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A B S T R A C T

Background: Transferosomes (TFS) are ultra-deformable elastic bilayer vesicles that have previously been used to 
enhance gradient driven penetration through the skin. This study aimed to evaluate the potential of TFS for 
topical ocular drug delivery and to compare their penetration enhancing properties in different ocular tissues.
Methods: Curcumin-loaded TFS were prepared using Tween 80 as the edge activator. Drug release and precorneal 
retention of the TFS were evaluated in vitro, while their ocular biocompatibility and bioavailability were 
evaluated ex vivo using a curcumin solution in medium chain triglycerides as the oily control.
Results: The TFS had a narrow size distribution with a particle size less than 150 nm and an entrapment efficiency 
greater than 99.96 %. Burst release from the TFS was minimal and the formulation showed good corneal 
biocompatibility. Moreover, enhanced corneal and conjunctival drug penetration with significantly greater and 
deeper drug delivery was observed with TFS.
Conclusion: TFS offer a promising platform for ocular delivery of hydrophobic drugs. This study, for the first time, 
elucidates the effect of tissue morphology and osmotic gradients on drug penetration in different ocular tissues.

1. Introduction

The past few decades have seen significant advancement in drug 
delivery strategies with an ever-increasing focus on lipid-based nano
technologies. Liposomes are one of the most extensively studied lipid- 
based nanoparticulate systems, since their rigid bilayer structure pro
vides a versatile platform for delivery of both hydrophilic and lipophilic 
drugs [1,2]. Meanwhile, transferosomes (TFS) are elastic bilayer vesicles 
that further extend the drug delivery capability of liposomes [3–5]. 
Transferosomes are structurally similar to liposomes, but the bilayer 
structure is rendered elastic by incorporation of an “edge-activator”, 
which may be a surfactant, such as Tween® 80 and Span® 80, or a bile 
acid, such as sodium cholate, that significantly reduces the elastic 
modulus of the phospholipid backbone [5–7]. The ultra-deformable and 
stress-responsive properties of TFS have been shown to facilitate skin 
penetration due to their ability to undergo reversible deformation and 
squeeze through intercellular pores that are smaller than their vesicle 

size [7–9]. Moreover, the high surface hydrophilicity of TFS facilitates 
their penetration along the osmotic gradient via “transpore hydrotaxis” 
which enhances their migration from the lipophilic epidermis to the 
richly perfused hydrophilic dermis [10,11]. Thus, their application in 
non-invasive drug delivery to the skin has been extensively explored 
[11,12].

While the mechanism of topical drug delivery to the skin and the eye 
is often presumed to be identical, ocular tissues are more susceptible to 
excipient related toxicity; therefore, the choice and concentration of 
excipients are significantly constrained in ocular drug delivery systems. 
Currently, the application of TFS in ocular drug delivery is limited to a 
handful of studies. Uwaezuoke et al. [13] hypothesized that osmotic 
gradients across the corneal epithelium and stroma are similar to those 
observed across the epidermis and dermis and evaluated corneal 
permeability and flux of TFS using different edge activators. Nanda et al. 
[14] prepared elastic vesicles using sodium deoxycholate as the edge 
activator and suspended them in a Carbopol gel for sustained drug 
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delivery of the antifungal drug, fluconazole, for the treatment of kera
tomycosis. Meanwhile, Mazyed et al. [15] prepared acetazolamide 
“transgelosomes” using different edge activators, including Tween 80, 
Span 60, and Cremophor RH 40, and incorporated them into poloxamer 
gels for a sustained therapeutic effect in the eye.

Although preliminary studies suggest that TFS can enhance corneal 
drug delivery, it is worth noting that the epithelial morphology and 
hydrophilic-lipophilic balance in different ocular tissues differ consid
erably [16,17]. The corneal epithelium is known to be the primary 
barrier to ocular drug delivery with tight intercellular junctions [18,19]. 
Meanwhile, the conjunctival epithelium has larger intercellular pores 
and is relatively hydrophilic [20,21]. Since the capability of TFS as drug 
carriers largely depends upon the tissue morphology with intercellular 
junction size and osmotic gradients across the tissue having a significant 
influence on TFS penetration [5,10], it may be hypothesized that their 
penetration and distribution in the corneal and conjunctival tissues will 
differ considerably. To test this hypothesis, this study aimed to compare 
TFS penetration in the cornea and bulbar and tarsal conjunctiva using 
curcumin as the model hydrophobic drug.

