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Abstract: 

  

For over 20 years, stealth drug delivery has been synonymous with nanoparticulate formulations and 

intravenous dosing. The putative determinants of stealth in these applications are the molecular weight 

and packing density of a hydrophilic polymer (commonly poly(ethylene glycol) (PEG)) that forms a steric 

barrier at the surface of the nanoparticle. The current study examined the potential translation of the 

concepts learned from stealth technology after intravenous administration to oral drug delivery and 

specifically, to enhance drug exposure after administration of oral lipid-based formulations (LBFs) 

containing medium-chain triglycerides (MCT). MCT LBFs are rapidly digested in the gastrointestinal 

tract, typically resulting in losses in solubilisation capacity, supersaturation and drug precipitation. Here, 

non-ionic surfactants containing stealth PEG headgroups were incorporated into MCT LBFs in an attempt 

to attenuate digestion, reduce precipitation risk and enhance drug exposure. Stealth capabilities were 

assessed by measuring the degree of digestion inhibition that resulted from steric hindrance of enzyme 

access to the oil:water interface. Drug loaded LBFs were assessed for maintenance of solubilising capacity 

during in vitro digestion and evaluated in vivo in rats. The data suggest that the structural determinants of 

stealth LBFs mirror those of parenteral formulations i.e. the key factors are the molecular weight of the 

PEG in the surfactant headgroup and the packing density of the PEG chains at the interface. Interestingly, 

the data also show that the presence of labile ester bonds within a PEGylated surfactant also impact on the 

stealth properties of LBFs, with digestible surfactants requiring a PEG Mw of ~1800 g/mol and non-

digestible ether-based surfactants ~800 g/mol to shield the lipidic cargo. In vitro evaluation of drug 

solubilisation during digestion showed stealth LBFs maintained drug solubilisation at or above 80% of 

drug load and reduced supersaturation in comparison to digestible counterparts. This trend was also 

reflected in vivo, where the relative bioavailability of drug after administration in two stealth LBFs 

increased to 120% and 182% in comparison to analogous digestible (non-stealth) formulations. The results 

of the current study indicate that self-assembled ‘stealth’ LBFs have potential as a novel means of 

improving LBF performance.  

 

Graphical Abstract: 
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1. Introduction 

Drug bioavailability from an oral formulation in the gastrointestinal tract (GIT) is heavily reliant on 

favourable physiochemical characteristics, including adequate solubility and permeability and resistance 

to metabolism. However, increasing numbers of new chemical entities (NCE) derived from e.g. 

combinatorial and high throughput screening processes do not meet these criteria [1] and as a result, 

attrition rates in early stage clinical development are rising [2, 3]. Lipid-based drug delivery systems are 

well established as a means to circumvent the low solubility issues associated with hydrophobic drugs [2, 

4, 5]. The past twenty years have seen lipid-based formulations (LBFs) advance from simple one-excipient 

or binary systems to more complex multi-component self-emulsifying drug delivery systems (SEDDS) [6-

11]. Despite this progressive rise in popularity, however, LBFs occupy less than 4% of the oral market 

and the development of LBFs  remains largely empirical [2].  

 

One limitation to the wider use of medium-chain triglyceride (MCT) containing LBFs is the realisation 

that these formulations often exhibit a rapid loss in drug solubilisation capacity when subjected to 

digestion by pancreatic enzymes [12-16]. Under digesting conditions, there is a risk that dissolved drug 

will precipitate into a more slowly dissolving crystalline form, leading to reduced bioavailability. 

Judicious design of lipidic formulations is therefore required to generate formulations that are able to 

withstand the solubilisation challenges encountered on digestion. 

 

Lipid digestion in the GIT is catalysed by the lipase superfamily of interfacially active enzymes [17]. 

Nonspecific adsorption of the inactive lipase/co-lipase enzyme complex to the surface of an emulsified oil 

droplet results in a conformational change in the enzyme to the active form. The interfacial activation of 

pancreatic lipase renders the lipolysis reaction highly sensitive to changes at the oil:water interface [17, 

18]. The presence of commonly used polyethoxylated non-ionic surfactants has previously been reported 

to modify the rate of in vitro lipid digestion [19-24], however, the available data are contradictory. Thus, 

increases in lipid digestion rates have been observed on surfactant addition to LBFs, and tentatively 

attributed to enhanced solubilisation of digestion products [19], whilst reduced digestion has also been 

reported and attributed to steric hindrance of lipase access to the oil:water interface [21-24]. 

 

PEGylated (stealth) drug delivery vehicles comprising a polyethoxylated steric stabilisation layer have 

been extensively utilised in parenteral drug delivery to enhance plasma circulation times and to promote 

drug accumulation at sites of hypervascularisation such as tumours or inflamed tissues [25-27]. The stealth 

effect attributed to these drug delivery systems can be in part attributed to their polymeric PEG coatings 

that prevent nonspecific protein adsorption (opsonisation) and therefore reduce recognition and clearance 

from the blood by the mononuclear phagocyte system (MPS). PEGylated drug delivery systems typically 

exhibit prolonged circulation half-lives and improved accumulation at sites of increased vascular 

permeability when compared to their unmodified counterparts. 

 

The aim of the current study was to examine the potential to translate the materials and concepts that have 

been successfully employed to enable parenteral stealth applications, to an advantageous role in oral drug 

delivery. This has been achieved via the systematic evaluation of a series of LBFs with varying degrees 

of PEG mediated steric stabilisation. Parenteral stealth formulations aim to evade recognition by the 

immune system through PEG-mediated prevention of opsonisation. Here, oral ‘stealth’ formulations are 

defined as formulations that use a hydrophilic polymeric interfacial layer to similarly prevent nonspecific 

protein binding, in this case the adsorption of pancreatic lipase-colipase to the surface of a lipid droplet. 

