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A B S T R A C T

18β-Glycyrrhetinic acid (18β-GA), the primary bioactive metabolite of glycyrrhizin (GL) derived from licorice 
root, exhibits anti-inflammatory, antioxidant, and antimicrobial activities, as well as excellent biocompatibility, 
making it a promising candidate for the treatment of dermatological disorders. However, its poor water solubility 
limits topical bioavailability. In this study, an Analytical Quality by Design (QbD) approach was established to 
develop and optimize nanocarriers loaded with 18β-GA, to improve skin penetration while providing sustained 
and controlled release. Ethosomes, glycerosomes, and glycethosomes were produced using an innovative and 
customized 3D-printed microfluidic chip, resulting in vesicles with controlled size, narrow polydispersity, high 
encapsulation efficiency, and high physicochemical stability through a reproducible and cost-effective process. A 
Design of Experiments (DoE) strategy was used to identify critical formulation parameters and develop a pre
dictive mathematical model. The three optimized formulations were incorporated into an alginate hydrogel, 
exhibiting shear-thinning behavior, ideal for topical application. Ex vivo permeation studies revealed that the 
optimized nanocarriers modulate the skin delivery of 18β-GA, with formulation composition significantly 
influencing drug distribution profiles. The systems reduced rapid diffusion into the receptor phase and promoted 
controlled drug release, supporting localized delivery. Drug accumulation within the skin layers indicated that 
release from the formulation represents the rate-limiting step. The hydrogels exhibited prolonged drug release 
and improved skin contact, enabling sustained and uniform topical application. Process scalability was suc
cessfully achieved using a peristaltic pump, highlighting the robustness, low-cost nature, and industrial feasi
bility of the proposed microfluidic approach for controlled topical drug delivery.

1. Introduction

Plant-derived bioactive ingredients are increasingly recognized for 
their therapeutic potential in dermatology and cosmetology. Among 
them, glycyrrhetinic acid (GA), a triterpenoid aglycone derived from 
glycyrrhizin (GL) in licorice root (Glycyrrhiza glabra), has drawn atten
tion for its well-documented anti-inflammatory, antioxidant, and anti
microbial properties (Kowalska and Kalinowska-Lis, 2019; Pastorino 
et al., 2018; Shinu et al., 2023; Yamaguchi et al., 2010). 18β-glycyr
rhetinic acid (18β-GA) is the principal active stereoisomer of GA and 
represents the main contributor to biological and pharmacological 

effects of licorice extracts (Lin et al., 2024; Bag and Majumdar, 2012; 
Sun et al., 2018; Cai et al., 2022). Structurally related to corticosteroids, 
18β-GA can modulate inflammatory pathways, suppress cytokine pro
duction, inhibit tyrosinase activity, reducing UVB-induced erythema 
and hyperpigmentation, and regulate the abnormal expression of met
alloproteinases (Li et al., 2019; Saha et al., 2015; Wang et al., 2013; 
Quan et al., 2021). Moreover, 18β-GA exhibits excellent skin tolerability 
and a favorable safety profile, with allergic contact dermatitis being 
extremely rare (Kowalska and Kalinowska-Lis, 2019; Verratti et al., 
2011; Wang et al., 2024; Kong et al., 2015; Andersen, 2007). The lipo
philic nature and low water solubility of 18β-GA markedly reduce its 
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skin bioavailability, thereby restricting its therapeutic potential in 
dermatological applications. Skin penetration primarily depends on a 
compound's molecular weight and partition coefficient (log P), which 
reflects its lipophilicity. The outermost skin layer, the stratum corneum 
(SC), is highly lipophilic and represents the main barrier to penetration. 
Generally, compounds with log P values between 1 and 4 and molecular 
weights below 500 Da are suitable for transdermal delivery, as defined 
by Bos and Meinardi (Bos and Meinardi, 2000). Although 18β-GA has a 
molecular weight of 470.7 Da, its high log P value (6.6) severely limits 
skin diffusion, highlighting the need for strategies to enhance its 
permeability (Kowalska and Kalinowska-Lis, 2019; Quan et al., 2021; 
Tiboni et al., 2020; Raina et al., 2023). Conventional liposomes are often 
unsuitable for transdermal delivery, as their rigid structure limits 
penetration into the SC (Albakr et al., 2024; Prow et al., 2011). Etho
somes, composed of phospholipids, water, and high ethanol content 
(20–45% v/v), form soft, flexible vesicles that enhance skin permeation. 
Ethanol acts as an efficient permeation enhancer by fluidizing the SC 
lipids and increasing both intercellular and intracellular permeability. 
These flexible vesicles can traverse narrow skin pores and release the 
encapsulated drug into deeper skin layers, even though the high ethanol 
content may cause dehydration, discomfort, and compromise the 
integrity of the skin lipid barrier (Abdallah et al., 2025; Zahid et al., 
2018; Verma and Pathak, 2010). Glycerosomes, composed of phospho
lipids, water, and 10–50% v/v glycerol, were first introduced by Manca 
et al. for diclofenac delivery (Manca et al., 2013). They offer higher 
encapsulation efficiency, improved SC penetration, and enhanced 
fluidity and stability. Glycerol, a safe and widely used excipient, acts as 
an edge activator, increasing bilayer flexibility (Gupta et al., 2020a; 
Sharma et al., 2023). Glycethosomes, combining ethanol and glycerol, 
merge the advantages of ethosomes and glycerosomes, improving drug 
permeation while reducing skin irritation. Manca et al. first developed 
these vesicular systems for clotrimazole delivery (Abdallah et al., 2025; 
Zhang et al., 2022; Pleguezuelos-Villa et al., 2020; Manca et al., 2019).

In this study, a novel Analytical Quality by Design (QbD) approach 
was established to develop and optimize nanocarriers loaded with 18β- 
GA. Ethosomes, glycerosomes, and glycethosomes were produced using 
an innovative 3D-printed microfluidic chip manufactured via fused 
deposition modeling (FDM), that enable precise control over nano
particle properties (Rahali et al., 2024; Su et al., 2023). Recent advances 
in microfluidic technologies and nanoparticle manufacturing have 
underscored the critical role of controlled production strategies in 
overcoming the limitations of conventional vesicle preparation 
methods, particularly in terms of reproducibility and batch-to-batch 
variability. In this context, microfluidic-assisted fabrication has 
demonstrated superior control over vesicle size distribution and poly
dispersity compared to bulk techniques (Duarte et al., 2024; Xu et al., 
2025). The customized design allowed the production of vesicles with a 
spherical morphology and controlled size, narrow polydispersity, and 
excellent stability, while ensuring cost-effective and reproducible 
manufacturing (Agha et al., 2023). We systematically applied a Design 
of Experiments (DoE) strategy to establish predictive mathematical 
models assessing the influence of formulation variables on particle size 
and polydispersity index (PDI). The optimized formulations were further 
evaluated for encapsulation efficiency, long-term stability, and their 
ability to enhance 18β-GA accumulation in the skin via ex vivo perme
ation and retention studies. Finally, we demonstrated the scalable pro
duction using a peristaltic pump, providing a cost-effective and 
industrially feasible route for clinical translation. Overall, this work 
represents not only a formulation development and optimization phase, 
where combined in vitro characterization and ex vivo skin permeation 
studies provide key insights into nanocarrier performance and skin de
livery, but also a systematic and scalable framework for the rational 
design of complex nanocarrier systems.

