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[bookmark: _Hlk495475023]Transfersomes are promising nanocarriers for transdermal drug delivery since they are ultra-deformable liposomes constituted of phospholipids and surfactants; these latter compounds work as edge activators, allowing the deformation of the vesicle. In this work, transfersomes were produced by using SuperSomes, an innovative and continuous process assisted by supercritical carbon dioxide (SC-CO2). Different amounts of phosphatidylcholine (PC) (i.e., 500, 1000, and 2000 mg) were tested; whereas, phosphatidylcholine/Span 80 weight ratio was maintained constant at 80:20 value. SuperSomes operating conditions were fixed at 100 bar and 40 °C. Transfersomes with nanometric size and unimodal size distribution were obtained without post-processing operations (i.e., solvent removal or filtration), which are mandatory steps for conventional production methods. The optimized formulation resulted in transfersomes of about 180 nm mean diameter, with a low polydispersity index (equal to 0.304) and a -21.00 mV Zeta-potential. Diclofenac sodium (DF) was then loaded into these transfersomes with an encapsulation efficiency of 74%; drug release tests showed a prolonged release of DF up to about four times than drug alone.
Introduction
Transdermal drug delivery (TDD) is proposed as a promising alternative to conventional oral drug administration, to avoid problems related to the first-pass metabolism and the clearance of drugs by the liver (Matharoo et al., 2024). TDD systems could enable direct adsorption of drugs through the skin into the bloodstream, allowing controlled drug release and minimizing side effects (Ghaferi et al., 2024).
Liposomes and niosomes can be used as delivery systems for both hydrophilic and lipophilic drugs, since they are composed of a lipid bilayer that mimics the cellular membrane structure (de A.C. Kodel et al., 2024). However, their transdermal application is hindered by the difficulty to penetrate the stratum corneum (i.e., the outermost layer of the skin) due to their rigid structure (Elron-Gross et al., 2009). 
To address this challenge, deformable liposomes, named “transfersomes”, have been developed. The introduction of edge activators, typically surfactants like Tween 80 or Span 80, in the lipid bilayer composed of phosphatidylcholine, leads to the formation of largely deformable vesicles with respect to liposomes (Patel et al., 2024). This fact makes transfersomes promising candidates for transdermal drug delivery, capable of penetrating through tight intercellular spaces of the skin barrier (Prausnitz and Langer, 2008). 
[bookmark: _Hlk184853905][bookmark: _Hlk184854530]Several non-steroidal anti-inflammatory drugs (NSAIDs) are administered transdermally to obtain a local action, offering an alternative to traditional oral and parental administration (Li et al., 2007; Li et al., 2012). In this way, drugs can be delivered to the action site, minimizing the common side effects: i.e., gastrointestinal irritation or kidney damage. Diclofenac sodium (DF) is an anti-inflammatory drug widely used for the treatment of inflammatory and degenerative rheumatic conditions, post-traumatic painful states and inflammation (Devi et al., 2007). However, its skin permeation is limited by its poor water solubility (>1 %) and the fast clearance (Cevc and Blume, 2001). Transfersomes have been proposed by some authors (Wadher et al., 2024; Nagaich et al., 2024): more specifically, Ghanbarzadeh and Arami (2013) produced transfersomes loaded with diclofenac by rotary evaporation, using Span 80 as surfactant. The lipidic phase composed of phospholipids, surfactant and cholesterol was dissolved in a chloroform-methanol mixture with a volume ratio of 3:1. The organic solvent was removed from the lipidic solution by using rotary evaporation at 45 °C and reduced pressure. The thin film was, then, hydrated for 1 h with an aqueous solution containing the drug. The resulted transfersomes were characterized by a mean size of 426 ± 33 nm, drastically reduced to 145 ± 7 nm after several extrusion steps. The encapsulation efficiency of diclofenac loaded into transfersomes was equal to about 47%. Sultana and Krishana Sailaja (2015) prepared diclofenac sodium loaded transfersomes by thin film hydration, testing three different surfactants (i.e., Span 20, Span 60, and Span 80) as edge activators. The thin film was formed after rotary evaporation at 25 °C and 600 mmHg of pressure, using a mixture of chloroform and ethanol for the organic phase. The best formulation was obtained using soya lecithin and Span 60 with a 2:1 mass ratio, resulting in the production of vesicles with a mean size of 257 nm, a Zeta-potential of -25 mV and a drug encapsulation efficiency equal to 62%. 
The analysis of the scientific literature shows that conventional methods used for transfersomes production suffer from several limitations, resulting in the production of micrometric vesicles, with low drug encapsulation efficiency and high solvent residue. Indeed, post-processing operations like extrusion and/or solvent removal were  necessary to obtain nanometric vesicles with low toxicity. 
An innovative and continuous process assisted by supercritical carbon dioxide (SC-CO2), named SuperSomes, can be used to overcome these limitations (Baldino and Reverchon, 2022). This process takes advantage of using SC-CO2 allowing the production of stable vesicles with nanometric size, unimodal size distribution, high drug encapsulation efficiency and low solvent residue (Trucillo et al., 2020). 