In this way, the proposed oral stealth LBF aim to evade lipolysis and in doing so prolong drug 

solubilisation in the GIT and improve drug absorption.  

 

The development of self-assembled stealth LBFs was informed by the structural principles that govern 

effective stealth attributes in parenteral formulations, namely; surfactant PEG chain molecular weight 

(Mw) and PEG chain density [26-31]. Here we hypothesised that if oral stealth LBFs behaved in a similar 

fashion to their parenteral counterparts, digestion inhibition would correlate with the Mw of the surfactant 
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PEG headgroup and the density of the PEG layer. The degree of PEG-mediated reduction in non-specific 

protein adsorption (as manifest by changes in lipid digestion) was assessed via in vitro lipolysis 

experiments. Changes in drug solubilisation and supersaturation were measured for selected formulations 

using danazol as a model drug, and these formulations were subsequently administered orally to male 

Sprague Dawley rats. Danazol bioavailability was compared after administration of the stealth 

formulations and structurally analogous formulations that were readily digested. 

 

2. Methods 

2.1. Materials and reagents 

Danazol (pregna‐2,4‐dien‐20‐yno[2,3‐d]isoxazol‐17‐ol) was supplied by Coral drugs PVT (New Delhi, 

India). Progesterone and 1‐aminobenzotriazole (ABT) were from Sigma‐Aldrich (St Louis, MO, USA). 

Captex® 355 (C8 and C10 MCT) was donated by Abitec Corporation (Janesville, WI, USA) and was used 

as received. Etocas™ 5, 15, 35, 200 (PEGylated castor oils - CO), Croduret™ 7, 25, 40 (PEGylated 

hydrogenated castor oils - HCO), Myrj™ S8, 20, 40, 50, 100 (PEGylated stearic acids), Brij™ S2, 10, 20, 

100, 200 (PEGylated stearyl alcohols) and Brij™ O2, 3, 5, 10, 20 (PEGylated oleyl alcohols) were kindly 

donated by Croda International PLC (Yorkshire, England). Jeechem® CAH 16 (PEG 16 hydrogenated 

castor oil) and Jeechem® CA 25 (PEG 25 castor oil) were donated by Jeen® International Corporation 

(Fairfield, NJ, USA). Kolliphor® EL (PEG 35 castor oil) and RH40 (PEG 40 hydrogenated castor oil) were 

donated by BASF Corporation (Washington, NJ, USA). Nikkol® HCO 100 (PEG 100 hydrogenated castor 

oil) was donated by Nikko Chemicals Co. Ltd. (Chuoku, Tokyo, Japan). Kolliphor® RH60 (PEG 60 

hydrogenated castor oil) was purchased from Ingredients Plus (Notting Hill, VIC, Australia). Soybean oil 

(C18 long chain triglycerides - LCT), Triton™ X15, 165, 305, 705 (PEGylated branched octyl phenols), 

sodium taurodeoxycholate > 95% (NaTDC), porcine pancreatin (8 x USP specification activity) and 4‐
bromophenylboronic acid (4‐BPB) were obtained from Sigma‐Aldrich (St Louis, MO, USA). Lipoid E 

PC S, (Lecithin from egg, approximately 99% pure phosphatidylcholine (PC)) was from Lipoid GmbH 

(Ludwigshafen, Germany). Sodium heparin (1000 IU/mL) was obtained from DBL (Mulgrave, VIC, 

Australia) and normal saline (0.9%) obtained from Baxter Healthcare (Old Toongabbie, QLD, Australia). 

Sodium hydroxide 1.0 M, which was diluted to obtain 0.6 M and 0.2M NaOH titration solutions, was 

purchased from Merck (Darmstadt, Germany) and water was obtained from a Milli‐Q (Millipore, Bedford, 

MA, USA) purification system. All other chemicals and solvents were of analytical purity or high 

performance liquid chromatography (HPLC) grade. Hypergrade solvents were used for UPLCMS/MS 

analysis. 

 

2.2. Formulation preparation 

2.2.1. Blank formulations 

All formulations were prepared as binary mixtures of MCT (Captex® 355) and surfactant (50/50 % w/w). 

The surfactants used are summarised in Table 1. All lipids and surfactants were heated to 37 oC and mixed 

prior to use to ensure excipient homogeneity. Semisolid excipients (typically surfactants with PEG Mw 

800 and above) were heated to 50 oC prior to use. Formulations were vortexed for 30 s after preparation 

and equilibrated overnight at 37 °C before use.   

 

2.3. Drug loaded formulations 

The equilibrium solubility of danazol in each of the drug loaded LBFs was determined using previously 

described methodologies [32, 33]. Equilibrium solubility was assessed in triplicate and defined as the 

value attained when at least three consecutive solubility samples varied by ≤ 5%. This was typically 

reached after equilibration times of between 48 and 72 h. Danazol containing formulations had drug 

incorporated at a loading of 80% saturated solubility (based on measured values at equilibrium at 37 °C, 

figure S6 supplementary material). Danazol was accurately weighed into a glass screw cap vial with the 

required mass of formulation, vortexed and equilibrated for 24 hours prior to assay. Danazol content was 

confirmed by HPLC assay prior to formulation use [16].  

 

2.4. In vitro dispersion and digestion of formulations 
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2.4.1. Digestion conditions 

For formulation screening experiments, in vitro dispersion and digestion were conducted as previously 

reported by the LFCS Consortium [34, 35] (Standard conditions Table 2). For experiments conducted on 

the formulations that were ultimately progressed into rat bioavailability studies, adjustments to volume, 

enzyme activity and sample mass were made to better reflect a rat model of in vitro lipolysis as previously 

described by Anby et al [36] (Rat conditions Table 2).  