2. Materials and methods

2.1. Materials

18β-Glycyrrhetinic acid (18β-GA) was purchased from Sharon Per
sonal Care (Milan, Italy), Lipoid® S100 (S100, soybean lecithin, 94% of 
phosphatidylcholine) was kindly provided by Lipoid GmbH (Ludwig
shafen, Germany), vegetable glycerol was purchased from Farmalabor 
(Barletta, Italy), SAFIC’ Care T A 500 (Alginate) was kindly provided by 
Safic Alcan (Milan, Italy), Creamelt® COC (Cyclic Olefin Copolymer) 3D 
printing filament was purchased from Creamelt (Rapperswil-Jona, 
Switzerland), absolute ethanol (EtOH ≥ 99,8%) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). High-performance liquid chroma
tography (HPLC) grade methanol (MeOH) was acquired from VWR 
(Leuven, Belgium). Purified water was sourced from a Millipore Milli-Q 
Ultrapure water purification system (Millipore, Bedford, MA, USA).

2.2. 3D printing of COC microfluidic chips

The 3D printed microfluidic chip was designed using computer-aided 
design (CAD) software, allowing for the optimization of the internal 
architecture to promote efficient passive micromixing. The internal ge
ometry features a three-dimensional flow-focusing junction, in which 
the central sample stream is hydrodynamically confined by converging 
lateral streams under laminar co-flow conditions, enhancing interfacial 
area and promoting diffusion-driven mixing. Ultimaker Cura 4.3 soft
ware (Ultimaker, Utrecht, Netherlands) was used to convert it for 
printing. The device was fabricated using a FDM 3D printer (Ultimaker 
3, The Netherlands) with Cyclic Olefin Copolymer filament. Printing was 
performed at a speed of 25 mm/s, using a 0.25 mm nozzle at a tem
perature of 240 ◦C. In the final setup, probe needles and polyethylene 
tubing were used to connect the 3D-printed chip to two syringes 
mounted on syringe pumps (Aladdin, WPI Europe, Friedberg, Germany).

2.3. Microfluidic formulation of ethosomes, glycethosomes and 
glycerosomes

For the preparation of nanocarriers by microfluidics, a defined 
amount of S100 and 18β-GA, or S100, 18β-GA, and glycerol, was dis
solved in absolute ethanol and pumped against water or a mixture of 
water and glycerol at controlled flow rates, using different flow rate 
ratios (FRR), in order to maintain a final ethanol concentration of 25% 
v/v. Glycerol was equally divided between the water and ethanolic 
phases, taking into account the required final concentration in the 
formulation. The samples were collected from the chip's outlet. For 
glycerosomes, the organic solvent was evaporated under vacuum using a 
sample concentrator (Alltech Model 190 A, Alltech Inc., United States) 
(Fig. 1). The specific experimental conditions used for the preparation of 
all nanocarriers were defined according to the DoE.

2.4. Design of experiments (DoE)

The DoE consisted of a Screening Design followed by an Optimiza
tion Design, performed using Design Expert Stat-Ease® software (v. 
23.1) (Stat-Ease Inc., USA). This approach was used to evaluate the main 
effects of the process parameters (independent variables) such as S100 
concentration, 18β-GA concentration, total flow rate (TFR), and glycerol 
concentration, as well as their interactions on the particle size and PDI 
(dependent variables), by applying a two-level full factorial design for 
the screening (Montgomery, 2017) and a central composite design 
(CCD) and a Box-Behnken Design (BDD) for the optimization. ANOVA 
analysis was carried out to define and validate the multiple regression 
mathematical model. Each experimental condition was tested in tripli
cate, using a randomized block design with three blocks to account for 
systematic variability. A significance level of 5% (p < 0.05) was adopted 
for statistical evaluation. The regression performance was assessed using 
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the coefficients of determination: R2, adjusted R2 (adj-R2), and predicted 
R2 (pred-R2). The R2 value is usually used to indicate how well the model 
fits the experimental data, but it tends to increase with the addition of 
new variables, regardless of their actual relevance, potentially leading to 
overfitting. In contrast, the adjusted R2 is more accurate, accounts for 
the number of predictors in the model and increases only when the new 
term significantly improves the model's performance. This allowing a 
more reliable comparison between models with different complexities. 
The predicted R2 evaluates the model's ability to predict new data. A 
good agreement between adj-R2 and pred-R2 (difference lower than 0.2) 
suggests that the model has both a good fit and strong predictive 
capability.

2.4.1. Screening design
A two-level full factorial design (23) was used to evaluate the process 

factors' effects for ethosomes (S100 concentration, 18β-GA concentra
tion, TFR); while a two-level full factorial design (24) was used to 
evaluate the process factors' effects for glycethosomes and glycerosomes 
(S100 concentration, 18β-GA concentration, TFR, and glycerol concen
tration). The actual and coded values for each factor are summarized in 
Table S1, particle size and PDI were considered as response variables. To 
improve the model's accuracy and estimate experimental variability, the 
design was divided into three blocks, and three central points were 
added. This resulted in a total of 27 experimental runs for ethosomes 
(Table S2) and 51 experimental runs each for glycethosomes (Table S3) 
and glycerosomes (Table S4).

2.4.2. Optimization design
To perform the optimization, different designs were employed ac

cording to the number of factors investigated. A Central Composite 
Design was used for ethosomes, as only two independent variables were 

considered (S100 concentration and TFR), while a Box-Behnken Design 
was used for glycethosomes and glycerosomes, where three factors were 
evaluated (S100 concentration, TFR, and glycerol concentration). Based 
on the results obtained in the screening design, the range for each factor 
was defined, while the 18β-GA concentration was fixed at 0.5 mg/mL. 
The actual and coded values for each factor are summarized in Table 1, 
particle size and PDI were considered as response variables.

2.5. Physicochemical characterization of nanocarriers

2.5.1. Dynamic light scattering (DLS)
Dynamic light scattering (DLS, Zetasizer Nano S Instrument Ltd., 

Malvern Panalytical Srl, Worcester, UK) was used to characterize the 
prepared formulations in term of average particle size (Z-average) and 
PDI. Samples were diluted in purified deionized water (1:100 v/v), 
measurements were performed at 25 ◦C, and all the experiments were 
performed in triplicate. The results are expressed as the mean ± stan
dard deviation.

