V/ PI staining assay was performed to confirm the pro-

apoptotic activity of C6 ceramide was maintained after encapsulation. In live cells, 

phosphatidylserine (PS) is present in the inner leaflet of the plasma membrane 

(166,187,188). In the early stage of apoptosis, PS is translocated from the inner to the outer 

leaflet of the plasma membrane, where it can bind to annexin V, resulting in an increased 

in the signal in flow cytometry (189–191). As cells proceed to later stages of apoptosis or 

in case of necrosis, the integrity of the plasma membrane becomes affected, allowing the 

uptake of propidium iodide (PI), thus producing red fluorescence signal (190–192); viable 

cells with intact membranes will exclude both PI and annexin V. Therefore, the viable cells 

are both annexin V and PI negative (lower left quadrant/ Q4), early apoptotic cells are 

LNCs-C6 Liposome-C6 

 
Cell membrane 

C6 ceramide PEG Phospholipid or 
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annexin V positive and PI negative (lower right quadrant/ Q3), and late apoptotic cells are 

double positive (upper right quadrant/ Q2) (31,167,190). Meanwhile, necrotic cells are PI 

positive and annexin V negative (upper left quadrant/ Q1). 

Here, two concentrations of C6 ceramide were tested for apoptosis, 12.5 μM and 

25 μM. Preliminary data showed that lower concentration (3.13 μM) did not induce 

apoptosis, whilst higher concentrations (>25 μM) caused massive cell death (data not 

shown). In addition, a concentration of 25 μM has been reported to be sufficient  to induce 

apoptotic cell death on MDA-MB-231 (31). 

Untreated cells and cells treated with staurosporine (STS) were also used in this 

study as negative and positive control, respectively (Figure 3.6). There were shifts in cell 

population from the live cells to the early and late apoptotic cells for C6 ceramide-

containing nanoparticles compared to the ghost nanoparticles at the same nanoparticle 

concentrations (Figure 3.7 – 3.9). It is important to notice that the percentage of cell 

viability was different between CCK-8 and apoptosis assay at the same concentrations due 

to differences in experimental design and cell density used. However, although the 

percentages of live cells were slightly different, the trend remained the same where 

LNC50s had the highest toxicity, followed by LNC100 and liposome. 

The proportion of  apoptotic cells increased remarkably from 2.92% (untreated) to 

44.80% (STS) which confirmed that this assay worked properly (Figure 3.6). No significant 

change in the number of apoptotic cells was seen for ghost nanoparticles compared to the 

negative control, except for LNC50-ghost (Figure 3.7–3.9). Higher surfactant content in 

LNC50 was reported to potentially promote apoptotic cell death (193). This result clearly 

indicated that ghost nanoparticles act as a baseline in this experiment. Furthermore, 

differences were observed between ghost nanoparticles and C6-loaded nanoparticles for all 
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formulations in a concentration-dependent manner. For instance, the proportion of 

apoptotic cells increased from 8.43% and 15.93% (LNC100-ghost) to 16.30% and 41.38% 

(LNC100-C6) at equivalent concentrations (Figure 3.8). Moreover, though the size was 

similar, ghost liposomes did not induce apoptosis to the same extent as LNC50s (2-3% vs. 

16-58%), again, likely due to the high surfactant content. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Representative flow cytometry dot-plots of untreated MDA-MB-231 cells and after 24h 

of treatment with staurosporine stained with annexin V/ PI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Representative flow cytometry dot-plots of MDA-MB-231 cells stained with annexin 

V/ PI after 24h of treatment with LNC50 with and without C6 ceramide at the same nanoparticle 

concentrations (mg/mL) or equivalent to ceramide content (μM) in LNC50-C6. 

