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  Abstract 

Dermal drug delivery is a preferred administration route for bypassing first-

pass metabolism, minimizing systemic side effects and delivering local or systemic 

benefits. Formulation strategies are often employed to improve drug solubility and 

penetration, enhancing dermal bioavailability. Many dermal drugs face solubility 

challenges, necessitating advanced formulation strategies. Curcumin is a natural 

bioactive compound derived from the turmeric plant Curcuma longa L., and has been 

widely used due to its therapeutic benefits against dermal conditions. However, it is 

characterized by low solubility and bioavailability. Therefore, dermal curcumin 

formulation strategies are often employed to improve its limitations. The established 

ex vivo porcine ear model has been frequently used to test various formulations, 

providing insights into effective strategies that preserve skin physiology, improve 

penetration and elucidate penetration mechanism. Expanding on previous findings, a 

systemic study of different classic and novel formulation strategies is necessary to 

evaluate their effectiveness in enhancing dermal delivery of poorly water-soluble 

drugs. In this context, plant-based extracellular vesicles, plantCrystals, and 

microemulsion formulations were selected to be investigated to improve the solubility 

and bio-efficacy of a poorly water-soluble drug, curcumin. 

The first project studied the impact of classical plant-derived extracellular 

vesicles (EVs) and plantCrystals-extracellular vesicles (PCEVs) on curcumin dermal 

delivery using an ex vivo porcine ear skin model. Two study designs were employed, 

aiming to determine the dermatokinetics of curcumin penetration, and to investigate 

penetration efficacy and depth. EVs were isolated through classical methods, while 

PCEVs were prepared via bead milling, with curcumin incorporated either during or 

after PCEVs formation, resulting in curcumin-loaded and curcumin-added PCEVs, 

respectively. Dermatokinetics indicated that curcumin particles facilitated penetration 

through a particle-assisted mechanism. Upon evaporation of the dispersion medium, 

an aqueous meniscus formed between the particles and skin, creating a high local 

concentration gradient that enhanced drug delivery. This effect was most pronounced 

in curcumin-loaded PCEVs, where smaller and more abundant particles maximized 

the contact area. Curcumin-loaded PCEVs achieved a significantly higher penetration 
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efficacy compared to curcumin-added PCEVs and curcumin-loaded EVs. Its also 

exhibited greatest penetration depth, whereas curcumin delivered from EVs remained 

in the stratum corneum. The data revealed that incorporating curcumin during PCEVs 

production is critical for maximizing penetration efficacy. The findings of this project  

confirm the promise of PCEVs as an effective delivery system for curcumin and similar 

poorly soluble compounds, highlighting bead milling as a superior strategy over 

classical EVs methods. This formulation presented a plant-based and nontoxic 

approach as a carrier for dermal drug delivery, thereby it offers a great potential for 

pharmaceutical development and further exploration of different potential plants to 

improve the solubility and bioavailability of poorly water-soluble drugs. 

The second project studied microemulsions as a nano-scaled systems for 

improving curcumin dermal delivery using the ex vivo porcine ear model. The study 

investigated how microemulsion components and their varying concentration s 

influence the penetration efficacy. Nine of curcumin microemulsion formulations 

were prepared with varying ratios of the oily and water phases and the surfactants 

mixture (surfactant and co-surfactant (Smix)). Formulations with higher oily phase 

content exhibited larger hydrodynamic sizes and broader size distribution, while 

those with higher Smix and water content demonstrated smaller sizes and narrower 

size distribution. Results showed enhanced penetration efficacy of curcumin was 

associated with higher ethanol and water ratios. This highlights the role of 

composition in modulating curcumin transport through the skin. Bench controls, 

including curcumin solutions and dispersion were prepared to elucidate the vehicle 

effect on curcumin delivery. Based on the data obtained, it can be assumed that the 

curcumin penetration from microemulsion formulations revealed overlappin g 

penetration mechanisms influenced by the formulation’s composition. While 

microemulsion formulations effectively delivered curcumin to the upper epidermis, 

their limited penetration depth restricts their use for targeting the dermis. These 

findings provide a foundation for optimizing microemulsion systems to enhance the 

dermal delivery of poorly soluble active compounds like curcumin. 
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Zusammenfassung 

Die dermale Arzneimittelverabreichung ist eine bevorzugte 

Applikationsroute. Sie umgeht den First-Pass-Metabolismus, minimiert systemische 

Nebenwirkungen, und erzielt lokale als auch systemische Vorteile 

Formulierungsstrategien werden häufig eingesetzt, um die Löslichkeit und 

Penetration von Wirkstoffen zu verbessern und damit die dermale Bioverfügbarkeit 

zu erhöhen. Viele dermale Wirkstoffe weisen Löslichkeitsprobleme auf, weshalb 

fortschrittliche Formulierungen erforderlich sind. 

Curcumin, ein bioaktiver Naturstoff, extrahiert aus Curcuma longa L., ist für seine 

therapeutischen Vorteile bekannt, zeigt jedoch eine geringe Wasserlöslichkeit und 

Bioverfügbarkeit. Daher werden spezifische Formulierungsstrategien entwickelt, um 

diese Einschränkungen zu überwinden. Das ex vivo-Schweineohrhautmodell dient 

häufig zur Untersuchung von Formulierungen, da es die Hautphysiologie erhält und 

die Penetration sowie deren Mechanismen darstellen. Eine systematische Analyse 

klassischer und innovativer Formulierungsansätze ist notwendig, um deren 

Wirksamkeit für die dermale Verabreichung schlecht wasserlöslicher Wirkstoffe zu 

bewerten. In diesem Kontext wurden pflanzenbasierte extrazelluläre Vesikel, 

PlantCrystals und Mikroemulsionen untersucht, um die Löslichkeit und 

Bioverfügbarkeit von Curcumin zu verbessern. 

Im ersten Projekt wurde der Einfluss klassischer pflanzlicher extrazellulärer 

Vesikel (EVs) und PlantCrystals-extrazellulärer Vesikel (PCEVs) auf die dermale 

Aufnahme von Curcumin analysiert. Es wurden zwei Studiendesigns angewandt, um 

die Dermatokinetik der Curcumin-Penetration zu bestimmen und die 

Penetrationswirksamkeit und -tiefe zu untersuchen. EVs wurden klassisch isoliert,  

während PCEVs mit dem Verfahren des Bead Millings hergestellt wurden. Curcumin 

wurde entweder während oder nach der PCEV-Bildung eingebracht, was zu 

curcuminbeladenen bzw. curcuminzugesetzten PCEVs führte. Die Analysen zeigten, 

dass Curcuminpartikel die Penetration durch einen partikelvermittelten 

Mechanismus erleichtern. Nach der Verdunstung des Dispersionsmediums entstand 

ein hoher lokaler Konzentrationsgradient, der die Wirkstoffaufnahme förderte. Dieser 

Effekt war besonders bei curcuminbeladenen PCEVs ausgeprägt, die kleinere und 

zahlreichere Partikel aufwiesen. Die curcuminbeladenen PCEVs erreichten eine 
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signifikant höhere Penetrationseffizienz als curcuminzugesetzte PCEVs und 

curcuminbeladene EVs. Zudem zeigten sie die größte Penetrationstiefe, währen d 

Curcumin aus EVs hauptsächlich in dem Stratum corneum verblieb. Die Ergebnisse 

belegen, dass die Integration von Curcumin während der PCEV-Produktion 

entscheidend für eine maximale Penetrationseffizienz ist. Diese Studie bestätigt das 

Potenzial von PCEVs als effizientes Trägersystem für schwer lösliche Wirkstoffe und 

hebt das Verfahren des Bead Millings als überlegene Strategie gegenüber klassischen 

EV-Methoden hervor. Diese pflanzenbasierte, ungiftige Formulierung bietet großes 

Potenzial für die pharmazeutische Entwicklung und die Erforschung weiterer 

Pflanzenextrakte zur Verbesserung der Löslichkeit und Bioverfügbarkeit. 

Im zweiten Projekt wurden Mikroemulsionen als nanoskalige Systeme zur 

Verbesserung der dermalen Curcumin-Freisetzung untersucht. Ziel war es, den 

Einfluss der Mikroemulsionskomponenten und ihrer Konzentrationsverhältnisse auf 

die Penetrationseffizienz zu analysieren. Es wurden neun verschiedene Curcumin-

Mikroemulsionsformulierungen hergestellt, wobei das Verhältnis von Öl-, 

Wasserphase und Tensidgemisch (Tensid und Co-Tensid (Smix)) variiert wurde. 

Formulierungen mit höherem Ölanteil zeigten größere Partikelgrößen und eine 

breitere Größenverteilung, während Formulierungen mit höheren Smix- und 

Wasseranteilen kleinere Partikel und eine engere Größenverteilung aufwiesen. Die 

Ergebnisse zeigten, dass eine erhöhte Penetrationseffizienz mit höheren Ethanol- und 

Wasseranteilen korrelierte, was die Bedeutung der Formulierungszusammensetzun g 

für den Transport von Curcumin durch die Haut unterstreicht. Zur besseren 

Einordnung der Ergebnisse wurden Curcuminlösungen und -dispersionen als 

Kontrollen untersucht. Die Daten legen nahe, dass die Penetration von Curcumin aus 

Mikroemulsionsformulierungen überlappende Penetrationsmechanismen aufweist, 

die von der Zusammensetzung der Formulierung beeinflusst werden. Während 

Mikroemulsionen Curcumin effektiv in die obere Epidermis transportierten, blieb die 

Penetrationstiefe begrenzt, was ihren Einsatz zur gezielten Wirkstofffreisetzung in die 

Dermis einschränkt. Diese Erkenntnisse bilden eine Grundlage für die Optimierung 

von Mikroemulsionssystemen zur Verbesserung der dermalen Verabreichung schwer 

löslicher Wirkstoffe wie Curcumin. 
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1.1. The skin 

The skin, the largest organ of the human body, serves as a critical barrier 

between the internal environment and external environments. Structurally, it is 

composed of three primary layers: the epidermis, dermis, and hypodermis. The 

epidermis, which includes the stratum corneum, is the outermost layer of the skin, 

provides a protective barrier, and regulates water loss. The dermis layer is rich in 

connective tissue, blood vessels, and nerve endings. This layer supports the epidermis 

and facilitates nutrient exchange. The hypodermis, consisting primarily of fat and 

connective tissue, acts as a cushion that insulates the body [1–5]. 

1.2. Dermal drug delivery 

1.2.1. Applications and challenges 

The skin’s unique properties make it an attractive route for drug delivery. 

Dermal drug delivery has emerged as a promising approach due to its non-invasive 

nature and ability to bypass first-pass metabolism, a major limitation of oral drug 

administration [3,4,6–8]. As dermal drug delivery is able to avoid drug degradation 

by stomach acid and enzymes, drugs applied topically can maintain enhanced 

bioavailability. Additionally, enabling controlled drug release, providing therapeutic 

effectiveness over a longer period of time. Dermal drug administration can also deliver 

drugs to exert either local or systemic effects, depending on the type of the 

formulations [3–7,9,10]. In other words, localized dermal treatments, such as anti-

inflammatory topical therapies, are commonly used to treat topical inflammatory 

conditions such as atopic dermatitis, eczema, and psoriasis. Besides, numerous 

therapeutic creams or gels are designed to exert wound healing and antimicrobial 

therapy. Systemic effects of dermal drugs are particularly beneficial in pain relief, 

especially for conditions such as musculoskeletal and joint pain, as dermal treatments 

minimize or avoid systemic side effects which are typically associated with oral 

analgesics [3,6,11–13]. 

Despite the advantages of dermal drug delivery, one of the major challenge is 

overcoming the skin's natural barrier function, primarily attributed to the stratum 

corneum. This layer consists of densely packed, keratinized cells embedded in a lipid 

matrix, creating a highly impermeable structure that effectively limits the penetration 

of most drugs [9,14,15]. 
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1.2.2. Factors affecting dermal penetration of drugs 

The stratum corneum's lipophilic nature impedes the transport of hydrophilic 

drugs, while its tightly packed lipid layers limits the diffusion of lipophilic drugs. This 

is more pronounced considering drug properties such as the molecular weight, 

solubility, and physicochemical properties of the formulation being applied [16,17].  

The steady-state flux is a critical parameter to be considered to achieve passive 

penetration enhancement in dermal drug delivery systems. Fick’s first law, which 

described the rate of drug diffusion through a membrane, provides an important 

insights for understanding the dynamics of dermal drug delivery and absorption as 

follows: 

𝐽 =
𝐷 ×(𝐶1−𝐶2)

ℎ
                   (1) 

Where J is the steady-state flux (the rate at which the drug permeates through 

the membrane per unit area per unit time, e.g., mg/cm²/h), D is the diffusion coefficient 

of the drug, C1 is the concentration of the drug on the donor side of the membrane 

(the upper top part of the stratum corneum from which the drug is released), C2 is the 

concentration of the drug on the receptor side of the membrane (the inside layer of the 

stratum corneum where the drug is being absorbed), h is the thickness of the 

membrane [10,18,19]. 

According to the equation, maintaining a steady flux can be achieved by 

manipulating several factors, such as improving the diffusion coefficient of the drug 

and increasing the concentration gradient. The diffusion coefficient can be enhanced 

by multiple ways, including improving drug solubility, reducing particle size and 

incorporating the drug into carrier systems that foster the movement of the drug 

through the skin layers [20,21]. 

The reduction of a drug’s particle size to nano- or micro-scale particles can 

increase its surface area, leading to improved solubility and thus a faster diffusion rate. 

Incorporating the drug into nano-scale carrier systems such as nanoparticles, 

liposomes, nanoemulsions or microemulsions enables an effective combination of the 

advantages of the carrier system along with the benefits of smaller particle size. This 

strategy can also enhance the bioavailability of drugs, particularly those naturally 

characterized with low solubility [20,22–24]. 
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Another significant strategy to enhance the dermal drug delivery is the use of 

penetration enhancers. In general, they can act on the stratum corneum barrier by 

altering the skin structure through disrupting the lipid barrier and loosening the tight 

packing within the stratum corneum, thereby facilitating drug diffusion into the skin 

[5,25,26]. Common examples of penetration enhancers include alcohol and surfactants. 

Ethanol, a commonly used short-chain alcohol, acts as a solvent that increases drug 

solubility in the vehicle and has the potential to extract the lipids from the stratum 

corneum, causing pore formation and consequently enhanced drug penetration [8,26–

29]. Surfactants are used to solubilize poorly soluble drugs within formulations. For 

instance, Polysorbate 80 is a non-ionic surfactant that can fluidize the intercellular 

regions of the stratum corneum and disrupt keratin filaments within corneocytes, 

leading to increased solubilizing capability of the aqueous layer and improving drug 

penetration [8,29–31]. 

The combination of penetration enhancers with advanced drug delivery 

systems allows for the optimization of drug formulations for intended treatment 

conditions. However, selecting and combining appropriate enhancers effectively 

requires careful research and consideration of the drug’s properties and the 

therapeutic goals. For example, ethanol is often used alongside other enhancers (e.g., 

surfactants) to improve drug solubility, but its concentration must be regulated to 

avoid skin irritation. 

1.2.3. Assessment of dermal drug delivery and penetration mechanisms 

Porcine skin is widely used as an in vitro model for application in several 

dermatological research due to its close resemblance the human skin [19]. T he 

applications involve porcine skin which is often obtained from porcine ears to evaluate 

dermal penetration efficacy and effects of various formulations on skin. The skin can 

either be excised for further testing or studied directly on the intact ear, which offers a 

key advantage, as the skin remains attached to the cartilage, preserving natural skin 

tension and simulating physiological conditions more accurately [29–31]. 

The traditional penetration model such as Franz diffusion cell is widely used 

in vitro for studying skin permeability and dermal drug delivery. However, this model 

still have some limitations, including the lack of structurally intact skin, which 

prevents it from mimicking natural skin tension. In addition, the technical issues such 
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as the impractical sample volume required and bubble formation between the donor 

and receptor chamber can interfere with the diffusion measurements [9,32,33].  

To overcome these limitations, Pelikh et al. proposed an ex vivo porcine ear 

model using an epifluorescence microscope and digital image processing as 

fluorescence analysis method to evaluate dermal penetration efficacy [32]. This 

approach has proved its efficiency in providing a more physiologically relevant 

alternative by preserving skin integrity, enabling a more accurate assessment of 

dermal penetration and evaluating the effects of formulations on skin properties. This 

method involves applying the formulation of interest to a porcine ear skin, followed 

by incubation for a period of time. Afterwards, the formulation is removed and 

biopsies are taken from the treated skin areas, then frozen, cross-sectioned into vertical 

20 µm thick skin sections, and then analyzed using inverted epifluorescen ce 

microscopy [32,37–40]. 

To assess the penetration efficacy, ImageJ software converts visual 

epifluorescence microscopy images into semi-quantitative results. The drug 

penetration efficacy and mean penetration depth (MPD) are assessed from the original 

epifluorescence images that are subjected to an automated RGB-threshold algorithm, 

subtracting the autofluorescence of the skin. The remaining light intensities in the 

images represent the penetrated drug. The penetration efficacy is represented as mean 

grey value per pixel (MGV/px) from the converted images. The MPD is measured by 

manually drawing a line from the stratum corneum to the deepest point of penetration 

with the scale function, which was set to correspond to 2.84 pixel/µm. MPD is 

measured in micrometers. In addition, the stratum corneum thickness is also 

measured this way from the original epifluorescence images [32,38]. 

The semi-quantitative ex vivo model cannot track the dynamic penetration of 

active compounds over time. To overcome this limitation, a quantification method 

using a fluorescence plate reader was recently developed to assess the dermatokinetics 

of drug penetration [41]. This approach evaluates drug penetration profiles without 

the complication of sample collection as in the Franz diffusion cell model, allowing for 

clearer insights into the penetration pathways in ex vivo excised porcine ear skin. The 

results can be compared with the semi-quantitative data from epifluorescen ce 
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microscopy, providing a more comprehensive assessment of drug penetration 

dynamics. 

These established ex vivo porcine ear models have revealed novel mechanisms 

for the active compounds to be transported through the skin. The first mechanism is 

the particle-assisted dermal penetration [42]. Particles in a formulation help active 

ingredients penetrate deeper and in higher amounts. The liquid of the formulation 

comes in contact with the stratum corneum, forming a meniscus (a thin liquid layer) 

in which the dissolved ingredient exists. This phenomenon is more pronounced with 

greater particle’s concentration and smaller particle sizes within the formulation. 

Ultimately, it enhances skin hydration and the penetration efficacy. The second 

mechanism is called the solvent drag mechanism. It can be caused when a liquid 

penetrates the skin, pulling dissolved active ingredients along with it [38,42,43]. 

1.3. Curcumin as a candidate for dermal delivery of poorly soluble drugs 

1.3.1. Curcumin: an overview 

Turmeric powder has been widely used in dietary intake and traditional Asian 

medicine due to its various biological and therapeutic effects. Curcumin is the primary 

bioactive compound derived from the rhizomes of Curcuma longa L. (turmeric), a 

member of the Zingiberaceae family. The therapeutic potential of curcumin is 

attributed to its anti-inflammatory, antioxidant, antimicrobial, anti-rheumatic and 

anticancer properties [44–49]. 

Various studies have reported the use of curcumin for oral administration. 