Curcumin is the major curcuminoid obtained from the rhizomatous 
plant, turmeric (Curcuma longa), that has extensively been studied for its 
anti-oxidant and anti-inflammatory activities. Curcumin’s application in 
the management of several ocular inflammatory conditions, such as dry 
eye disease [22], allergic conjunctivitis [23], uveitis [24,25], cataract 
[26], diabetic retinopathy [27] and proliferative vitreoretinopathy [28]
has previously been demonstrated. However, curcumin is very lipophilic 
with a Log P of 4.16 and three pKa values of 8.38 ± 0.04, 9.88 ± 0.02 
and 10.51 ± 0.01 due to which it remains virtually unionized and 
practically insoluble in water at physiological conditions [29–31]. Due 
to its poor aqueous solubility (11 ng/ml in aqueous buffer at pH 5) and 
cellular permeability, curcumin is classified as a biopharmaceutical 
classification system (BCS) class IV molecule [30,32]. As such, the 
biomedical potential of curcumin remains largely unexploited due to the 
difficulty encountered in delivering therapeutically relevant concen
trations of curcumin. At present, there is no marketed ocular formula
tion of curcumin.

Here, we prepared and characterized phospholipid TFS using Tween 
80 as the edge activator in a non-occlusive vehicle. Ocular biocompat
ibility and bioavailability of the TFS was evaluated using a conventional 
oily solution of curcumin in medium chain triglycerides (MCT) as the 
control. An advantage of using curcumin as the model drug was that its 
fluorescent nature facilitated drug visualisation and quantification in 
tissue layers by fluorescence microscopy. Thus, drug penetration and 
distribution in different ocular tissues, including the cornea, bulbar and 
tarsal conjunctiva, were compared to elucidate the transepithelial os
motic gradient driven diffusion of TFS across these tissues.

2. Materials and methods

2.1. Materials

Curcumin powder (Curcuma longae pulvis) was purchased from 
Receptura Apotheke, Germany. Medium chain triglycerides (MCT Lab
rafac Lipophile WL 1349) and Phospholipon 90 G were gifted by Gat
tefosse and Lipoid GmbH, Germany, respectively. Tween 80, chloroform 
and methanol were purchased from Merck, Germany. Milli-Q water, 
obtained by reverse osmosis using a Millipak system (0.22 μm; Millipore, 
USA) was used for TFS preparation and for all analyses. Isopropyl 
alcohol was purchased from Macron Fine Chemicals, Netherlands, while 
HPLC grade acetonitrile and methanol were purchased from J. T. Baker, 
USA. To prepare the polymeric films for the precorneal retention studies, 
poly-vinyl alcohol (PVA; 87–90 % hydrolyzed, molecular weight 
30,000–70,000), mucin type II, and poloxamer 407 were purchased 
from Sigma-Aldrich, Germany, while gelatin was obtained from Vetec 
(Rio de Janeiro, Brazil). For the simulated tear fluid (STF), NaHCO3 was 
obtained from ECP Labchem, New Zealand, and NaCl and CaCl2 were 

purchased from Scharlau Chemicals, Spain.

2.2. Preparation of transferosomes

TFS were prepared using Phospholipon 90 G (phospholipid) and 
Tween 80 (edge activator) by the thin-film hydration technique 
described previously [33,34]. Briefly, the phospholipid film was pre
pared in an Eppendorf tube by dissolving 90 mg Phospholipon 90 G and 
10 mg Tween 80 in 10 ml of organic solvent (methanol:chloroform, 1:2 
(v/v)). The organic solution was transferred to a round bottom flask by 
rinsing with an additional 3 ml of organic solvent, and evaporated in a 
rotary evaporator (75 rpm, 35 ◦C, 320 mbar; Rotavapor R-215, Büchi, 
Switzerland), after which the films were dried under nitrogen for 5 min, 
covered in foil and stored in a vacuumed desiccator overnight. The dry 
films were rehydrated with 5 ml of Milli-Q water, preheated to 35 ◦C, 
and sonicated with a probe sonicator (UW2070, Bandelin Electronic, 
Germany) for 2 min at 40 % intensity (0.4 cycles) [35].

Curcumin-loaded TFS were prepared by adding varying amounts of 
curcumin (2.5, 5.0, 7.5, 10.0 or 15.0 mg) to 90 mg Phospholipon 90 G 
and 10 mg Tween 80 in 10 ml of organic solvent followed by evaporation 
in the rotary evaporator as described above. A 1 ml syringe extruder 
fitted with a 0.2 µm polycarbonate hydrophilic membrane (Nuclepore, 
Whatman, USA) was used for ten extrusions per ml. Drug loading (%) 
was calculated as previously described by Rodriguez et al. [36] using the 
equation below: 

Drug Loading(%) =
weight of drug in sample

total weight of sample
× 100 

2.3. Particle size, polydispersity index and zeta potential

The particle size, polydispersity index (PDI) and zeta potential (ZP) 
were determined in triplicate by dynamic light scattering (DLS) and 
laser doppler anemometry (LDA) using a ZetaSizer NanoZS Zen3600 
(Malvern Instruments, USA). Particle size and PDI were measured at 
25 ◦C with an equilibration time of 120 s. Blank TFS were diluted 1:25 
(v/v) in PBS, while the curcumin TFS were further diluted to a final 
concentration of 2:100 (v/v) to minimise any refractive error due to dye 
fluorescence.