Fig. 1. Fabrication of the 3D-printed microfluidic chip (A); microfluidic production of Ethosomes (B), Glycethosomes (C), and Glycerosomes (D); ethanol removal 
(E); DLS characterization (F).Printing of 3D-printed chip (A); Ethosomes production with microfluidic chip (B); Glycethosomes production (C); Glycerosomes pro
duction (D); Ethanol removal (E); Characterization with DLS (F).

Table 1 
Actual and coded values of the selected factors for the optimization design.

Coded Value

− 1 0 +1

Actual Value

S100 concentration (mg/mL) 6 8 10
TFR (mL/min) 20 30 40
Glycerol concentration (% v/v) 10 30 50
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2.5.2. Drug encapsulation efficiency (EE%) studies
Encapsulation efficiency (EE%) studies of the optimized formula

tions were carried out using an indirect method. First, samples were 
diluted in deionized water 1:6 and ultracentrifuged at 45000 rpm and 
4 ◦C for 60 min, then the amount of unloaded 18β-GA was measured in 
the supernatant using HPLC (Agilent 1260 Infinity II, Agilent Technol
ogies, Santa Clara, CA, USA) equipped with a C18 column (InfinityLab 
Poroshell 120 C18 column, 3 × 100 mm, Agilent Technologies, Santa 
Clara, CA, USA), with an isocratic mixture of 0.5% formic acid in 
deionized water and methanol (ratio 15:85 v/v) as mobile phases, with a 
flow rate of 1 mL/min. The injection volume was 20 μL and the detection 
signal was recorded at 254 nm (UV lamp) keeping the analysis system at 
room temperature. Before the analyses, a calibration curve of 18β-GA 
standard was prepared with several concentrations in the range of 0.001 
to 0.25 mg/mL with a correlation coefficient (R2) of 0.9967 for etho
somes, 0.9985 for glycethosomes and 0.9995 for glycerosomes. The 
limit of detections and the limit of quantification were 0.019 μg/mL and 
0.057 μg/mL respectively. All the experiments were performed in trip
licate. The results are expressed as the mean ± standard deviation. The 
EE% of 18β-GA was calculated with the following equation (Eq. (1)): 

EE% =
Tdrug − Sdrug

Tdrug
X 100 (1) 

where Tdrug is the total amount of drug used for the formulation and 
Sdrug is the amount of drug in the supernatant measured with HPLC.

2.5.3. Nanoparticle tracking analysis (NTA) and ζ-potential
Nanoparticle tracking analysis (NTA) and ζ-potential measurements 

of the optimized formulations were performed using a NanoSight LM10 
instrument (Malvern Panalytical Srl, Worcester, UK). Before the test, the 
samples were serially diluted with distilled water to reach a particle 
concentration suitable for analysis with NTA and injected into the LM 
unit using a 1 mL sterile syringe. Five 60-s videos were recorded and 
then analyzed using NTA 3.1 analytical software (NanoSight, Malvern, 
UK). All the experiments were performed in triplicate. The results are 
expressed as the mean ± standard deviation.

2.5.4. Transmission electron microscopy (TEM)
The optimized formulations were also characterized by transmission 

electron microscopy (TEM, HT 7800 series, Hitachi, Tokyo, Japan), 
using an acceleration voltage of 100 kV to confirm the vesicle formation 
and evaluate the morphology. Before the analyses, samples were stained 
with phosphotungstic acid solution (1%). Briefly, a droplet of nano
particle suspension was deposited on a formvar‑carbon-coated copper 
grid and then, dried the excess using a filter paper. Subsequently a 
droplet of 1% phosphotungstic acid solution was added to the grid to 
obtain a negative staining. After removing the excess of liquid, the grid 
was washed with two droplets of water and air dried at room 
temperature.

2.6. Stability studies

The stability of the optimized nanocarrier formulations was assessed 
by storing them at 4 ◦C for 3 months and analyzing them periodically (0, 
7, 14, 21, 30, 60, 90 days). All the formulations were evaluated for 
particle size, PDI, EE%, NTA and ζ-potential. All the experiments were 
performed in triplicate, and the results are expressed as the mean ±
standard deviation.

2.7. Gel preparation and characterization

The optimized formulations were selected to prepare hydrogels for 
topical application, using alginate as a gelling agent. Alginate is a nat
ural anionic polysaccharide composed primarily of β-D-mannuronic acid 
and α-L-guluronic acid residues, which forms viscous gels upon 

hydration (Abka-khajouei et al., 2022). Briefly, 0.4% w/v alginate was 
slowly added to the vesicle suspensions containing 0.5% (w/v) of 18β- 
GA under continuous stirring (300 rpm) at room temperature. The 
mixtures were stirred until the polymer was fully hydrated and a ho
mogeneous hydrogel was formed. This concentration was selected based 
on preliminary tests to achieve a viscosity suitable for topical applica
tion, ensuring ease of spreading and adequate skin adhesion. The 
hydrogels were characterized for pH and rheological properties using a 
rheometer (MCR302e, Anton Paar, Graz, Austria) equipped with a plate- 
plate geometry (PP, 25 mm Ø, gap 1 mm). Flow curves were acquired 
using a shear rate ramp from 0.1 to 100 s-1 at 25 ◦C, while Amplitude 
sweep tests were conducted at a fixed frequency of 1 Hz, with strain 
values ranging from 0.01% to 1000% at 25 ◦C.

2.8. Ex vivo permeation studies using Franz-type diffusion cells

2.8.1. Skin preparation
Porcine skin was used in this study due to its similar morphology to 

human skin (Summerfield et al., 2015). Fresh porcine skin obtained 
from the Department of Veterinary and Animal Sciences (University of 
Copenhagen) was cleaned with PBS (pH 7.4 at 25 ◦C), skin sections were 
cut out, and the hair was trimmed. The sections were subsequently 
dermatomed using a Zimmer Dermatome AN (Zimmer Biomet Denmark, 
Albertslund, Denmark) to achieve a thickness of 500 μm. The derma
tomed skin was then stored at − 20 ◦C until further use.