In vitro dispersion was monitored for 15 min and digestion monitored for 30 min. Lipolysis curves were 

generated from titration of fatty acids with NaOH. As fatty acids liberated during digestion are likely to 

be partially ionised, titre values were corrected for the presence of unionised fatty acid by back-titration 

at pH 9 [37, 38]. Titre values were compared to the moles of fatty acid that were expected to be released 

from the formulation to yield a % digestion value. Details of the total extent of digestion calculations can 

be found in the supplementary material.  

To accurately capture surfactant mediated changes to both the initial rate of lipolysis and the extent of 

digestion, the degree of ‘digestion inhibition’ was expressed as the area under the % digestion curve. To 

compare relative changes in digestion in the presence of structurally related surfactants, these AUC values 

were plotted against the molecular weight of the surfactant PEG headgroup. These digestion inhibition 

plots were compared to the AUC for MCT digestion in the absence of surfactant to provide an indication 

of the relative change to lipolysis over the entire period of digestion.  
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Table 1: Details of the six series of PEGylated surfactant studied during development of stealth LBFs. 

PEGylated Surfactant Series 

(Trade name(s)) 
Surfactant General Structure 

PEG Mw 

(g mol-1) 
PEG Units [n] 
 (approx.) 

HLB* Digestible*** 

Hydrogenated Castor Oils (HCO)** 

(Croduret
™

, Kolliphor®, Jeechem®, 

Nikkol®) 

 

308b 

705d 

1102b 

1763c 

2644c 

4407e 

7 

16 

25 

40 

60 

100 

4.9 

8.6 

10.8 

13.0 

14.7 

16.5 

Yes 

Castor Oils (CO)** 

(Etocas
™

, Kolliphor®, Jeechem®) 

  

220b 

661b 

1102d 

1542c 

1763b 

8814b 

5 

15 

25 

35 

40 

200 

3.8 

8.3 

10.8 

12.5 

13.1 

18.1 

Yes 

Stearyl Esters (SEs) 

(Myrj
™

S) 
 

353b 

881b 

1763b 

2201b 

4407b 

8 

20 

40 

50 

100 

11.1 

15.1 

17.2 

17.7 

18.8 

Yes 

Stearyl Ethers (SEt) 

(Brij
™ S)  

88b 

441b 

881b 

4407b 

8814b 

2 

10 

20 

100 

200 

5.0 

12.4 

15.3 

18.8 

19.4 

No 

Oleyl Ethers (OEt) 

(Brij
™ O)  

88b 

132b 

220b 

441a 

881a 

2 

3 

5 

10 

20 

4.8 

6.4 

8.8 

12.2 

15.2 

No 

Branched octylphenols  (bOP) 

(Triton
™

 X) 

 

198a 

419a 

705a 

1322a 

2424a 

4.5 

9.5 

16 

30 

55 

9.8 

13.4 

15.5 

17.3 

18.4 

No 

Supplier: a Sigma Aldrich, b Croda, c BASF, d Jeen, eNikko 
*       HLB calculated from surfactant general structure and PEG Mw according to method proposed by Griffin [39].  
**     PEGylation of castor oil and hydrogenated castor oils results in a mixture of surfactants with PEG groups at any (or multiple) points on the triglyceride.  

      The PEG unit values for these complex systems represents the number of moles of PEG reacted with one mole of triglyceride. The general structure is simplified. 
***   Digestible surfactants are those containing an ester bond which may be labile to hydrolysis by gastrointestinal enzymes. 
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Table 2 Conditions for in vitro experiments employing standard and rat models of 

digestion. Table adapted from Anby et al [36]. 

Digestion model 

(dilution/enzyme activity) 

Standard 

(High / High) 

Rat 

(High / Low) 

Mass Formulation [mg] 1000 125 

Digestion medium micelles micelles 

Pancreatic enzyme [mL] 4 0.010 

Total volume [mL] 40 5 

Sample volume [mL] 1 0.2 

 pH Probe iUnitrode Biotrode 

Vessel Capacity [mL] 20 – 90 mL 5 – 70 mL 

Propeller Stirrer 
Titrando 802  

(25 mm, 3 propeller) 

Titrando 802  

(20 mm, 4 propeller) 

Formulation dilution 40 (High) 40 (High) 

Enzyme activity High Low 

Equivalent to formulation dose [mg] ~1000 ~30 

 

For drug solubilisation during digestion experiments, formulations were loaded at 80% of the saturated 

solubility of drug in the formulation (supplementary material, figure S6). Aliquots (sample volumes as 

described in table 2) were taken from the dispersion/digestion media throughout the experimental period 

at t = -10, -5, 0, 5 15 and 30 min relative to initiation of digestion. Lipase inhibitor (4-BPB, 5 μL/mL of a 

1.0 M solution in methanol) was added to prevent further lipolysis. All samples were centrifuged at 37 °C 

for 10 min at 21,000g (Heraeus Fresco 21 microcentrifuge, Thermo Scientific, Langenselbold, Germany) 

in order to pellet drug that precipitated on dispersion and/or digestion. The digestion phases post-

centrifugation were recovered according to previously reported protocols [34], and assayed for danazol 

content by HPLC using a validated HPLC method as previously described [16] (validation results detailed 

in supplementary material). Blank (drug free) formulations were also subjected to dispersion and digestion 

to obtain aqueous colloidal phases at the timepoints outlined above for determination of danazol 

equilibrium solubility in the dispersed phase (APDISP) and digested phase (APDIGEST). These values were 

then utilised to calculate the maximum supersaturation ratio as described by Anby et al. [16]. Graphpad 

Prism for windows (Version 6.0, Graphpad Software Inc., CA, USA) was used to statistically analyse 

differences in pairs of in vitro data using unpaired parametric t-tests.  Data were expressed as the mean 

(n=3) ± standard deviation (SD). A difference was considered statistically significant when p ≤ 0.05. 
 