The ZP of the TFS was measured using conductivity water (CW) for 
reproducibility, as described previously [37]. CW was prepared by 
boiling Milli-Q water in a 50 ml Schott bottle for 10 min and covering it 
with an unscrewed lid. Post-equilibration for 3 days, NaCl was added to 
obtain a conductivity of 50 µS/cm (Mettler Toledo, USA). Trans
ferosomes were diluted 2:100 (v/v) with CW and the ZP was measured 
using a DTS 1060 Malvern cuvette at 22 ◦C without equilibration.

2.4. Loading and entrapment efficiency

The drug loading efficiency (LE%) or the amount of drug loaded in 
the TFS was determined by adapting a previously described method 
[36]. Curcumin-loaded TFS were centrifuged for 10 min at 13,000 rpm 
at 4 ◦C (Eppendorf, Germany) to remove any large crystals or aggregates 
of the unentrapped drug. The supernatant was diluted with isopropyl 
alcohol (IPA) and sonicated for 30 min (Cole-Palmer, USA). Curcumin 
was quantified in the supernatant to determine the actual amount of 
drug loaded by measuring the fluorescence intensity (excitation: 485/ 
20 nm; emission: 535/20 nm; Spectramax i3x; Molecular Devices, USA). 
A curcumin standard curve was plotted using seven standards with 
concentrations ranging from 0.025 to 5 µg/ml and the linearity, speci
ficity, precision and accuracy of the method were confirmed [38,39]. 
The LE% was calculated using the equation below [36]: 

LE% =
actual amount of drug loaded

theoretical amount of drug loaded
× 100 

The entrapment efficiency (EE%) was measured by the ultracentri
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fugation method [40] that has previously been applied to calculate 
curcumin EE% in ethosomes and TFS [41]. The centrifuged TFS were 
divided and ultracentrifuged (Sorvall wX + Ultra s, Thermofisher, USA) 
twice for 1 h at 40,000 rpm and 4 ◦C. The free drug in the supernatant 
was quantified as described above. The EE% was calculated using the 
equation below [42]. 

EE% =
actual amount of drug loaded − free drug

actual amount of drug loaded
× 100 

2.5. In vitro release

Curcumin release from TFS was determined using a cellulose acetate 
dialysis bag (MWCO 12,000–14,000; Fisherbrand, UK) by enclosing 1 ml 
of the TFS formulation in a pre-swollen dialysis bag and suspending it in 
200 ml of phosphate-buffered saline (PBS; pH 5.5) with 0.5 % (w/v) 
Tween 80 stirred at 300 rpm and maintained at a temperature of 32 ◦C. A 
1 ml aliquot was withdrawn and replaced with fresh buffer at 1, 2, 3, 4, 
5, 6, 8, 12, 24, 28, 48 and 72 h and the curcumin content was analysed 
using HPLC-UV, as described previously by Tolentino et al. [43]. Sam
ples with curcumin content below the lower limit of quantitation 
(LLOQ) by HPLC were further analysed spectrophotometrically, as 
described above. The cumulative drug release was plotted against time 
and the in vitro release data was fitted to the modified Korsmeyer-Peppas 
equation proposed by Kim and Fassihi [44] to obtain the drug transport 
constant (K) and the transport exponents (n) of the TFS using the 
equation below: 

Mt

M∞
= Ktn + b 

Where, Mt/M∞ represents the fractional permeated drug, t is the time, b 
is the possibility of a burst effect, K is the transport constant (dimension 
of time− 1), and n is the transport exponent (dimensionless) [45].

2.6. Ex vivo precorneal retention

Precorneal residence of the formulations was compared using the 
“OphthalMimic model” described by Barbalho et al. [46]. The model 
consists of a reusable support base designed to oscillate between 0◦ and 
50◦ to replicate eyelid movement. A polymeric membrane, prepared by 
casting PVA, gelatin, type II porcine mucin and poloxamer, was affixed 
on the support base to mimic the ocular surface, while a commercial 
peristaltic pump was integrated with the platform to simulate tear flow 
at a rate of 1.0 ml/min for 5 min (32 movements/min). Simulated tear 
fluid (STF) was prepared using 0.2 % NaHCO3, 0.67 % NaCl and 0.008 % 
CaCl2, as described previously [47]. Precorneal retention was compared 
by placing 300 µl of each formulation on the polymeric membrane and 
subjecting it to simulated tear flow. The drained tear fluid was collected 
after 5 min and quantified for curcumin using the spectrofluorometric 
method described above. Statistical comparison was performed using an 
unpaired t-test (GraphPad Prism version 9.3.1).

