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Abstract 

 We investigated physical steric and thermal stability effects induced by cholesterol and polyethylene glycol 

(PEG) in liposomes encapsulated with riboflavin. The composition of liposome was varied systematically to decipher 

the individual and combined effects of cholesterol and PEG on the stabilization of liposomes, specially the 

photopolymerizable liposomes for their potential applications in photo-treatments. Our results indicate that inclusion 

of PEG in the lipids enhances the steric stabilization by adopting a brush-like regime that prevents the agglomeration 

of encapsulated liposomes. A mechanistic differential scanning calorimetry studies reveal the phase transitions and 

enthalpy changes in the lipid bilayer due to the presence of cholesterol suggesting its role in regulating membrane 

fluidity. Supporting in- vitro studies confirm the efficacy of PEGylated formulations encapsulating riboflavin. 
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Introduction 

 Liposomes or phospholipid vesicles offer             

several advantages in theragnostic due to their 

biocompatibility [1, 2], ease of surface functionalization

[3, 4], and their ability to entrap both hydrophilic [5, 6] 

and hydrophobic drugs and targets [7, 8]. However, the 

stability and leakiness of the phospholipid-based vesicles 

pose limitations for their applications in targeted delivery 

that require longer circulation periods in human                 

bodies [9, 10]. Several strategies such as inclusion of 

cholesterol, photopolymerizable lipids, polymeric lipids 

through conjugation of polyethylene glycol (PEG) have 

been exploited to overcome the poor stability of the 

liposomes [11–13]. Photopolymerizable lipids consist of 

conjugated diynes in their alkyl tails, that can be 

stimulated by UV (ultra-violet) light [14, 15], this aids in 

prevention of leakage and sustained release of            

contents[16–18]. 

 The PEG molecules are known to cause steric 

stabilization in the liposomes. The hydrophilic PEG 

chains cover the surface of the lipid bilayer and extend 

and stay associated with the aqueous bulk instead of 

interacting with other molecules on the nearby 

liposomes [19, 20]. Additionally, as the concentration of 

the PEG molecules increases in the bulk, the water 

molecules balance out by diluting the bulk concentration 

of PEG by keeping the PEG molecules apart,                   

thereby preventing the agglomeration of PEGylated 

liposomes [20–22]. In addition to PEG, cholesterol is 

also used in liposomal formulations to induce rigidity to 

the bilayer to further control the inherent leakiness of 

the liposomes [23, 24]. Cholesterol is also known to 

regulate the fluidity, permeability and packing of the 

bilayer [25, 26]. Both cholesterol and PEG enriched 

liposomes have been approved by FDA for delivery of 

the potent drugs including doxorubicin as (Doxil®) and 

irinotecan (Onivyde™) [27]. However, cholesterol has 

shown to undergo oxidization in the presence of                

reactive oxygen species (ROS) resulting in the production 

of cholesterol oxidation products (COPs) or                   

derivatives of oxysterols such as 7- ketocholesterol,     

20α-hydroxycholesterol, 25-hydroxycholesterol, α,β-

epoxycholesterol, and 7α, 7β-hydroxycholesterol, that 

cause atherogensis in humans [23, 28–33]. Additionally, 

the majority of the cholesterol used in commercially 

available and FDA approved liposomal formulations in 

drug delivery and vaccine are derived from animal 

sources such as egg or wool grease that poses a threat 

of contamination and allergies [34]. 

 In this work, we have investigated the stability 

of a Riboflavin encapsulated liposomes comprising of 

photopolymerizable lipid DC8,9PC lipids along with  DSPE-

PEG2000 and cholesterol. Riboflavin was used as a 

model photosensitizer to test the efficacy of liposomal 

formulations in vitro for potential applications in Photo 

Dynamic Therapy (PDT) [35–37]. The work primarily 

focused on: thermal stability of the liposomal 

formulations through phase transition thermodynamics 

studies using Differential Scanning Calorimetry (DSC) 

assessing the contributions of PEG and cholesterol in the 

physical stability of liposomal formulation 

 Our findings indicate that the thermal and 

physical stability of the liposomal formulations can be 

achieved by exploiting the PEG ratio, and the choice of 

the lipid, thereby, eliminating the need of cholesterol. 

Such cholesterol-limiting liposomal formulations can 

address the safety concerns associated with the use of 

animal-derived cholesterol and further investigations are 

warranted to determine the optimum lipid type and PEG 

ratio for enhanced stability for the liposomes. 