However, oral administration of curcumin faces major challenges in absorption and 

systemic bioavailability. Curcumin, as a biopharmaceutical classification system (BCS) 

Class IV drug, exhibits poor water solubility, low bioavailability, and rapid 

metabolism, resulting from its hydrophobic nature and susceptibility to first-pass 

metabolism [44,50]. 

However, due to its safety profile and significant biological activities, curcumin 

has shown a remarkable potential in improving dermatological conditions [45]. 

Previous researches indicate curcumin’s efficacy in addressing several skin conditions, 

including atopic dermatitis, wound healing, skin aging, acne, eczema, psoriasis and 

skin infections [48,51,52]. These properties have earned curcumin’s recognition as a 

promising drug for therapeutic and cosmetic dermal interventions, highlighting the 
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need for further research enhancing the dermal delivery and bioavailability of 

curcumin. 

1.3.2. Strategies for enhanced dermal penetration of Curcumin 

Numerous studies have documented the well-established potential of 

curcumin for dermal applications; however, the physicochemical properties of 

curcumin limit its ability to effectively penetrate the skin, thus minimizing its expected 

therapeutic efficacy in dermal formulations. To overcome these challenges, various 

drug delivery systems have been investigated to enhance dermal delivery of 

curcumin. They are designed to improve solubility, stability, and diffusion across the 

skin and thus to enhance skin permeability. Such delivery systems include liposomes, 

polymeric nanoparticles, hydrogels, nanoemulsions, microemulsions, solid lipid 

nanoparticles and nanocrystals [53–60]. 

Among these strategies, the nanocrystal technology which was introduced in 

the early 1990s, offers multiple benefits over other formulation approach es. 

Nanocrystals are defined as pure submicron drug particles, providing enhanced drug 

loading compared to lipid or polymer-based nanocarriers. The reduced drug particle 

size within this formulation is associated with an improved drug dissolution and drug 

loading capacity of 100%, thus enhancing the solubility and increasing the surface 

area, which promotes deeper skin penetration [40,61–65]. 

1.4. Research gaps in existing dermal curcumin formulations 

1.4.1. Natural drug delivery innovations 

Extracellular vesicles are nanosized vesicles that are naturally derived from 

various cell types and exert an important role in the intercellular communication by 

transporting bioactive molecules such as nucleic acids, proteins, and lipids. They can 

be categorized based on their size, biogenesis, or molecular composition [66–70]. The 

main subtypes of EVs are exosomes, which are derived from the endosomal system, 

and microvesicles, which originate from plasma membrane budding. EVs have been 

found to transport therapeutic compounds, making these carriers effective natural 

drug delivery systems for enhancing the delivery of poorly soluble drugs such as 

curcumin [68,70–72]. 
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Recently, plant-derived EVs have gained recognition as an alternative to 

mammalian EVs because they offer similar structural and functional properties but 

with better advantage of lower immunogenicity [67,68,70]. Plant-derived EVs are 

naturally present in vegetables, fruits and various plants and are capable of carrying 

bioactive compounds such as flavonoids and polyphenols, contributing to their 

therapeutic effects. Given these properties, plant-derived EVs present a novel, 

biocompatible, and natural carrier for active compounds, making them ideal carriers 

for dermal delivery [71,73–76]. 

The application of plant-derived EVs in drug delivery system requires their 

isolation and purification. Hence, several extraction techniques have emerged to 

efficiently isolate plant-derived EVs. These approaches include ultracentrifugation 

(Figure 1), size-exclusion chromatography, microfiltration and ultrafiltration in 

addition to other techniques. Previous researches have investigated isolation 

techniques producing EVs from different plant sources such as soybean, black kidney 

bean, ginger, blueberry, cucumber, and grapes. However, few studies have evaluated 

their efficacy in dermal applications such as wound healing and enhanced dermal 

drug delivery [77–80].

 

Figure 1: A scheme of isolation of plant extracellular vesicles using differential ultracentrifugation 

method. 

In addition to plant-derived EVs, an innovative natural multi-component 

formulation that can be considered as a new perspective in nanocrystal technology is 

the plantCrystals formulation strategy [81]. This strategy was first developed for 

curcumin nanosuspensions in 2012 [61]. Inspired by “nanocrystals”, the concept of 

“plantCrystals” refers to the nanosized nature of plant material. It is derived from the 

combination of the two words “plants“ and “nanocrystals“, representing the origin 

(plant) and the production method of the plantCrystals which is adopted from the 
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production of drug nanocrystals. PlantCrystals are made from plants and/or plant 

parts, have sizes smaller than one micrometer and are produced by milling techniques 

similar to those for nanocrystals, including wet milling methods such as bead milling, 

high-speed stirring, high-pressure homogenization (HPH), or a combination of these 

techniques [63–65,82–84]. 

The milling process that produces plantCrystals has been proven to enhance 

the dermal penetration efficacy of active ingredients and to produce EVs during the 

milling process, thereby potentiating the dermal bioavailability of the drugs [73].  

Additionally, since plantCrystals consist of plant-derived particles, they offer a higher 

drug loading capacity. Several studies have investigated the production of 

plantCrystals from different plants and plant parts, such as roots, leaves and seeds 

from many plants, appealing to the advantage of this technology in producing natural 

formulations [65,81]. 

1.4.2. Microemulsions 

Microemulsions are characterized as transparent or translucent dispersions with 

droplet sizes that are typically in the nanometer range. They are composed of an 

aqueous phase, an oily phase, a surfactant, and a co-surfactant. The aqueous phase 

consists of water and contributes to provide a medium for hydrophilic components 

while maintaining the overall stability of the formulation [85–88]. The oil phase serves 

as a carrier for lipophilic drugs such as curcumin, enhancing their dissolution and 

stabilization. Medium-chain triglycerides are frequently used oils that improve the 

penetration of hydrophobic drugs [89,90]. Moreover, surfactants in microemulsions 

play a significant role in reducing the interfacial tension between the oily and aqueous 

phases to close to or below zero, preventing the microemulsion from undergoing 

phase separation. The ultralow interfacial tension thus facilitates the formation of 

thermodynamically stable microemulsions and ensures long-term stability 

[85,86,91,92]. The choice of surfactant should not only focus on enhancing the 

formulation properties but also on being skin-friendly and biocompatible. In addition 

to surfactants, co-surfactants are often used to improve the solubility and stability of 

drugs. Ethanol and propylene glycol are commonly used co-surfactants [87,90,92–95]. 

Besides, microemulsions are classified into three types based on their structure: 
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1. Oil in water (O/W) microemulsions: oil droplets in this system are dispersed within 

a continuous aqueous phase and they are mainly useful for delivery of hydrophilic 

drugs. 

2. Water in oil (W/O) microemulsions: water droplets are dispersed within a 

continuous oil phase. This kind of microemulsion is particularly ideal for lipophilic 

drugs. 

3. The bicontinous microemulsions: oil and water phases exist in a mixed alternating 

arrangement, allowing for the simultaneous solubilization of hydrophilic and 

lipophilic drugs [88]. 

Due to these characteristics, microemulsions containing curcumin were 

developed and evaluated for their physicochemical properties and in vitro skin 

penetration. However, the present studies on the enhanced bio-efficacy of curcumin 

in microemulsion formulations remain limited [56,96], which highlights the 

importance for further investigations into the factors by which curcumin is affected to 

penetrate. 

To date, exisiting research focused on investigating the bio-performance of 

formulation strategies to enhance the solubility and bioavailability of BCS class IV 

drugs using semi-quantitative and dermatokinetic ex vivo porcine ear skin models 

[38,97,98]. The growing interest in natural drug carrier systems has driven this work 

into investigating plant-derived carriers for their potential to improve dermal drug 

delivery. This includes plant-based EVs and plantCrystals. 

Glycine max (soybean), a member of the Fabaceae family, is rich content of 

proteins, fiber, fats, and phytochemicals, contributing to its nutritional and therapeutic 

benefits [99–101]. Research has shown that soybean-based treatments improve skin 

hydration, elasticity, and offer photo protection [101–105]. However, soybean-derived 

EVs and PCEVs have never been explored for dermal drug delivery, presenting an 

unmet research need to evaluate their potential as carriers for poorly water-soluble 

drugs. These formulations not only offer plant-based delivery systems but also are 

expected to serve as eco-friendly carriers for enhancing skin penetration and 

therapeutic efficacy. 

In this context, curcumin, a poorly water-soluble compound with low 

bioavailability, was selected as the model drug to evaluate the dermal penetration 
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from these plant-based carriers. Utilizing the benefit of curcumin autofluorescen ce, 

which enables its penetration assessment the through the established ex vivo porcine 

ear models. 

While numerous studies have explored curcumin-loaded nanocarriers as 

mentioned earlier; there is a lack of comprehensive studies which address the 

influence of presence of multiple vehicles as in microemulsion formulation on the 

dermal delivery of curcumin. As discussed earlier, microemulsions hold promise for 

improving curcumin transport through the skin, yet the influence of varying their 

compositions’ concentrations in dermal delivery remains unexplored. To address this 

gap, this thesis explored microemulsion formulation, combining different phases/ 

vehicles (oily and aqueous phases, surfactant and co-surfactant) and aiming to 

optimize the bioavailability of curcumin for dermal delivery. 
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Aim of the thesis 

The overall aim of this thesis was to evaluate the potential of three formulation 

strategies; plant-based extracellular vesicles, plantCrystals, and microemulsions to 

enhance the solubility, dermal bioavailability and delivery of a poorly water-soluble 

drug using an ex vivo porcine ear model. 

The aim of this thesis was fulfilled in the three subsequent projects:  

This first project aimed to describe the state of the art in terms of nanocrystals 

technology and their future aspect into the innovative plantCrystal technology (cf. 

Chapter 3, section 3.1). 

The second project aimed to produce plant-derived extracellular vesicles (EVs) 

and plantCrystals to assess their effectiveness in enhancing dermal delivery of 

curcumin. Soybean-derived EVs by classical isolation method (i.e. ultracentrifugation), 

and by small-scale bead milling technique through plantCrystals preparation (cf. 

Chapter 3, section 3.2). Following formulations production, the physicochemical 

properties of the produced formulations were studied and the suitability of 

plantCrystals technology for producing plant-based extracellular vesicles. The ex vivo 

dermal delivery of curcumin from soybean-derived extracellular vesicles prepared via 

the plantCrystals method were compared to enhance the classically isolated 

extracellular vesicles. The dermatokinetics ex vivo porcine ear model enabled 

investigating the penetration profiles of the formulations over time. 

The third project aimed to obtain curcumin microemulsion formulations with 

varying composition’s concentrations (cf. Chapter 3, section 3.3) to provide a systemic 

comparative analysis of the impact of each individual components in the 

microemulsion formulation and to examine how different phase ratios affect the 

physicochemical properties of the formulations, and to evaluate how the 

physicochemical properties and compositional concentration variations of the 

microemulsions formulations and influence their penetration mechanisms. 

  



 

 

  



 

 
 

 

Chapter 3 

Results 

 

 

  



 

 

 

 



   Chapter 3. Results 

 

 
19 

 

3.1. Challenges, unmet needs and future directions for nanocrystals in dermal drug 

delivery 

Muzn Alkhaldi and Cornelia M. Keck 

Department of Pharmaceutics and Biopharmaceutics, Philipps-Universität Marburg, 

Robert-Koch-Str. 4, 35037 Marburg, Germany.  

(submitted to Expert Opinion on Drug Delivery  2025, currently under review) 

Abstract 

Introduction: Nanocrystals, defined as crystalline particles with dimensions in the 

nanometer range (< 1000 nm), exhibit unique properties that enhance the efficacy of 

poorly soluble active compounds. Areas covered: This review explores the 

fundamental aspects of nanocrystals, including their characteristics and various 

preparation methods, while addressing critical factors that influence their stability and 

incorporation into final products. A key focus of the review is the advantages offered 

by nanocrystals in dermal applications. Their ability to enhance passive diffusion into 

the skin and facilitate penetration via particle-assisted dermal penetration is 

highlighted. Additionally, the review discusses their capacity to penetrate into hair 

follicles, enabling targeted drug delivery, and their synergistic potential when 

combined with microneedles, which further enhance the dermal absorption of active 

compounds. The review also addresses several commercial products that successfully 

employ nanocrystal technology, showcasing its practical applications. Expert opinion: 

Nanocrystals with their special properties are an emerging trend for dermal 

applications, particularly the development of PlantCrystals—natural nanocrystals 

sourced from plant materials—which represent a promising path for future research 

and formulation strategies. These advancements could lead to more sustainable and 

effective dermal product. 
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1. Introduction 

Dermal applications encompass a wide range of products designed for topical use, 

targeting the skin for therapeutic or cosmetic purposes. In the pharmaceutical sector, 

dermal formulations, such as creams, gels, ointments, and patches, are developed to 

deliver active ingredients directly to the affected area, providing localized treatment 

while minimizing systemic side effects [1–8]. 

The cosmetic industry relies heavily on dermal applications to address 

aesthetic concerns and improve and maintain skin health. Products such as 

moisturizers, anti-aging creams, sunscreens, and serums are formulated to enhance 

the appearance and texture of the skin, offering benefits ranging from hydration to 

protection against environmental damage. With the growing consumer demand for 

effective and innovative skincare solutions, the integration of advanced technologies, 

including nanotechnology, has become increasingly prevalent [9–11]. 

Nanocrystals, with their unique physicochemical properties, have emerged as 

a promising approach in both pharmaceutical and cosmetic formulations. By reducing 

particle size, nanocrystals can significantly enhance the solubility and permeability of 

active ingredients, facilitating deeper penetration into the skin layers. This capability 

improves drug delivery efficiency and allows for formulation of products with lower 

concentrations of active ingredients [12–20]. 

As dermatology and cosmetic science continue to evolve, the application of 

nanocrystals presents exciting opportunities for developing more effective, targeted, 

and user-friendly dermal products. Understanding the mechanisms by which 

nanocrystals operate can provide valuable insights into their potential to optimize 

dermal drug delivery and cosmetic effectiveness [15,16,18,21]. 

The objectives of this review are to explore the fundamentals of nanocrystals, 

providing a comprehensive overview of their properties, preparation methods, and 

mechanisms of action as they relate to dermal applications. We aim to evaluate the 

current applications of nanocrystals in pharmaceuticals, focusing on their role in 

enhancing the solubility and bioavailability of poorly water-soluble active compounds 

in topical products. Additionally, this review explores the impact of nanocrystals on 
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cosmetic formulations, investigating their ability to improve dermal penetration of 

active compounds and overall product performance. 

2 Fundamental of Nanocrystals 

2.1 Definition and Characteristics 

Drug nanocrystals are sub-micron-sized crystalline particles of active pharmaceutical 

ingredients (APIs), typically less than 1000 nanometers in size. They are composed of 

100% active material and are primarily created to enhance the solubility and 

bioavailability of poorly water-soluble drugs (e.g. BCS class II and IV drugs). By 

reducing the particle size, the total surface area increases and creates a much larger 

surface area-to-volume ratio compared to their larger counterparts [18,22–27]. Based 

on the Noyes Whitney equation, the larger surface area enhances the dissolution rate 

(Equation 1). 

𝑑𝐶

𝑑𝑡
 =

𝐷𝑆 (𝐶𝑠 − 𝐶)

𝑉ℎ
  (1) 

where 𝐶 is the concentration of a substance in the solution, 𝑡 is time, 𝑑𝐶/𝑑𝑡 is 

the rate of dissolution, 𝐶𝑠 is the solubility of the substance in the solvent, 𝐷 is the 

diffusion coefficient, 𝑆 is the surface area of the solid, 𝑉 is the volume of the medium, 

ℎ is the thickness of the diffusion layer [28]. In addition, a decrease in particle size 

increases the curvature of the particle surface. According to the Kelvin equation [29], 

this increases the kinetic solubility of the active compound and creates a 

supersaturated state. The higher amount of dissolved active ingredient in the 

supersaturated state creates a higher concentration gradient and thus enhances the 

uptake of the active ingredient if passive diffusion is the mechanism of drug uptake 

[1,22,29,30] (Fig.1). 
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Figure 1: Illustration of the supersaturated state influence on particle penetration. 

2.2 Preparation Methods 

Nanocrystals for improved solubility of poorly water-soluble compounds were first 

produced in the early 1990s by wet milling [31]. To date, this remains the most 

commonly used method for the production of nanocrystals. Later, other techniques 

such as high pressure homogenization, precipitation, solvent evaporation, or 

combinations of these methods were also used to produce nanocrystals. Each method 

has its benefits and limitations. Therefore, the most appropriate method for the 

production of nanocrystals always depends on the type and the properties of the raw 

bulk material, the intended final particle size of the nanocrystals (< 100 nm, 100 – 300 

nm, 300 – 800 nm) and the desired concentration of the nanocrystals in the product 

(10%) [15,16,32–35]. In general, smaller sized nanocrystals with sizes below 400 nm are 

mainly obtained with bead milling or combinations of the different techniques. High 

pressure homogenization or high speed stirring are the easiest methods and typically 

create slightly larger particles, which can be beneficial for some applications, i.e. for 

hair follicle targeting. 

2.3 Formulation aspects, physical stability and transfer into final formulations 

Nanocrystals are produced via wet milling methods, leading to their dispersion in a 

liquid. The resulting nanosuspensions are highly disperse systems, which increases 

their susceptibility to aggregation due to high surface energy, necessitating the use of 

stabilizers or surfactants to prevent this aggregation [15]. Stabilization can be achieved 

by using ionic or non-ionic surfactants. Ionic surfactants provide electrostat ic 
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stabilization and hence, nanocrystal formulations of this kind should possess a high 

zeta potential. However, ionic surfactants can easily interact with the skin and are 

often considered to be non-skin friendly. Therefore, nanocrystals for dermal 

applications should preferably be stabilized with skin-friendly stabilizers. Non-ionic 

stabilizers are often referred to be skin-friendly. Accordingly, they are recommended 

to be used for the production of nanocrystals for dermal applications. Non-ionic 

stabilizers provide steric stabilization which means they are intended to “coat” the 

nanocrystals with a thick layer of stabilizer, which then results in a low zeta potential, 

most preferentially being close to zero mV [1,8,14,19,23,24]. The increased kinetic 

solubility of the nanocrystals creates a supersaturated environment. This means, 

nanocrystals are thermodynamically highly unstable and during storage there is 

always a risk of precipitation of the dissolved active ingredient [1,14]. For this reason, 

to fully exploit the potential of nanocrystals, formulations that do not only allow for a 

fast and high dissolution of the active ingredient but also allow for a sufficient 

maintenance of the supersaturated state are needed. Good physical stability and a long 

maintenance of the supersaturated state can be achieved by producin g 

nanosuspensions with narrow particle size distribution and by adding protective 

colloids to the nanocrystal formulation. The narrow size distribution avoids Ostwald 

ripening and the addition of protective colloids prevents re-crystallization of the 

dissolved molecules [14,16,33,36]. Drying the nanocrystals, for example via 

lyophilization, is another option to increase the physical long-term stability of 

nanocrystals [37,38]. If supersaturation cannot be maintained, large particles without 

the special properties of the nanocrystals are formed during the precipitation process, 

which causes the loss of the functionality of the nanocrystals. The development of 

small sized and physically stable nanocrystal formulations can be challenging and 

needs long-time experience not only in the production but also in the characterization 

of the formulations. This is especially relevant when nanocrystals are incorporated 

into semi-solid formulations that contain other ingredients that for example can 

change the solubility of the material from which the nanocrystals are made and/ or the 

zeta potential of the nanocrystals, which causes changes in the stabilization 

mechanism that prevents agglomeration of the particles. Thus, the most stable 
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formulations are obtained with simple vehicles, e.g. hydrogels, with no other 

ingredients [14,15]. 