Untreated Staurosporine 

LNC50-C6 1.25 mg/mL ~ C6 12.5 μM LNC50-C6 2.5 mg/mL ~ C6 25 μM 

LNC50-ghost 1.25 mg/mL  LNC50-ghost 2.5 mg/mL 
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Figure 3.8. Representative flow cytometry dot-plots of MDA-MB-231 cells stained with annexin 

V/ PI after 24h of treatment with LNC100 with and without C6 ceramide at the same nanoparticle 

concentrations (mg/mL) or equivalent to ceramide content (μM) in LNC100-C6. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Representative flow cytometry dot-plots of MDA-MB-231 cells stained with annexin 

V/ PI after 24h of treatment with liposome with and without C6 ceramide at the same nanoparticle 

concentrations (mg/mL) or equivalent to ceramide content (μM) in liposome-C6. 

LNC100-ghost 1.25 mg/mL LNC100-ghost 2.5 mg/mL 

LNC100-C6 1.25 mg/mL ~ C6 12.5 μM LNC100-C6 2.5 mg/mL ~ C6 25 μM 

Liposome-C6 0.07 mg/mL ~ C6 12.5 μM Liposome-C6 0.13 mg/mL ~ C6 25 μM 

Liposome-ghost 0.07 mg/mL Liposome-ghost 0.13 mg/mL 
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To evaluate the impact of encapsulation, the same assay was performed with free 

C6 ceramide (Figure 3.10). The results revealed that both the dose and formulation of 

ceramide had an impact on pro-apoptotic activity (Figure 3.11). Moreover, at the higher 

dose, LNC-encapsulated C6, especially LNC50-C6, inducing a stronger pro-apoptotic, 

whereas liposome-C6 was less effective than free-C6. This result was in line with the 

cytotoxicity assay and suggested that liposome did not offer a considerable therapeutic 

benefit to the already active short-chain ceramide, compared to the LNCs. Previously, it 

was confirmed that C6-loaded liposome with the same ceramide loading (15 mol%) neither 

improved toxicity nor pro-apoptotic effect of ceramide towards breast cancer cells 

(MDA435/LCC6) (33). Although promising, more work will be needed to confirm these 

findings in in vivo models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Representative flow cytometry dot-plots of MDA-MB-231 cells stained with 

annexin V/ PI after 24h of treatment with free-C6 ceramide. 

 

 

 

 

 

Free-C6 12.5 μM Free-C6 25 μM 
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Figure 3.11. The percentage of annexin V positive cells after 24h of treatment with free-C6 and 

C6-loaded nanoparticles. Data are presented as mean ± SD from three individual batches (n=3). 

Statistical analysis using two-way ANOVA (***p<0.001 for formulation and dose; p>0.005 for 

interaction). 

 

 

3.3.3. Caspase-3/7 activity assay 

Caspase assay was performed to further confirm the annexin V data. The main 

issues with annexin V assay are related to specificity and selectivity (165,194). Annexin 

V/ PI staining cannot completely discriminate between late-stage apoptosis and necrosis 

cells (195,196). Meanwhile, activation of caspase-3/7 occurs in the late apoptotic cells 

and is a more specific marker of the apoptosis response (197). In addition, there are no 

washing steps in the caspase kit protocol, but this is required in annexin V/ PI protocol 

which can lead to cell lost and damage. Thus, the annexin V data may not reflect the 

actual event of apoptosis (198).
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Method optimisation has been done to identify the most suitable concentrations for 

this experiment. Lower concentrations were used (5 μM and 15 μM) to ensure sufficient 

cell numbers for analysis. 

Caspase-3/7 activity increased in a concentration-dependent manner for all 

formulations. The differences in caspase activation were observed between ghost 

nanoparticles and C6-loaded nanoparticles at both concentrations (Figure S2 an S3 in 

supplementary information). Similar to annexin V assay, ghost nanoparticles were used 

as a control in this study to make sure that nanoparticles themselves had no big impact on 

caspase activation; this was true for LNC100-ghost and liposome-ghost but not for 

LNC50-ghost.  