Materials and Methods 

Materials 

 23:2 Diyne PC [DC8,9PC] (1,2-bis(10,12-

tricosadiynoyl)-sn-glycero-3-phosphocholine) and DSPE-

PEG-2000(1,2-distearoyl-sn-glycero-3-

phosphoethanolamine -  N[methoxy(polyethyleneglycol)-

2000] (ammonium salt)) suspended in chloroform were 

purchased from Avanti Polar Lipids (Alabaster, AL). 

Cholesterol and Riboflavin-5-phosphate sodium salt 

dihydrate were procured from Sigma Aldrich. 

Invitrogen™ RNase-free PBS - Phosphate-Buffered 

Saline (PBS) pH 7.4 was purchased from Fisher 

Scientific. Invitrogen™ e-Bioscience™ Annexin V 

Apoptosis Detection Kit PE and 7-amino-actinomycin D 

(7-AAD) components were purchased from Fisher 

Scientific. 

Preparation of Liposomes 

 Lipids and cholesterol were suspended in 

chloroform. The lipid mixtures were dried under         

ultra-pure nitrogen environment to obtain a thin film in 

the bottom of the tubes that were hydrated with PBS 

buffer (10X) of pH 7.4. For the encapsulated liposomes, 

riboflavin was suspended the PBS buffer prior to 
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hydration of dried films. On re-hydration, liposomes 

were uniformly sized by extruding through polycar-

bonate membrane of pore size 100 nm. Liposomes were 

prepared using thin film hydration technique and sized 

as described in prior literature [38–42]. Details of the 

formulations are given in Table 1. The unencapsulated 

riboflavin was removed by ultracentrifugation followed 

by rinsing with fresh batch of PBS buffer. The total 

liposome to riboflavin ratio was maintained at 20:1 by 

weight ratio in this study. 

Dynamic Light Scattering (DLS) 

 The size, polydispersity index (PDI) and surface 

charge of both encapsulated and unencapsulated 

liposomes were analyzed using a Malvern Instruments 

Zetasizer by dynamic light scattering method at 25 °C 

and at 173° backscatter angle with 120 s equilibration 

time. 

Differential Scanning Calorimetry 

 10 µl of the liposome samples were placed in             

T-zero Hermetic pan. The pans were sealed with a 

sample press prior to placing them on a TA Instruments 

Q-2000 DSC. The DSC scans were performed in an inert 

nitrogen environment maintained at 40 mL/min in the 

temperature range of 25 to 65ºC at a heating rate of10 

ºC/min. The stability study for these formulations was 

conducted using a Differential Scanning Calorimetry 

(DSC) for a four-week time frame. DSC measures the 

specific heat capacity as a function of temperature. In 

this case lipids, on heating undergo a gel to fluid 

crystalline endothermic transition. These transitions are 

detected by the DSC and the main transition is a sharp 

intense peak that occurs at the melting point. The nature 

of the transition is affected in the presence of other 

molecules[43, 44]. Any changes in the enthalpy of 

transition is measured from the area under the peak 

given by: 

 ..(i)  

  

 Where Cp is the heating capacity. The changes 

in enthalpy is an indicator of stability.  

Apoptotic Studies 

 e-Bioscience™ Annexin V Apoptosis Detection PE 

and 7-AAD Kits for flow cytometry were used to measure 

early and late-stage apoptosis in human prostate cancer 

cells (DU- 145).Briefly, the cells were grown in cell 

culture media (DMEM) supplemented with 4.5 g of 

glucose, 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin). The cells were grown in cell 

culture flasks to form adherent monolayers and were 

stored in a humidified incubator at 37 °C and 5% CO2. 

The cells were washed with PBS, seeded at a density of 

5000 cells/well in 24 well plates, and allowed to grow 

overnight. Next day, riboflavin encapsulated liposomes 

at 200 µl volume were added to the cells. The cells were 

incubated overnight to ensure uptake of the liposomes. 