3 Benefits of Nanocrystal For Dermal Application 

Dermal application of active compounds can have different purposes, depending on 

the targets to which the ingredients need to be delivered. In pharmaceutics, 

transdermal penetration of the active ingredient is often desired. In cosmetics, the 

transport of the active compound should be either into the skin or onto its surface. 

Targeted dermal drug delivery is necessary to achieve this, and it can only be 

accomplished by understanding the mechanisms by which active ingredients are 

transported into the skin [39,40]. Where: In principle, there are three major pathways 

through which active ingredients can enter the skin. The first mechanism is passive 

diffusion. This means the active ingredient must be dissolved in the vehicle, from 

which it diffuses to the skin surface and then into the skin. This principle is explained 

by Fick’s first law (Equation 2). 

𝐽 =
𝐷 ×  (𝐶1 − 𝐶2)

ℎ
  (2) 

Where: 

- J is the steady-state flux (the rate at which the drug permeates through the membrane 

per unit area per unit time, e.g., mg/cm²/h). 

- D is the diffusion coefficient of the drug. 

- C1 is the concentration of the drug on the donor side of the membrane (the upper top 

part of the stratum corneum from which the drug is released). 

- C2 is the concentration of the drug on the receptor side of the membrane (the inside 

layer of the stratum corneum where the drug is being absorbed). 

- h is the thickness of the membrane or skin. 

Based on this, it is evident that a higher amount of dissolved active ingredient 

can increase the dermal penetration of active compounds [41,42]. Consequently, 

nanocrystals — which increase the solubility—can be used to enhance the passive 

dermal penetration of poorly water-soluble active ingredients. Various studies have 

demonstrated this [1,22,24,30]. 
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Another mechanism for active compounds to enter the skin that was recently 

found is particle assisted dermal penetration [43]. Particle-assisted dermal penetration 

means that the addition of particles to a formulation in which active ingredients are 

dissolved, leads to an increase in the dermal penetration efficacy (total amount of 

penetrated active ingredient and penetration depth) of the active ingredient being 

dissolved in the vehicle. The reason for this is that the particles attach to the skin by 

creating a meniscus between the skin and the particle (Fig. 2). The meniscus is 

composed of the vehicle and contains the dissolved ingredient. The retention time of 

the particles is considered to be much longer than that of the vehicle. Therefore, the 

apparent penetration time of the active ingredient increases, which then increases the 

penetration efficacy. The adherence of the particles to the skin and the prolonged 

contact with the vehicle meniscus also locally increase skin hydration, further fostering 

the dermal penetration efficacy [43,44] (Fig. 2). 

 

Figure 2: Schematic representation of active compound’s penetration mechanisms into the skin. 

The penetration-improving effect of particles is concentration- and size-

dependent; i.e., particle-assisted dermal penetration is higher with greater amounts of 

particles and smaller particle sizes within the formulation [44]. Particle-assisted 

dermal penetration can be achieved by adding nanocrystals to formulations well 

above the saturation solubility of the active compound. This effect was already shown 

for nanocrystals in 2016 [23] and subsequently understood and confirmed in 2022 [43]. 

Another recently found mechanism is the solvent drag mechanism, which means that 

liquids applied to the skin can penetrate the skin, and that active ingredients dissolved 

in the liquid are dragged into the skin with their solvent [45]. Nanocrystals increase 
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the solubility of poorly water-soluble drugs, allowing more active substance to 

dissolve in the solvent. If this solvent (e.g. water) penetrates the skin, the dermal 

penetration of the active ingredient can be enhanced. To utilize the solvent drag 

mechanism, formulations that provide high amounts of liquid that can penetrate the 

skin, and in which the active ingredient is dissolved, should be used. This can be 

achieved, for example, with thixotropic gels that transform into liquids during 

application on the skin [32]. Summarizing penetration into the skin, nanocrystals have 

been proven to be useful in increasing dermal penetration efficacy for poorly soluble 

active ingredients by using three different penetration mechanisms: passive diffusion, 

particle-assisted dermal penetration, and the solvent drag mechanism. The latter two 

mechanisms are most effective if higher concentrations of nanocrystals, exceeding the 

saturation solubility of the poorly soluble active compound, are added to the 

formulation. In this way, nanocrystals can also improve the penetration of compounds 

dissolved in the vehicle. In this case, nanocrystals would provide particle-assisted 

dermal penetration for all such molecules. Hence, improved co-delivery of active 

compounds can also be achieved with this nanocrystals. 

3.1 Nanocrystals for hair follicle targeting 

Transporting active ingredients via hair follicles into or through the skin is another 

interesting route of dermal application for nanocrystals. The uptake of molecules into 

hair follicles requires particles that are preferably in the size range between 500 – 800 

nm. These sizes fit optimally into the tiny structures of the hair surface and can be 

transported into the hair via the ratchet mechanism while the hair is moving (Fig. 3). 

This mechanism was proposed by Prof. Jürgen Lademann from Charité in Berlin, 

Germany and his co-workers and then proven in many other studies [34,46–51]. 

The milling process of nanocrystals ( c.f. 2.1) can be adopted, enabling the 

production of nanocrystals with tailor-made particle sizes [52]. Therefore, it is possible 

to easily produce nanocrystals with sizes optimal for hair follicle targeting. The 

advantage of nanocrystals over other nanosized drug carriers is that they are 

composed of 100% active material, whereas other drug nanocarriers are composed of 

a matrix or scaffold in which the active material is encapsulated. Typical loading 

capacities for such nanocarriers are in between 1 – 10 %. Hence, drug targeting into 
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hair follicles is much more efficient with nanocrystals (composed of 100% active 

ingredient) than with other carriers that contain only 1-10% active ingredients. The 

efficacy of nanocrystals for targeting active ingredients into the hair follicles has been 

proven in various studies [53–56]. 

Interestingly, a very recent study showed that nanocrystals not only penetrate 

into hair follicles but that they can also act as transporting aid for molecules dissolved 

in the dispersion medium of the nanocrystals [57]. This finding now opens the 

possibility to transport different types of active compounds into the hair follicles at the 

same time. Poorly soluble compounds can be transported into the hair follicle as 

nanocrystals and freely soluble compounds can be dissolved in the dispersion 

medium. Once the active compounds are in the hair follicle, they can easily penetrate 

into the viable dermis, because the stratum corneum in the hair follicle is thin and less 

tight than the stratum corneum on the skin surface (Fig. 3). The penetration of active 

molecules into the skin from hair follicles will be fast for the dissolved molecules and 

will be delayed and retarded for several days from the nanocrystals [58–64]. 

 

Figure 3: Penetration of active compounds into the viable dermis (left- arrows) via the hair follicle route. 
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3.2 Nanocrystals and microneedles 

A further use for nanocrystals for enhanced dermal application is the co-

administration of nanocrystals with microneedles. Microneedles create small holes in 

the skin barrier, allowing liquids to penetrate easily into the skin. However, poorly 

soluble compounds that are incorporated into the formulation as micrometer particles 

cannot penetrate into these holes. Hence, the co-administration of microneedles cannot 

improve the dermal penetration efficacy for such formulations. In contrast, 

nanocrystals are small enough to penetrate through the tiny channels created by the 

microneedles and can therefore be used for improved delivery of poorly soluble active 

compounds (Fig. 4). Similar to nanocrystals that enter the hair follicles, nanocrystals 

can enter the skin via the microchannels that are created by the microneedles. In the 

microchannels, they form a depot from which the active compound is slowly released 

while the nanocrystals dissolve [65,66]. 

 

Figure 4: Visualizing the combined effect of nanocrystals and microneedle devices with images from 

vertical skin sections (porcine skin) obtained by inverted epifluorescence microscopy. Nanocrystals 

improve the dermal penetration of curcumin in comparison to larger sized bulk material with a size of 

about 10 µm. Also, manipulation of the skin improves the dermal penetration. However, the effect of 

combining nanocrystal technology and microneedles is synergistic [65,66]. 

Many pharmaceutical products that use nanocrystals for improved solubility 

and bioavailability of poorly water-soluble active compounds are already on the 

market. Notably, most of these products are available for oral administration [12,14]. 

However, only one pharmaceutical product using nanocrystals technology is available 

for dermal therapy. Nucryst®, a nanocrystal based product by Nucryst 

Pharmaceuticals, utilizes antimicrobial silver nanocrystal technology and is intended 
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to reduce skin inflammation and microbial activity [12,13,33]. Furthermore, a variety 

of cosmetic products utilizing nanocrystal technology are currently available on the 

market. In 2007, the first cosmetic products with rutin were launched in the markets, 

were Juvedical products (Age-Decoder Face Fluid and Face Cream, Juvena, 

Switzerland). Another rutin-based nanocrystal product in the market is the produce 

Edelweiss (Audorasan, Germany). Also, Platinum rare, a hesperidin-based 

nanocrystal formulation that is marketed by La Prairie, is available in the markets as 

an anti-aging and rejuvenation cosmetic formulation [16,22]. Despite these products, 

the availability of marketed dermal nanocrystal products is limited and might be 

attributed to the higher market value of such cosmetic products and/or a still limited 

awareness of this simple but highly effective and smart formulation principle. 

However, the benefits of nanocrystals for dermal application have been proven in 

numerous scientific studies. For instance, the implementation of nanocrystals to 

increase the efficacy of poorly water-soluble natural antioxidants such as resveratrol 

[67–69], apigenin [70], lutein [71], rutin [13,33,72,73], hesperidin [74], quercetin [75,76] 

and curcumin [16,27,53,77,78]. Another example is the increased water solubility of 

broad-spectrum filters (e.g trisbiphenyl triazine (TBPT) and methylene bis-

benzotriazolyl tetramethylbutylphenol (MBBT)), which can increase the loading 

capacity and efficacy of sunscreens [79]. Moreover, several drugs used to treat pain 

and inflammation, such as flurbiprofen and diclofenac, have been produced as 

nanocrystals and studies have revealed that these two drugs, offer enhanced skin 

penetration and delivery when formulated as nanocrystals [16,80]. Further studies 

showed the preparation of apremilast nanocrystals to treat psoriasis. Results of this 

study showed a greater saturation solubility than a micronized apremilast and 

exhibited an increase in the drug distribution in the skin without adverse effects [16]. 

Additionally, nanocrystals formulations of fusidic acid showed an enhanced drug 

distribution and increased bacterial exposure in the infected wound in comparison to 

the coarse cream formulation [81]. Although a wide variety of topical nanocrystals was 

studied and could show the beneficial effects of nanocrystals in different dermal 

therapeutic treatments, many pharmaceutical products are still either in development 

or clinical phases [15,16,33].  
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4 Future Perspectives 

Since the invention of nanocrystals in the early 1990s, nanocrystal technology has been 

proven to be highly beneficial for improved solubility and bioavailability of poorly 

soluble active compounds, with many products currently available for oral and dermal 

cosmeceutical applications. With all this scientific evidence, the future will now 

hopefully encourage the pharmaceutical industry to exploit this simple formulation 

principle more often in topical drug products. Future trends should include the use of 

nanocrystals in hair growth products (hair follicle targeting), or the use of nanocrystals 

with microneedle devices, for example, for efficient local pain treatment. 

Another future perspective is the use of nanocrystal technology, i.e., the milling 

of larger sized bulk material to below 1 µm, not only for isolated chemical compounds 

but also for natural multi-component materials. Nanocrystals composed of multi-

component materials were first developed in 2012 [82]. These nanocrystals were 

produced from plants and plant materials and were named “PlantCrystals”. 

PlantCrystals have other properties than the classical nanocrystals, offering more 

benefits and applications. More details of this novel and highly promising formulation 

principle are described below. 

4.1 PlantCrystals – nanocrystals derived from plant material 

Plants and parts of plants have been used in nutrition, cosmetics and health 

applications for thousands of years, serving a sustainable and natural source of various 

bioactive compounds, many of which exhibit therapeutic properties such as 

antioxidant, anti-inflammatory, antimicrobial, wound healing and analgesic activities 

[83–87]. Besides the use of the whole plant material, plant extraction is often employed 

to extract bioactive compounds from plants or plant materials to enhance their activity 

and bio-efficacy. Plant extraction is typically done by traditional extraction methods 

such as maceration, percolation, decoction, and other techniques. These approaches 

often require the need to use organic solvents and can be very time-consuming. Also, 

they typically require high amounts of plant starting material while yielding only 

small quantities of the bioactive compounds of interest and lots of organic waste 

material [88,89]. Therefore, modern extraction techniques that overcome these 

disadvantages are of high interest, and PlantCrystals are among those [90].  
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The first plant-derived nanocrystal formulation was a Curcumin 

nanosuspension [82]. Curcumin has many health beneficial properties, but its 

bioavailability is poor due to its low solubility in water [91,92]. By this time, many 

studies had already shown the benefits of nanocrystals for improved bioactivity of 

curcumin [23,82,93–95]. However, the use of whole plant material was considered to 

offer more advantages [96,97]. The first comprehensive studies for milling plant 

materials were performed by Griffin et al. and Sarfraz et al., who could show that the 

milled plant material has a higher bio-efficacy then the bulk material and classical 

extracts. They could also show that in this way it is possible to reuse plant waste by 

turning it into effective formulations and products [25,98–100]. 

The principle behind PlantCrystals is not only the reduction in particle size. It 

is rather the destruction of the plant cells, which then release their content more 

efficiently. A typical plant cell has a size of about 10 µm. Consequently, by milling the 

plant material to below 1 µm, all plant cells and most of the plant cell parts, i.e. cell 

walls, vacuoles, etc. are also destroyed which allows a fast and exhaustive release of 

the active molecules from the plant cells and plant cell parts. Classical plant extraction 

is the combination of two steps. Step one is the wash out phase, which is fast, and step 

two is the diffusion phase, where the actives diffuse out of the plant cells. The second 

step is time-consuming and is the reason why many classical plant extraction methods 

are not exhaustive, as not all active molecules can diffuse out of the cells. In contrast, 

in PlantCrystal formulations, all plant cells are destroyed, allowing the active 

compounds to be washed out exhaustively, without the need for the second step.  

Consequently, PlantCrystal technology can be regarded as a fast and 

exhaustive extraction method. Typically, the milling is performed in water. This means 

that, in comparison to classical methods where large quantities of organic solvents are 

used, PlantCrystals are a very sustainable and environmentally friendly technique. 

Similar to nanocrystals, PlantCrystals can be produced by using various wet milling 

techniques, such as bead milling, high-speed stirring, high-pressure homogenization 

(HPH), or a combination of these methods (Fig. 5) [96,101 106]. 
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Figure 5: Scheme of process to produce plantCrystals by wet milling techniques. 

PlantCrystals are produced by dispersing the plant material, either in powder 

form or as an aqueous dispersion, into a stabilizer solution (e.g. surfactant) to prevent 

agglomeration over time [96,107]. The production can be done in lab scale or large 

scale by using the equipment used for the production of nanocrystals. For early 

development, ultra-small batches can also be produced by using the small-scale bead 

milling technique. In this process, the dispersed plant material in the aqueous 

surfactant solution is combined with zirconium beads in a specific ratio and stirred 

using a magnetic stirrer. The mixture is rotated in a flask or vial at a fixed speed for a 

defined period of time [96,108] (Fig. 6). 

 

 

 

  



   Chapter 3. Results 

 

 
43 

 

 

Figure 6: The principle of PlantCrystal technology through small-scale bead milling approach, 

representing the plant cell rupture and production of plantCrystals.  
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4.2 PlantCrystals for improved dermal penetration 

PlantCrystals have been shown to allow for an improved dermal penetration of their 

active ingredients [96,97,104,107]. The mechanisms of penetration enhancement are 

similar to those described for the nanocrystals (c.f. 2). In addition, one more 

mechanism was discovered in 2022, when it was found that the nano-milling process 

not only destroys the plant cells but also forms extracellular vesicles, i.e. exosomes. 

Plant-based extracellular vesicles and exosomes are novel formulation principles that 

can be used to improve the bioavailability of active compounds [109–112]. However, 

the production of these vesicles is very tedious and time consuming. Many 

purification steps are required, and the yields obtained are relatively low. In contrast, 

PlantCrystals can be produced swiftly in a one-step process, require no purification, 

and as a result, the yield obtained is 100% [96,107,108]. So far, only a few studies have 

investigated the benefits of PlantCrystals for dermal application and compared their 

efficacy in enhancing dermal penetration to traditional formulation principles and 

extracellular vesicles systematically. A very recent publication by Alkhaldi et al. 

demonstrated the superiority of PlantCrystals, which increased the dermal 

penetration efficacy of the poorly water-soluble curcumin by approximately 2.7-fold 

compared to classical extracellular vesicles [113]. The superiority of PlantCrystals over 

classical formulations and extracellular vesicles was also demonstrated by Sehra et al. 

[114]. In fact, PlantCrystals can be regarded as a new generation of nanocrystals. They 

are a novel, high-potential drug delivery system for improved dermal delivery of 

poorly water-soluble active compounds, as well as a sustainable and highly 

economical plant extraction method. 

5. Conclusion 

Drug nanocrystals are a powerful formulation strategy to overcome the issues 

associated with poorly soluble active compounds. The technology was invented in 

early 1990, and many pharmaceutical products are already available for oral and 

intravenous application. However, dermal pharmaceutical products are not yet 

available, although the benefits of nanocrystals for dermal application have been 

proven in many scientific studies and in various marketed cosmetic products that are 

already available. 
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6. Expert Opinion Section 

To our opinion, nanocrystals are the formulation principle of choice to overcome 

issues associated with poor solubility. The potential of nanocrystal technology to 

improve the bioavailability of poorly soluble active compounds has been proven in 

many pharmaceutical products, mainly for oral application. However, the use of 

nanocrystals in pharmaceutical products for dermal applications has not yet been fully 

exploited. The reason might be the increased risk of physical instability during storage, 

as the nanocrystals need to be formulated in a liquid or semi-liquid state, which 

increases the risk of crystal growth due to Ostwald ripening or particle agglomeration. 

This risk can be reduced by producing nanocrystals with a narrow particle size and by 

adding protective colloids. It would also be possible to transfer the nanocrystals into a 

solid state, for example, into a freeze-dried powder that needs to be re dispersed 

shortly prior to application. 

Additionally, the possibility of formulating and producing effective and 

physically stable dermal nanocrystal products has been shown in many cosmetic 

products; therefore, it will also be possible to formulate and produce pharmaceutical 

nanocrystal products for topical application with sufficient pharmaceutical quality. 

In our opinion, the most promising strategies for nanocrystals in dermal 

products include using nanocrystals to enhance the passive diffusion of poorly soluble 

actives. The combination with microneedle treatment is recommended to achieve 

penetration of the nanocrystals into the viable dermis, where they can form a depot 

for long-lasting effects. Moreover, it is highly advisable to exploit nanocrystals for the 

delivery of active compounds to the hair follicles. Effective and safe treatment of hair 

loss would be one of the unmet needs that could be addressed very efficiently with 

nanocrystal technology, particularly by using nanocrystals with sizes around 600 nm. 