2.5. Oral bioavailability studies 

2.5.1. Surgical and experimental procedures 

All surgical and experimental procedures were approved by the Monash Institute of Pharmaceutical 

Sciences Animal Ethics Committee and were conducted in accordance with the Australian and New 

Zealand Council for the Care of Animals in Research and Teaching guidelines. Experiments were 

conducted as a series of one-way parallel studies in fasted male Sprague Dawley rats (270 – 330g) 

maintained on a 12 h light/dark cycle. Rats were anaesthetised via inhalation of isoflurane (5% v/v 

induction, 2.5% v/v maintenance; Abbott Laboratories, NSW, Australia) for the duration of the surgical 

procedure. A cannula (polyethylene tubing of 0.96 mm o.d. x 0.58 mm i.d.) was inserted into the right 

carotid artery to allow serial blood collection. Cannulae were exteriorised to the back of the neck and were 

connected to a swivel tether system. Rats were transferred to individual metabolic cages and were fasted 

for at least 12 h prior to and 5 h post dose. Drinking water was provided ad libitum. The non-specific CYP 

inhibitor, 1-aminobenzotriazole (ABT), was pre-dosed 12-hours prior to administration of the LBF to 

avoid complications to data interpretation due to potential differences in first pass metabolism [36, 40]. 
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1.2 mL of 100 mg/g ABT was dosed via oral gavage to lightly anaesthetised rats. Rats were allowed to 

recover overnight prior to dosing of lipid formulations. 

 

2.5.2. Formulation administration and sample collection 

Rats were dosed with 30 mg of each of the oral lipidic formulations dispersed in 470 mg water and 

administered via oral gavage. Drug doses were 0.5, 1.1, 0.8 and 1.3 mg/kg for the HCO7, HCO40, CO5 

and CO35 formulations respectively. After oral administration of the formulation, a 0.5 ml water flush 

was administered via a clean oral gavage needle. Blood samples (250 l) were obtained at pre-dose, 15, 

30, 45, 60, 90 min, 2, 3, 4 and 5 h after oral administration. In all cases, cannulae were flushed with 2 

IU/mL sodium heparin saline solution after each sample to ensure patency. Collected blood samples were 

transferred to 1.5 ml microcentrifuge tubes containing 10 IU sodium heparin and centrifuged for 5 min at 

6,700 x g (Eppendorf minispin plus, Eppendorf AG, Hamburg, Germany). Plasma was collected and stored 

at -20 °C until assayed for danazol content. 

 

2.6. Quantitation of danazol in plasma samples by UPLC-MS/MS 

All plasma analyses were performed using a validated method on a Waters Xevo TQS UPLC MS/MS 

system (Waters, Milford, MA, USA). Run parameters and method validation results are detailed in the 

supplementary information.  

 

2.7. Pharmacokinetic data analysis 

The data were plotted as danazol concentration (ng/mL) vs. time (h) (normalised to a nominal dose of 1 

mg/kg danazol). Non-compartmental pharmacokinetic parameters were calculated using Phoenix™ 64 

Software (WinNonlin® version 6.3, Pharsight Corporation, CA, USA). Graphpad Prism for windows 

(Version 6.0, Graphpad Software Inc., CA, USA) was used to statistically analyse differences in pairs of 

in vivo data using unpaired parametric t-tests.  All data represented are expressed as the mean ± standard 

error of mean (SEM). A difference was considered statistically significant when p ≤ 0.05. 

 

3. Results 

3.1. In vitro evaluation 

3.1.1. Stealth LBF development – effect of surfactant PEG Mw 

To evaluate the impact of PEG molecular weight on the ability of non-ionic surfactants to modulate lipid 

digestion, a series of commercially available hydrogenated castor oil (HCO) surfactants of increasing PEG 

Mw (Table 1) were formulated with MCT and subjected to digestion experiments under standard lipolysis 

conditions. Figure 1 shows in vitro lipolysis data for triglyceride alone and the series of HCO surfactants. 

The extent of digestion of MCT in the absence of surfactant was only 50% after 30 min (Figure 1 A). 

Addition of a HCO of PEG Mw 308 g/mol (approximately 7 PEG units, HCO 7) increased the initial rate 

of lipolysis, however the overall extent of digestion was slightly lower than that of MCT alone (Figure 

1B). Further increasing the PEG Mw of the surfactant to 705 and 1102 g/mol (Figure 1 C, HCO 16 and 

Figure 1 D, HCO 25) had a marked impact on the rate and extent of in vitro lipolysis with the overall 

extent of digestion reducing to less than 20%. Maximal digestion inhibition (2% digestion) was equivalent 

to a 15-fold reduction in lipolysis, and was observed for the HCO 40 surfactant (Figure 1 E, PEG Mw 

1763 g/mol, Kolliphor® RH40), a surfactant that has been previously used in more complex self-

emulsifying formulations in vitro and in vivo [41, 42]. Further increasing the PEG Mw to 2644 g/mol 

(Figure 1 F, HCO 60, Kolliphor® RH60) resulted in a recovery in digestion to 6%, indicating that this 

surfactant was marginally less effective at preventing lipid digestion. When the surfactant hydrophilic 

headgroup was increased to a molecular weight of 4407 g/mol (Figure 1 G, HCO 100), the digestion 

inhibiting properties of the PEG headgroup were lost.  
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Plotting these lipolysis profiles as area under the lipolysis curve (% digestion x min) versus surfactant 

PEG Mw in Figure 1H, reveals a parabolic relationship between the Mw of the PEG groups in the 

surfactants and the rate and extent of lipolysis. The dotted line shows the degree of digestion of the MCT 

formulation alone (i.e. in the absence of surfactant). Formulations below the dotted line reduced the extent 

of lipid digestion. The formulations that occupy the minima of these digestion inhibition curves were 

considered to be the most effective “stealth” formulations, preventing adsorption of enzyme and thus 

lipolysis of the co-formulated triglyceride. 