After 24 hr, the cells were treated with UV-light to 

cause photo-polymerization of DC8,9PC lipids and 

subsequent activation of the riboflavin-encapsulated 

liposomes. The cells were then collected and washed 

with ice-cold phosphate buffered saline (PBS) followed 

by cells resuspension in 100 μl of 1X Annexin V binding 

buffer on an ice-cold bath. 5 µl of Annexin V was added 

DC8,9PC (L1) /DSPE-PEG- 

2000 (L2) / Cholesterol mole ratio (mol%) 

  

Formulation Name 

Riboflavin (RB) added at 

lipid: RB (20:1) w/w 

ratio 

90/ 10 L1/L2 (90/10) NO 

80/ 20 L1/L2 (80/20) NO 

87.5/ 7.5/ 5 L1/L2 (90/10) + Chol (5) NO 

77.5/ 17.5/ 5 L1/L2 (80/20) + Chol (5) NO 

90/ 10/ 0 L1/L2 (90/10) + RB YES 

87.5/ 7.5/ 5 
L1/L2 (87.5/7.5) + Chol (5) 

+ RB 
YES 

Table 1. Details of the formulations used in the study 
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to the 100 µl of cell suspension and incubated for 10-15 

mins at room temperature. Next, the cells were washed 

with ice-cold PBS and resuspended in 200 µl of 1X 

binding buffer. Then, 5 µl of 7-AAD viability staining 

solution was added to the cell suspension. Finally, flow 

cytometry was used to detect the fluorescence of 

stained cells at excitation/emission maxima: Annexin V 

PE®: 499/521 nm; 7-AAD®: 535/617 nm with BD 

FACSAria IIu High-Speed Cell Sorter flow cytometer from 

BD Biosciences (Becton- Dickinson, San Jose, CA, 

USA).The data were viewed and analyzed using FlowJo 

v10.2 software from FlowJo LLC (Ashland, OR, USA). 

Results 

Characterization of Liposomal Formulation: Hydrodynam-

ic Diameter and Surface Charge 

 The size and surface charge of the liposomal 

formulations were recorded for four weeks. It was 

observed that the measured zeta potential of the 

formulations were in the range of - 0.347±0.0075 mV or 

near neutral consistent to the zwitterionic nature of the 

DSPE lipids [45]. The near constant zeta potential also 

confirms the absence of un-associated and excess 

riboflavin in the liposomal solution. The average 

hydrodynamic diameters and polydispersity indices (PDI) 

of the formulations measured over a period of weeks are 

summarized in Fig 1. The size measurements studies 

conducted in Week 1 indicated that all the formulations 

were within the acceptable size range of 70-140±5 nm 

at a PDI of less than 0.25±0.0005 mV indicating the 

uniformity of the extruded liposomes. However, after 

week 4, most of the formulations agglomerated with a 

significant increase in the measured average diameters. 

The presence of cholesterol did not affect the size or PDI 

of the formulations. It is also observed that with an 

increase in DSPE-PEG 2000 by 10 mol% the aggregation 

and dispersity of the particles also increased with time. 

It is implied that the presence of cholesterol has minimal 

influence on the physical stability of the liposomes with 

regards to the controlling the size and possibly their 

aggregation. 

Differential Scanning Calorimetry-Thermal Stability 

Studies 

 In this work, we have focussed on the stability 

study through thermal characterization (DSC) technique. 

DSC was used to study the phase behaviour and changes 

in DC8,9PC and DSPE lipid in the presence of PEG and 

cholesterol. The resultant changes in the melting 

temperature and shape of the melting peak as 

summarized on Fig 2. The melting temperature 

represents the transition from gel to fluid phase of the 

lipid molecules represented on the x-axis, whereas the 

area under the melting peak corresponds to the 

calculated change in enthalpy, ΔHC = ∫ p    of the lipid 

formulations summarized on Table 2. Cp is the specific 

heat capacity of the lipids plotted on the y-axis. In a lipid 

bilayer, the fluidity and the movement of the lipid 

molecules constitute the internal energy of the system. 

Figure 1. Size and PDI of the formulations for a) Week 1 b) Week 4 
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Figure 2. DSC thermograms of liposomal formulations measured in weeks 1 and 4 a) DC8,9PC:DSPE- PEG-2000 

(L1/L2) at (90/10) and (80/20) mole ratios b) L1/L2 (90/10) and (80/20) + 5 mol% cholesterol c) L1/L2 

(90/10) only + 5 mol % cholesterol, encapsulated with riboflavin 

Figure 3. Apoptosis assay using Annexin V PE/7-AAD a) Control-Cells treated with UV b) Cells seeded with                 

Unencapsulated Riboflavin and UV treated c) Cells seeded with Formulation L1/L2 (90/10 mol%)/RB and           

treated with UV d) Cells seeded with Formulation L1/L2/Chol (90/10/5 mol%)/RB and treated with UV e)  

Graphical representation of cell apoptosis in the four quadrants 
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The fluidity of the bilayer is more as we get closer to the 

transition temperatures of the liposomes. This is 

demonstrated by the change in enthalpy. The change in 

enthalpy (ΔH) is represented as follows [46], 

 

….(ii) 

 

 The internal energy represents various 

molecular interactions occurring within the system. Since 

the liposomal formulations were sealed in T-zero 

hermetic pan during the DSC studies, the change in 

pressure (P) and volume (V) is considered negligible. 