PlantCrystals are plant-based nanocrystals and represent a novel, promising, 

and sustainable strategy for improved extraction and bio-efficacy of plant materials. 

During the production of PlantCrystals, exosomes are formed, which can be used to 

enhance the dermal penetration of active compounds from the plant from which they 

are derived. They can also be used as carriers to improve the bioactivity of other active 

compounds, which can be added to the PlantCrystals during their production. 
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PlantCrystal extracts contain no organic solvents and are thus not harmful to the skin. 

They can be directly incorporated into dermal products to formulate highly efficient, 

natural, and skin-friendly solutions. 

Due to the increased consumer demand for green technology-based 

formulations that offer natural and biocompatible skincare products, it is expected that 

the next decade will likely see significant advancements in PlantCrystal technology as 

a formulation strategy, leading to the successful translation of environmentally 

friendly products targeted for dermal therapeutics. However, PlantCrystals are still in 

the investigation phase, with only a few research studies available. Thus, there are 

currently no commercially available PlantCrystal products. For this reason, 

comprehensive research in this field is suggested. 

Finally, for a successful transfer of nanocrystal technology into pharmaceutical 

products, close collaboration between academia, dermatological experts, and 

pharmaceutical industries is essential to overcome the gap between research and 

market applications, translating laboratory findings into optimized, large-scale 

commercially available products. 
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Abstract 

The limited water solubility of active compounds remains a significant challenge for 

efficient dermal drug delivery, particularly for BCS class IV drugs such as curcumin. 

This study aimed to enhance curcumin’s dermal penetration using two strategies: 

extracellular vesicles (EVs) and plantCrystals derived from soybeans. EVs were 

isolated using classical methods. However, plantCrystals containing extracellular 

vesicles (PCEVs) were formed during the preparation of plantCrystals through bead 

milling. Curcumin was either added after PCEVs were formed, resulting in curcumin -

added PCEVs, or added to the soybean dispersion before bead milling, forming 

curcumin-loaded PCEVs. The formulations were characterized for their 

physicochemical properties and assessed for dermal penetration efficacy using 

quantitative dermatokinetic and semi-quantitative ex vivo porcine ear models. The 

results indicated that curcumin-loaded PCEVs achieved higher penetration efficacy 

compared to curcumin-added PCEVs and curcumin-loaded EVs, with approximately 

1.5-fold and 2.7-fold increases in penetration efficacy, respectively. Additionally, 

curcumin-loaded PCEVs showed superior penetration depth, while curcumin from 

the curcumin-loaded EVs remained in the stratum corneum. These findings suggest 

that the plantCrystals strategy via bead milling offers a more effective approach than 

the classical EVs strategy for improving the topical delivery of class IV drugs like 

curcumin. 
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1. Introduction 

Extracellular vesicles (EVs) are heterogeneous cell-derived vesicles that can be 

clas sified into different subtypes based on their size, biogenesis, or molecular 

composition. Among these, small EVs represent one of the subtypes of EVs and are 

defined by a size of less than 200 nm [1,2]. Exosomes, a well-known example of small 

EVs, are lipid bilayer vesicles secreted by various cell types through inward budding 

of the endosomal mem brane and released upon fusion of multivesicular bodies with 

the plasma membrane [3,4]. EVs, particularly exosomes, are able to meditate the cell-

to-cell communication and serve as delivery vehicles for water-soluble and non-water-

soluble therapeutic agents [2,3,5,6], which enables them to be used as drug delivery 

nanocarriers [6–11].  

Plant-derived EVs have been recognized for their potential biocompatibil ity 

with mammalian-derived exosomes. Additionally, their characteristics have been 

proven to provide prolonged bioavailability compared to artificially synthesized 

nanoparticles be cause they are undetectable by the mammalian immune system 

[4,7,12–15]. Moreover, researchers have investigated different isolation approaches for 

edible plant-derived EVs from various plant sources, such as grape, blueberry, ginger, 

grapefruit, soybean, black kidney, and cucumber [2,11,14–17]. Previous studies have 

already demonstrated that plant-derived EVs offer promising potential for efficient 

drug delivery through many routes of administration, including dermal routes. Aloe 

saponaria has demonstrated poten tial as a natural treatment for chronic wound 

healing, and Cucumis sativus L. has shown enhanced dermal drug delivery 

[11,12,18,19]. 

In addition to EVs, plantCrystals offer an innovative formulation strategy to 

enhance the solubility and effectiveness of plant-derived compounds. They are 

derived from whole plants, plant parts, or byproducts and are produced by an eco-

friendly extraction process that bypasses the need for organic solvents. Wet milling 

techniques, such as high-pressure homogenization and bead milling, are particularly 

effective for extracting lipophilic and poorly water-soluble compounds and achieving 

particle sizes below 10 µm [20–22]. Pre vious research has reported that the use of 

either high-pressure homogenization, bead milling, or a combination of both, allows 
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for the breakdown of plant cells and accelerates the plant constituent’s extraction [22]. 

Recent evidence also suggests that the nano-milling process not only produces 

plantCrystals, i.e., parts of plants of submicron size, but also produces plantCrystals 

extracellular vesicles (PCEVs), in which drugs and/or other plant constituents can be 

incorporated [18,23]. 

Glycine max, commonly known as soybean and part of the Fabaceae family, is 

widely recognized for nutritional and therapeutic purposes due to its rich composition 

of protein, f iber, fats, and beneficial phytochemicals [24–26]. Numerous studies have 

highlighted the dermatological beneficial effects of soybeans, as soybean-based 

treatments have been found to enhance skin hydration and elasticity [25,27,28], as well 

as provide a photo-pro tective effect [29,30]. However, no studies have investigated 

soybean-derived EVs and PCEVs, which have neither been produced nor explored for 

dermal drug delivery before. This gap has prompted our interest in evaluating their 

dermal efficacy as delivery systems for poorly water-soluble drugs. Several BCS class 

IV drugs are suitable for assessing the effects of EVs and PCEVs on dermal delivery. 

Curcumin possesses a broad range of pharmacological effects, including antioxidant, 

anti-inflammatory, antimicrobial, and wound-healing properties. In addi tion, the 

literature suggests that curcumin has the potential to treat skin diseases like atopic 

dermatitis and psoriasis [31–34]. Alongside its therapeutic properties, curcumin was 

selected as a fi ing candidate due to its intrinsic autofluorescence [31,35], which enables 

tracking of dermal bioavailability [36]. In this context, curcumin-loaded EVs and 

PCEVs appear to be considerable potential formulation strategies for enhancing 

curcumin’s dermal penetration efficacy. 

In this study, EVs were produced using the classical isolation method, yielding 

clas sical EVs and small-scale bead milling, resulting in PCEVs. Two types of PCEVs 

were pro duced. Type I PCEVs were produced by adding curcumin to the PCEVs after 

their pro duction (curcumin-added PCEVs), and type II PCEVs were produced by 

adding curcumin prior to the production of the PCEVs to the mixture (curcumin -

loaded PCEVs). Based on a previous study, type I PCEVs were considered to contain 

curcumin not encapsulated in the PCEVs but outside the PCEVS, whereas type II 

PCEVs were considered to contain curcumin mainly localized inside the PCEVs. Based 
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on the concept of EVs and PCEVs, it was hypothesized that the encapsulation of 

curcumin in EVs and PCEVs would lead to be er physical stability and increased 

penetration efficacy of curcumin. To test this hy pothesis, three different formulations 

were characterized based on their physicochemical properties, i.e., size, size 

distribution, morphology, and zeta potential. Their dermal pen etration efficacy was 

evaluated through quantitative dermatokinetics over 24 h and semi quantitatively by 

using an ex vivo porcine ear model that allowed the assessment of the total amount of 

curcumin that penetrated into the skin as well as the penetration depth into the skin 

from the different formulations. 

  



   Chapter 3. Results 

 

 
63 

2. Results and Discussion  

2.1. Production and Characterization of Soybean-Derived EVs and PCEVs Formulations 

Soybean-derived EVs, both non-loaded and curcumin-loaded (Figure 1; A1, 

A2), were successfully produced using the classical isolation method [4,15,18,37]. 

Additionally, non-loaded PCEVs, curcumin-added PCEVs, and curcumin-loaded 

PCEVs were produced (Figure 1; A3–A5). These formulations were further 

characterized in terms of their physi cochemical properties. Examination of particle 

distribution and particle size homogeneity within the formulations was conducted by 

light microscopy (LM) (Figure 1). LM images of curcumin-loaded EVs showed the 

presence of larger particle sizes after curcumin incorporation, while LM im ages of 

curcumin-added PCEVs showed a non-homogenous distribution of different par ticle 

sizes without any notable particle agglomeration. In contrast, curcumin-loaded PCEVs 

demonstrated homogeneity in particle distribution and relatively smaller particle sizes 

compared to the other formulations. 

 

Figure 1. Macroscopic images of the produced formulations ((A); 1–5); A1: non-loaded EVs, A2: curcumin-

loaded EVs, A3: non-loaded PCEVs, A4: curcumin-added PCEVs, and A5: curcumin-loaded PCEVs. Light 

microscopic images of the formulations (B–F) at 400-fold magnification. Curcumin (CUR), extracellular 

vesicles (EVs), plantCrystals extracellular vesicles (PCEVs). 

Laser diffraction (LD) was also applied to confirm the results obtained by LM, 

i.e., to detect any possible larger particles in the PCEVs formulations that cannot be 

detected by dynamic light sca ering (DLS), which can only measure particles up to 

about 6 µm [38,39]. LD measurements provided volume-based size distribution 
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measurements (Figure 2), where the median volumetric diameters, d(v)0.10–d(v)0.99 

[µm], represent the percent ages of particle volume within the dispersions that are 

equal to or below each given size [40]. The d(v)0.95 measurements were approximately 

7 µm for the non-loaded PCEVs, 17 µm for the curcumin-added PCEVs, and 2 µm for 

curcumin-loaded PCEVs, showing min imal standard deviations. Moreover, a highly 

significant difference was observed between curcumin-added PCEVs and non-loaded 

PCEVs (p < 0.001). The detection of larger particles, especially curcumin-added PCEVs, 

confirmed the presence of a micro-sized range of particles. This aligns with LM 

images, suggesting that the addition of curcumin bulk powder to the soybean 

dispersion after bead milling cannot incorporate curcumin into the PCEVs. However, 

adding curcumin powder before bead milling enables the loading of curcumin into the 

PCEVs, resulting in significantly reduced particle sizes (p < 0.05), as seen for curcumin-

loaded PCEVs. 

 

Figure 2. Physicochemical characterization of the produced non-loaded and curcumin-loaded EVs and 

non-loaded and curcumin-based PCEVs by Laser diffraction (LD). Statistical comparisons were 

performed on the (LD data d(v)0.95) across the formulations (curcumin-loaded EVs, curcumin-added 

PCEVs, and curcumin-loaded PCEVs). Significant differences between the formulations are indicated by 

asterisks (*: p < 0.05, ***: p < 0.001). n.a.: not applicable. 

The hydrodynamic particle size of non-loaded EVs was 128 ± 7 nm with a 

polydispersity index (PdI) of 0.23 ± 0.02. After curcumin was loaded into EVs, the 

particle size increased significantly (p < 0.001) to approximately 421 ± 29 nm with a PdI 

of 0.66 ± 0.22. For PCEVs, the hydrodynamic particle size resulted in relatively similar 

values, with no statistical differences observed after addition of loading curcumin, 

indicating around 242 ± 7 nm, 243 ± 2 nm, and 242 ± 3 nm, with PdI values of 
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approximately 0.39 ± 0.04, 0.47 ± 0.15, and 0.32 ± 0.05 for non-loaded PCEVs, curcumin-

added PCEVs, and curcumin-loaded PCEVs, respectively (Figure 3). 

 

Figure 3. Physicochemical characterization of the produced non-loaded EVs, curcumin-loaded EVs, non-

loaded PCEVs, curcumin-added PCEVs, and curcumin-loaded PCEVs by dynamic light scattering (DLS). 

Polydispersity index (PdI). Statistical comparisons were performed on the particle size data of the 

formulations (curcumin-loaded EVs, curcumin-added PCEVs, and curcumin-loaded PCEVs). Significant 

differences between formulations are indicated by asterisks (**: p < 0.01, ***: p < 0.001), while n.s. indicates 

no significant differences. 

The addition or loading of curcumin into the non-loaded PCEVs maintained 

the existence of nano-sized particles within both formulations and resulted in 

significantly lower particle sizes in comparison with curcumin-loaded EVs (p < 0.01). 

The PdI values of the formulations were higher than 0.2, indicating a broad particle 

size distribution and potential physical instability. To minimize any possible changes 

in particle size, the formulations were prepared prior to dermal penetration efficacy 

assessment. To enhance stability, increasing the concentration of the surfactant used is 

recommended. The DLS data, therefore, confirm the results from LM and LD 

measurements, which also showed larger sizes and broader size distributions for the 

curcumin-added PCEVs due to the poor incorporation of the curcumin powder into 

PCEVs formulations. 

In the next step, the zeta potentials of the formulations were determined (Table 

1). The non-loaded EVs showed a zeta potential of −21 mV, and the non-loaded PCEVs 

showed a zeta potential of −35 mV. However, for both types of vesicles, the zeta 

potential decreased upon the incorporation of curcumin by 3–5 mV, and the most 
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pronounced decrease in zeta potential (−10 mV) was seen for the curcumin-added 

PCEVs (Table 1). A decrease in zeta potential in the presence of curcumin is rational, 

given that curcumin has a neutral charge to a slightly positive charge when ionized 

due to the presence of hydrogen ions [41,42]. The differences in zeta potential changes 

between the curcumin-loaded and curcumin-added formulations prove that curcumin 

is incorporated into the PCEVs, whereas curcumin seems to be more freely available 

outside the vesicles in the dispersion where curcumin was added to the PCEVs after 

their production. All formulations showed a negative zeta potential, suggestin g 

electrostatic stabilization for all formulations produced. The highest zeta potential was 

found for PCEVs, which suggests that these particles can be considered to show an 

improved physical stability when compared to the EVs [18]. 

Table 1. Zeta potentials of soybean-derived EVs and PCEVs with and without curcumin. Standard 

deviation (SD). 

 

The physicochemical characterization data are in line with previous studies 

indicating the production of EVs using the classical isolation method and 

plantCrystals strategy and incorporation of the drug in the produced vesicles [18]. 

  

Formulation Zeta potential [mV] ± SD 

Non-loaded EVs −21 ± 2 

CUR-loaded EVs −18 ± 3 

Non-loaded PCEVs −35 ± 3 

CUR-added PCEVs −25 ± 1 

CUR-loaded PCEVs −30 ± 5 
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2.2. Evaluation of Dermal Penetration Efficacy of EVs and PCEVs Formulations 

2.2.1. Dermatokinetics 

In this part of the study, the dermatokinetics profiles of curcumin from the 

different formulations were evaluated using ex vivo porcine ear full-thickness skin. 

The formulations were applied to the skin, and a fluorescence plate reader with a 

bottom read was utilized to efficiently determine the amount of curcumin that was 

able to penetrate through the skin over time. From the data obtained, penetration 

profiles were generated and used to compare the dermatokinetics profiles of curcumin 

from the different formulations [43]. 

The penetration profiles of curcumin-loaded EVs, curcumin-added PCEVs, 

and curcumin-loaded PCEVs exhibited a gradual increase in penetration throughout 

the investigated 24 h period (Figure 4). Among the formulations, curcumin-loaded 

EVs were found to have the lowest penetration profile. This finding suggests that EVs 

obtained by the classical method are less effective than PCEVs produced by small-scale 

bead milling. Moreover, curcumin-added PCEVs revealed slightly higher penetration 

than curcumin-loaded PCEVs for approximately 12 h, after which the penetration 

profile of curcumin-loaded PCEVs exceeded that of curcumin-added PCEVs for the 

rest of the investigated period. 

This observation was not expected but can be explained by a mechanism that 

is known as particle-assisted dermal penetration [38]. Particle-assisted penetration is 

the increased dermal penetration of active compounds due to the presence of solid 

particles that can come into contact with the skin after topical application. The more 

particles that are in contact with the skin, and the longer the duration of the contact, 

the more pronounced the dermal penetration of the active ingredient.  

In comparison to the curcumin-loaded EVs and curcumin-loaded PCEVs, 

curcumin-added PCEVs formulation is characterized by the presence of larger particle 

sizes besides the small-sized PCEVs. Therefore, after topical application, large 

curcumin particles can sediment and come into contact with the skin, thus promoting 

particle-assisted dermal penetration of curcumin [44]. Consequently, this formulation 

promotes a faster and more pronounced local concentration gradient and facilitates 

improved passive dermal diffusion of curcumin from curcumin-added PCEVs. 
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However, this trend was not statistically significant (p > 0.5) and was overwritten by 

other effects, making PCEVs the most effective formulation for curcumin among all 

formulations tested. The results suggest that various penetration mechanisms impact 

the results at different time points, which, in turn, are influenced by several different 

parameters, such as the composition of the formulations and their physicochemical 

properties and the diffusion coefficient of curcumin within the formulations. 

For example, EVs were the formulations with the least penetration. This 

formulation contained the largest particles and—due to the purification process 

during production, where all other materials were separated—it also contained the 

lowest number of particles. Curcumin can be considered to be mainly encapsulated 

inside the EVs. The PCEVs with added curcumin after the production, hence it was 

added after the PCEVs were formed, contain curcumin mainly outside the vehicle. 

This meanscurcumin is considered to be not encapsulated inside the PCEVs. Light 

microscopy and LD confirmed this and showed the presence of lager-sized curcumin 

microcrystals. The PCEVs with loaded curcumin can be considered to contain 

curcumin mainly inside the PCEVs. 

As a possible interpretation of the results obtained, it can be assumed that the 

larger EVs with curcumin inside—due to their larger volume-to-surface ratio–release 

curcumin slower than smaller-sized PCEVs. This then causes a slower and less 

efficient penetration of curcumin when compared to PCEVs. The PCEVs with added 

curcumin contain curcumin microparticles. These particles are large enough to 

sediment onto the skin quickly after application and will thus foster particle-assisted 

dermal penetration (c.f. above). The particle-assisted dermal penetration effect is rapid 

and therefore explains the most efficient dermal penetration of this formulation at the 

beginning of the dermatokinetic experiment. Over time, PCEVs became the most 

effective formulation. This result was expected, as the formulation contains small 

particles with encapsulated curcumin that can release curcumin over time. In addition, 

these particles are considered to perform particle-assisted dermal penetration; 

however, due to their small size, the particles will not sediment upon application but 

will remain within the formulation until the liquid around the particles is evaporated. 

Only after this they can connect to the skin, where they will release curcumin. After 
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they are connected to the skin, penetration is most efficient because this formulation 

contains the highest number of particles and the smallest particle size, thus leading to 

the most efficient particle-assisted dermal penetration among all three formulations. 

In addition to particle-assisted dermal penetration, EVs and PCEVs are also 

considered to foster dermal penetration via other pathways, such as passive diffusion. 

For this, a small particle size and efficient encapsulation of the active ingredient are 

needed. Therefore, if this penetration mechanism is considered, the PCEVs are also in 

favor, as curcumin is encapsulated, and the particles of the PCEVs are the smallest of 

all formulations investigated. Which penetration mechanism is most likely and 

dominant for the formulations investigated cannot be understood from this set of data. 