2.8.2. Skin permeation and retention studies
The skin was mounted on vertical Franz diffusion cells (Phoenix DB-6 

Dry Heat Diffusion Cells, Teledyne Hanson Research, Chatsworth, CA, 
USA) with a diffusional surface area of 1 cm2. 10 mL of EtOH:PBS 
mixture (30:70 v/v) was used as the receptor solution, which was 
continuously agitated throughout the course of the experiments (600 
rpm). Addition of EtOH ensured sufficient solubility of the drug in the 
receptor medium (Tiboni et al., 2020). The system was thermostatted at 
35 ◦C ± 0.1 ◦C to provide a skin surface temperature of 32 ◦C ± 0.1 ◦C 
(Oh et al., 2020). Before testing, the receptor solution was degassed by 
ultrasonic treatment for 30 min. Dermatomed skin sections were 
thawed, fixed on the Franz cells with the epidermal side facing up, left to 
equilibrate for approximately 30 min. To confirm skin integrity, trans
epidermal water loss (TEWL) was measured using an AquaFlux™ AF200 
probe (Biox Systems Limited, London, UK) equipped with a coupling 
element, enabling direct measurements from the donor chamber of the 
Franz cells. Skin with TEWL < 20 g/m2/h is widely accepted as indic
ative of an intact SC barrier, considered intact and included in the ex
periments (OECD, 2004; Levin and Maibach, 2005; Fluhr et al., 2006). 
The measurements were taken prior to and after the permeation studies, 
and at least three measurements were taken for each of the skin pieces. 
By testing the solubility of 18β-GA in the receptor media beforehand, we 
ensured that sink conditions were met. 740 μL of the formulation con
taining 0.5% 18β-GA was applied on the skin (Summerfield et al., 2015). 
At specific time points (19, 20, 21, 22, 23, and 24 h) aliquots of 600 μL 
were withdrawn from the receptor chambers, replenished with fresh 
receptor solution and centrifuged (21,130 ×g, 20 min). Supernatants 
were collected, and the content of 18β-GA was determined using HPLC. 
A 24 h experimental timeframe was selected in accordance with stan
dard Franz diffusion cell protocols for topical formulations, representing 
a widely used endpoint for evaluating short-term skin permeation and 
retention profiles under controlled ex vivo conditions.

The cumulative amount of 18β-GA permeated through the skin at 
time t (Qt) was determined using the equation (Eq. (2)) (Fda and Cder, 
2026): 

Qt =
CtVR +

(∑t− 1
i=1Ci

)
Vs

A
(2) 

where: Ct (mg/mL) is the concentration of 18β-GA in the aliquot 
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collected at time t, VR (mL) is the volume of the receptor solution, 
∑t− 1

i=1Ci is the sum of 18β-GA concentrations in the aliquots at times from 
i to t-1, VS is the volume of the aliquots, A is the permeation area (1 cm2).

The percentage of cumulative amount of 18β-GA permeated over 
time was calculated by the following equation (Eq. (3)) (Coderch et al., 
2021): 

Q% =
Qt

Total amount of 18βGA applied
X 100 (3) 

After 24 h any liquid present in the donor chambers was collected 
and residual formulation remaining on the epidermal surface of the skin 
was removed with cotton swabs. The samples were left for 30 min to 
ensure a dry environment inside the chambers. Afterwards, the impact 
of the formulations on the skin integrity was assessed by measuring 
changes in its TEWL. For amounts of unpermeated 18β-GA in the 
retained formulation, the swabs were transferred into 5 mL Eppendorf 
tubes, and 1 mL of the extraction solvent (MeOH) was added. For drug 
retention analysis, the Franz cells were disassembled, and the skin sec
tions were then wrapped in aluminium foil, heated at 60 ◦C in an oven 
for 15 min, and then separated into epidermis and dermis using a scalpel 
and tweezers. Each separated skin layer was placed into a 5 mL 
Eppendorf tube, and 1 mL of the extraction solvent (MeOH) was added. 
All the tubes were sonicated (20 min), vortex-mixed and left at room 
temperature for 24 h under gentle agitation. Finally, the extractants 
were centrifuged (21,130 ×g, 20 min), supernatants were collected, and 
the content of 18β-GA in the samples was determined by HPLC as 
described above.

2.9. Scalability studies

Scalability studies were conducted to assess if nanoparticle produc
tion could be increased while maintaining the physicochemical prop
erties previously optimized at laboratory scale. To produce larger 
volumes, the syringe pump was replaced with a peristaltic pump, while 
keeping the microfluidic chip design and the critical formulation pa
rameters unchanged, including ethanol, glycerol, S100, and 18β-GA 
concentrations. As the peristaltic pump could not reach the same TFR as 
the syringe pump, the flow rates were set to the maximum achievable, 
keeping the FRR constant to maintain the final formulation composition. 
For glycerosomes, the organic solvent was evaporated on a heating 
stirrer at 50 ◦C overnight, as the sample concentrator used at small scale 
was not suitable for larger volumes. The effect of scale-up on nano
particle quality was evaluated by comparing the larger-scale batches 
with the laboratory-scale reference formulations in terms of particle size 
and polydispersity index (PDI).

2.10. Statistical analysis

Data analysis was performed using OriginPro software (version 
2022) (OriginLab Corporation, Northampton, MA, USA) For the DoE, an 
Analysis of Variance ANOVA was performed to identify significant fac
tors at a 5% significance level. Model quality was assessed using p- 
values, F-values, and regression coefficients R2, adj-R2 and pred-R2. 
Models were considered significant when p < 0.05, and the best-fitting 
model for each response was selected based on the highest adj-R2 and 
a difference between pred-R2 and adj-R2 below 0.2. Coded equations 
were used to identify influential factors and interactions, while equa
tions based on actual factor levels were used to generate response sur
face plots. For the skin integrity testing, a two-way ANOVA followed by 
Tukey's multiple comparison test was employed to determine the sta
tistical differences between the groups. The differences in skin retention 
between the groups were determined with a one-way ANOVA followed 
by Tukey's multiple comparison test. Results are presented as means 
with their standard deviations, and statistical significance is indicated 
by p-values as follows: (*) for p ≤ 0.05, (**) for p ≤ 0.01, (***) for p ≤

0.001, (****) for p ≤ 0.0001. 3D plots were created using OriginPro 
software.

3. Results and discussion

3.1. Fabrication and performance of the 3D-printed microfluidic chip

Nanocarriers were produced using a customized 3D-printed micro
fluidic chip, enabling precise control over particle size and PDI through 
passive micromixing. The chip design promoted efficient laminar co- 
flow between the aqueous and ethanolic phases, which entered 
through separate inlets and converged in the micromixing region before 
collection. This configuration ensured rapid, homogeneous mixing, 
facilitating controlled nucleation and growth of lipid vesicles. Micro
fluidics offers advantages over conventional methods, as laminar flow at 
the microscale enables predictable mixing, uniform particle formation, 
and minimal batch to batch variability, while supporting high drug 
loading efficiency. Coupled with fused deposition modeling (FDM), this 
approach provides a low-cost, accessible, and scalable platform for 
producing nanocarriers with tight control over critical quality attributes 
(Tiboni et al., 2021; Zhang et al., 2023).