2.7. Bovine corneal opacity and permeability assay

The bovine corneal opacity and permeability (BCOP) assay recom
mended by the Organisation for Economic Co-operation and Develop
ment (OECD) [48–50] was modified to evaluate the corneal 
biocompatibility of the test formulations. Briefly, freshly harvested 
bovine eyes were incubated for 10 min at 32 ± 0.5 ◦C and one drop of 
STF was added inside a centrally placed custom-made polycarbonate 
corneal sleeve. Eyes were incubated for 5 min before applying 150 µl of 
the test formulations (MCT, blank TFS, 1 % w/v Tween 80) and incu
bating for another 5 min. As per the OECD guideline, Milli-Q water was 
used as the negative control, while acetone, 5 % w/v benzalkonium 
chloride (BAK) and 0.1 M sodium hydroxide (NaOH) were used as 
positive controls. After 5 min of exposure to the test formulations, the 

polycarbonate sleeves were removed, and the eyes were rinsed with 
approximately 10 ml of warm PBS (32 ± 0.5 ◦C) before further incu
bation for 1 min. The extent of corneal damage, if any, was evaluated by 
observing corneal opacity and epithelial detachment. A sodium fluo
rescein solution (4 mg/ml; pH 7.4) was applied to ascertain the integrity 
of the corneal epithelium using a Burton lamp (G. Nissel & Co. Ltd., UK). 
Observations were graded according to individual numerical scores for 
corneal opacity, corneal staining (epithelial integrity) and epithelial 
detachment and the mean cumulative score from three eyes was used to 
determine the irritation potential as described previously [51,52].

2.8. Ex vivo penetration studies

Ocular distribution of curcumin from TFS formulations containing 1 
mg/ml curcumin was evaluated using an ex vivo porcine eye model 
[53–55]. A 1 mg/ml solution of curcumin in MCT was used as the oily 
control. Porcine eyes were collected from the abattoir (DaHua Super
market, New Zealand) and transported to the laboratory in cold PBS. All 
eyes were inspected for corneal damage or lacerations and only healthy 
eyes were used for penetration studies after trimming off excess tissue 
surrounding the eyes.

The porcine eye model was set up by placing the eyes into 6-well 
microplates lined with a non-absorbent lint-free sheet (DAY-LEE™, 
Johnson & Johnson Medical, USA) soaked in Hank’s Balanced Salt So
lution (HBSS; ThermoFisher Scientific, New Zealand). Custom-made 
polycarbonate corneal sleeves with an internal diameter of 18.5 mm 
(manufactured by the University of Auckland Biomedical Engineering 
Workshop, New Zealand) were placed on top of each eye, such that the 
cornea and bulbar conjunctiva were exposed to the test formulation. 
Excised eyelid tissue was placed on top of each eye with the tarsal 
conjunctiva facing the cornea.

Eyes were incubated at 35 ± 3 ◦C and after equilibration for 15 min, 
300 µl of the test formulation (n = 3) was applied between tarsal con
junctiva and cornea. After 15 min, the eyes were rinsed and washed with 
HBSS to remove any excess formulation and the cornea, bulbar con
junctiva along with the sclera, and the eyelid tissue with the tarsal 
conjunctiva were carefully excised and fixed in Tissue-Tek® O.C.T. 
compound (Sakura® Finetek, USA). The tissues were sectioned (Cryo
Star NX50, Thermo Scientific, USA) to a thickness of 10  µm.

2.8.1. Corneal distribution by confocal microscopy
Curcumin distribution in the corneal epithelium and stroma was 

qualitatively evaluated using a confocal laser scanning microscope 
(FV1000, Olympus, Japan). Tissue sections were prepared as described 
above and cell nuclei were counterstained with 4′,6-diamidino-2-phe
nylindole (DAPI; Sigma-Aldrich, USA).

2.8.2. Corneal and conjunctival penetration by fluorescence microscopy
Drug penetration into the cornea, bulbar and tarsal conjunctiva was 

semi-quantitatively [56,57] evaluated by observing tissue sections 
under a fluorescent microscope (Apotome.2, Zeiss, Germany) within 6 h 
of sectioning. A 475 nm LED laser with laser intensity of 25% was used 
to illuminate the tissue sections and the signal was collected using the 
camera objective (20× 0.5 Axiocam 506, Zeiss Germany). The built-in 
green fluorescence filter (FITC-109; BP 450–490/BS495/BP 500–500) 
with an exposure time of 1000 ms and 100% intensity was used for all 
analyses.

For each corneal sample, 12 sections from the central and peripheral 
regions were imaged at five positions each, resulting in a total of 120 
images for each eye. For the bulbar conjunctiva, 12 sections were 
imaged at the limbus. Meanwhile, for eyelid samples, 12 sections from 
the central region were imaged at three positions.

2.8.3. Digital image analysis
Curcumin penetration into ocular tissues was evaluated by digital 

image analysis as per the method previously described by Pelikh et al. 
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[56] and optimized for corneal penetration by Raab et al. [57] using 
Image J software version 1.8.0 [58,59]. Prior to analysis, all images 
were scaled using the scale function of the software to synchronize the 
scale bar to a specific number of pixels. The scale was set to 2.84 pixels/ 
µm for images with a 200-fold magnification. The amount of curcumin 
penetrated was then determined semi-quantitatively by analysing the 
mean grey value per pixel (MGV/px) in each image. The higher the 
MGV/px (i.e. total intensity of detected light within the image), the 
more curcumin penetrated. The maximal penetration depth was deter
mined manually by measuring the distance between the superficial tis
sue surface and the most distant pixel (corresponding to maximally 
penetrated curcumin) for each section.