Therefore, more research is needed to understand this in more detail.  

Previous studies have already shown the complex interplay between the 

formulation, active compound, and skin. This study aligns with previous studies and 

proves that more research is needed to understand these effects and interactions in 

more detail [38,45,46]. 

 

Figure 4. Overview of penetrated curcumin concentration [mg/mL] from the formulations using the 

dermatokinetic ex vivo porcine ear model. 
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2.2.2. Dermal Penetration Parameters 

Next, the dermal penetration parameters of the formulations, such as the 

amount of curcumin penetrated and the penetration depth into the skin, were 

determined. For this, vertical skin cuts from porcine skin—treated with the different 

formulations—were analyzed using epifluorescence images (Figure 5), along with 

subsequent digital image analysis [18,36]. 

  

Figure 5. Vertical skin sections obtained by inverted epifluorescence microscopy (200-fold magnification) 

showing untreated skin cut, non-loaded EVs, PCEVs, and curcumin-based formulations. 

Epifluorescence images of the skin cut upon application of the formulations 

showed differences in penetration efficacy for the different formulations (Figure 5). 

Digital image analysis of the images was then used to subtract the autofluorescence of 

the skin from the images with a previously established RGB threshold macro that was 

applied to each image [36]. The remaining autofluorescence in each image after the 

macro was attributed to the penetrated amount of curcumin, i.e. the penetration 

efficacy, that was expressed as the ART (after RGB threshold) value [MGV/px].  

Treatment with curcumin-loaded EVs was found to show the lowest 

penetration efficacy of 2 ± 2 [MGV/px], whereas curcumin-loaded PCEVs showed the 

highest efficacy of 5 ± 3 [MGV/px]. Furthermore, curcumin-loaded PCEVs achieved a 

1.5-fold higher penetration efficacy compared to the curcumin-added PCEVs (p < 0.05) 

and demonstrated an around 2.7-fold t increase in penetration efficacy when 

compared to the curcumin-loaded EVs (p < 0.001) (Figure 6). These findings are in line 

with the data from the dermatokinetics studies and provide further evidence that 
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curcumin-loaded PCEVs are an efficient nano-scaled drug carrier system to improve 

the dermal delivery of curcumin into the skin. 

 

Figure 6. Dermal penetration efficacy of the produced formulations, which is derived from 

epifluorescence microscopy images subjected to an automated RGB threshold (ART) algorithm. Statistical 

comparisons were performed between the control formulations and their corresponding curcumin-based 

formulations. Also, curcumin-loaded EVs, curcumin-added PCEVs, and curcumin-loaded PCEVs were 

compared with each other. Significant differences between formulations are indicated in the figure with 

asterisks (*: p < 0.05, ***: p < 0.001). 

The results of the mean penetration depth (MPD) for the investigated 

formulations are in line with the penetration efficacy data (Figure 7). Curcumin 

penetrated most deeply from the curcumin-loaded PCEVs and least deeply from the 

EVs. By comparing the MPD to the stratum corneum thickness (SCT) (Figure 8), it can 

be seen that curcumin from EVs could not penetrate through the stratum corneum, 

whereas curcumin penetrated through the stratum corneum (MPD > SCT) from the 

PCEVs. The superior penetration efficacy of PCEVs, when compared to EVs, can be 

due to different reasons. One main reason is considered to be the much larger particle 

size of EVs (>400 nm). In addition, polysorbate 80 is known to enhance the dermal 

penetration of poorly water-soluble drugs [47–49]. Its utilization in the production of 

plantCrystals production, but not in EVs, may have potentiated the enhanced 

curcumin dermal delivery observed with PCEVs compared to EVs. Other reasons 

could include variations in the zeta potential and differences in the interaction 

between curcumin and the skin, which may lead to variations in the diffusion 

coefficient of curcumin from the formulations into the skin. Further research is needed 
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to understand these parameters in more detail. The improved penetration efficacy of 

the curcumin-loaded PCEVs when compared to the curcumin-added PCEVs was 

expected, and the results, therefore, provide evidence that efficient encapsulation of 

the active compounds into PCEVs, such as the addition of the active compounds to the 

PCEVs formulation prior to the milling process, is important for efficient dermal 

bioavailability. 

 

Figure 7. Mean penetration depth (MPD) [µm] of curcumin from different formulations. Statistical 

comparisons were performed between control formulations and their corresponding curcumin-based 

formulations. Also, curcumin-loaded EVs, curcumin-added PCEVs, and curcumin-loaded PCEVs were 

compared with each other. Significant differences between formulations are indicated in the figure with 

asterisks (**: p < 0.01, ***: p < 0.001).  
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Figure 8. Stratum corneum thickness (SCT) [µm] of skin treated with different formulations. Statistical 

comparisons were performed between curcumin-loaded and non-loaded EVs (control), curcumin-added 

PCEVs, curcumin-loaded PCEVs, and non-loaded PCEVs (control), as well as between all curcumin-based 

formulations. Asterisks in the figure indicate significant differences between the groups (***: p < 0.001), 

and n.s.: indicates no significant difference. 

 

In the next step, the influence of the formulations on the SCT was evaluated 

(Figure 8). The evaluation of SCT for treated skin can provide information about the 

hydration state of the stratum corneum and its changes upon different skin treatments 

[50–52]. No changes in SCT were found between untreated skin and the skin that was 

treated with unloaded EVs and PCEVs. However, the skin treated with curcumin -

containing formulations showed increased an SCT. The reason is the hygroscopicity 

of curcumin [53,54]. This means that curcumin penetrates the stratum corneum, 

attracts water, and thus leads to an increase in SCT. Hence, the more curcumin 

penetrates the skin, the thicker the SCT. As the highest penetration of curcumin was 

seen from curcumin-loaded PCEVs, the most intense hydration of SCT was also seen 

in skin treated with this formulation. This means that curcumin-loaded PCEVs 

provide not only enhanced curcumin penetration but can also enhance skin hydration 

most efficiently. 

In the final step of this study, a correlation between the particle size (z-

average), PdI, zeta potential, dermal penetration parameters (ART, MPD, and SCT), 
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and the data obtained from the dermatokinetics studies was performed (Figure 9). 

Data show a positive correlation between particle size and PdI and zeta potential and 

confirm a negative correlation between particle size and penetration efficacy. In 

addition, a higher zeta potential was correlated with less efficient dermal penetration, 

which might be explained by the fact that the larger particles possessed a higher zeta 

potential. Interestingly, it was observed that larger particles led to a less hydrated 

stratum corneum. This is reasonable because a larger particle size means that fewer 

particles are present within these formulations, which means that fewer particles can 

interact with the skin. This reduced interaction with the skin results in less efficient 

hydration of the skin [38,44]. The correlation between the dermatokinetics data and 

the ex vivo penetration data (ART, MPD, and SCT) showed that the dermatokinetics  

data correlate best with the ex vivo model after 18 h. A reason for this is that the 

dermatokinetic model uses full-thickness skin and measures the amount of the active 

compound that penetrates through the skin. In the ex vivo model, the penetration into 

the skin but not through the skin is visualized. Therefore, the ex vivo model allows for 

faster discrimination between good and bad penetrating formulations. However, the 

SCT, which is a measure for the skin hydration, correlates best with the 

dermatokinetics data at earlier time points and shows the best correlation between 2 

and 12 h. These data are of great interest because pig ears are known to undergo 

postmortem stiffness (rigor mortis) [55,56]. The onset of rigor mortis depends on many 

parameters and starts 4–6 h after slaughter. With the onset of rigor mortis, muscles 

contract, and water is squeezed out of the skin and hydrates the skin. Over time, water 

can evaporate and dry out of the skin, which results in a decreased SCT. The longer 

penetration times used in the dermatokinetics studies include the onset of rigor mortis 

and the drying out of the skin at later time points. It seems that the formulations that 

can hydrate the skin more efficiently prevent drying out of the skin due to rigor mortis, 

thereby leading to more efficient penetration and better correlation during these time 

points. 
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Figure 9. Pearson correlation illustrating the relationships between physicochemical properties, dermal 

penetration parameters (ART, MPD, and SCT), and dermatokinetic ex vivo porcine ear skin model for 

curcumin-loaded EVs. Particle size (z-average) and zeta potential (ZP). Significant differences are 

indicated by asterisks (* p < 0.05, **: p < 0.01 *** p < 0.001), while no asterisks denote no significant 

differences. 
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3. Materials and Methods 

3.1. Materials 

Curcumin, used as a BCS class IV model drug, was purchased from Receptura 

Apotheke (Cornelius-Apothekenbetriebs-OHG, Frankfurt am Main, Germany) in a 

dried form of Curcuma longa powder extract (purity = 95% curcuminoids, curcumin 

content 80%), soybeans were obtained frozen from a local supermarket in Marburg, 

Germany, and China was listed as the country of origin. Polysorbate 80, commercially 

known as Kolliphore® 80, was obtained from BASF Pharma (Ludwigshafen am Rhein, 

Germany). Phosphate buffered saline (PBS, pH 7.4 at 25 °C) was used as the extraction 

buffer, and purified water was obtained using a PURELAB® Flex 2 water purification 

system (ELGA Labwater, Veolia Water Technologies Deutschland GmbH, Celle, 

Germany). 

3.2. Methods 

3.2.1. Preparation of Soybean-Derived Classical EVs 

Frozen soybeans were weighed (total weight 50 g) and washed thrice with cold 

running tap water. An additional washing step was performed using purified water. 

The washed soybeans were then left to air dry at room temperature and peeled 

manually for their hull. The total weight of the soybeans after peeling was almost 45 

g. The peeled defrosted soybeans were pre-ground manually for 5 min using a ceramic 

mortar and pestle. Filtered PBS (0.22 µm) was added to the ground soybeans to reach 

a final weight of 300 g, followed by grinding via an electrical grinder (Moulinex la 

moulinette ultimate dp810, Grenoble, France) for 5 min. Subsequently, the isolation of 

the soybean EVs was performed by differential ultracentrifugation (DUC), which 

included a series of low-velocity cycles at 400, 800, 2000, and 15,000× g using a Sorvall 

centrifuge (RC 6 Plus Centrifuge, Fisher Scientific GmbH, Schwerte, Germany) with a 

fixed angle rotor, each for 30 min at 4 °C. The pellets were discarded, and the resulting 

supernatants were collected. The supernatant was filtered using a 0.45 µm filter paper 

and centrifuged at 120,000× g for 60 min at 4 °C using a Sorvall ultracentrifuge (MTX 

150 Micro-Ultracentrifuge, Fisher Scientific GmbH, Schwerte, Germany) with a S50-A 

fixed angle rotor [4,15,18,37]. The supernatants were carefully discarded without 

disturbing the pellet, as this last step was repeated, and fresh samples were added to 
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the same tubes until all starting quantities were ultracentrifuged. The final isolate 

obtained was expected to contain soybean-derived classical EVs. It was suspended in 

a small volume of filtered PBS and vortexed vigorously for about 20 min. 

3.2.2. Preparation of Curcumin-Loaded EVs 

The classical soybean-derived EVs were loaded by adding curcumin (0.5% 

(w/w)) to the blank classical EVs. The obtained samples were sonicated for 20 min, 

vortexed for 15 min, and incubated for 30 min at room temperature in the dark. This 

was followed by an additional ultracentrifugation step at 120,000× g for 60 min at 4 °C, 

in which the supernatant contained excess free curcumin particles that were not 

incorporated into the EVs, and the resultant pellet contained curcumin-loaded EVs [18, 

57]. 

3.2.3. Preparation of Soybean-Derived PCEVs 

Soybean-derived plantCrystals were produced using a small-scale bead 

milling method, as described previously, with slight modifications [18,22]. Before 

milling, the defrosted soybeans were washed, peeled, and manually ground with a 

ceramic mortar and pestle until a smooth paste was obtained. PCEVs were then 

produced using the bead milling process. Briefly, soybean paste was dispersed at a 

concentration of 1% (w/w) in a 1% (w/w) Kolliphore® 80 surfactant solution. Yttrium-

stabilized zirconium oxide beads (Ø 1 mm, SiLibeads®, Sigmund Lindner GmbH, 

Warmensteinach, Germany) were added at a 40:60 ratio of beads to soybean 

suspension, along with a magnetic stirring bar (Asteroid® 25, 2 mag AG, München, 

Germany). This mixture was then placed in a 15 mL Erlenmeyer flask, which was set 

in an ice bath on a magnetic stirring plate (RCT Standard, IKA® Werke GmbH & Co. 

KG, Staufen, Germany) and stirred at 1200 rpm for 8 h. 

3.2.4. Preparation of Curcumin-Added PCEVs and Curcumin-Loaded PCEVs 

Curcumin-added PCEVs were produced by adding curcumin (0.5% (w/w)) to 

the produced unloaded plantCrystals dispersion. In addition, curcumin-loaded 

PCEVs were produced by adding curcumin to the mixture of soybean surfactant prior 

to the bead milling process, allowing curcumin to be incorporated into the PCEVs 

produced during the milling step. 
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3.2.5. Physicochemical Characterization of the Formulations 

The produced formulations were analyzed for their physicochemical 

properties. Particle size was determined by light Microscopy (LM), laser Diffraction 

(LD), and dynamic Light Scattering (DLS). The zeta potential (ZP) was also assessed 

to predict the physical stability of the produced formulations [18,40,58,59]. For LM 

analysis, the formulations were determined for their particle size and shape using an 

LM (Olympus BX53 microscope, Olympus Corporation, Tokyo, Japan) equipped with 

an SC50 CMOS color camera (Olympus soft imaging solutions GmbH, Münster, 

Germany). Agglomeration of the particles was also detected [38]. LD measurements 

were performed with a Mastersizer 3000 (Malvern-Panalytical, Germany) to detect 

possible large particles within the PCEVs samples. Measurements (n = 10) were 

conducted with a HydroS dispersion unit and a stirring speed of 1750 rpm. Mie theory 

was applied for the analysis of the data with the optical parameters set to a real 

refractive index of 1.45 and the imaginary index set to 0.1  [18]. The results are 

expressed as the average values of volume-based diameters (d(v)0.10 − d(v)0.99) ± 

standard deviation. The DLS hydrodynamic particle size, PdI, and zeta potential 

measurements were all performed using the Zetasizer Nano ZS (Malvern-Panalytical, 

Kassel, Germany). For particle size and PdI measurements, the samples were diluted 

in purified water, and evaluation was performed using the general-purpose mode 

built into the software of the instrument. For zeta potential measurements, the samples 

were dispersed in conductivity-adjusted purified water (50 µS/cm). Zeta potential was 

calculated by measuring the electrophoretic mobility (EM) using Laser Doppler 

Anemometry. The measured EM was subsequently converted into zeta potential using 

the Helmholtz–Smoluchowski equation [38,60]. Measurements (n =10) were 

conducted at 20 °C and are represented as average ± standard deviation. 
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3.2.6. Dermal Penetration Efficacy of EVs and PCEVs 

The dermal penetration efficacy of the curcumin-produced formulations was 

assessed using quantitative dermatokinetic and semi-quantitative ex vivo porcine ear 

models. These methods are described in detail below. 

Assessment of Dermal Penetration Efficacy with the Quantitative Dermatokinetic Ex 

Vivo Porcine Ear Model 

Fluorescent molecules can be detected across various wavelengths using a 

fluorescence plate reader, making them valuable for studies on the cellular uptake of 

fluorescent active compounds, such as curcumin [43,61,62]. Previous researchers 

adapted this approach along with the use of ex vivo porcine ear skin in a 24-well plate 

for the determination of penetration by measuring fluorescence intensity at the bottom 

of the well plate and assessing the dermal penetration kinetics of curcumin over 24 h 

[43]. 

Briefly, the full thickness of the skin (around 1 mm thick) was obtained by 

removal of the skin from the dorsal side of the ex vivo porcine ear model, just above 

the upper cartilage, using a scalpel blade. Skin biopsies without any scratches or 

wounds were selected and punched with an (Ø 18 mm) punch. The biopsies were 

carefully placed in a covered 24-well plate and treated with 5 μL of the produced 

formulations, followed by incubation for 24 h at 32 °C. The samples were then 

analyzed using a fluorescence plate reader (Infinite® 200 PRO; Tecan Group Ltd., 

Männedorf, Switzerland) (Figure 10). The fluorescence plate reader was set for bottom 

reading at specific excitation and emission wavelengths of curcumin, with excitation 

at 415 nm and emission at 570 nm. All measurements were performed in triplicate. The 

standard calibration curve was used to generate the regression Equation (1) to analyze 

the penetrated curcumin concentration, and the results were expressed as drug 

concentration in μg/mL at various time points over 24 h. 

 (y = 328604x + 10197, R2 = 0.9968),  (1) 
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Figure 10. Overview of the experimental procedure for evaluating the dermal penetration kinetics of 

active compounds using a fluorescence plate reader; (A–C) dissection of the porcine ear skin from the 

upper portion of the cartilage, (D) placement of skin punches of 18 mm diameter into a well plate, and 

(E) application of formulations on the skin for further fluorescence intensity screening. 

 

Evaluation of Dermal Penetration Efficacy Using the Ex Vivo Porcine Ear Model 

Curcumin can be detected using inverted epifluorescence microscopy due to 

its own autofluorescence property [31]. The dermal penetration efficacy of curcumin-

produced formulations was assessed utilizing the ex vivo porcine ear model and the 

digital image analysis to obtain the penetration parameters, i.e., the amount of 

penetrated curcumin (i.e., ART), MPD, and SCT. To obtain these parameters, steps 

were performed as described earlier with minor modifications [36,38,56]. First, fresh 

ears were obtained from a local slaughterhouse, cleaned with lukewarm water, and 

dried carefully with paper tissues. A skin area of 1.5 × 1.5 cm without visible scratches 

was selected. Prior to the application of the formulation, the hair in the selected skin 

areas was trimmed to a length of approximately 1–3 mm. Then, 15 µL was applied to 

the marked skin areas using the saturated glove finger technique to achieve a 

homogenous distribution of the formulations. The ears were incubated in an oven at 

32 °C for 2 h to allow penetration of the formulation. Second, punch biopsies (Ø 15 
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mm) were taken and immediately embedded in Tissue-Tek® (Sakura Finetek Europe 

B.V., Alphen aan den Rijn, The Netherlands) and frozen at −20 °C until further use. 

The study was conducted in triplicate using three different porcine ears. Third, the 

biopsies were collected and cut into 20 μm-thick vertical skin sections with a 

cryomicrotome (Frigocut 2700, Reichert-Junk, Nußloch, Germany), which were further 

subjected to inverted epifluorescence microscopy (Olympus CKX53) equipped with 

an Olympus DP22 color camera (Olympus Deutschland GmbH, Hamburg, Germany) 

to allow imaging of the skin sections. Forty images were obtained from each skin 

biopsy, allowing for 120 images to be collected for each formulation. The intensity of 

the fluorescent light source (130 W U-HGLGPS illumination system, Olympus 

Deutschland GmbH, Hamburg, Germany) and the exposure time were maintained 

constant at 50% and 50 ms, respectively. The settings were kept consistent throughout 

the analysis. The selected fluorescence filter for the analysis was the DAPI HC filter 

block system (excitation filter: 460–500 nm, dichroic mirror: 500 nm, emission filter: 

from 500 nm (LP)). 