3.2. Screening of the nanocarriers manufacturing process by microfluidics

A 2-Level Full Factorial Design was adopted to evaluate the main 
effects of the independent variables, S100 concentration (X1), TFR (X2), 
18β-GA concentration (X3), and glycerol concentration (X4), as well as 
their interactions, on dependent variables, particle size (Y1) and PDI 
(Y2). The coded equations and the FIT statistics parameters are reported 
in Table S5 and Fig. S1. Based on the coefficients of the coded equation, 
the particle size of ethosomes increased with increasing S100 concen
tration and decreasing TFR. In contrast, the particle size of glycetho
somes and glycerosomes increased with decreasing S100, 18β-GA 
concentration and glycerol concentration and increasing TFR. Etho
somes PDI decreased with increasing S100 concentration, TFR and 18β- 
GA concentration, glycethosomes PDI decreased with increasing S100 
concentration, TFR, 18β-GA concentration and glycerol concentration, 
while for glycerosomes, PDI decreased with increasing S100 concen
tration and TFR, and decreasing 18β-GA and glycerol concentration. 
Based on the analysis, manufacturing conditions to produce the smallest 
and largest average size and PDI were selected for the subsequent study. 
We proceeded with the optimization process focusing on the variables X₁ 
(S100 concentration), X₂ (TFR), and X₄ (glycerol concentration), while 
fixing X₃ (18β-GA concentration) at 0.5 mg/mL. Although X₃ is a sig
nificant parameter in some of the equations, it was excluded from the 
variable set to ensure comparability of the results. This drug concen
tration represents the highest value that can be successfully encapsu
lated while maintaining an acceptable PDI for the nanoparticles, as also 
confirmed by a previous study reported by Tiboni et al. (Tiboni et al., 
2020).

3.3. Optimization of the nanocarriers manufacturing process by 
microfluidics

The selected optimization area for the process was defined within a 
S100 concentration range from 6 to 10 mg/mL, a TFR range from 20 to 
40 mL/min, and a glycerol concentration from 10 to 50% (v/v) (for 
glycethosomes and glycerosomes), with a fixed 18β-GA concentration at 
0.5 mg/mL. A Central Composite Design (CCD) was applied for etho
somes (Table 2) and a Box–Behnken Design (BBD) for glycethosomes 
(Table 3) and glycerosomes (Table 4). The central points were analyzed 
in triplicate to improve the reliability of the results, for a total of 11 
experiments for ethosomes and 15 for glycethosomes and glycerosomes. 
The responses observed were first fitted to the quadratic mathematical 
model and then refined by eliminating the insignificant terms of equa
tions (whose p-value >0.05), as summarized in Table 5. Across all the 
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screening designs, the refined model exhibited a significantly lower p- 
value and a higher adj-R2 compared to the quadratic model, indicating 
improved accuracy and reliability. Moreover, the pred-R2 was in good 
agreement with the adj-R2, as the difference between the two was lower 
than 0.2, for all of them except the refined mathematical model for the 
PDI (Y2) of the ethosomes, where a negative pred-R2 was obtained. This 
indicates limited predictive capability of the model for this specific 
response within the investigated experimental domain. Accordingly, 
this limitation does not affect the overall robustness of the DoE 
approach, as the optimization strategy was primarily driven by particle 
size as the main critical quality attribute, while PDI was considered a 
secondary descriptor, consistently remaining within acceptable limits 
across all formulations. Confirmation experiments were therefore 
essential to validate the selected optimal conditions and ensure model 
reliability within the defined design space.

Based on the coefficients of the coded equation (Table 5), the particle 
size of ethosomes and increased with increasing S100 concentration and 

decreasing TFR. Similarly, the particle size of glycethosomes increased 
with increasing S100 and glycerol concentration and decreasing TFR. In 
contrast, the particle size of glycerosomes increased with decreasing 
S100 and glycerol concentration and increasing TFR. Ethosomes PDI 
decreased as S100 concentration decreased and TFR increased. For 
glycethosomes, PDI decreased with lower S100 concentration and 
higher glycerol concentration, while for glycerosomes, PDI decreased 
when S100 concentration increased and glycerol concentration 
decreased. Fig. 2 shows the 3D response surface plots related to the 
correlations between particle size and PDI with TFR and S100 concen
tration for ethosomes (Fig. 2a–b, respectively) as well as the correlations 
between particle size and PDI with glycerol and S100 concentration for 
glycethosomes (Fig. 2c–d) and glycerosomes (Fig. 2e–f), respectively. 
The developed models were validated by comparing the predicted 
values for the selected formulation with the experimentally obtained 
results. The differences between the predicted and experimental values 
were within the acceptable range, thus confirming the predictive reli
ability of the model and supporting the robustness of the optimization 
strategy (Table S6).

3.4. Physicochemical characterization of optimized formulations

Based on the outcomes of the optimization study, three formulations 
were selected for further characterization. They were chosen based on 
their particle size within the desired nanometric range (70–100 nm), an 
acceptable PDI indicative of homogeneous size distribution, and fixed 
concentrations of glycerol (30% v/v) and 18β-GA (0.5 mg/mL), for 
ensuring consistency and comparability across nanocarrier systems. The 
formulations identified as optimal, one for ethosomes, one for glyce
thosomes, and one for glycerosomes, exhibited the best compromise 
between small particle size, low PDI, and appropriate excipient 
composition, as predicted by the refined DoE models and confirmed 
experimentally. These optimized nanocarriers were therefore selected 
for comprehensive physicochemical characterization and nanostructure 
assessment (Table 6).

3.4.1. Drug encapsulation efficiency (EE%), ζ-potential and stability 
studies

The optimized formulations were assessed through a long-term sta
bility study by measuring particle size and PDI over multiple time points 
throughout the 90-day period, while EE and ζ-potential were deter
mined at time 0 and at the end of storage. Together, these parameters 
provide a comprehensive indication of the structural integrity, colloidal 
behavior, and overall suitability of the vesicles for skin delivery (Danaei 
et al., 2018). The stability study confirmed the robustness of the opti
mized nanocarriers. Ethosomes maintained a narrow size range (77–92 

Table 2 
Optimization of the microfluidic manufacturing process of ethosomes by DoE: 
size and PDI of the different runs.

Standard Run Input Output

X1 X2 Y1 Y2

S100 concentration 
(mg/mL)

TFR 
(mL/ 
min)

Particle size 
(nm)

PDI

4 1 10 40 109 ± 2 0.23 ±
0.01

1 2 6 20 94 ± 2 0.23 ±
0.02

2 3 10 20 144 ± 5 0.33 ±
0.03

6 4 10 30 122 ± 1 0.26 ±
0.01

11 5 8 30 101 ± 2 0.23 ±
0.01

3 6 6 40 74 ± 1 0.21 ±
0.01

9 7 8 30 98 ± 2 0.22 ±
0.02

5 8 6 30 98 ± 14 0.23 ±
0.05

10 9 8 30 95 ± 1 0.20 ±
0.02

7 10 8 20 110 ± 1 0.23 ±
0.01

8 11 8 40 90 ± 1 0.22 ±
0.01

Table 3 
Optimization of the microfluidic manufacturing process of glycethosomes by DoE: size and PDI of the different runs.