2.8.4. Statistical analysis
Statistical comparison was performed using GraphPad Prism version 

9.3.1. The total amount of curcumin penetrated and the mean pene
tration depth were compared by a two-way analysis of variance 
(ANOVA) test, followed by post hoc Šídák’s multiple comparisons tests. 
A p-value < 0.05 was defined as statistically significant. Error bars in the 
figures represent the standard deviations.

3. Results and Discussion

3.1. Particle size, polydispersity index and zeta potential

The particle size, measured as Z-average, and PDI of the blank TFS 
were 117 ± 0.84 nm and 0.41 ± 0.004, respectively (Table 1). The 
measured particle size was comparable to that previously reported by 
Ahad et al. [33], who prepared Phospholipon 90 G and Tween 80 TFS 
and measured the particle size by both DLS and transmission electron 
microscopy. Curcumin precipitation was evident when drug loading was 
greater than 7.5 % w/w; therefore, LP4 (10 % w/w) and LP5 (15 % w/w) 
formulations were not evaluated any further. TFS having a drug loading 
of 2.5, 5 and 7.5 % w/w showed a 20 % increase in particle size 
compared to blank TFS, although the average particle size remained less 
than 150 nm. In line with previous literature [35,60], we observed a 
significant reduction in particle size and PDI after sonication. The small 
vesicle size obtained in this study is highly desirable as nanoparticulate 
formulations with a particle size of less than 200 nm are known to 
significantly enhance ocular drug delivery [61]. Meanwhile, the PDI of 
the drug-loaded TFS was considerably lower than that of blank TFS 
suggesting that curcumin loading stabilizes the TFS, likely due to 
incorporation of curcumin into the lipid bilayer of the TFS. Moreover, an 
increase in curcumin loading from 2.5 to 7.5 % resulted in smaller size 
and lower ZP values. The narrow particle size distribution of the for
mulations is anticipated to increase TFS stability while optimising the 
release kinetics [62].

The ZP of the TFS was slightly negative and in agreement with that 
previously observed for curcumin TFS [63]. Changes in ZP of similar 
vesicles loaded with different drug entities are typically observed due to 
the incorporation of the drug molecules in the TFS bilayer, leading to 
modification of the surface charge of the vesicle [41]. It has been sug
gested that curcumin tends to induce conformation changes of 

phospholipid head groups at the surface of vesicles which contribute to 
the negative zeta potential values [64]. Furthermore, the zeta potential 
of Tween 80-containing TFS tends to be negative due to partial hydro
lysis of the polyethylene oxide head groups [33]. The TFS are composed 
of Tween 80 and phospholipids combining two stabilization principles: 
the phospholipid provides electrostatic stabilization while Tween 80, 
which is a non-ionic surfactant, provides steric stabilisation [65,66]. Our 
results suggest that these mechanisms superimpose to create an inter
mediate ZP (Table 1) for the prepared TFS. Together the phospholipid 
and Tween 80 bilayer displays steric and electrical hindrance, which 
tends to inhibit aggregation and enhances dispersion stability [67].

3.2. Loading and entrapment efficiency

The LE% of the TFS increased as the drug loading was increased from 
2.5 to 7.5 % (Table 1). This may be attributed to the hydrophobic nature 
of curcumin. It may be hypothesized that as drug loading is increased, 
the fraction of drug lost during the washing and dilution steps decreases 
due to limited solubility of curcumin. Drug leakage in the supernatant 
appeared to be minimal and the EE% was at least 99.96% for all TFS. 
Since the hydrophobic nature of curcumin limits its solubility in the 
aqueous medium used for hydrating the TFS, it may be anticipated that 
the drug was predominantly localised in the lipid bilayers. In the case of 
LP1 and LP2, no curcumin was detected in the supernatant. As such, 
accounting for the LLOQ of the analytical method, the EE% was esti
mated to be > 99.96%. For LP3, the curcumin concentration in the su
pernatant was just at the threshold of the LLOQ suggesting that the EE% 
of LP3 at 99.96% was slightly lower than that of LP1 and LP2. To 
minimise the risk of precipitation on storage, the LP2 formulation was 
used for further in vitro and ex vivo studies.

3.3. In vitro release

In vitro release of curcumin from TFS was evaluated using the dial
ysis bag method with PBS adjusted to pH 5.5 as the release medium since 
curcumin rapidly degrades at neutral-alkaline pH [68]. Moreover, 0.5% 
w/v Tween 80 was added to the release medium to facilitate curcumin 
solubilization and maintain sink conditions [38]. A triphasic release 
profile characterized by three distinct phases, an initial burst phase, 
followed by a second slower lag-phase and a final faster release phase 
[69,70], was observed (Fig. 1).