 

Figure 1. (A – G) In vitro lipolysis profiles for formulations comprising MCT and hydrogenated castor 

oil surfactants of increasing PEG Mw. Shaded areas represent the AUC calculated using the linear 

trapezoidal method and this was used to plot the digestion inhibition curve in H. (A) MCT alone, (B) HCO 

7 (PEG Mw 308),  (C) HCO 16 (PEG Mw 705), (D) HCO 25 (PEG Mw 1102), (E) HCO 40 (PEG Mw 
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1763), (F) HCO 60 (PEG Mw 2644), and (G) HCO 100 ((PEG Mw 4407). (H) Digestion inhibition curve 

for the hydrogenated castor oil surfactants plotting AUC (% Digestion.min) against PEG Mw.  

To gain a better understanding of the relationship between surfactant PEG Mw and LBF stealth properties, 

five further series of formulations comprising structurally diverse surfactants were screened using the 

same in vitro lipolysis assay. Figures S1 to S5 in the supplementary material show in vitro lipolysis and 

digestion inhibition curves for a range of ethoxylated castor oils (CO, Figure S1), stearyl esters (SEs, 

Figure S2), stearyl ethers (SEt, Figure S3), oleyl ethers (OEt, Figure S4) and branched octyl phenols (bOP, 

Figure S5). All surfactant series showed a parabolic relationship between PEG Mw and the rate and extent 

of digestion with the exception of the oleyl ethers and branched octyl phenols. These two data sets were 

truncated to lower PEG Mw headgroups due to difficulty in sourcing a commercial supply of the high Mw 

PEG variants for each surfactant. Interestingly, the minimum rate of digestion obtained for the castor oil 

(CO, Figure S1E) formulation series corresponds to the Kolliphor® EL surfactant, which has been 

extensively employed in the development of self-emulsifying drug delivery systems and is well tolerated 

in vivo [16, 41, 42]. As lipolysis rates are also influenced by surface area [17], the particle size of two 

series of stealth LBFs was measured by photon correlation spectroscopy to ensure that reductions in 

digestion rate were not attributable to a reduction in surface area available for enzyme interaction. Figures 

S7 and S8 in the supplementary material show the particle size distribution of the formulations containing 

the hydrogenated castor oil and castor oil series of surfactants respectively. The particle size data displays 

a similar parabolic relationship between surfactant PEG Mw and particle size, indicating that in general 

as the PEG Mw increases, the dispersed droplet size decreases (and therefore surface area increases, in 

contrast to the reduction in digestion). However, at low and very high PEG Mw the formulations become 

more polydisperse with multiple populations and the presence of large oil droplets. 

3.1.2. Stealth LBF development – effect of surfactant digestibility 

To further probe the structural determinants of stealth in regard to oral LBFs, digestion inhibition plots 

were separated into digestible (esters) and non-digestible (ether) groups. A trend in optimum surfactant 

PEG Mw and digestion inhibition was apparent. Figure 2A shows overlaid digestion inhibition curves for 

the three series of digestible surfactants, namely; ethoxylated hydrogenated castor oils, ethoxylated castor 

oils and ethoxylated stearyl esters. Maximal digestion inhibition was achieved in a molecular weight range 

of ~ 1500 – 2000 g/mol. Figure 2B shows overlaid digestion inhibition curves for the three series of non-

digestible surfactants; ethoxylated stearyl ethers, ethoxylated oleyl ethers and ethoxylated branched 

octylphenol ethers. The molecular weight range that resulted in maximal digestion inhibition was ~700 – 

900 g/mol. Figure 2C provides summary data showing the optimal PEG Mw for digestible and non-

digestible surfactant components of stealth LBFs. 
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3.1.3. Stealth LBF development – effect of PEG chain density 

Pairs of structurally analogous surfactants with the same PEG Mw were compared to evaluate the potential 

for structural differences in the surfactant hydrophobe to influence the digestion of co-formulated MCT. 

Figure 3 shows the impact of fatty acid chain saturation/linearity (and indirectly, PEG packing density) 

on digestion inhibition. The non-digestible ethoxylated stearyl and oleyl ethers (SEt, OEt) were compared 

at PEG molecular weights of 88, 441 and 881 g/mol. The lower molecular weight PEG surfactant 

formulations show a clear difference between the straight chain saturated stearyl ether and the unsaturated 

oleyl ether, with the former showing a greater digestion inhibition effect. When the surfactant PEG Mw 

was increased to 881 g/mol there were no discernible differences in digestion inhibition between 

formulations, however, this molecular weight also corresponded with maximal digestion inhibition for 

both formulations. The effect of differences in the structure of the surfactant hydrophobe was also 

evaluated using pairs of digestible surfactants. Ethoxylated HCO and CO surfactants differ in fatty acid 

saturation in the hydrophobe chains, the former comprising an ethoxylated triglyceride based on 12-

hydroxy stearic acid while the latter is based on a triglyceride comprising unsaturated ricinoleic acid. At 

a PEG Mw of 1102 and 1763 g/mol the saturated fatty acid HCO formulations were again more potent 

digestion modulators than the equivalent unsaturated CO formulation 

Figure 2.  Overlaid digestion inhibition curves 

for MCT formulations comprising six series of 

PEGylated surfactant (A) digestible surfactants, 

(B) non-digestible surfactants, (C) Optimal PEG 

Mw for digestible (black bar) and non-

digestible (grey bar) surfactant components of 

stealth lipid based formulations. **Statistically 

significant difference (P<0.05). 
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3.1.4. Impact of stealth on drug solubilisation in vitro 