Digital Image Analysis 

The penetration efficacy of curcumin from different produced formulations 

was assessed using ImageJ software according to previously established procedures 

[56,63,64]. The ART value for each formulation was determined, serving as a semi-

quantitative measurement of penetrated curcumin. This value was evaluated by an 

automated threshold protocol that eliminated the autofluorescence of the skin (cf. 

Supplementary Table S1). In addition, the MPD of curcumin was assessed from the 

threshold images, and SCT was determined from the original images. The MPD and 

SCT measurements were evaluated using the scale function of the software. The scale 

was set to 2.84 px/µm. 

3.2.7. Statistical Analysis 

The descriptive statistics of this section were also calculated using JASP 

software (version 0.18.3.0) (University of Amsterdam, Amsterdam, The Netherlands) 

[65]. Normality was assessed with the Shapiro–Wilk test, and variance homogeneity 

was evaluated using Levene’s test. Parametric data were analyzed using one-way 

analysis of variance (ANOVA). Post-hoc tests (Tukey, Games–Howell, or Dunn’s tests) 
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were applied to check for significant differences between the mean values [66]. The 

Pearson correlation coefficient measures the linear relationship between data sets 

[67,68] and was performed to assess the relationship between ART, MPD, and SCT and 

the penetration of curcumin in the dermatokinetic model at selected time points. The 

results are presented as mean values ± standard deviation. In the Figures, significant 

differences between mean values are denoted by * p < 0.05, ** p < 0.01, and *** p < 0.001, 

and standard deviations are expressed in error bars. 

4. Conclusions 

Soybean-derived EVs and PCEVs were successfully produced by classical 

isolation method and small-scale bead milling, respectively. Curcumin-loaded EVs, 

curcumin-loaded PCEVs, and curcumin-added PCEVs were also produced. EVs and 

PCEVs possessed different physicochemical properties, which resulted in differences 

in their dermal penetration efficacy for curcumin. The least efficient dermal 

penetration was found for the EVs. The best penetration and deepest penetration were 

found for the curcumin-loaded PCEVs. This provides evidence that PCEVs are 

promising drug delivery systems for curcumin and, most likely, other poorly water-

soluble active compounds that belong to BCS class II or IV. Data also showed that the 

incorporation of curcumin into PCEVs is important. Hence, the active compound that 

needs to be delivered needs to be added during the production of PCEVs and cannot 

only be added after their production. 

The correlation of the data showed a negative trend between particle size and 

dermal penetration efficacy, as well as between particle size and skin hydration. These 

trends are in line with previous studies and again prove the important influence of the 

physicochemical properties of the formulations on biopharmaceutical properties. 

Furthermore, the correlation data showed a positive correlation between the two 

different ex vivo models that were used for the assessment of dermal penetration 

efficacy and dermatokinetics studies. Both models provided valuable insights into the 

penetration behavior of curcumin into the skin from different carriers, and the 

combination of both models can be used to provide a thorough picture of the fate of 

curcumin and other active compounds after dermal application. In conclusion, the 
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combination of both models is recommended as a powerful tool for testing the dermal 

penetration of active compounds from different formulations. 
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Supplementary material  

Table S1: Macro used for the automated threshold to subtract the autoflorescence of 

the skin from the fluorescence of the curcumin penetrated. 

// Color Thresholder 1.53k 

// Autogenerated macro, single images only! 

min=newArray(3); 

max=newArray(3); 

filter=newArray(3); 

a=getTitle(); 

run("RGB Stack"); 

run("Convert Stack to Images"); 

selectWindow("Red"); 

rename("0"); 

selectWindow("Green"); 

rename("1"); 

selectWindow("Blue"); 

rename("2"); 

min[0]=0; 

max[0]=0; 

filter[0]="stop"; 

min[1]=66; 

max[1]=255; 

filter[1]="pass"; 

min[2]=0; 

max[2]=0; 

filter[2]="stop"; 

for (i=0;i<3;i++){ 

  selectWindow(""+i); 

  setThreshold(min[i], max[i]); 

  run("Convert to Mask"); 

  if (filter[i]=="stop")  run("Invert"); 

} 

imageCalculator("AND create", "0","1"); 

imageCalculator("AND create", "Result of 0","2"); 
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for (i=0;i<3;i++){ 

  selectWindow(""+i); 

  close(); 

} 

selectWindow("Result of 0"); 

close(); 

selectWindow("Result of Result of 0"); 

rename(a); 

// Colour Thresholding------------- 

run("Invert"); 
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3.3. Curcumin Microemulsions: Influence of Compositions on the Dermal 

Penetration Efficacy 

Muzn Alkhaldi, Soma Sengupta and Cornelia M. Keck 

Department of Pharmaceutics and Biopharmaceutics, Philipps-Universität Marburg, 

Robert-Koch-Str. 4, 35037 Marburg, Germany.  

 (derived from Pharmaceutics 2025, 17(3), 301) 

 

Abstract 

Background/Objective: This study provided a comparison of the influence of each 

component of the microemulsion formulation and investigated the impact of varying 

concentrations of the microemulsion components on curcumin’s ability to penetrate 

the skin using an ex vivo porcine ear model. Methods: Curcumin microemulsions with 

different compositions were prepared and analyzed for their physico-chemical 

properties. The dermal penetration efficacy of curcumin was evaluated from the 

different formulations and compared with non-microemulsion formulations. Results: 

Findings proved that microemulsion formulations improve the dermal penetra-tion 

efficacy for curcumin when compared with non-microemulsion formulations. The 

composition of the microemulsion affects the penetration efficacy of curcumin and 

increases with decreasing oil content and increasing surfactant and water content. The 

best penetration for curcumin is achieved with a microemulsion that contained 7.7 g 

of medium-chain triglycerides as the oil phase, 6.92 g of Tween® 80 and 62.28 g of 

ethanol as the surfactant mixture, and 23.1 g water. Conclusions: The present study 

provides a foundational basis for further development of different microemulsion 

formulations for enhancing the dermal penetration of poorly water-soluble active 

compounds.  



Chapter 3. Results  

 

 
94 

1. Introduction 

Curcumin, a natural active compound that was found and isolated from the 

rhi-zome of the turmeric plant (Curcuma longa L.), is well known for its exhibiting 

medici-nal activity to alleviate and treat numerous dermatological conditions such as 

acne, atopic dermatitis, and psoriasis. This can be due to its characteristics as an anti-

inflammatory, anti-oxidant, and anti-bacterial agent [1–4]. Additionally, it possesses 

an inherent autofluorescence, a valuable characteristic that can facilitate its detection 

within biological tissues [5–7]. An important strategy to enhance the delivery and 

efficacy of curcumin suggests curcumin incorporation into submicron carriers such as 

liposomes [8], nanostructured lipid carriers [7], nanocrystals [6,9], nanoemulsions [10], 

and microemulsions [11,12]. Among these carriers, microemulsions, which are 

transparent, nanoscaled dispersions, offer several advantages, including ease of 

formulation and thermodynamic stability [13,14]. 

Microemulsions are composed of a surfactant, co-surfactant, an oil phase, and 

an aqueous phase. This composition enables the formation of submicron particle sizes 

upon dispersion, which together with their components that can act as penetration 

enhancers, ultimately aid in higher penetration efficacy [15,16]. Due to this, 

microemulsions are a favored formulation principle, especially for poorly water-

soluble ac-tive compounds [2–4,7,17]. Various studies have shown that 

microemulsions enhance the bio-efficacy of curcumin [16,18–20], but research on the 

detailed information and analysis on the influence of microemulsion composition of 

curcumin’s penetration efficacy remains limited. In particular, insights into how 

variations in a curcumin microemulsion (CUR ME) composition influence particle size 

and, thus, the penetration efficacy of curcumin are still unclear. In other words, it is 

not known which kind of microemulsion composition (high oil content, low oil 

content, high water content, low water content, high surfactant content or low 

surfactant content) leads to the most efficient penetration of curcumin. The objectives 

of this study were, therefore, to examine the influence of microemulsion composition 

on the dermal penetration efficacy of curcumin. For this purpose, nine curcumin 

microemulsions with different amounts of oil, surfactant, co-surfactant, and water 

were produced (Table 1) and the dermal pene-tration efficacy was determined and 
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compared to non-microemulsion formulations that contained curcumin and only one 

component of the microemulsion system (oil, surfactant, co-surfactant, or surfactant 

mixture). 

Table 1. Overview of the prepared curcumin microemulsion (CUR ME) formulations and their 

compositions, expressed as a weight percentage. 

Formulation Oil Smix Water Smix Ratio Curcumin 

CUR ME 1 89.5 10.0 0.5 10:90 0.5 

CUR ME 2 79.2 19.8 1.0 10:90 0.5 

CUR ME 3 69.0 29.5 1.5 10:90 0.5 

CUR ME 4 58.3 38.8 2.9 10:90 0.5 

CUR ME 5 47.7 48.5 3.8 10:90 0.5 

CUR ME 6 37.7 56.6 5.7 10:90 0.5 

CUR ME 7 27.0 63.1 9.9 10:90 0.5 

CUR ME 8 16.6 66.8 16.6 10:90 0.5 

CUR ME 9 7.7 69.2 23.1 10:90 0.5 

 

2. Materials and Methods 

2.1. Materials 

Dry extract of Curcuma longa powder containing 80% curcumin was 

purchased from Receptura pharmacy (Cornelius-Apothekenbetriebs-OHG, Frankfurt, 

Germany). The oily phase used is medium-chain triglycerides (MCT), which was 

obtained as Miglyol® 812 from Caesar & Loretz GmbH (Hilden, Germany). Polysorbate 

80, com-mercially known as Tween® 80, was from VWR International GmbH 

(Darmstadt, Germany). Ethanol (HPLC grade ≥ 99.8%) was acquired from Sigma-

Aldrich Chemie GmbH (Steinheim, Germany). Purified water was obtained freshly in 

house from a PURELAB® Flex 2 (ELGA LabWater, Veolia Water Technologies 

Deutschland GmbH, Celle, Germany). 

2.2. Methods 

2.2.1. Preparation of the Formulations 

The formulations prepared in this research can be classified into two parts. 

Curcumin microemulsions (CUR ME) formulations and formulations of curcumin in 
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a solution or suspension form dispersed/dissolved in one of the components of the 

micro-emulsion. 

The first part of the preparation involved the production of different CUR ME 

formulations, following previously described methods [15,18]. The previously 

formulated formulations contained polysorbate 80 and ethanol as surfactant and co-

surfactant, whose concentrations were systematically changed in their concentration s 

in our study (Table 1). First, Tween® 80 and absolute ethanol were mixed at a ratio of 

10:90 (w/w) to produce the surfactant mixture (Smix). MCT oil was added in varying 

descending amounts, followed by the addition of different quantities of Smix to 

achieve different ratios of oil-Smix dispersions ranging from 90:10 to 10:90 (w/w) (Table 

1). After each phase addition, the mixtures were homogenized for 3 min using a vortex 

shaker (IKA Vibrofix VF1 electronic, Ika-Werke GmbH & Co. Kg, Staufen im Breisgau, 

Germany). Purified water was then titrated drop-wise until a visually clear, 

translucent formulation was observed. Turbidity and cloudy or transparent 

appearance of the formulations were recorded during water addition. The endpoint of 

maxi-mum water addition was identified by the appearance of turbidity, indicating 

the for-mation of an unstable microemulsion. Therefore, water was added in amounts 

just be-low this recorded endpoint to form the microemulsion. Finally, 0.5% (w/w) 

curcumin was added to the blank microemulsion formulations and subjected to 

sonication for 10 min using an ultra-sonicator (Elmasonic P, Elma Schmidbauer 

GmbH, Singen, Ger-many) to ensure homogeneity. 

The second part of the preparation involved preparing four other formulations 

containing curcumin and the individual microemulsion compositions. In this step, 

curcumin was dissolved in either ethanol or Smix, suspended in MCT oil, or added to 

Tween® 80. All solutions and suspensions were subjected to homogenization for 30 

min using the ultra-sonicator (Elmasonic P, Elma Schmidbauer GmbH, Singen, 

Germany). 
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2.2.2. Characterization of the CUR ME Formulations 

Light Microscopy Characterization 

Light microscopy (LM) was used to gain detailed information on the 

microstruc-ture of the samples. Most importantly, it was utilized to visualize potential 

oil droplets, undissolved curcumin particles or particle agglomeration in all produced 

formula-tions. The LM images were taken using an Olympus BX53 light microscope 

(Olympus Corporation, Tokyo, Japan) fitted with an Olympus SC50 CMOS color 

camera (Olym-pus Soft Imaging Solutions GmbH, Münster, Germany). 

Size Analysis and Zeta Potential Measurements 

The hydrodynamic particle size diameter (z-average), polydispersity index 

(PdI), and zeta potential of the CUR ME formulations were determined using a 

Zetasizer Nano ZS (Malvern Panalytical Ltd., Malvern, Kassel, Germany). For size and 

PdI measurements, dynamic light scattering (DLS) was employed. For this, the 

samples were diluted in purified water adjusted to a temperature of 20 °C. 

Measurements were immediately started and performed at this temperature. This 

procedure was selected to avoid changes in the size of the diluted microemulsions and 

thermal gradients within the samples. Analysis of the results was done with the 

general-purpose mode, which is suggested for samples with non-monomodal size 

distribution [18]. For zeta potential measurements, samples were dispersed in water 

adjusted to a conductivity of 50 µS/cm using NaCl solution. The electrophoret ic 

mobility (EM) was determined via laser Doppler electrophoresis and M3-PALS setup 

in a folded cuvette and was subse-quently converted into zeta potential based on the 

Helmholtz–Smoluchowski equation [21]. 

pH Measurements 

The pH of the prepared CUR ME formulations was measured using a pH meter 

(Mettler-Toledo GmbH, Schwerzenbach, Switzerland). The pH probe was immersed 

in the formulations, and the reading was recorded once the measurement was stable.  
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2.2.3. Dermal Penetration Efficacy 

The influence of the microemulsion composition and their ingredients on the 

dermal penetration efficacy of curcumin was investigated using the ex vivo porcine 

ear skin model after previously established protocols [22,23]. 

The porcine ears were freshly obtained from a local slaughterhouse and 

utilized within hours of slaughter. In the first step, they were carefully rinsed with 

lukewarm water, dried using paper towels, and placed on flat polystyrene plates that 

were wrapped with aluminum foil (Figure 1A). Second, intact skin areas of 1.5 × 1.5 

cm2 without visible wounds and scratches were selected and marked. Then, the hair 

in these areas was carefully trimmed with scissors to a length of approximately 1–3 

mm (Figure 1B). Subsequently, each formulation was gently applied to the 

examination areas using a gloved, saturated finger, and without applying a massage 

(Figure 1C). The amount applied to the skin areas represented a finite dose setup (<10 

µL/cm2) to reflect the typical condition of human exposure to chemicals [24,25], with 

15 µL of the formulation applied to the 2.25 cm 2 skin areas. Untreated skin areas served 

as controls. The formulations were left to be absorbed into the skin for 2 h in an oven 

with a temperature set to 32 °C. The short incubation time of 2 h was selected to allow 

curcumin penetration while simulating the practical application of such formulations 

containing ethanol to assess the drug penetration, particularly in formulations that are 

intended to treat short-term applications. Following incubation, any remaining non-

penetrated formulation was gently removed using a paper towel (Figure 1D). Punch 

skin biopsies (Ø 15 mm) were then collected from each test area (Figure 1E). The skin 

biopsies were immediately embedded in Tissue-Tek® (Sakura Finetek Europe B.V., 

Alphen aan den Rijn, The Netherlands), and then frozen and stored at −20 °C until 

further use. The study was conducted in triplicate using three different porcine ears, 

this means ears from different donors. 
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Figure 1. Overview of the experimental procedure of dermal penetration testing using the ex vivo porcine 

ear model. 

Due to curcumin’s strong autofluorescence [5], its dermal penetration 

throughout the skin can be visualized and detected using inverted epifluorescen ce 

microscopy [23]. To achieve this, the frozen punch biopsies were used to collect at least 

twelve of the 20 μm-thick vertical skin sections from each biopsy with a 

cryomicrotome (Frigocut 2700, Reichert-Junk, Nußloch, Germany) (Figure 1F). The 

skin sections were placed on objective slides (Figure 1G) and then subjected to inverted 

epifluorescence microscopy (Olympus CKX53 being equipped with an Olympus DP22 

color camera, Olympus Deutschland GmbH, Hamburg, Germany). The intensity of the 

fluorescent light source was set to 50% and the exposure time was set to 50 ms, and 

the settings were kept constant throughout the analysis. The DAPI HC filter block 

system (excitation filter: 460–500 nm, dichroic mirror: 500 nm, emission filter: from 500 

nm (LP)) was selected as the fluorescence filter for the analysis, and 40 images were 

obtained from each punch biopsy in this way. The experiment was performed in 

triplicate, which led to 120 images for each sample tested (Figure 1H). Untreated skin 

areas served as controls and were obtained as described above. 

To further investigate and quantify the penetration efficacy of curcumin from 

the produced formulations, digital image analysis was carried out on the 

epifluorescence images obtained. This analysis was conducted using ImageJ software 

version 1.53k (National Institutes of Health, Bethesda, MD, USA) [26,27] as described 

in [22,23]. Briefly, to assess the penetration efficacy, all images were processed using 

an automated RGB-threshold protocol (cf. Supplementary Materials, Table S1) to 
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eliminate the autofluorescence of the skin. The remaining pixels in the obtained black -

and-white images (Figure 2) corresponded to the penetrated curcumin and were 

measured as the mean grey value per pixel (MGV/px) as a semi-quantitative measure 

of the amount of penetrated curcumin. In the next step, the mean penetration depth of 

curcumin into the skin was measured. This was done by manually measuring the 

distance between the upper stratum corneum and the most distant pixel in each RGB-

threshold picture by using the scale function of the software, where the scale was set 

to 2.84 px/µm (Figure 2). In addition to the penetration efficacy and the mean 

penetration depth, the stratum corneum thickness was analyzed. This was done in a 

similar way to the mean penetration depth measurements but from the original images 

obtained prior to the RGB threshold (Figure 2). 

 

Figure 2. Original image: epifluorescence microscopy image of skin cut, demonstrating the scaling of 

stratum corneum thickness (SCT), Inverted image: original image after applying automated threshold 

demonstrating the measurement of mean penetration depth (MPD) of the penetrated curcumin from a 

formulation (200-fold magnification). 

2.2.4. Statistical Analysis 

JASP software version 0.18.3.0 (University of Amsterdam, Amsterdam, The 

Netherlands) [28] was used to calculate the descriptive statistics. A Shapiro–Wilk test, 

a widely recognized and sensitive test to assess normality, was used, while Levene’s 

test was applied to evaluate variance homogeneity in data that might not be perfectly 

normally distributed. Subsequently, parametric data were subjected to a one-way 

analysis of variance (ANOVA). To determine significant variations among the mean 

values, Games–Howell and Tukey post-hoc tests were conducted, while non-

parametric data were subjected to the Kruskal–Wallis test with Dunn’s post hoc test. 