Standard Run Input Output

X1 X2 X3 Y1 Y2

S100 concentration (mg/mL) TFR (mL/min) Glycerol concentration (% v/v) Particle size (nm) PDI

11 1 8 20 50 125 ± 1 0.23 ± 0.01
1 2 6 20 30 85 ± 1 0.28 ± 0.02
9 3 8 20 10 94 ± 1 0.22 ± 0.01
3 4 6 40 30 64 ± 1 0.29 ± 0.01
10 5 8 40 10 82 ± 1 0.19 ± 0.01
8 6 10 30 50 161 ± 2 0.36 ± 0.01
12 7 8 40 50 130 ± 1 0.35 ± 0.01
13 8 8 30 30 80 ± 1 0.24 ± 0.01
4 9 10 40 30 100 ± 1 0.35 ± 0.01
7 10 6 30 50 121 ± 1 0.24 ± 0.01
6 11 10 30 10 149 ± 2 0.40 ± 0.01
2 12 10 20 30 116 ± 1 0.33 ± 0.01
14 13 8 30 30 110 ± 2 0.43 ± 0.01
15 14 8 30 30 79 ± 1 0.24 ± 0.01
5 15 6 30 10 73 ± 1 0.22 ± 0.01
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nm) throughout the 90-day period, showing only a slight increase, while 
PDIs remained low (0.18–0.27). Glycethosomes displayed a similarly 
stable profile, with vesicle size varying moderately from 73 to 93 nm and 
consistently low PDI values (0.18–0.22). Glycerosomes were found to be 
the most stable, maintaining a nearly unchanged nanoscale size (93–92 
nm) and exhibiting a slightly higher initial PDI, which remained con
stant over time (0.27–0.28), indicating no signs of vesicle aggregation or 
structural destabilization. All formulations displayed satisfactory EE%, 
although with distinct trends consistent with their composition. Etho
somes showed the highest drug-loading capacity (above 81%), con
firming the strong affinity of 18β-GA for ethanol-fluidized phospholipid 
bilayers. Glycethosomes and glycerosomes exhibited slightly lower 
values (above 69% and 63%, respectively), in line with their reduced 
ethanol content and the increased structuring effect of glycerol on the 
vesicle membrane. Importantly, no marked changes in EE% were 
observed at the end of the study, confirming the absence of drug leakage 
or vesicle destabilization. The ζ-potential values were negative for all 
systems, reflecting the anionic nature of phospholipid headgroups and 
the presence of ethanol and/or glycerol. Ethosomes showed the most 
negative values at time 0 (− 24 mV), with a slight decrease to − 17 mV 
after 90 days, whereas glycethosomes and glycerosomes displayed 
slightly less negative charges (− 20 mV and − 17 mV, respectively) that 
remained stable over time. These values indicate good colloidal stability 
and are consistent with the formation of well-dispersed vesicular sys
tems. Overall, these data demonstrate that all three optimized formu
lations exhibit high drug-loading capacity, appropriate surface charge, 
and excellent physicochemical stability over time, thereby supporting 
their suitability for subsequent skin-delivery analysis (Table 7). Fig. 3
shows TEM analysis of the optimized nanoparticles, confirming the 
formation of nanosized vesicles. All nanoparticles were uniform, 
smooth, and regularly spherical, with a homogeneous dispersion. In 
glycethosomes and glycerosomes, a layer of glycerol surrounding the 

vesicles was observed, leading to a close-packed arrangement and the 
formation of a three-dimensional network, as previously reported by 
Manca et al. (Manca et al., 2019).

3.5. Physicochemical and rheological properties of hydrogels

The optimized formulations were formulated into alginate-based 
hydrogels (0.4% w/v) to enable topical application and improve pa
tient compliance. Further studies were performed to complement the 
physicochemical characterization and to assess the rheological proper
ties of the hydrogels. Fig. 4 report the shear stress vs shear rate and shear 
viscosity vs shear rate curves. The shear stress/shear rate curves were 
fitted with the Herschel-Bulkley model (Eq. (4)), where the τ0 is the yield 
stress, K (Pa sn) is the consistency index and n is the flow behavior index. 
When n = 1, the fluid has a Newtonian behavior, or it is a Bingham fluid 
if τ0 is greater than zero. For n < 1 the fluid exhibits shear-thinning 
behavior. Smaller values of n indicate stronger shear thinning, with 
the effect becoming increasingly pronounced as n approaches zero. On 
the other hand, for n > 1, the fluid exhibits shear-thickening behavior. 

τ = τ0 +Kγṅ (4) 

As expected, (Table S7) for the glycethosomes and glycerosomes, the 
suspensions showed a Newtonian behavior with n approaching to 1; 
while the hydrogels showed a shear thinning behavior (n < 1). The 
ethosomes showed a shear thinning behavior in both suspensions and 
hydrogel formulations. Moreover, as expected, all the hydrogels showed 
a consistency index higher than the suspensions.

3.6. Skin studies

Once physicochemical and morphological stability had been veri
fied, the optimized nanocarriers were evaluated for their skin-delivery 

Table 4 
Optimization of the microfluidic manufacturing process of glycerosomes by DoE: size and PDI of the different runs.

Standard Run Input Output

X1 X2 X3 Y1 Y2

S100 concentration (mg/mL) TFR (mL/min) Glycerol concentration (% v/v) Particle size (nm) PDI

2 1 10 20 30 117 ± 3 0.26 ± 0.01
3 2 6 40 30 97 ± 2 0.51 ± 0.04
13 3 8 30 30 98 ± 1 0.25 ± 0.01
14 4 8 30 30 96 ± 1 0.26 ± 0.01
10 5 8 40 10 90 ± 1 0.24 ± 0.01
4 6 10 40 30 95 ± 1 0.24 ± 0.01
11 7 8 20 50 147 ± 2 0.33 ± 0.01
12 8 8 40 50 175 ± 3 0.37 ± 0.01
7 9 6 30 50 220 ± 51 0.39 ± 0.02
8 10 10 30 50 188 ± 2 0.37 ± 0.02
9 11 8 20 10 101 ± 1 0.22 ± 0.01
5 12 6 30 10 84 ± 1 0.26 ± 0.01
1 13 6 20 30 100 ± 1 0.27 ± 0.01
6 14 10 30 10 107 ± 1 0.23 ± 0.01
15 15 8 30 30 96 ± 1 0.28 ± 0.02

Table 5 
Analysis of variance (ANOVA) for particle size and PDI.