Figure S6 shows the equilibrium solubility of danazol in two series of formulations comprising PEGylated 

castor oils and hydrogenated castor oils; these surfactant series were selected as HCO 40 and CO 35 are 

well tolerated in vivo. Four formulations, one digestible formulation and one stealth formulation from each 

group (namely; HCO 7, HCO 40, CO 5 and CO 35) were selected for further in vitro analysis. 

Drug solubilisation experiments were conducted based on the rat in vitro digestion model proposed by 

Anby et al (Table 2) [36]. Formulations were loaded with danazol at 80% saturated solubility in the 

formulation. Figure 4A shows overlaid drug solubilisation and digestion profiles for the low molecular 

weight PEG surfactant (HCO 7) formulation. Under rat lipolysis conditions (where lipase activity is lower 

than the comparable conditions in the dog or human), this formulation maintains drug solubilisation for 

15 min. At 30 min the formulation shows extensive precipitation which correlates to a concomitant 

increase in digestion. Maximal supersaturation ratios (SM) for this formulation during dispersion and 

digestion were 1.2 and 4.6 respectively. Overlaid solubilisation and digestion profiles are also plotted for 

the analogous stealth formulation HCO 40 (figure 4B).  

The stealth formulation did not undergo digestion in the rat model of lipolysis (< 1%) and this was reflected 

in the maintenance of drug solubilisation and relatively unchanged maximal supersaturation ratios (SM) 

throughout the digestion period. Similar data for the castor oil surfactant based formulations was observed 

and is summarised in figure 4C and 4D. The digestible CO 5 formulation (figure 4C) shows a loss in drug 

solubilisation and increase in SM from 0.7 to 6.6 following digestion of the formulation. The stealth CO 

formulation (CO 35, figure 4D), however, shows little digestion of the formulation (< 1%) and results in 

sustained drug solubilisation and supersaturation.  

Figure 3. Comparison of digestion 

inhibition capability for matched pairs 

of formulations at equivalent PEG Mw. 

Formulations differ in fatty acid 

saturation on the surfactant hydrophobe 

moiety. Purple bars, PEGylated castor 

oils; orange bars, PEGylated 

hydrogenated castor oils; green bars, 

PEGylated oleyl ethers; blue bars, 

PEGylated stearyl ethers. 
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Figure 4. Danazol solubilisation profiles (filled circles, left Y axis) during dispersion and digestion of 

PEGylated hydrogenated castor oil (orange) and castor oil formulations (purple) (shaded areas represent 

lipolysis curves, right Y axis) [mean ± SD (n = 3)] using a rat model of digestion i.e. high dilution, low 

enzyme activity. (A) HCO 7, (B) HCO 40, (C) CO 5, (D) CO 35. Danazol was incorporated into all 

formulations at 80% saturated solubility.  

3.2. In vivo evaluation of stealth LBFs 

The mean plasma concentration versus time profiles for danazol following oral administration of stealth 

and equivalent digestible formulations are depicted in Figure 5. A summary of the pharmacokinetic 

parameters is provided in Table 3. To permit cross-comparison, pharmacokinetic data was normalised to 

a 1 mg/kg drug dose. The results of the in vivo study show that AUC0−∞ and Cmax for danazol after 

administration of the stealth LBFs was greater than those obtained after administration of the 

corresponding digestible formulations. This trend was replicated for both hydrogenated castor oil and 

castor oil based formulations.  

Table 3. Pharmacokinetic parameters for danazol after oral administration of digestible and 

stealth formulations with danazol incorporated at 80% saturated solubility [mean ± SEM 

(n=3)] to fasted male sprague dawley rats. 

 Digestible Formulations  Stealth Formulations 

 HCO 7 CO 5  HCO 40 CO 35 

AUC0-∞ (ng.h/mL)a 169.0 ± 13.3 134.4 ± 18.2  202.2 ± 27.5 244.4 ± 67.4b 

Cmax (ng/mL) 86.5 ± 8.0 61.1 ± 5.8  139.8 ± 16.0 105.8 ± 3.4b 

Tmax (h) 0.6 ± 0.1 0.8 ± 0.1  0.6 ± 0.1 0.8 ± 0.0 

t1/2 (h) 1.4 ± 0.2 1.5 ± 0.2  1.4 ± 0.0 1.8 ± 0.6 
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Rel bioavailability (%) N/A N/A   119.6 181.8 
aData normalised to a 1 mg/kg danazol dose to facilitate comparison across differing drug doses. 
bStatistically significant increase when compared to CO5 formulation, p < 0.05 

The relative bioavailability (defined as the ratio of AUC0-∞ for the stealth LBF and its structurally 

analogous digestible LBF) was 120% and 182% for the ethoxylated HCO and CO formulations 

respectively, illustrating that PEG mediated digestion inhibition (stealth) improved formulation 

performance and consequently danazol bioavailability. No significant differences in Tmax were observed 

between the stealth formulations and the corresponding digestible formulations. 