The in vitro drug release data was fitted to the Korsmeyer–Peppas 
equation [71] with Kim and Fassihi’s [44] expression for burst effect to 
further elucidate the release kinetics. This model was found to be a good 
fit with an R2 of 0.9892. The value of n was 0.71, which corresponds to a 
non-Fickian transport mechanism [71]. The high k and b values (k =
0.88; b = 0.5) suggest that after the initial burst release curcumin was 
released from the TFS bilayer in a more controlled manner.

Burst release is typically attributed to non-encapsulated drug parti
cles adhered to the carrier surface or rapid hydration of easily accessible 
drug molecules close to the carrier surface [72]. A short burst release 
phase lasting 15 min was observed in which less than 2% of the total 
curcumin was released from the TFS. The relatively small burst release is 
particularly desirable for ocular drug delivery as it can minimise tear 
fluid dilution and drainage due to reflex tearing and can be attributed to 
the narrow size distribution, high EE% (>99.96%) and hydrophobic 
nature of curcumin, due to which it resists hydration [62]. After the 
initial burst release, a “lag phase” with almost negligible drug release 
was observed until the 2 h timepoint, which may be attributed to tem
porary depletion of the drug close to the TFS surface [70]. The relatively 
short lag phase in this study can be attributed to the presence of the edge 
activator in the TFS which imparts fluidity to the lipid bilayer, leading to 
re-arrangement of the lipid structure and modification of the diffusion 
barrier’s robustness [70]. After the 2 h timepoint, a short “second burst”, 
signifying the onset of erosion, followed by the final sustained release 
phase was observed, which may be attributed to the continuing erosion 

Table 1 
TFS characterization.

TFS 
#

Drug 
loading (%)

Size 
[nm]

PDI ZP [mV] LE [%] EE [%]

LP0 0 117 ±
0.84

0.41 ±
0.004

− − −

LP1 2.5 144 ±
2.23

0.09 ±
0.03

− 17 ±
2.02

61.85 ±
6.12

>99.96

LP2 5.0 143 ±
1.16

0.09 ±
0.02

− 14 ±
0.69

84.86 ±
4.39

>99.96

LP3 7.5 138 ±
0.89

0.12 ±
0.01

− 14 ±
0.94

91.02 ±
3.33

≥99.96
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of the TFS by lipid hydrolysis [73,74].

3.4. Ex vivo precorneal retention

The precorneal residence of TFS compared to the oily control eye
drop was evaluated using the ex vivo “OphthalMimic model” previously 
developed and characterised by Barbalho et al. [46]. The OphthalMimic 
model simulates precorneal tear flow and blinking using perfusion 
pumps and rocking motion, respectively. Since this study intended to 
evaluate precorneal retention purely due to the adhesive nature of the 
TFS, no additional viscosity building or gelling agents were included in 
the TFS eyedrop. Over the 5 min test period, more than 79.3 ± 6.7% of 
the TFS formulation was drained away (Fig. 2). However, the amount of 
drug drained after 5 min was still comparable to that of 16% poloxamer 
gels reported previously using the same model [46].

Meanwhile, for the non-aqueous oily control solution, precorneal 
retention was significantly higher. Only 24.8 ± 1.5% of curcumin in the 
oily control formulation was drained away after 5 min, evidently due to 
immiscibility of MCT with the tear fluid.

3.5. Bovine corneal opacity and permeability assay

The BCOP assay, recommended as a more reproducible and ethical 
alternative to the Draize Test by the OECD [75,76] was used to evaluate 
corneal tolerability of the test formulations. Corneal opacity, typically 
indicative of corneal oedema, vacuolation and protein denaturation 
[77], or fluorescein staining, indicative of epithelial compromise [78], 
were not observed with the TFS, oily control or STF (Fig. 3). The corneal 
epithelium remained smooth, and no wrinkling of the epithelium was 
evident demonstrating biocompatibility of both formulations. The cu
mulative score assigned to all test formulations was 0.0 suggesting that 
they did not have any acute toxicity and were “practically non-irri
tating” on the ocular surface. Meanwhile, all of the positive controls 
were severely irritating with intense fluorescein staining, opacity and 
epithelial wrinkling and/or rupture.

3.6. Ex vivo penetration

Curcumin penetration in the cornea, bulbar and tarsal conjunctiva 
was evaluated by measuring the total amount of curcumin penetrated, as 
well as the penetration depth. Since one of the primary aims of this study 
was to compare TFS penetration in different ocular tissues, no polymeric 

Fig. 1. A. In vitro curcumin release from transferosomes (TFS) over 48 h. B. The inset shows cumulative drug release in the first 6 h.