Therefore, the change in enthalpy depends mostly on 

the inter-molecular interactions such as van der Waals 

forces occurring between the lipid, PEG and encapsulat-

ed riboflavin and intramolecular polar bonds. 

 The melting temperatures of pure DC8,9PC, DSPE

-PEG , and cholesterol are reported as 45°C, 52°C and 

150°C respectively. [47–49]. Fig 3a) represents the 

thermograms of the formulations DC8,9PC liposomes 

containing 10 and 20 mol% of DSPE-PEG-2000 labelled 

as L1/L2 (90/10) and L1/L2 (80/20) by mol% 

respectively and measured at weeks 1 and 4. A slight 

decrease in the melting transition temperature of 0.43°C 

was observed for the formulation L1/L2 (90/10 mol%) 

over the four-week period. The associated enthalpy with 

the melting transition, which is also the indicator of the 

stability of the liposomal formulations was computed 

from the area under the melting peak and tabulated in 

Table 2. Despite the negligible shift in the melting 

temperature, the enthalpy of transition was found to be 

nearly doubled. With increased PEG from 10 to 20 mol% 

in the formulation L1/L2 (80/20 mol%), a significant shift 

towards a lower temperature from 43.16 °C to 41.81 °C 

denoted by blue lines on Fig 2a was observed. The 

temperature shift was accompanied a dramatic increase 

in the enthalpy by 178%. A discrepant observation in Fig 

2b) thermograms was made in the presence cholesterol. 

5 mol% of cholesterol was added to both L1/L2 at 90/10 

and 80/20 formulations to study the effects of 

cholesterol on the stability of the formulations. L1/L2 

(90/10) + 5 mol% cholesterol had imperceptible 

increase in transition temperature of 0.14°C and a 

decrease in enthalpy of 14.5% from week one to week 

four as observed in Fig 2b. However, L1/L2 (80/20) + 5 

mol% showed a more prominent change in the 

temperature from 42. 48 °C to 43.58 °C and a 

significant decrease in enthalpy of 68.18% from week 

one to week 4. From Figs 2 a) and b), the L1/L2 (90/10) 

formulation demonstrated more consistent thermal 

behaviour with regards to change in enthalpy and 

melting temperature in the presence and absence of 

cholesterol observed in a period of four weeks. Fig 2c) 

compares the thermal stability of L1/L2 (90/10) 

formulations encapsulated with riboflavin in the 

presence and absence of cholesterol. A dramatic 

decrease in the enthalpy by 89% was noted by week 4 

with L1/L2 (90/10) encapsulated formulations. However, 

the same formulations impregnated with 5 mol% 

cholesterol demonstrated a slight change in the enthalpy 

and melting temperature. DSC studies imply the role of 

cholesterol in acquiring thermal stability of the liposomal 

formulations. 

Apoptotic Studies 

 Previous studies have extensively reported the 

toxicity of encapsulated riboflavin in cancerous                    

cells[38, 50–52] and the non-toxic behaviour of the lipid 

formulations [48, 53]. This in vitro work further                

delved into investigating the nature of apoptosis of 

encapsulated riboflavin under UV radiation. The 

apoptosis was assessed using Annexin V PE and 7-AAD 

quadrants in DU145 cells as shown in Fig 3. Apoptosis is 

indicated by the increased intensity of Annexin V as it 

bind to the phosphatidylserine in the cancerous cells

[54]. Q1 represents dead cells by necrosis (Annexin V  

PE-/7-AAD+),Q2 demonstrates dead cells by late 

apoptosis (Annexin V PE+/7-AAD+), Q3 represents early 

apoptosis (Annexin V PE+/7-AAD-) and Q4 represents 

live cells devoid of apoptosis or necrosis (Annexin V             

PE-/7-AAD-)[55]. 