R2 Adj-R2 Pred-R2 Refined model (Coded equation)

Particle size (Y1)
Ethosomes 0.8842 0.8346 0.6471 Y1 = 54471.63+ 32989.15 X1 − 31246.19 X2 + 29038.03X12

Glycethosomes 0.8929 0.8500 0.7992 Y1 = 90.44+ 18.4 X1 − 5.44 X2 + 21.75 X3 + 21.98 X2
3

Glycerosomes 0.9559 0.9228 0.8167 Y1 = 0.000037 − 4x10− 6X1 + 0.000003 X2 − 1.6x10− 5X3 + 0.000006 X₁3 − 4x10− 6X23 − 1.1x10− 5X2
3

PDI (Y2)
Ethosomes 0.6852 0.5503 − 0.2227 Y2 = 0.2355+ 0.0248 X1 − 0.0197 X2 − 0.0222 X12

Glycethosomes 0.3165 0.2026 0.0880 Y2 = 0.2845+ 0.0372 X₁+ 0.0339 X3

Glycerosomes 0.5291 0.4507 0.2709 Y2 = 0.2984 − 0.0416 X1 + 0.0648 X3

G. Bucciarelli et al.                                                                                                                                                                                                                             International Journal of Pharmaceutics: X 11 (2026) 100563 

7 



performance through ex vivo permeation and retention studies. The ex
periments aimed to determine whether differences in vesicle composi
tion, particularly the presence of ethanol or glycerol, translated into 
distinct permeation and retention profiles. For this purpose, porcine skin 
was used as a biological membrane in a Franz diffusion cell setup.

3.6.1. Skin integrity testing
To evaluate the impact of 18β-GA-loaded nanocarriers on skin bar

rier integrity, the transepidermal water loss (TEWL) of the skin samples 
was measured before (0 h) and after 24 h of treatment with the assessed 
permeation-enhancing strategies (Fig. S2). Prior to treatment, all skin 
samples exhibited TEWL values below 20 g/m2/h, confirming that they 
met EMA requirements for pre-experimental integrity assessment and 
ensuring that subsequent variations can be attributed solely to the 
applied formulations (Neupane et al., 2020; E. Medicines Agency, 2014). 
TEWL values for all formulations remained below 20 g/m2/h after 24 h, 
indicating that the transient rise induced by ethanol-containing vesicles 
did not reach levels associated with barrier impairment. This observa
tion is consistent with previous evidence showing that ethanol can 
fluidize and disorder stratum corneum lipids, enhancing their mobility 
and extractability without causing irreversible disruption (Gupta et al., 
2020b).

3.6.2. Skin permeation and retention studies
The impact of 18β-GA nanocarriers on the skin permeation (Fig. S3) 

and retention is summarized in Fig. 5. After 24 h, the skin was separated 
into epidermis and dermis to more precisely assess drug retention. 
“Acceptor” indicates the proportion of 18β-GA that permeated through 
the skin into the acceptor compartment, whereas “Residue” indicates the 
proportion remaining in the drug delivery system after 24 h. The tested 
systems included ethosomes, glycethosomes, and glycerosomes, along 
with their corresponding hydrogel formulations. Two saturated solu
tions served as controls: Control 1 (18β-GA saturated solution in 25% v/ 
v of ethanol in water) and Control 2 (18β-GA saturated solution in 25% 
v/v of ethanol +30% v/v glycerol in water). For glycethosomes, the 
highest percentage of 18β-GA remained in the donor phase, with 89.9 ±
1.7% remaining after 24 h, compared to 78.0 ± 6.3% for ethosomes and 
70.3 ± 6.6% for glycerosomes. Correspondingly, 18β-GA levels in the 
epidermis and dermis were lower for glycethosomes (2.7 ± 0.5% and 
2.8 ± 0.3% respectively) compared to ethosomes (10.2 ± 5.2% and 5.2 
± 2.0%) and glycerosomes (10.2 ± 3.2% and 4.1 ± 0.7%). Permeation 
into the acceptor compartment was minimal across all vesicular systems 
(glycethosomes 0.4 ± 0.1%, ethosomes 0.7 ± 0.6% and glycerosomes 
0.2 ± 0.1%), with no statistically significant differences. Hydrogel for
mulations exhibited lower release and reduced skin uptake compared to 
the corresponding nanoparticle suspension, suggesting that the 

Fig. 2. Optimization Design space revealed the correlation between the process parameters and samples morphology. Particle size of ethosomes (A); PDI of etho
somes (B); Particle size of glycethosomes (C); PDI of glycethosomes (D); Particle size of glycerosomes (E); PDI of glycerosomes (F).

Table 6 
Selected formulation parameters.

S100 (mg/mL) TFR (mL/min) GA (mg/mL) Glycerol (% v/v) Particle Size (nm) PDI

Ethosomes 6 30 0.5 / 78 ± 1 0.18 ± 0.02
Glycethosomes 6 30 0.5 30 73 ± 1 0.18 ± 0.04
Glycerosomes 10 40 0.5 30 93 ± 12 0.27 ± 0.04

G. Bucciarelli et al.                                                                                                                                                                                                                             International Journal of Pharmaceutics: X 11 (2026) 100563 

8 



polymeric matrix introduces an additional diffusional barrier that limits 
drug availability at the skin interface (Grijalvo et al., 2016). However, 
for practical topical delivery, hydrogel formulations are advantageous as 
they adhere better to the skin, improving contact time and ensuring 
more uniform application compared to liquid nanoparticle suspensions, 
consistent with the observed rheological behavior. Control 1 and 2 
displayed higher drug levels in the skin, likely due to the steep con
centration gradient generated by saturated solutions and the absence of 
carrier-mediated release constraints, resulting in rapid diffusion. These 
findings indicate that drug release from the formulation represents the 
rate-limiting step governing skin delivery, particularly for glycetho
somes and hydrogel systems. The nanocarriers therefore act as 
formulation-based reservoir systems, modulating drug availability at the 
skin surface and supporting controlled and localized delivery (Manca 
et al., 2013; Peralta et al., 2018). The differences among the tested 
formulations can be attributed to specific interactions between glycerol, 
ethanol, and phospholipids. Glycethosomes (30% glycerol, 25% 
ethanol) exhibit increased bilayer rigidity due to glycerol hydrogen 
bonding with phospholipid headgroups, enhancing local microviscosity 
and stabilizing the membrane (Manca et al., 2013; Abou-Saleh et al., 
2019). Although ethanol typically fluidizes lipid membranes, its effect is 
partially attenuated by glycerol, which competes for hydrogen bonding 
sites (Chanda et al., 2006). This results in more stable, less permeable 

membranes and reduced 18β-GA release. Glycerosomes, containing 
glycerol without ethanol, provide improved superficial skin permeation 
due to SC hydration while retaining vesicle deformability, whereas 
ethosomes achieve good 18β-GA penetration, being fluid and highly 
deformable (Zhang et al., 2022). Overall, glycethosomes are highly 
stable but exhibit reduced skin penetration, whereas glycerosomes 
combine high physicochemical stability with enhanced skin retention, 
making them the most suitable carrier for localized delivery of 18β-GA. 
Their ethanol-free composition further reduces the risk of irritation, 
supporting repeated topical application and sustained drug deposition in 
the skin.

3.7. Scalability studies

The scale-up was performed by continuously collecting the output 
from the microfluidic chip at regular intervals (0, 10, 20, 30, and 40 
min), followed by analysis of particle size and PDI (Table 8). The TFR 
achieved for ethosomes was 23.5 mL/min, for glycethosomes 25.5 mL/ 
min, and for glycerosomes 29.2 mL/min. Particle size and PDI values 
were in good agreement with the predicted values from the optimized 
DoE. Differences between predicted and observed values were within 
the acceptable range, further confirming the predictive reliability of the 
model and supporting the robustness of the optimization strategy. 