Fig. 2. Evaluation of TFS and the oily control using the “OphthalMimic” set-up. A. Precorneal retention on polymeric films, B. drained simulated tear fluid, and C. 
comparison of percentage drained after 5 min.
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or gelling agents were included in the vehicle, thus maintaining non- 
occlusive conditions on the ocular surface and ensuring continuous 
transport of TFS along osmotic gradients in the corneal and conjunctival 
tissue. As anticipated, significantly greater and deeper curcumin pene
tration, as denoted by the Total Amount Penetrated and Mean Pene
tration Depth, respectively, was observed from the TFS formulation in 
all three ocular tissues (Fig. 4).

In the cornea, the total amount of curcumin penetrated from TFS (8 
± 0.6 MGV/px) was more than two-fold greater than that observed with 
the oily control (3 ± 0.3 MGV/px). The cornea is believed to be the 
major pathway for ocular drug penetration and is composed of a su
perficial 5 – 7 layer thick hydrophobic epithelium with annular tight 
junctions that limit the entry of most drugs [18,19]. Due to its hydro
phobic nature, the epithelium tends to retain hydrophobic drugs (log D 
> 3), such as curcumin. These hydrophobic drugs typically form a 
reservoir in the epithelium with sustained drug diffusion into the stroma 
being driven by the epithelial layer concentration gradient [79,80]. In 
line with previous literature showing epithelial localisation of hydro
phobic drugs [54,55], confocal microscopy images (Fig. 5) showed that 
curcumin fluorescence was predominantly localised in the corneal 
epithelium after application of both test formulations. On application of 
the conventional oily control solution, a thin oily film was observed on 
the corneal surface (white arrows in Fig. 5) with the majority of the drug 
being localised within the oily film and in the superficial epithelial 
layers. Meanwhile, significantly greater curcumin penetration was 
observed with TFS (Figs. 4 and 5). The mean penetration depth achieved 
with the TFS formulation (57 ± 7.5 µm) was approximately 1.6-fold 
greater than that observed with the oily control (36 ± 9.2 µm) with 
some curcumin fluorescence also being evident in the hydrophilic 
stroma.

The total amount of curcumin penetrated (MGV/px) from the oily 
control solution into the bulbar and tarsal conjunctiva was comparable 
to that observed in the cornea. However, the TFS showed a more pro
nounced penetration enhancing effect in conjunctival tissues than in the 
cornea. In the bulbar conjunctiva, the total amount of curcumin pene
trated from TFS (12 ± 0.8 MGV/px) was four-fold greater than that 
observed with the oily control (3 ± 0.3 MGV/px). Meanwhile, in the 
tarsal conjunctiva, the total amount of curcumin penetrated from TFS 
(16 ± 2.9 MGV/px) was 2.5-fold greater than that observed with the oily 
control (3 ± 0.8 MGV/px).

The conjunctival epithelium is more hydrophilic with 230-fold larger 
intercellular spaces than those in the cornea [20,21], thus it is likely to 
be more amenable to intercellular transport of TFS. Underlying the 
bulbar conjunctiva is the sclera, which is primarily composed of dense 

bundles of collagen, elastic fibres, fibroblasts, proteoglycans and gly
coproteins, and approximately 70 % of water [81]. For most drugs, 
scleral penetration is typically comparable to conjunctival penetration, 
but greater than corneal penetration [82] as scleral transport is typically 
mediated via passive diffusion through aqueous media and perivascular 
pore pathways [82]. In previous studies, TFS have been used to enhance 
transdermal drug penetration since their lipid bilayers are inherently 
resistant to dehydration and tend to migrate along the osmotic gradient 
into more hydrophilic regions of the dermis [5,10]. Our results suggest 
that the hydrophilic conjunctiva facilitates a thermodynamically more 
favourable interaction with the TFS lipid bilayer than the cornea, 
encouraging greater and deeper drug penetration. The mean penetration 
depth of curcumin into the bulbar conjunctiva from the TFS (70 ± 15.1 
µm) was approximately 14-fold greater than that observed from the oily 
control (5 ± 3.8 µm). This may be attributed to the osmotic gradient 
driven diffusion of TFS from the bulbar conjunctiva into the sclera 
suggesting that the conjunctival-scleral pathway can potentially serve as 
a significant complementary pathway for TFS distribution into the iris, 
ciliary body, uvea, choroid and the retinal pigment epithelium [17]. It 
should be noted, however, that since the conjunctiva is highly vascular, 
non-productive drug absorption into the systemic circulation may be 
significant [17,83]. Our ex vivo drug penetration model cannot replicate 
this systemic loss, leading to some overestimation in the results. 
Nevertheless, it provides a robust tool for comparison of drug penetra
tion from different pharmaceutical formulations.