 Control UV treated cells (Fig 3a) were 65.4% 

viable. The addition of riboflavin and photoactivation 

resulted in increase in necrotic cells at 68.6% as       

seen in Figs 3b and e. Similarly, cells treated with 

photoactivated formulations L1/L2 (90/10 mol%) with 

encapsulated RB, and L1/L2 (90/10) + 5 mol% 

cholesterol with encapsulated RB showed an increase in 

necrotic cells by 71.4% and 66.6% respectively as 

depicted in Figs 3c-e. Riboflavin is known to produce 

reactive oxygen species (ROS) upon activation                          

by UV radiation which are lethal to cancerous                 

cells [35, 56]. The cancerous cell lines in the presence of 

unencapsulated riboflavin showed a maximum             
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necrotic rate of 68.6%. Riboflavin encapsulated 

photopolymerizable formulations, showed an equal to 

higher necrotic rate in the same cell lines. Our previous 

studies have shown that riboflavin encapsulated 

riboflavin formulations have >50% encapsulation 

efficiency [38]. This is noteworthy as encapsulated 

formulations shown similar rate of effectiveness as free 

riboflavin. The necrotic rate of cholesterol based 

formulation L1/L2 (90/10) with 5 mol% cholesterol was 

found to be lower than L1/L2 (90/10) alone, which 

probably attributes to the lower drug loading capacity by 

the liposomes in the presence of cholesterol. This could 

be due to the lower reduced fluidity caused by the 

cholesterol molecules in the lipid bilayer during the 

encapsulation process [57, 58]. This was also supported 

by our DSC studies that demonstrated insignificant 

change in melting behaviour of the liposomal 

formulations impregnated with cholesterol. It should 

also be noted that riboflavin in the absence of 

photoactivation does not induce apoptotic pathways and 

in fact, exhibits anti-proliferative/anti-migratory effects 

[55]. The mechanism of apoptosis/necrosis by ROS 

produced by encapsulated riboflavin is subject to further 

research. 

Discussion 

Physical Steric Stability 

 Agglomeration of liposomes is a key issue in 

drug delivery and vaccine design that can be addressed 

through electrostatic and steric stabilization shown 

schematically in Figs 4a and b. Another key requirement 

is their longer circulation times which can be achieved 

by rendering electrostatic stabilization that may be 

achieved by employing zwitterionic or uncharged 

surfaces to prevent their adherence to charged plasma 

proteins in vivo [59]. This work focused on using 

zwitterionic lipids to create liposome formulations, and 

to address the agglomeration issues, PEGylated lipids 

were incorporated. The incorporation of conjugated PEG 

or PEGylated lipids in liposomal formulations prevented 

the overall agglomeration as seen from the size 

measurements. PEG chains are grafted to the surface of 

the liposomes on one end and based on their 

concentration and density they result in mushroom or 

brush-type configuration as depicted in Fig 4. 

 At lower concentrations, the PEG chains do not 

interact with each other and assume a mushroom-like 

random coiled configuration shown in Fig 4c. With an 

increasing concentration, the mushroom regime 

transitions to brush regime in which the PEG chains begin 

to uncoil or branch out and interact with each other as 

shown in Fig 4d. The transition from mushroom to brush 

regime happens when the following condition is             

fulfilled [60].  

 

 ….(iii) 

 Where is the mole fraction of PEG; for PEG 

lipids with chains of molecular weights 2000 (np=45) is 

presumed to occur at 0.014. 

 A1 is the membrane surface area per lipid 

molecule[60]. 

 Brush regime is preferred for drug delivery 

application for steric stabilization and longer circulation 

time[61–63]. However, when the concentration of PEG 

chains in the brush regime increases the surrounding 

aqueous layer dehydrates resulting in aggregation[64]. 

This is observed in when the concentration of PEG lipids 

is increased from 10 to 20 mol% in LI/L2 (80/20 mol%) 

formulation, which aggregates after four weeks. 

 The hydrophilic nature of the elongated PEG 

chains in the brush regime tends to interact more with 

aqueous bulk than with the other grafted PEG chains of 

neighbouring liposomes, thereby preventing the 

agglomeration of the liposomes. The steric stabilization, 

W(ℎ)  between two liposomes of rendered PEG chains 

in brush regime of thickness Lb is quantified by  

 

 ….(iv) 

where kB is the Boltzmann constant, Lb = (NEO × l 5/3 /

s 2/3). NEO is the number of monomers in the PEG chain, 

l is the effective segment length and s is the distance 

between the grafting points[65]. 