Table 7 
Stability studies, EE and ζ-potential. Data are reported as the mean of three independent replicates ± SD.

Day Ethosomes Glycethosomes Glycerosomes

Size 
(nm)

PDI EE% ζ-potential 
(mV)

Size 
(nm)

PDI EE% ζ-potential 
(mV)

Size 
(nm)

PDI EE% ζ-potential 
(mV)

0 77 ± 1 0.18 ±
0.02

80.7 ±
3.9

− 24.2 ± 1.2 73 ± 1 0.18 ±
0.04

63.0 ±
2.3

− 20.0 ± 4.2 93 ± 12 0.27 ±
0.04

65.8 ±
8.7

− 17.3 ± 3.2

7 77 ± 1 0.18 ±
0.03

– – 71 ± 12 0.18 ±
0.04

– – 92 ± 15 0.27 ±
0.01

– –

14 81 ± 1 0.22 ±
0.01

– – 74 ± 9 0.20 ±
0.01

– – 106 ± 1 0.31 ±
0.10

– –

21 80 ± 1 0.19 ±
0.01

– – 89 ± 6 0.21 ±
0.01

– – 90 ± 13 0.26 ±
0.01

– –

30 82 ± 1 0.21 ±
0.01

– – 88 ± 4 0.22 ±
0.03

– – 90 ± 15 0.25 ±
0.01

– –

60 87 ± 2 0.22 ±
0.01

– – 95 ± 7 0.21 ±
0.03

– – 91 ± 12 0.26 ±
0.01

– –

90 92 ± 3 0.27 ±
0.03

81.5 ±
2.9

-16.9 ± 1.2 93 ± 3 0.22 ±
0.02

69.0 ±
3.8

− 20.6 ± 4.6 92 ± 14 0.28 ±
0.01

63.3 ±
2.3

− 17.8 ± 2.3

Fig. 3. Transmission electron microscopy (TEM) images of Ethosomes (A), Glycethosomes (B), and Glycerosomes (C).
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Reducing the TFR compared to laboratory-scale conditions led to only 
slightly increased of particle size and PDI, which nevertheless remained 
within acceptable limits for topical administration. The results also 
confirmed the stability of the production process over time: both the 
particle size and PDI remained relatively constant throughout the 
collection period, indicating reproducible and well-controlled nano
particle formation. These findings demonstrate that the 3D-printed 
microfluidic chip, combined with the peristaltic pump, allows for 
continuous production of 18β-GA-loaded nanocarriers without 
compromising critical quality attributes. Overall, the process proved 
robust and scalable, supporting its potential application for larger batch 
manufacturing under controlled and reproducible conditions.

4. Conclusions

In this study 18β-GA-loaded ethosomes, glycethosomes, and glycer
osomes were successfully produced using a customized 3D-printed 
microfluidic chip, enabling precise and highly reproducible control 
over particle size and PDI. The combination of FDM-based 3D printing 
with microfluidic technology effectively overcame the challenges asso
ciated with a cost-effective and reproducible manufacturing strategy 
and allowed the topical delivery of 18β-GA. The application of a QbD 
approach enabled the development of predictive mathematical models 
and design spaces for each nanocarrier type, allowing the identification 
of optimal formulation parameters yielding nanoparticles with 
customized physicochemical properties. Long-term stability studies 
confirmed that all optimized formulations maintained their particle size, 
PDI, EE and ζ-potential over 90 days. Incorporation into an alginate 
hydrogel imparted desirable shear-thinning rheological behavior, facil
itating topical application while preserving vesicle integrity. Ex vivo skin 
permeation studies demonstrated that formulation composition signifi
cantly influenced drug delivery profiles. Ethosomes enable measurable 
drug delivery to the epidermis and dermis, whereas glycethosomes 
exhibited enhanced structural stability but more limited skin uptake, 
and glycerosomes achieved favorable skin permeation without the use of 
ethanol, supporting repeated topical application. Hydrogel formulations 

Fig. 4. Shear stress as a function of shear rate of nanoparticles formulations (A); Shear viscosity as a function of the shear rate of nanoparticles formulations (B). Data 
are reported as mean ± SD (n = 3).

Fig. 5. Skin retention and permeation of 18β-GA. The ‘Epidermis’ and ‘Dermis’ 
bars represent the amount of 18β-GA retained in the respective skin layers, the 
“Residue” bar indicates the amount of 18β-GA remaining in the donor chamber 
after 24 h, while the ‘Acceptor’ bar indicates the amount permeated through the 
skin after 24 h. Data are reported as the mean of 6 replicates ± SD.

Table 8 
Particle size and PDI of 18β-GA-loaded nanoparticles collected at different 
timepoint during the scale-up. Data are reported as the mean of three inde
pendent replication of experiments ± SD.

Time 
(minutes)

Ethosomes Glycethosomes Glycerosomes

Size 
(nm)

PDI Size 
(nm)

PDI Size 
(nm)

PDI

0 90 ± 1 0.20 ±
0.01

81 ± 1 0.29 ±
0.03

115 ±
2

0.37 ±
0.01

10 97 ± 1 0.25 ±
0.02

86 ± 2 0.31 ±
0.03

97 ± 1 0.25 ±
0.01

20 82 ± 1 0.16 ±
0.01

71 ± 1 0.22 ±
0.01

106 ±
2

0.33 ±
0.01

30 87 ± 1 0.18 ±
0.02

71 ± 1 0.24 ±
0.01

112 ±
2

0.37 ±
0.02

40 87 ± 1 0.17 ±
0.01

73 ± 1 0.28 ±
0.03

108 ±
2

0.34 ±
0.01
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further reduced drug release and skin penetration, reflecting the addi
tional diffusional barrier introduced by the polymeric matrix. The re
sults indicate that drug release from the formulation represents the rate- 
limiting step governing skin delivery, suggesting a formulation- 
controlled delivery mechanism. In this context, nanocarriers act as 
reservoir systems at the formulation level, modulating drug availability 
at the skin surface and supporting controlled and localized delivery. 
Although the developed models demonstrated good predictive capa
bility within the defined design space and formulation conditions, their 
applicability to other drugs requires further experimental validation. 
The strength of this study lies in the generalizable QbD-based develop
ment strategy rather than in a universally predictive model. Neverthe
less, the proposed framework can be readily adapted to different drugs 
by redefining the design space according to their specific physico
chemical properties. Finally, scale-up experiments conducted with a 
peristaltic pump, confirmed consistent nanoparticle production, high
lighting the robustness and reproducibility of the microfluidic chip and 
supporting its potential as a cost-effective, scalable, continuous, and 
industrially viable manufacturing approach for clinical translation.
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