In comparison to the cornea and bulbar conjunctiva, significantly 
deeper curcumin penetration was observed from both formulations into 
the tarsal conjunctiva. The mean penetration depth of curcumin from 
the TFS formulation (83 ± 14 µm) was approximately 1.3-fold greater 
than that observed with the oily control (64 ± 19.5 µm). The tarsal 
conjunctiva tightly adheres to the tarsus and its cell morphology differs 
considerably from that of the bulbar conjunctiva [84,85]. The tarsal 
plate is a thick plaque of dense, collagenous connective tissue which also 
contains specialised sebaceous glands, called meibomian glands, that 
secret meibum lipids that are rich in fatty acids and triglycerides 
[86,87], which may have facilitated the uptake of hydrophobic curcu
min. Asano et al. [88] have previously shown that hydrophobic drugs 
can achieve significantly greater concentrations in the lid margin and 
tarsal conjunctiva with gradient driven diffusion into the meibomian 
glands being several folds greater than that observed for hydrophilic 
drugs. Furthermore, based on their observations, they hypothesized that 
the barrier function of the tarsal plate was similar to that of the cornea, 
although peak drug concentrations in the cornea were several folds 
lower, likely due to tighter intercellular junctions in the corneal 

Fig. 3. Bovine corneal opacity and permeability study showing fluorescein staining (top row) and corneal opacity (bottom row) of the test formulations and controls 
(negative control: STF; positive controls: 5 % w/v BAK, 0.1 N NaOH, 70 % ethanol and acetone); CS = cumulative score.
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epithelium. These results are in line with the observations made in the 
present study which shows considerably greater and deeper penetration 
in the tarsal conjunctiva and eyelid than in the cornea. This was espe
cially the case with TFS which tend to migrate along osmotic gradients 
that are evidently stronger in the tarsal conjunctiva lining the eyelid.

It should be noted that our penetration model lacked a continuous 
tear clearance system, which can potentially modulate osmotic gradi
ents on the ocular surface and influence drug penetration. Therefore, 
further studies evaluating the influence of continuous tear flow over a 
prolonged period may shed more light on the mechanism of drug 
transport using TFS.

3.7. Concluding remarks

In conclusion, TFS present a promising alternative for ocular delivery 
of hydrophobic drugs. In this study, a TFS-based formulation of curcu
min having a particle size less than 150 nm with a narrow size distri
bution and excellent EE% was developed and characterised. In vitro 
release studies showed a triphasic drug release profile with minimal 
burst release, demonstrating the potential application of TFS for sus
tained delivery of hydrophobic drugs. The TFS formulation showed good 
corneal biocompatibility and did not have any detrimental effect on the 
barrier properties of the cornea. Moreover, enhanced corneal and 
conjunctival drug penetration, with significantly greater and deeper 
drug delivery was observed with TFS in all ocular tissues.

Our study, for the first time, compared TFS penetration 

Fig. 4. Curcumin penetration from TFS and the oily control was compared using an ex vivo porcine eye model. A. Drug penetration was evaluated by observing 
curcumin fluorescence (green) in the cornea, bulbar and tarsal conjunctiva under a fluorescent microscope (scale bar = 50 µm). Images were digitally processed to 
calculate B. the total amount of drug penetrated into each tissue and C. the mean penetration depth. Statistical significance is denoted as ***: p ≤ 0.001 or ****: p ≤
0.0001 (mean ± SD; data points represent the averaged results from 3 eyes). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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characteristics in different ocular tissues and found that TFS penetration 
was greatest in the tarsal conjunctiva, followed by the bulbar conjunc
tiva and the cornea, respectively. Meanwhile drug penetration from the 
control formulation in all three ocular tissues was comparable. These 
observations highlight how differences in tissue morphology and os
motic gradients can impact TFS diffusion and drug bioavailability. 
Overall, our penetration studies suggest that TFS provide a viable 
alternative for ocular drug delivery and can significantly enhance the 
penetration of hydrophobic drugs in ocular tissues.

CRediT authorship contribution statement

Geisa Nascimento Barbalho: Writing – original draft, Validation, 
Methodology, Investigation, Conceptualization. Stefan Brugger: 
Methodology, Investigation. Christian Raab: Methodology, Investiga
tion. Jara-Sophie Lechner: Methodology, Investigation. Taís Gratieri: 
Writing – review & editing, Supervision, Resources, Project adminis
tration, Funding acquisition, Conceptualization. Cornelia M. Keck: 
Writing – review & editing, Visualization, Validation, Supervision, 
Software, Resources, Project administration, Formal analysis, Data 
curation, Conceptualization. Ilva D. Rupenthal: Writing – review & 
editing, Supervision, Resources, Project administration, Funding 
acquisition, Conceptualization. Priyanka Agarwal: Writing – review & 
editing, Writing – original draft, Visualization, Supervision, Resources, 
Methodology, Investigation, Formal analysis, Data curation, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The authors thank the Brazilian funding agencies FAP-DF (Fundação 
de Apoio ̀a Pesquisa do Distrito Federal, Brazil, Grant n. 000007462021- 
08), and CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior). Priyanka Agarwal’s salary was supported by Health Research 
Council of New Zealand project grants [20/317] and [24/741], 
respectively, and Ilva D. Rupenthal’s directorship was funded by the 
Buchanan Charitable Foundation. This project was co-funded by a 
DAAD-PPP grant [57706981] with additional support from Education 

New Zealand.

Data availability

Data will be made available on request. 

References
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