Statistical relationships between the physicochemical parameters and the penetration 
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efficacy parameters (MGV/px) were also investigated by the determination of the 

respective correlation coefficients (Pearson’s correlation coefficient r for normally 

distributed data and Spearman’s rho for non-parametric data sets). Results are 

represented as mean values ± standard deviation (SD). p-values < 0.05 were considered 

statistically significant. Significant differences among different mean values are 

indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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3. Results and Discussion 

3.1. Production and Characterization of the Produced Formulations 

Previous studies showed that Tween® 80, as a biocompatible non-ionic 

surfactant, reduces interfacial tension, alters the lipid packing in the stratum corneum, 

and, therefore, enhances drug penetration into the skin. Ethanol was selected as a co-

surfactant because it promotes the formation of stable microemulsion by reducing 

interfacial tension between the oil and water phases. Additionally, it is also used due 

to its ability to extract stratum corneum lipids, consequently leading to enhanced 

curcumin penetration [16,29–32]. MCT oil was chosen as the oil phase due to its 

superior curcumin solubility compared to many other oils [33–35]. This combination 

was optimized and expected to enhance curcumin’s bioavailability by improving its 

solubility and delivery efficiency. 

The formulations of CUR ME with different concentrations of MCT oil, Tween® 

80, ethanol, and water (Table 1) were successfully prepared and plotted on the 

pseudoternary phase diagram (Figure 3). All formulations formed clear 

microemulsions (Figure 4, upper left). After the addition of curcumin to the 

microemulsions, a slightly turbid dispersion was observed in CUR ME 1, in contrast 

to the other produced CUR ME formulations, which exhibited clear yellowish 

solutions (Figure 4, lower left). Additionally, formulations of curcumin in the different 

components of the microemulsion were also produced (Figure 4, upper right: 

macroscopic photos A-D). Curcumin readily dissolved in ethanol and the Smix by 

forming clear curcumin solutions. However, it formed a suspension in the MCT oil 

and precipitated upon Tween® 80 addition. 
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Figure 3. Pseudoternary phase diagram of microemulsion composed of MCT oil, surfactant mixture 

(Smix), and water. Red points represent the formulated CUR ME formulations (Top to bottom: CUR ME 

1 to CUR ME 9). 
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Light microscopy confirmed the macroscopic observations and showed 

undissolved curcumin particles in the oil and Tween® 80 dispersion, whereas 

curcumin was fully dissolved in the ethanol and Smix. Larger oil droplets were seen 

in CUR ME 1 and also in CUR ME 2. All other microemulsion formulations were clear 

and contained no larger-sized droplets or curcumin particles (Figure 4, lower right). 

 

Figure 4. Macroscopic photos and microscopic images of the formulations. (Left-upper): microemulsions 

without curcumin, (left-lower): microemulsions with curcumin. (Right-upper): curcumin in the non-

microemulsion formulations—A: CUR in ethanol, B: CUR in MCT oil, C: CUR in Smix, D: CUR in Tween®  

80. (Right-lower): light microscopic images of all produced formulations in this study (400-fold 

magnification, scale bar represents 50 µm). 

Further characterization of the microemulsion revealed a decrease in size and 

PdI with decreasing oil content and increasing surfactant and water content. The zeta 

potential decreased with decreasing oil content and increasing surfactant and water 

content and the pH increased (Table 2). The PdI of all microemulsions was very high 

(> 0.4), indicating a very broad size distribution that occurs upon the dilution of the 

microemulsion in water. The high PdI values upon dilution are described for 

microemulsions and, thus, are reasonable because it is known that the dilution process 

can lead to changes in the microstructure of the microemulsion that result in a broader 

particle size distribution [36]. The decrease in zeta potential with increasing surfactant 

and water content is also reasonable and can be explained by the increase in pH, which 
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changes the charge of the ingredients and with this the zeta potential [37]. The pH 

values of the microemulsion formulations, ranging from 6.84 to 8.25, suggest that 

curcumin particles may ionize under these conditions (due to the loss of H+ ions from 

curcumin’s carboxyl groups), altering their charge characteristics [38]. In addition, the 

effect of the steric stabilization from the non-ionic Tween® 80 [39], which forms a steric 

non-ionic film around the oil droplets, also influences the overall charge of the 

microemulsion and will decrease the charge of the droplets with increasing 

concentration and layer thickness. This explains why CUR ME 9, which has a higher 

concentration of Tween® 80, shows a significantly lower negative charge than the CUR 

ME 1 (p-value < 0.001). 

Table 2. Physiochemical characterization of the produced CUR ME formulations. 

Formulation z-Average [nm] PdI Zeta Potential [mV] pH Value 

CUR ME 1 5467 ± 527 0.66 ± 0.25 −7 ± 0.9 6.84 

CUR ME 2 2057 ± 563 0.78 ± 0.31 −7 ± 0.7 7.33 

CUR ME 3 237 ± 9 0.41 ± 0.05 −5 ± 0.6 7.85 

CUR ME 4 249 ± 8 0.40 ± 0.07 −5 ± 0.4 7.81 

CUR ME 5 246 ± 12 0.41 ± 0.07 −5 ± 0.2 8.35 

CUR ME 6 221 ± 9 0.38 ± 0.07 −5 ± 0.05 7.86 

CUR ME 7 218 ± 6 0.45 ± 0.07 −4 ± 0.03 7.74 

CUR ME 8 172 ± 12 0.43 ± 0.05 −4 ± 0.05 8.12 

CUR ME 9 153 ± 3 0.30 ± 0.04 −4 ± 0.03 8.25 

 

Overall, all CUR ME formulations formed clear microemulsions, except CUR 

ME 1, which showed a slight turbidity. Light microscopy confirmed undissolved 

curcumin in oil and Tween® 80, but full dissolution in ethanol and Smix. Droplet size 

and zeta potential decreased with lower oil and higher surfactant/water content, while 

the pH increased. Tween® 80 attributed to steric stabilization and reduced the zeta 

potential. 

3.2. Determination of Dermal Penetration Parameters for the Formulations 

The epifluorescence images reveal variations in the penetration efficacy of curcumin 

across the different formulations (Figure 5). Generally, the microemulsion 

formulations of curcumin showed an enhanced penetration efficacy compared to the 
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non-microemulsion formulations of curcumin (curcumin in oil, Tween® 80, ethanol or 

Smix). This trend became more pronounced after digital image analysis (Figure 6), 

which allowed to semi-quantify the amount of penetrated curcumin into the skin from 

the different formulations (Figure 7). 

 

Figure 5. Visualization of vertical skin cuts observed through inverted epifluorescence microscopy (200-

fold magnification). 

 

 

Figure 6. Inverted epifluorescence microscopic images after digital image processing evaluating the 

penetration efficacy of the formulations. 

 

 

Figure 7. Curcumin penetration efficacies from various CUR ME formulations and non-microemulsion 

formulations, expressed as the penetration efficacy (penetration efficacy in MGV/px). Significant 

differences are indicated by asterisks (***: p < 0.001), while n.s. indicates no significant differences. 
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The lowest penetration efficacy was found for CUR in Tween® 80. This was 

expected, because the physicochemical characterization showed large curcumin 

particles within this formulation. As only dissolved molecules can enter the skin, this 

outcome was predictable. The Smix contained no curcumin particles but did not lead 

to a pronounced dermal penetration efficacy of curcumin from this formulation. This 

might be because curcumin was entrapped within the micelles. If the micelles are not 

able to penetrate the skin, also the entrapped curcumin will not be able to penetrate 

the skin. Ethanol contained the curcumin fully dissolved and the MCT oil contained 

the curcumin mostly dissolved with some remaining undissolved curcumin particles. 

Based on Fick’s law, a higher concentration gradient will lead to a more pronounced 

dermal penetration [40, 41]. Therefore, the higher penetration of curcumin from 

ethanol, where all curcumin was dissolved, is reasonable. In addition, the use of 

ethanol as a co-surfactant might have also acted as a penetration enhancer that could 

further increase the dermal penetration efficacy of curcumin [42,43]. 

CUR ME 1 to CUR ME 5 yielded similar penetration efficacies for curcumin 

when compared to the MCT oil and no significant differences were found between 

CUR ME 1–CUR ME 7 and the curcumin in ethanol. In fact, the microemulsions with 

high oil content and low surfactant and water content were not able to improve the 

dermal penetration efficacy of curcumin when compared to the non-microemulsion 

formulations. In contrast, the microemulsions that contained higher amounts of 

surfactant and water allowed for an improved dermal penetration efficacy of 

curcumin when compared to the non-microemulsion formulations. The highest 

penetration efficacy was found for CUR ME 9 which contained the highest amount of 

water and Smix. The dermal penetration efficacy of curcumin for the CUR ME 9 

increased by 85% compared to the MCT oil formulation and was approximately 50% 

higher than the ethanol formulation (Figure 7). As previously discussed, the 

penetration enhancement effect observed with increased water and Smix 

concentrations can be caused due to several factors, such as the reduction of interfacial 

tension and altering the lipid structure of the stratum corneum, making it more 

permeable to active compounds. Additionally, the increase in Smix and water 

concentration as seen in CUR ME 9 is combined with reduced particle sizes, which 
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further facilitates curcumin solubility and contributes to the formulation of a more 

stable and homogenous microemulsion that is more likely to be readily absorbed 

[30,32,42–44]. The results are also reflected by curcumin’s penetration depth from 

different formulations (Figure 8). However, none of the formulations were effective in 

transporting curcumin into the deeper skin layers. Most formulations showed a mean 

penetration depth less than the stratum corneum thickness, which means that 

curcumin penetrated into the stratum corneum but not deeper (Figure 8). 

 

Figure 8. Influence of formulations of CUR ME, and solutions and suspensions of curcumin on the SCT 

and MPD. 

The stratum corneum thickness also reflects the effect of skin treatment on the 

hydration status of the stratum corneum, i.e., a higher stratum corneum thickness 

indicates a more hydrated stratum corneum [9,41]. The results of this study show that 

the stratum corneum thickness increased when the skin was treated with different 

formulations (Figure 8). The stratum corneum thickness was highest for the 

formulations with the highest amount of penetrated curcumin and the deepest 

penetration depth. Based on previous a study [9], this effect is caused by the presence 

of curcumin in the skin. Curcumin has hygroscopic properties [45] and, thus, can 

retain water in the stratum corneum, which then leads to an increase in the stratum 

corneum thickness. Consequently, higher amounts of curcumin (CUR ME 8 and 9) led 

to the highest stratum corneum thickness (Figure 8). The increase in the stratum 

corneum thickness can be also caused by the occlusive effect of the oil and/or particles 

[41,46,47]. However, these effects seem to be not effective in this study or were 

overwritten by the hygroscopic effect of curcumin in the stratum corneum. 

In order to understand the influence of the microemulsion composition on the 

dermal penetration efficacy of curcumin in more detail, the last part of the study aimed 

at looking into possible correlations between the composition, the physicochemical 
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characteristics and the dermal penetration efficacy using Spearman’s rank correlation 

coefficient, rho (Figure 8). A correlation coefficient value > 0.8 indicates a strong 

relationship between two parameters. Correlation values between 0.5 and 0.8 are 

considered to be moderate and rho values between 0.3 and 0.5 represent a weak 

correlation. Values below 0.3 are considered very weak, debatable, or as showing no 

correlation [48]. 

Based on the correlation data, strong correlations were observed between the 

different parameters in all cases (Figure 9). The analysis revealed that a higher oil 

content was correlated to a larger size and a broader size distribution, while higher 

water and surfactant content was associated with a smaller size and narrower size 

distribution. This is expected, as an increased amount of surfactant combined with a 

reduced amount of oil that needs emulsification tends to produce smaller particles 

[44]. Besides, a lower oil content and a higher amount of water and surfactant were 

associated with a higher pH and were also associated with a lower zeta potential [38]. 

This correlation is also anticipated, as non-ionic surfactants provide steric stabilization  

[49], which means that non-ionic surfactant forms a thick layer around the droplets, 

leading to low zeta potential, optimally being close to zero. A larger amount of non-

ionic surfactant and a lesser amount of oil that requires emulsification can be 

considered to yield more surfactant being available for each droplet. Hence, a thicker 

steric layer of non-ionic surfactant around each droplet can be formed, which then 

leads to a lower zeta potential, as seen in this study. Furthermore, the increased pH 

with increasing water and surfactant content indicates that more curcumin is 

dissolved and dissociated in the formulation with higher surfactant content. This is 

reasonable because with decreasing oil content and increasing surfactant content, the 

lipophilic curcumin will be more partitioned in the micelles and less in the oil phase. 

In the micelles, the curcumin gets in closer contact with water where it can dissociate, 

leading to an increase in the pH of the formulation. 
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Figure 9. Heatmap of Spearman’s rank correlation coefficients (rho) between composition, 

physicochemical characteristics and penetration efficacy parameters and the physicochemical properties 

for all CUR ME formulations. ZP: zeta potential, PE: penetration efficacy. ** p < 0.01, *** p < 0.001. 

The formulation parameters and physicochemical characteristics were 

correlated with stratum corneum thickness and penetration efficacy. Microemulsion s 

with low oil contents, higher amounts of water and surfactant, smaller particle sizes, 

narrower size distribution, lower zeta potential, and higher pH values led to better 

skin hydration and improved dermal penetration efficacy. As a result, the best 

penetration for curcumin is achieved if the formulations contain high amounts of 

surfactants and water and low amounts of oil. In these formulations, curcumin can be 

considered to be more located within the micelles and not only in the oil phase. Hence, 

the diffusion coefficient of curcumin can be considered to increase with decreasing oil 

content and increasing surfactant and water content. Therefore, based on Fick’s law, 

the enhanced diffusion coefficient of curcumin in the formulations with low oil content 
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but higher surfactant and water content explains the improved dermal penetration 

efficacy of curcumin from these formulations. The higher water content and/or the 

higher content of the hygroscopic curcumin in the stratum corneum explains the 

increased stratum corneum thickness. 

4. Conclusions 

CUR ME formulations with different compositions were successfully 

prepared. It was found that the size, PdI and zeta potential decreased with decreasin g 

oil content and increasing water and surfactant content. The dermal penetration 

efficacy of curcumin was determined and compared to the non-microemulsion 

formulations. Results confirmed that microemulsion formulations are suitable 

formulation strategies to improve the dermal penetration efficacy of curcumin 

compared to the non-microemulsion formulations. Results also indicated that the 

composition of the microemulsion has a strong influence on the dermal penetration 

efficacy of curcumin. The highest penetration for curcumin was achieved in the 

microemulsion formulations containing higher amounts of surfactants and lower 

amounts of oil. 

These findings suggest that the optimized microemulsion formulations could 

improve curcumin delivery for potential human dermal applications, particularly for 

treating skin conditions such as inflammatory diseases. As curcumin is a poorly water -

soluble BCS Class II or IV drug, the results of this study may provide a foundation for 

the development of microemulsions that enable highly efficient dermal penetration of 

other similar active compounds. Microemulsion, as a promising formulation, could be 

suitable for large-scale production, with potential applications in cosmetic products 

(e.g., antioxidant and anti-aging formulations) and therapeutic treatments for skin 

conditions like acne and eczema. However, some limitations, such as the yellowish 

color of curcumin, should be addressed for aesthetic purposes, and long-term stability 

must be evaluated for future commercial use. 
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Supplementary material  

Table 1: The following ImageJ macro was recorded and used to subtract the 

autoflorescence of the skin for the images obtained from inverted epifluorescen ce 

microscopy. 

// Color Thresholder 1.53k 

// Autogenerated macro, single images only! 

min=newArray(3); 

max=newArray(3); 

filter=newArray(3); 

a=getTitle(); 

run("RGB Stack"); 

run("Convert Stack to Images"); 

selectWindow("Red"); 

rename("0"); 

selectWindow("Green"); 

rename("1"); 

selectWindow("Blue"); 

rename("2"); 

min[0]=0; 

max[0]=0; 

filter[0]="stop"; 

min[1]=66; 

max[1]=255; 

filter[1]="pass"; 

min[2]=0; 

max[2]=0; 

filter[2]="stop"; 

for (i=0;i<3;i++){ 

  selectWindow(""+i); 

  setThreshold(min[i], max[i]); 

  run("Convert to Mask"); 
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  if (filter[i]=="stop")  run("Invert"); 

} 

imageCalculator("AND create", "0","1"); 

imageCalculator("AND create", "Result of 0","2"); 

for (i=0;i<3;i++){ 

  selectWindow(""+i); 

  close(); 

} 

selectWindow("Result of 0"); 

close(); 

selectWindow("Result of Result of 0"); 

rename(a); 

// Colour Thresholding------------- 

run("Invert"); 
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4.1. Summarized Discussion 

The overall aim of the thesis was achieved in three projects: 

First project 

Challenges, unmet needs and future directions for nanocrystals in dermal drug 

delivery 

As the need for effective dermal treatments grows, nanocrystal technology is 

gaining attention for its ability to enhance the bioavailability and therapeutic efficacy 

of active compounds, including curcumin. Nanocrystals are essentially 

nanosuspensions of active compounds, milled to enhance their surface area and 

improve solubility and bioavailability, and have already demonstrated their potential 

in cosmetic formulations [1–7]. 

One of the most innovative developments of the nanocrystal technology is the 

plantCrystal technology, a plant-derived nanocrystals that offers an environmentally 

sustainable and biocompatible alternative to traditional nanocrystals. PlantCrystals 

are produced by milling plant materials to a nanometer scale, resulting in the release 

of bioactive compounds from plant cells. They are created using water-based milling 

processes, presenting a more eco-friendly option compared to the traditional 

extraction methods [3,8–13]. 

A previous study has demonstrated that plantCrystals derived from cucumber 

not only improve the solubility of the compound but also enhance its transport 

through the skin. Additionally, the production of exosomes during the plantCrystal 

production process further adds to their dermal penetration capabilities [13]. 

Exosomes, small extracellular vesicles naturally released from plant cells during the 

milling process, have shown promise as carriers to improve the bioactivity and 

penetration of active compounds [14–16]. Thus, the advantage of plantCrystals lies in 

their ability to produce these exosomes in a single efficient step, compared to the 

traditional methods of exosome isolation [13]. Despite the promising potential of 

plantCrystals, it is important to note that this technology is still in the research phase.  

To conclude this review project, it has shown how plantCrystals offer a new 

promising approach in dermal applications. Compared to conventional formulations, 

plantCrystals are expected to enhance skin penetration and improve bioavailability.   
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Second project 

Extracellular Vesicles & PlantCrystals for Improved Bioavailability of 

Curcumin as a BCS Class IV Drug 

To fulfill the overall aim of the thesis, the second project included two plant-

derived formulation principles. Soybeans were chosen for their dermatological 

benefits to produce plant-based drug delivery strategies [17,18]. The first approach 

utilized extracellular vesicles (EVs), which were primarily isolated using a classical 

isolation method from soybean. The second approach involved plantCrystals 

technology where EVs could be formed in the bead milling step during the 

plantCrystals production, resulting in plantCrystals containing extracellular vesicles 

(PCEVs). Curcumin, a bioactive compound with interesting dermal therapeutics, is 

classified as BCS class IV drug characterized by poor solubility and bioavailability [19–

21], was incorporated into the produced formulations. While curcumin was 

incorporated into the blank EVs through an incubation and ultracentrifugation 

method, it was either added after PCEVs were formed, resulting in curcumin-added 

PCEVs, or added to soybean dispersion before bead milling, forming curcumin-loaded 

PCEVs. The produced formulations were assessed for their physicochemical 

properties in terms of particle size, analyzed by light microscopy, laser diffractometry 

(LD) and dynamic light scattering (DLS). Zeta potential measurements were also 

conducted to further indirectly confirm the production of EVs within the bead milling 

process. Additionally, the dermal penetration efficacy of curcumin from EVs and both 

types of PCEVs was evaluated using an ex vivo porcine ear model in two study 

designs: first, by conducting a dermatokinetic study using a full-thickness skin over 

24 hours, and second, by assessing the total amount of curcumin penetration and its 

depth in skin cuts after 2 hours. 