It has been widely reported that  free C6 ceramide can induce mitochondrial 

dysfunction (32,199,200). Therefore, the same assay was carried out with free and 

encapsulated C6 ceramide to investigate the impact of formulation. The results showed 

that both dose and formulation of ceramide affected its efficacy in caspase activation 

(Figure 3.12). Interestingly, the difference between free-C6 and C6-loaded nanoparticles 

was less striking than for the annexin V data. LNC50 induced caspases to a higher extent 

comparable to free-C6, whilst LNC100-C6 and liposome-C6 both produced a similar 

response to free C6 ceramide.  
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To some extent, the results obtained here contradict  previous reports that liposomal 

C6 could activate caspases to a greater extent compared to free-C6 at a concentration of 

15 μM (31). As actual  ceramide loading was not tested here,  additional experiments will 

be needed to explain why different results were obtained. This indicates one of the 

limitations of the current study where dose calculations are based on the assumption of 

100% entrapment efficiency and highlight the importance of ceramide quantification to 

confirm these preliminary findings.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. The percentage of caspase-3/7 activity positive response after 24h of treatment 

with free-C6 and C6-loaded nanoparticles. Data are presented as mean ± SD from three 

individual batches (n=3). Statistical analysis using two-way ANOVA (*p<0.05 for 

formulation, ***p<0.001 for dose, p>0.005 for interaction). 
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3.4. Conclusion 

The assessment of LNCs and liposome with and without ceramide revealed a time- 

and concentration-dependent cytotoxicity. Introducing C6 ceramide had a weaker impact on 

the toxicity of LNCs compared to liposome but C6-loaded nanoparticles were generally 

more toxic than the equivalent ghost nanoparticles. Mechanistic studies suggested that 

apoptosis through caspase activation was the main cell death mechanism. Formulating C6-

ceramide as nanoparticles did not negatively affect its pharmacological activity towards 

MDA-MB-231 cells. Here, LNCs-C6 were slightly more effective than liposome-C6, 

however, further assessment is required to complement this study, including ceramide 

quantification and uptake studies. The former assay may also be useful for adjusting the dose 

of nanoparticles in future in vitro and in vivo studies.  
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4. Conclusion and Future Work 

4.1. Conclusion 

Even though C6 ceramide is an active pro-apoptotic sphingolipid, its unfavourable 

properties, such as poor-water solubility and susceptibility to enzymatic degradation, limit 

its therapeutic application. Therefore, ceramide encapsulation in nanoparticles will be 

required to increase intracellular levels and generally enhance its efficacy. In this study, 

encapsulation in LNCs provided a suitable alternative to liposomes for ceramide delivery, 

compared to liposomes which have been extensively proposed for that purpose previously. 

 

4.1.1. The presence of C6 ceramide had no major effect on the physico-chemical properties 

of LNCs but had a noticeable impact on liposomes. 

The physico-chemical properties of LNCs and liposomes were compared before and 

after addition of C6 ceramide. For the LNCs, two different sizes (50 nm and 100 nm) were 

prepared using a phase-inversion temperature method. Purification was a critical step in 

LNCs manufacture to remove the excess surfactant which could affect their cytotoxicity. 

Both sizes of LNCs with and without ceramide had excellent colloidal stability at 4°C and 

under cell culture conditions. In contrast, ceramide decreased the stability of liposomes 

under all conditions tested. Moreover, liposomes were more susceptible to precipitate than 

LNCs at high salt concentrations.  

 

4.1.2. Cytotoxicity and pro-apoptotic activity of C6 ceramide is maintained after 

encapsulation in LNCs and liposomes.  

Nanoparticles were assessed for their toxicity and pro-apoptotic activity on MDA-MB-

231 as a breast cancer cell model. The cytotoxicity assessment  demonstrated that C6 
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ceramide-loaded nanoparticles (LNCs-C6 and liposome-C6) were more cytotoxic than the 

equivalent ghost nanoparticles (LNCs-ghost and liposome-ghost). LNC50s had the highest 

toxicity, likely because of the surfactant. Importantly, C6-loaded nanoparticles presented 

similar dose-response profiles compared to free-C6, confirming that the pharmacological 

activity of the ceramide was maintained. 

The ability of C6 ceramide to induce apoptosis was assessed using flow cytometry. 

The results confirmed that apoptosis via caspase-3/7 activation was the main cell death 

mechanism in MDA-MB-231 cells. Similar to the cytotoxicity results, C6-loaded 

nanoparticles were more effective in inducing apoptosis than the equivalent ghost 

nanoparticles. Moreover, LNCs-C6 were slightly more toxic than liposomes-C6.  