 

Figure 5. Mean danazol plasma concentration vs. time profiles for PEGylated hydrogenated castor oil 

formulations (A) and PEGylated castor oil formulations (B) after oral administration. Digestible 

formulations were HCO 7 and CO 5 (black circles and diamonds respectively) and stealth formulations 

were HCO 40 (orange squares) and CO 35 (purple squares). Data normalised to a 1 mg/kg dose of DAN, 

[mean ± SEM (n = 3)]. *Statistically significant difference (P<0.05). 

4. Discussion 

Increasing numbers of drug candidates emerging from lead optimisation programs have intrinsically low 

water solubility and high lipophilicity [3]. This has driven a need to develop enabling formulations that 

facilitate the oral delivery of poorly water-soluble drugs. Significant recent attention has focussed on the 

development of formulation approaches that enhance GIT solubility and dissolution rate [3]. Of these, 

lipid based formulations (LBF) have grown in popularity and have been shown to markedly improve the 

oral bioavailability of a number of poorly water soluble drugs [2, 3]. In spite of this, it is becoming 

increasingly apparent that digestion mediated changes to drug solubilisation can have a detrimental impact 

on the in vivo performance of LBF, particularly those containing medium-chain triglycerides (MCT). MCT 

are popular excipients in LBF since they typically allow higher drug doses to be dissolved in the 

formulation than their long chain counterparts.  

Losses in drug solubilisation capacity during formulation digestion can lead to a transiently supersaturated 

state, which has the potential to promote drug absorption [16]. In instances where supersaturation is 

significant and/or prolonged, however, it may also promote precipitation. In some cases, the addition of 

polymeric inhibitors to prevent crystal seeding and reduce drug precipitation can recover these 

formulations and improve in vivo outcomes [11, 16, 43], but this is not always the case [16]. In contrast, 

prevention of digestion mediated losses in solubilisation capacity, through manipulation of the lipolysis 

process itself, has, to date, not been explored as an avenue to improved LBF performance in vivo. Lipolysis 

is an inherently surface sensitive reaction, and changes to the oil:water interface might be expected to alter 
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the rate of digestion [17, 18]. Tan et al. have utilised the surface sensitivity of the digestion process to 

increase lipolysis rates, demonstrating that this in turn improves drug absorption from silica lipid 

nanoparticles [44, 45]. Conversely, the potential for non-ionic PEGylated surfactants to modulate or 

inhibit triglyceride digestion has been documented [17, 19-23] however, the utility of this inhibitory effect 

has not been explored in detail, nor translated into differences in in vivo bioavailability.  

PEG is a neutral non-immunogenic polymer that is miscible with water and has high motility in aqueous 

media and a large hydrodynamic volume [46, 47]. These properties render the polymer resistant to protein 

adsorption. PEGylated interfaces find multiple biological applications where nonspecific protein 

adsorption is unwanted, most notably in nanomedicine where PEG surface coatings are used to prolong 

the circulation half-life of injectable nanomaterials through avoidance of opsonisation and phagocytosis. 

This PEG shielding effect was coined “stealth” by Allen and co-workers in 1991 [48]. The long-circulating 

performance of a stealth nanoparticle can be directly attributed to a combination of the molecular weight 

and surface density of the PEG mantle [26-31]. An understanding of these key structural determinants of 

stealth may provide a template for the development of improved LBFs after oral administration, since the 

adsorption of lipase to the droplet interface (and therefore the possibility of digestion mediated drug 

precipitation) is analogous to the opsonisation of a nanoparticle in the systemic circulation. The prevalence 

of PEGylated non-ionic surfactants in lipid based drug delivery provides a promising platform from which 

to develop stealth LBFs. 

The main objective of the current study was therefore to develop ‘stealth’ oral lipid based formulations 

from PEGylated surfactants and MCT, to evaluate the impact of these formulations on drug solubilisation 

and supersaturation in vitro and to assess whether this was manifest in improved in vivo drug absorption. 

4.1. PEGylated surfactants as digestion modulators 

4.1.1. Stealth properties are dependent on surfactant PEG Mw 

Parenteral stealth formulations require a polymeric steric stabilisation layer of adequate size and surface 

coverage to prevent protein adsorption and to evade capture by the cells of the MPS. For example, Mori 

et al. described a relationship between PEG molecular weight and immunoliposome circulatory half-life 

in Balb/c mice [28] whilst Torchilin and co-workers demonstrated that long-circulating liposomes required 

optimised polymer-to-lipid ratios for adequate surface coverage and that this was directly dependent on 

the Mw of the PEG group [27, 29]. This putative PEG molecular weight/stealth relationship has since been 

extensively employed to guide the development of stealth nanoparticulate drug delivery vehicles. 

More recently, it has been shown that PEGylated surfactants may change the rate and extent of lipolysis 

of homogenized emulsions in a PEG molecular weight dependant manner [23]. This data from Wulff-

Perez and co-workers showed that the digestion of preformed sunflower oil emulsions containing different 

surfactants, two ethoxylated stearyl esters and two triblock co-polymers, was dependent on PEG Mw. 

However, the authors failed to find a comprehensive explanation for differences in digestion inhibition for 

two surfactants of equal PEG Mw. 

The current studies applied the principles of stealth drug delivery to lipid based formulation development 

by systematically investigating the impact of surfactant PEG Mw and packing density (hydrophobe 

structure) on the digestion of triglycerides. This data then informed the development of self-assembled 

stealth lipid based formulations for oral administration of a poorly water-soluble drug.  Figure 1 shows 

the direct impact of PEGylated surfactants on the digestion of MCT while figure 2 shows a parabolic 

relationship between PEG Mw and rate and the extent of digestion for six structurally diverse series of 

PEGylated surfactants. As the PEG Mw of the surfactants increased, the AUC of the digestion profiles (% 
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digestion min-1) decreased, suggesting that enzyme adsorption had been reduced, presumably via the 

generation of a polymeric steric barrier. Figures S7 and S8 show that the reduction in digestion is not 

attributable to a reduction in surface area as the particle size of dispersed formulations decreased (and 

therefore surface area increased) with increasing PEG Mw.  