Thermal Stability 

 The presence of DSPE-PEG2000 at 10 mol% in 

L1/L2 (90/10) formulation enabled the steric 

stabilization of DC8,9PC vesicles as evidenced by the size 

and zeta potential measurements in Fig 1, which is 

further supported by previous studies [48]. 

 The enthalpy of transitions which quantifies the 

inter and molecular interactions, was found to increase 

in L1/L2 (90/10) and L1/L2 (80/20) formulations from 
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week 1 to 4 with an accompanying decrease in the 

melting transition temperature as shown in Fig 2a. This 

is attributed primarily to the interaction and subsequent 

entangling of PEG chains which further increases the van 

der Waals forces. The energy required to overcome this 

van der Waals forces which is represented by an 

increase in enthalpy. Based on the DSC studies, it is 

noteworthy that increased concentration of PEGylated 

lipids from 10 to 20 mol% in the liposomal formulation, 

the resultant enthalpy of transition increases due to 

intermolecular interactions between the various lipid 

bilayer components. 

 Fig 2b) summarizes the combined effects of 

cholesterol and PEG on the thermal stability of the 

liposomal formulations. In L1/L2 (90/10) mol%, for 

every DSPE-PEG lipid there are 114 DC8,9PC lipid 

molecules. When 5 mol% cholesterol is added, there are 

2 cholesterol molecules per one PEG molecule. It is 

implied that the addition of cholesterol to PEGylated 

lipids render thermal stability to the lipid bilayer owing to 

their known stabilizing properties of the liposomes. This 

is could possibly be due to the lowered molecular 

interactions between the lipid components in presence of 

cholesterol in the lipid bilayer. Cholesterol, being 

hydrophobic gets incorporated in the bilayer region of 

the liposomes that results in an reorganized packing and 

respacing of lipids in the bilayer[58, 66] limiting the 

interaction among the PEG chains which in turn lowers 

the van der Waals force [67]. This results in a                       

slight increase in melting transition temperature is 

accompanied by a decrease in the enthalpy. Additionally, 

the presence of PEG and cholesterol also induce 

heterogenicity to the bilayer, resulting in a lateral 

phase separation[44, 68] which is supported by the 

broadening of melting peaks mostly seen during week 4 

measurements indicated by blue lines on Fig. 2b. 

 DSC and size analysis indicated the stability of 

DC8,9PC/DSPE-PEG2000 (90/10) with and without 5 

mol% cholesterol, which were further encapsulated with 

riboflavin. The riboflavin encapsulated formulations in 

absence of cholesterol showed an enormous change in 

enthalpy suggesting major intermolecular events in the 

lipid bilayer as seen on Fig 2c. This is attributed to the 

hydrophilicity of riboflavin that results in their 

encapsulation in the aqueous core and bound on the 

hydrophilic headgroup region of the bilayer that further 

increases the spacing and packing between the              

lipids [38]. The presence of cholesterol, however, 

counterbalances this lipid disorganization due to 

riboflavin binding consequently reducing the molecular 

forces responsible for the enthalpy change. Additionally, 

it is proposed that the presence of riboflavin in the 

Figure 4. Schematic representation of a) steric stabilization of 

liposomes, b) electrostatic stabilization via opposite charges , c) 

mushroom regime with coiled PEG chains , and d) brush regime 

with extended PEG chains 
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aqueous core also prevents the entanglement of PEG 

chains in the formulation further reducing the 

interactions between the PEG groups thereby 

concurrently reducing the enthalpy change in 

encapsulated formulations. 

Conclusion 

 The present study elucidated the distinct roles 

played by cholesterol and PEG in liposomal formulations 

by investigating varying concentration of each of the 

components in photo- polymerizable liposomes in the 

presence and absence of encapsulated riboflavin over a 

duration of four weeks. Following conclusions can be 

drawn based on the combined experimental and 

mechanistic studies: 

 PEG chains extend outward creating a layer 

around the liposomes that creates a steric layer that 

prevents liposomal agglomeration as supported by the 

lower polydispersity index, small hydrodynamic 

diameters, and surface charge measurements 

 Inclusion of cholesterol with PEGylated lipids at 

lower ratios lowers the overall enthalpy change arising 

from intermolecular interactions indicating the role of 

cholesterol in minimizing the molecular interactions and 

probably the bilayer fluidity 

 Encapsulated riboflavin further stabilized the 

formulations as confirmed by changes in the specific 

heat capacity and transition temperatures of the 

formulations 
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