In this work, SuperSomes was used to produce transfersomes, selecting phosphatidylcholine as phospholipid and Span 80 as edge activator (Squittieri et al., 2023). Transfersomes with an increasing amount of phosphatidylcholine (i.e., from 500 to 2000 mg) were produced to identify the best formulation to obtain stable transferosomes. Phosphatidylcholine to Span 80 weight ratio was set at 80:20, since this value allows to the production of nanometric and stable transfersomes, as reported in a previous work (Squittieri et al., 2023). The best formulation obtained for the production of empty transfersomes was, then, tested to encapsulate diclofenac sodium; analyses of drug encapsulation efficiency and drug release were carried out to understand how the encapsulation of DF affected its kinetic release. 
Materials and Methods 
Materials 
L-α-phosphatidylcholine from egg yolk (PC, purity ≥99%), Span 80 (Mw= 428.60 g/mol), diclofenac sodium (DF, Mw= 318.13 g/mol) were purchased from Sigma Aldrich (Milan, Italy). Ethanol (anhydrous, purity ≥99%) was purchased from Carlo Erba Reagents (Cornaredo (MI), Italy). Carbon dioxide (CO2, purity ˃99.4%) was purchased from Morlando Group Srl (Naples, Italy). 
Transfersome formulation
A 100 mL volume of ethanolic solution containing phosphatidylcholine and Span 80 at different amounts of phosphatidylcholine (ranging from 500 to 2000 mg) was prepared by magnetic stirring at 250 rpm for 1 h and at room temperature. For all the experiments, phosphatidylcholine to Span 80 weight ratio was fixed at 80:20. The aqueous solution was obtained by dissolving 10 mg of diclofenac in 200 mL of water at a concentration of 0.05 mg/mL; this solution was stirred at 250 rpm for 1 h at room temperature. 
SuperSomes plant description 
SuperSomes is a high-pressure plant mainly composed of a static mixer (with an internal volume of 150 cm3), filled with stainless-steel packings and a formation chamber (with an internal volume of 500 cm3), both operating at 40 °C and 100 bar. Supercritical carbon dioxide and the ethanolic solution are pumped into the static mixer by using an Ecoflow® pump (mod. LDC-M-2 Lewa, Leonberg, Germany) and a Gilson pump (mod. 305, Villiers Le Bel, France), respectively. Their interaction promotes the formation of a gas-expanded liquid, which is, then, transferred through a capillary tube inside the formation chamber. The aqueous solution is pumped into the formation chamber by a Gilson pump (mod. 305, Villiers Le Bel, France) and atomized through a nozzle with an internal diameter of 80 µm. At the end of the process, the ethanol-CO2 mixture is recovered by a separator, operating at 25 °C and 10 bar; transfersomes suspension is instead collected in a reservoir located downstream of the formation chamber and recovered by an on/off valve. Temperature is controlled by using a J-type thermocouple and regulated with PID controllers; whereas pressure is measured by using a pressure gauge. Further details about SuperSomes plant and the mechanism of transfersomes formation can be found in previous works (Baldino and Reverchon, 2022). 
Characterization techniques 
The mean hydrodynamic diameter (MHD), polydispersity index (PDI) and Zeta-potential values of transfersomes were measured by using a dynamic light scattering (DLS, mod. Zetasizer Nano S). All measurements were performed in triplicate and at different intervals of time (i.e., 15 and 30 days after the production) to study the stability of nanovesicles over time. The morphology of transfersomes was observed by a field emission scanning electron microscope (FE-SEM, Carl Zeiss, mod. Supra 35). To perform this analysis, samples were coated with gold, using a sputter coater (mod. 108 A, Agar Auto Sputter Coater) at 40 mA for 180 s. Diclofenac sodium encapsulation efficiency (EE%) was determined by using an indirect method: samples were centrifuged (centrifuge mod. IEC CL30R Thermo Scientific) at 6500 rpm for 30 min at 4 °C using Amicon® Ultra-15 with a cut-off of 30 kDa, and the absorbance of diclofenac into the supernatant was read at λ= 275 nm by using an UV-Vis spectrophotometer (mod. Cary 60 UV-Vis, Agilent Technologies). In vitro release tests were performed by introducing 5 mL of pellet into a dialysis bag with a cut-off of 14,000 Da (Merck, Darmstadt, Germany) previously activated with ethylenediaminetetraacetic acid (EDTA). The bag was, then, immersed in 80 mL of phosphate buffer saline (pH 7.4), used as release medium, and the temperature was fixed at 37 °C. The release of diclofenac from transfersomes was monitored by measuring its absorbance in the liquid medium over time (Bucci et al., 1998). Deformability tests were also performed using a perfuser (mod. NE-300, Just Infusion). In particular, the transfersomal suspension was forced through a filter with a diameter of 100 nm and the deformability parameter (Pdef) was measured using Eq (1), where: din is the MHD of transfersomes before the deformation; df is the MHD of transfersomes after the deformation. 
Pdef = {1 – [(din – df)/din)]} x 100                                                                                                                          (1)
Results and Discussion
All the experiments were carried out using the same parameters optimized in previous works (Baldino and Reverchon, 2023): i.e., pressure 100 bar, temperature 40 °C, aqueous solution flow rate 7 mL/min, ethanolic solution flow rate 3.5 mL/min, and CO2 flow rate 6.5 g/min. 