 

4.1.3. A good start, but more work is needed on ceramide-loaded LNCs. 

Overall, LNCs have been found to be a great potential nanocarrier for ceramide 

delivery, though further assessment is needed to build on these preliminary results.  

 

4.2. Future Work 

This research has provided interesting preliminary data that seems to indicate that 

LNCs are a suitable alternative nanocarrier for C6 ceramides. In the short-term, the priority 

should be to assess ceramide loading and release. This work could help confirm whether 

ceramide exist in the shell of LNCs or are dissolved in the oily core. Following this, uptake 

studies could be useful to understand better the interaction between LNC-C6 and cancer 

cells. Additional studies could be performed to provide an in-depth investigation of cellular 

death mechanism and extend this work to a wider variety of cell models and potentially to 

additional ceramides. Finally, future work must include testing of drug-loaded ceramide-
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containing nanoparticles as a combinatory anticancer treatment. In the longer term, a 

comprehensive study on cellular or active targeting, such as surface modification using 

antibodies-, proteins- or peptides-targeted, may be beneficial. This could assist in developing 

suitable nanocarriers for ceramide delivery directly into tumours,  without affecting normal 

tissue. 
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6. Supplementary Information 

6.1. Calibration curve for excess surfactant assay 

 

 

 

 

 

 

 

 

 

 

Figure S1. Calibration curve for quantification of excess surfactant (Kolliphor® HS15) 
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6.2. Validation method of residual surfactant assay (Kolliphor® HS 15) 

Conc 

(mg/mL) 

Absorbance Average 

Absorbance 

(Y) 

True 

Absorbance 

(Yi) 

Y-Yi (Y-Yi)2 
I II III 

0.5 0.145 0.141 0.167 0.150666667 0.152202778 -0.001536111 2.35964E-06 

1 0.233 0.229 0.231 0.2309 0.229109127 0.001790873 3.20723E-06 

1.5 0.318 0.314 0.307 0.312933333 0.306015476 0.006917857 4.78567E-05 

2 0.353 0.380 0.379 0.370433333 0.382921825 -0.012488492 0.000155962 

2.5 0.464 0.462 0.443 0.456433333 0.459828175 -0.003394841 1.15249E-05 

3 0.553 0.531 0.544 0.5427 0.536734524 0.005965476 3.55869E-05 

3.5 0.625 0.630 0.626 0.627266667 0.613640873 0.013625794 0.000185662 

4 0.683 0.676 0.680 0.679666667 0.690547222 -0.010880556 0.000118386 

      
Σ 0.000560547 

      
Σ/(n-2) 9.34244E-05 

      σ 0.009665632 

      where,  

      
Σ = sums of (Y-Yi)2 

      n = number of samples 

      σ = standard deviation of absorbances 

            (square root of (Σ/(n-2)) 

 

 

Limit of detection (LoD) =
3.3 x σ

slope of calibration curve 
=

3.3 x 0.009665632

0.1538 
= 0.21 mg/mL 

Limit of quantification (LoQ) =
10 x σ

slope of calibration curve 
=

10 x 0.009665632

0.1538 
= 0.63 mg/mL 
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6.3. Flow cytometric analysis of caspase-3/7 activity assay 

The quadrant suggested live cells (lower left quadrant/ Q4), apoptotic cells (lower 

right/ Q3), and dead cells (upper right quadrant/ Q2). 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 

Figure S2. Representative flow cytometry dot-plots of MDA-MB-231 cells stained with CellEvent™ 

Caspase-3/7 Green Flow Cytometry Analysis Kit after 24h of treatment with staurosporine, free-C6 

ceramide, and liposome with and without C6 ceramide.  
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Figure S3. Representative flow cytometry dot-plots of MDA-MB-231 cells stained with CellEvent™ 

Caspase-3/7 Green Flow Cytometry Analysis Kit after 24h of treatment with LNCs with and without 

C6 ceramide.  
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