As the PEG head group of the surfactant increased further and exceeded a critical maximum, the digestion 

inhibition effect was reduced. The latter effect may be attributable to an imbalance between the large 

motile hydrophilic head group and the smaller hydrophobic tail of the surfactant. At increasingly higher 

molecular weights of the hydrophilic head group, the emulsifiers may become unstable at the surface of 

the lipid droplet and dissociate into the aqueous digestion environment, displaying at best, a transient 

inhibitory effect. This is consistent with the particle size data in figures S7 and S8 which show that 

surfactants with high Mw PEG headgroups were less efficient emulsifiers. These formulations dispersed 

to form multiple populations of droplets with very large (>5000 nm) phase separated oil droplets.  Similar 

observations have been made in relation to the use of amphiphilic surface modifiers in liposome 

development [49]. 

4.1.2. Digestible surfactants require larger PEG Mw to impart stealth properties 

Further examination of the digestion inhibition data in figures 3 and 4 reveals a statistically significant 

correlation (P<0.05) between the digestibility of the surfactant and the optimal surfactant PEG Mw for 

maximal digestion inhibition or “stealth” capability. As a rule of thumb, the digestible surfactants required 

a PEG Mw of ~1800 g/mol to shield the surfactant ester group and the co-formulated triglycerides from 

digestion. The non-digestible surfactants employed, however, did not possess labile ester bonds and as a 

result the PEG Mw required to sterically shield the MCT payload was significantly lower (approximately 

800 g/mol). 

4.1.3. The structure of the surfactant hydrophobe influences the extent of digestion inhibition 

Parenteral stealth formulations have been developed based on optimising the quantity of polymer on the 

surface of the carrier (or the density of the PEG chains) [26, 27, 29, 49]. Accurately controlling this 

parameter for the development of self-assembled stealth LBFs is limited by the commercial availability 

of PEGylated surfactants where the hydrophobic moiety has been changed systematically. Despite these 

limitations, figure 5 provides some information as to the impact of the surfactant hydrophobe on PEG 

packing at the oil:water interface. Comparing pairs of formulations at constant surfactant PEG Mw but 

with differing degrees of saturation of the hydrophobe moiety, provides insight into the influence of 

surfactant packing at the droplet interface on digestion inhibition. Thus, unsaturated, non-linear (or 

‘kinked’) surfactant hydrophobes (that presumably pack less efficiently at the interface, [50]) were less 

effective at reducing digestion than their straight chain counterparts. This trend was evident for simple 

non-digestible PEGylated fatty alcohols and more complex digestible PEGylated triglycerides.  

4.2. Stealth LBFs improve drug solubilisation in vitro and drug absorption in vivo 

Figure 4 shows the profound impact of stealth LBFs on the solubilisation of danazol during in vitro 

digestion. After a 30 min lipolysis period, the stealth formulations had been digested by less than 1%, and 

this was reflected in the maintenance of drug solubilisation at >80% of initial load. In contrast, the readily 

digestible, low Mw PEG equivalent formulations were rapidly digested and lost solubilisation capacity for 

the formulated drug. These results were also reflected in the maximal supersaturation ratios (SM) generated 

for each formulation type, with stealth LBFs maintaining or marginally increasing SM while digestible 

LBFs showed significant increases in SM from dispersion to digestion. As has been previously reported 
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[16, 35], SM values greater than 3 are typically associated with systems that are prone to precipitation and 

less likely to perform efficiently in vivo.  

Finally, the plasma profiles in Figure 5 and the pharmacokinetic parameters presented in Table 3 reveal 

differences in in vivo exposure of danazol after oral administration of stealth and digestible formulations. 

Two series of surfactants were investigated, polyethoxylated hydrogenated castor oils and polyethoxylated 

castor oils. The trends between the two data sets were similar; generation of a self-assembled PEG mantle 

around the lipid droplet prevented rapid digestion and precipitation of the formulated drug. This in turn 

resulted in improved drug absorption where the increase in relative bioavailability of the stealth vs non-

stealth formulations was 120% and 182 % for HCO and CO formulations respectively.  

 

5. Conclusions 

The current studies have explored the potential translation of concepts that have been successfully 

employed to enable parenteral stealth applications to oral drug delivery. The data suggest that similar to 

parenteral stealth formulations, the presence of a hydrophilic PEG mantle on the surface of a lipid droplet 

in the gastrointestinal tract is able to reduce protein binding (in this case, the binding of digestive 

enzymes). Furthermore the data suggest that the degree of stealth activity is dependent on the Mw of the 

PEG surfactant headgroup as well as the packing of the polymer at the surface of the oil droplet. 

Interestingly, the presence of hydrolysable groups within the surfactant structure affected the performance 

of the oral stealth LBFs, with digestible surfactants requiring larger Mw PEG headgroups to generate an 

effective stealth barrier. 

Controlling the rate of formulation hydrolysis through the generation of a stealth PEG barrier also altered 

the propensity of a formulation to supersaturate on digestion, reducing the maximal supersaturation ratio 

(SM) and thus reducing the risk of drug precipitation. Finally, in vivo administration of stealth and 

analogous digestible formulations to male SD rats resulted in increased exposure for groups dosed with 

stealth formulations, confirming that the prevention of rapid supersaturation and precipitation in the GIT 

is an effective strategy for improving the oral absorption of poorly water soluble drugs.  
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