Production of empty transfersomes 
The first set of experiments was performed to study the influence of different amounts of phosphatidylcholine (i.e., 500, 1000, and 2000 mg) on the vesicle size, Zeta-potential and stability of empty transfersomes. For all the experiments, the phosphatidylcholine to Span 80 weight ratio was set at 80:20. The results obtained by DLS analysis and expressed in terms of MHD, PDI and Zeta-potential, are summarized in Table 1. 
Table 1: DLS results related to empty transfersomes produced at different amount of phosphatidylcholine 
	Sample
	PC, mg
	MHD, nm
	PDI
	Ζ-potential, mV

	T1
	500
	154 ± 61
	Bimodal
	-13.00 ± 4.11

	T2
	1000
	183 ± 100
	0.304
	-21.00 ± 6.03

	T3
	2000
	172 ± 112
	0.424
	-9.80 ± 7.51


Figure 1b shows that the formulation prepared using an amount of phosphatidylcholine equal to 1000 mg allowed the formation of transfersomes with nanometric size and unimodal size distribution. Transfersomes produced with a PC concentration of 5 mg/mL were characterized by a slightly bimodal size distribution (Figure 1a), probably due to an insufficient amount of PC to form the double layer, resulting in the formation of self-assembled micelles of about 42 nm. Transfersomes with nanometric size and unimodal size distributions were also obtained using an amount of PC equal to 2000 mg (Figure 1c); but they showed a large polydispersity index (0.424). In addition, the absolute value of T3 Zeta-potential was the lowest one (-9.80 ± 7.51 mV) compared with the values obtained for the other formulations (i.e., T1 and T2) and this result suggested less stable nanovesicles over time. Therefore, T2 was selected as the best formulation of empty transfersomes with a longer stability over time, as confirmed by the higher absolute value of Zeta-potential (-21.00 ± 6.03 mV). 
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      (a)                                                       (b)                                                     (c)
Figure 1: Particle size distribution of empty transfersomes produced at different PC concentration values: (a) 5 mg/mL, (b) 10 mg/mL, (c) 20 mg/mL
Production of diclofenac-loaded transfersomes 
The best formulation obtained using 1000 mg of PC was, then, tested to encapsulate diclofenac with a drug-to-lipid ratio (DLR) of 1% on a mass basis. Diclofenac-loaded transfersomes were characterized by a unimodal size distribution (Figure 2) with a mean diameter of 208 ± 98 nm, a PDI equal to 0.191 and a Zeta-potential of -15.40 ± 3.60 mV. The mean hydrodynamic diameter of loaded transferosomes was slightly larger than the one obtained for empty transfersomes, because of the presence of the drug in the internal core of nanovesicles. Diclofenac encapsulation efficiency was measured as reported in section 2.4, yielding a value of 74%; whereas the deformability parameter was equal to 74%, confirming the deformation properties of loaded transferosomes. 
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Figure 2: Particle size distribution of diclofenac-loaded transfersomes produced by SuperSomes at a drug-to-lipid ratio of 1% (w/w) 
The morphology of transfersomes was observed by FE-SEM for empty and drug-loaded nanovesicles. In both cases, spherical vesicles were produced (Figure 3a-b), indicating that the encapsulation process did not significantly modify their morphology. Moreover, vesicles showed a nanometric size, in agreement with the results obtained by DLS analysis. 
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(a)                                                                                        (b)
Figure 2: FE-SEM images of empty transfersomes (a) and diclofenac-loaded transfersomes (b)
Drug release tests 
Figure 3 shows release profiles of diclofenac powder and diclofenac-loaded transfersomes, expressed in terms of drug concentration (Ct/Ceq) against time (min). In particular, Ct is the drug concentration measured at a specific time; Ceq is the maximum drug concentration released. 
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Figure 3: Diclofenac release profiles for diclofenac powder and diclofenac-loaded into transfersomes. Lines highlight the general drug release profile.
These results show that the diclofenac powder was dissolved in the PBS release medium in about 1 day; whereas, diclofenac loaded into transfersomes was released in about 4 days. This result underlines that diclofenac encapsulated into transfersomes was released slowly compared with the drug alone, since the deformable bilayer of nanovesicles acted as a barrier, prolonging the release time of the drug and protecting it from fast degradation. Therefore, the encapsulation of diclofenac within transfersomes can improve drug bioavailability, ensuring its stability for a longer period and reducing the frequency of drug administration.  
Conclusions
This work showed that transfersomes produced by SuperSomes process were characterized by a nanometric diameter and a unimodal size distribution, without using post-processing operations. FE-SEM analysis confirmed the spherical and regular morphology of these nanovesicles. An encapsulation efficiency of 74% was obtained when diclofenac sodium was entrapped into the optimized formulation of transfersomes. 
Drug release tests also underlined that a slower release kinetic can be obtained after the encapsulation of diclofenac into nanometric transfersomes; whereas deformability tests confirmed the efficiency of SuperSomes process. 
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