PlantCrystals technology disrupts plant cells, breaking down cell walls to 

release both hydrophilic and hydrophobic active compounds. High-pressure 

homogenization or bead milling during plantCrystals formation may also promote the 

self-assembly of EVs [13]. Due to the lack of suitable methods to separate and 

characterize the EVs from the produced plantCrystals, and based on the concepts of 

EVs and PCEVs, encapsulating curcumin in EVs and PCEVs was explored as a strategy 
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to enhance its stability and penetration efficacy. Thus, curcumin-loaded EVs, 

curcumin-added PCEVs, curcumin-loaded PCEVs, and corresponding blank 

formulations without curcumin were characterized for their physicochemical 

properties, including size, size distribution, morphology, and zeta potential. 

The size and size distribution were determined by means of dynamic light 

scattering (DLS), laser diffractometry (LD), and light microscopy (LM). DLS is 

commonly used to determine particle sizes in the nanoscale range and to determine 

the polydispersity index (PdI) of the formulations. A small PdI value indicates a 

narrow size distribution. The DLS data revealed the presence of nano-sized particles 

in all formulations. Notably, significantly smaller particle sizes were observed in 

curcumin-loaded PCEVs and curcumin-added PCEVs compared to curcumin-loaded 

EVs. However, the high PdI values for all formulations confirmed a broad particle size 

distribution. In more detail, the hydrodynamic particle size of non-loaded EVs was 

128 ± 7 nm with a PdI of 0.23 ± 0.02, while curcumin-loaded EVs revealed a significant 

particle size increase (p < 0.001) to about 421 ± 29 nm with a PdI of 0.66 ± 0.22. In 

addition, the hydrodynamic particle size resulted in relatively similar values, with no 

statistical differences observed after the addition or loading of curcumin, indicating 

around 242 ± 7 nm, 243 ± 2 nm, and 242 ± 3 nm, with PdI values of approximately 0.39 

± 0.04, 0.47 ± 0.15, and 0.32 ± 0.05 for non-loaded PCEVs, curcumin-added PCEVs, and 

curcumin-loaded PCEVs, respectively. Since DLS is limited in detecting nanoscale 

particle size, LD was employed to detect the presence of microparticles after the 

milling process and to quantify the volume-based percentage of the detected particles. 

The d(v)0.95 measurements for the PCEV-based formulations showed that curcumin-

loaded PCEVs had a smaller particle size (2 µm) compared to non-loaded PCEVs (7 

µm). Moreover, a significant reduction in particle size was observed in curcumin -

loaded PCEVs (2 µm) compared to curcumin-added PCEVs (17 µm). 

Furthermore, LM was also used to confirm the presence of micro-size particles 

and to assess the plantCrystal shape. Microscopic images obtained via LM indicated 

the presence of micro-sized particles without agglomeration in all formulations. 

Curcumin-loaded PCEVs exhibited a homogenous particle distribution and relatively 

smaller particle sizes. This is most likely attributed to the curcumin being added before 
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the milling process, which not only reduced the plant-derived material but also 

enhanced the reduction of the curcumin particle size and their incorporation inside the 

produced PCEVs, resulting in lower particle sizes and a lower PdI than curcumin -

added PCEVs, where the addition of curcumin was after the bead milling stage, which 

could have led to distributing curcumin particles, resulting in a wider particle size 

distribution and less homogeneous dispersion compared to curcumin-loaded PCEVs. 

The zeta potential of the formulations was examined. The lower negative zeta 

potential of classical EVs compared to PCEVs suggests that PCEVs benefit from the 

steric stabilization of the surfactant used in the plantCrystal production. Further 

comparison of the zeta potentials of PCEVs formulations produced through sm all-

scale bead milling revealed that non-loaded PCEVs exhibited the highest negative zeta 

potential, while formulations containing curcumin showed a less negative zeta 

potential. The decrease in zeta potential in the presence of curcumin is logical, as 

curcumin has a neutral to slightly positive charge when ionized due to the presence of 

hydrogen ions [22], which are freely available in the dispersion. As it is assumed that 

PCEVs are indeed formed during bead milling, incorporating curcumin before milling 

would result in its loading into the PCEVs, thereby reducing the number of freely 

available positively charged curcumin particles. In contrast, adding curcumin after 

bead milling, as in curcumin-added PCEVs, would lead to curcumin particles being 

distributed outside the proposed PCEVs, increasing the number of freely available 

positively charged curcumin particles in the dispersion. This theory is supported by 

the zeta potential results, where curcumin-loaded PCEVs displayed a zeta potential 

that has a higher value than curcumin-added PCEVs. 

The next section of this project aimed to investigate the formulation’s ability to 

deliver curcumin. Dermatokinetic profiles of curcumin penetration over 24 hours from 

the different formulations were evaluated using ex vivo porcine ear skin with full 

thickness (i.e., ≈ 1 mm). For the dermatokinetics, a fluorescence plate reader with a 

bottom read mode was utilized to efficiently determine the curcumin penetration 

through the skin over time. The data obtained demonstrated the penetration profiles 

of curcumin-loaded EVs, curcumin-added PCEVs, and curcumin-loaded PCEVs. 

Results showed a gradual increase in penetration throughout the investigated 24-hour 
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period for all the investigated formulations. Curcumin-loaded EVs had the lowest 

penetration profile among the other formulations. Moreover, curcumin-added PCEVs 

initially exhibited a slightly higher penetration rate than curcumin-loaded PCEVs for 

approximately 12 hours, after which the penetration profile of curcumin-loaded 

PCEVs exceeded that of curcumin-added PCEVs for the rest of the investigated period.  

The observations can be explained by a mechanism known as particle-assisted 

dermal penetration [23]. This penetration phenomenon refers to the increased dermal 

penetration of active compounds due to the presence of solid particles that come into 

contact with the skin after topical application. A greater number of particles in contact 

with the skin, combined with prolonged contact duration, results in a more 

pronounced penetration effect of the active ingredient. 

The particle-assisted dermal penetration effect occurs when a topical 

formulation contains dispersed particles in a liquid that evaporates or penetrates the 

skin upon application of the formulation. As the dispersion medium decreases, an 

aqueous meniscus is being formed, attaching the particles to the skin and prolongin g 

their contact and thereby enhancing the penetration by creating a high concentration 

gradient of the particles and increasing the drug penetration [23]. Therefore, this 

explains the superior dermal penetration of the curcumin-added PCEVs formulation 

during the initial phase of the dermatokinetics experiment compared to other 

formulations. This formulation contains curcumin in microparticles. These 

microparticles are large enough to quickly sediment onto the skin after application, 

thereby enhancing particle-assisted dermal penetration [23,24]. Consequently, this 

leads to a faster and more pronounced local concentration gradient and facilitates 

improved passive dermal diffusion of curcumin into the skin. Over time, curcumin-

loaded PCEVs formulation became the most effective formulation. As the formulation 

contains small particles encapsulating curcumin, it releases curcumin gradually. 

Although these small particles can also facilitate particle-assisted dermal penetration, 

they do not immediately sediment after application. Instead, they remain suspended 

until the surrounding liquid evaporates, allowing the particles to contact the skin and 

release curcumin. This formulation contains the smallest particle size and the highest 
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particle count, leading to the most efficient particle-assisted dermal penetration among 

all three formulations over time. 

These findings suggest that multiple penetration mechanisms contribute to 

dermal penetration at different time points. These mechanisms are influenced by 

several parameters, such as the composition and physicochemical properties of the 

formulations, as well as the diffusion coefficient of curcumin within them. EVs and 

PCEVs also promote dermal penetration via other pathways, such as passive diffusion. 

For this mechanism to be effective, small particle size and efficient encapsulation of 

the active ingredient are essential. In this context, PCEVs are advantageous because 

they encapsulate curcumin effectively and consist of the smallest particles among the 

investigated formulations. 

Subsequently, the dermal penetration parameters of the formulations were 

determined. Curcumin penetration amount and depth in the skin of the ex vivo 

porcine ear model were based on visualizing penetration via epifluorescen ce 

microscopy and subsequent image analysis.  

Based on the data obtained, it can be concluded that curcumin-loaded PCEVs 

showed around 2.7-fold and 1.5-fold higher penetration efficacy compared to 

curcumin-loaded EVs and curcumin-loaded PCEVs, respectively, demonstrating the 

highest penetration efficacy among all tested formulations. 

The penetration depth of curcumin was also investigated by mean penetration 

depth, and this is in line with the data obtained for the penetration efficacy in which 

curcumin-loaded PCEVs showed around 2.9-fold and 1.4-fold increases in penetration 

depth compared to curcumin penetration from EVs and PCEVs with curcumin added. 

Assessing the stratum corneum thickness (SCT) reveals changes in skin hydration due 

to the formulation treatment. Curcumin-based formulations appeared to increase the 

SCT, likely due to curcumin’s hygroscopicity [25]. This property allows curcumin to 

penetrate the stratum corneum, attract water, and thicken the SCT. The data highlight 

the dual benefits of curcumin-loaded PCEVs in improving curcumin delivery and skin 

hydration. 

Overall, the superior penetration efficacy of curcumin from curcumin-loaded 

PCEVs compared to EVs can be attributed to several factors. Key reasons include their 
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smaller particle size and narrower size distribution. Unlike EVs, Polysorbate 80 is 

utilized in the production of PlantCrystals, which is known to enhance the dermal 

penetration of poorly water-soluble drugs [26]. In this study, it may have potentiated 

the enhanced dermal delivery of curcumin as observed with PCEVs. The variations in 

zeta potentials for curcumin encapsulated within EVs and PCEVs explain the 

differences in interaction between curcumin and the skin, which may lead to variations 

in the diffusion coefficient of curcumin from the formulations into the skin.  

In conclusion, the outcomes of this study present a natural, innovative, plant-

based formulation strategy to enhance the bio-efficacy and penetration efficacy of 

poorly soluble active compounds like curcumin. The data obtained highlight the 

potential of soybean-based PCEVs as an effective delivery system.  
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Third project 

Curcumin microemulsions: Influence of Compositions on the Dermal 

Penetration Efficacy 

In this project, curcumin was selected as an ideal candidate as a fluorescent 

BCS class IV drug [19,27] to investigate its dermal penetration efficacy using a well-

known nanocarrier system that has not yet been investigated through the established 

Marburg ex vivo porcine ear model [25,28]. Microemulsion formulations were 

prepared with Tween® 80 as a surfactant, ethanol as a co-surfactant, medium-chain 

triglycerides (MCT) as the oily phase, and water as the aqueous phase. First, MCT was 

added to the surfactant/co-surfactant mixture (Smix) in different amounts to prepare 

nine microemulsion formulations with varying component concentrations, and they 

were recorded from 1 to 9 according to reduced MCT oil amount and increased water 

and Smix amounts. Curcumin was incorporated at the same concentration in all the 

microemulsion formulations. Then, the physicochemical properties of the curcumin 

microemulsions (CUR ME) were investigated in terms of light microscopy, 

hydrodynamic particle size, and polydispersity index (PdI). Non-microemulsion 

formulations, including solutions/suspensions of curcumin, each containing a 

component of the microemulsion, were also prepared and served as benchmark 

controls. Hence, this project explored the influence of microemulsion formulations on 

the dermal penetration efficacy of curcumin on the ex vivo porcine ear model. It also 

examined the impact of varying concentrations of the components of the 

microemulsion and how each component affected the dermal penetration efficacy of 

curcumin. 

The data obtained in this project regarding the physicochemical properties of 

the curcumin microemulsions indicated that all formulations formed clear 

microemulsions except for CUR ME 1, which showed slight turbidity after the addition 

of curcumin, whereas all other microemulsion formulations were clear. Additionally, 

curcumin dissolved in ethanol and Smix formed clear solutions but a suspension when 

dispersed in MCT oil. Curcumin precipitated when formulated in Tween® 80. 

Additionally, light microscopy images were in line with the macroscopic observations 

showing that curcumin particles were observed in MCT oil and Tween® 80 
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suspensions, while curcumin was fully dissolved in ethanol and the Smix. In addition, 

larger oil droplets were observed in CUR ME 1 and CUR ME 2, whereas other 

microemulsion formulations remained clear. Further characterization showed that a 

decreasing MCT oil content and an increasing Smix and water content led to smaller 

droplet size, lower zeta potential, and higher pH. Tween® 80 in the increasing 

concentrations of the Smix contributed to steric stabilization, reducing the zeta 

potential, with CUR ME 9 showing a significantly lower negative charge than CUR 

ME 1. 

The obtained dermal penetration results highlight variations in the curcumin 

penetration efficacy among the different formulations, including microemulsions and 

non-microemulsion dispersions. The penetration efficacy of curcumin from the 

microemulsions compared to the non-microemulsion formulations, such as curcumin 

in oil, Tween® 80, ethanol, or Smix, is increased. As expected, curcumin in Tween® 80 

had the lowest penetration, which could be likely due to the large undissolved 

curcumin particles present in the dispersion. Since only dissolved and free molecules 

can penetrate the skin, the entrapped curcumin in the micelles is not free and cannot 

penetrate the skin [29]. Similarly, curcumin in the Smix did not exhibit significant 

dermal penetration, possibly because it remained entrapped within micelles that could 

not effectively diffuse through the skin barrier [25]. In contrast, ethanol exhibited a 

higher penetration efficacy due to its ability to fully dissolve curcumin and act as a 

penetration enhancer [30]. MCT oil, which contained both dissolved and undissolved 

curcumin, showed moderate penetration efficacy. Based on Fick’s first law, a higher 

concentration gradient facilitates better dermal absorption [31], which explains why 

curcumin dissolved in ethanol led to an enhanced curcumin penetration among other 

dispersions. 

Comparing the microemulsion formulations, CUR ME 1 to CUR ME 5 had 

similar penetration efficacies compared to MCT oil, indicating that a high oil content 

with lower Smix and water amounts did not promote curcumin penetration. However, 

microemulsion formulations with increased surfactant and water content, such as 

CUR ME 9, significantly enhanced the curcumin penetration. CUR ME 9 demonstrated 

a higher penetration efficacy of approximately 85% and 50% compared to MCT oil and 
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ethanol formulations, respectively. This enhancement is likely due to a reduced 

interfacial tension and changes in the lipid structure of the stratum corneum, making 

it more permeable to curcumin. Additionally, the smaller particle size in CUR ME 9 

was expected to contribute to improved curcumin solubility and stability, which 

further resulted in better absorption. Despite these improvements, the penetration 

depths of most microemulsion formulations remained within the stratum corneum, 

indicating limited transdermal transport. It was also found that increased curcumin 

penetration correlated with a higher stratum corneum thickness, which suggests 

improved hydration. This effect is likely attributed to curcumin’s hygroscopic 

property, which enables water retention in the stratum corneum, resulting in 

increasing its thickness. The stratum corneum hydration can also be achieved with the 

occlusive effect of the MCT oil or the presence of particles. However, this effect was 

not seen to be contributed to the oil and/or particles. 

The findings of the correlation data between formulation parameters, 

physicochemical characteristics, and penetration efficacy helped to understand how 

microemulsion compositions influence the dermal penetration of curcumin. The 

strong correlations between these parameters indicate that the composition of 

microemulsion and their concentrations play a crucial role in penetration efficiency. 

Higher oil contents were linked to larger particle size and broader particle distribution, 

while increased Smix and water contents resulted in smaller particles with a narrower 

distribution. This can be explained by the higher surfactant concentration and lower 

MCT oil content, which create smaller emulsified droplets. Additionally, 

microemulsion formulations with lower oil and higher water and Smix levels showed 

higher pH values and lower zeta potential due to the steric stabilization effect of non-

ionic surfactant that presents in higher amounts in microemulsions such as in CUR 

ME 8 and 9. Also, the increased pH suggests that more curcumin was dissolved and 

dissociated in the water phase with higher surfactant content. Since curcumin is 

lipophilic, it tends to partition into micelles rather than the oil phase in these 

formulations, facilitating better interaction with water and leading to greater 

dissociation. This enhances curcumin’s diffusion and improves its dermal penetration.  
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Overall, the results of this project provide valuable insights into the influences 

of penetration enhancers such as ethanol and Polysorbate in the production of 

microemulsions while highlighting their role in enhancing dermal penetration of 

curcumin. With the understanding of how different componenets of microemulsions 

affect curcumin delivery, it would emphasize the ability for optimizing better 

formulation products that improve curcumin absorption. 
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4.2. Outlook 

In this thesis, soybean extracellular vesicles (EVs) were successfully produced 

by the classical isolation method and the bead milling method. The plantCrystals-

derived extracellular vesicles (PCEVs) provided a superior formulation strategy over 

the classical EVs. However, the specific structural and compositional characteristics of 

the produced PCEVs via bead milling were not fully characterized. Therefore, further 

research is essential to gain deeper knowledge into the structure and composition of 

PCEVs. Future investigations should implement experimental design approaches to 

evaluate the effects of variations in production parameters, such as milling force, 

surfactant type and concentration, and plant composition. Specifically, the applied 

milling force (e.g., rotation speed and bead-to-dispersion ratio) is expected to influence 

particle size, with different plant sources likely exhibiting unique responses to these 

forces. Additionally, increasing the surfactant concentration may improve 

stabilization, enhancing homogenization and reducing particle size. The selection of a 

suitable surfactant is particularly important, as it affects the zeta potential of the 

formulation, which in turn directly influences drug penetration in the skin. Future 

studies should consider these factors to optimize the formulation and provide more 

understanding of their efficacies in the skin. Additionally, the ex vivo model has 

proven to be a simple, rapid, and effective tool to assess the dermatokinetics of drug 

penetration without the need for continuous sample collection. This model offers a 

preliminary screening of potential drug carriers, providing valuable insights into the 

effectiveness of formulation strategies before conducting more labor-intensive 

experimental methodologies. Ultimately this approach can give an insight if a 

potential drug is an effective or ineffective formulation strategy. 

Based on the outcomes of the third project, microemulsions with higher ratios 

of water and ethanol exhibited a better penetration behaviour of curcumin compared 

to other microemulsions containing lower amounts of water and ethanol 

concentrations. The penetration enhancing effect of ethanol was also confirmed by the 

tested penetration efficacy of curcumin from its ethanol solution. At last, the 

established ex vivo porcine ear model demonstrated sensitivity evaluating the 

variations in dermal penetration efficacy among microemulsion formulations, 
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successfully differentiating the changes in skin permeability even with the 

compositional similarities of the tested formulations. 

In conclusion, among all tested formulations in these projects, PCEVs emerged 

as the most promising strategy, offering enhanced formulation properties and 

potential for improved dermal delivery. Expanding research on PCEVs could pave the 

way for novel, plant-derived nanocarriers with enhanced penetration efficacy in 

dermatological applications. 
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