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A B S T R A C T   

Curcumin (CUR) has a long history of use as an antimicrobial, anti-inflammatory and wound healing agent, for 
the treatment of various skin conditions. Encapsulation in nanocarriers may overcome the administration lim-
itations of CUR, such as lipophilicity and photodegradation. Lipid nanocarriers with different matrix fluidity 
(Solid Lipid Nanoparticles; SLN, Nanostructured Lipid Carriers; NLC, and Nanoemulsion; NE) were prepared for 
the topical delivery of curcumin (CUR). The occlusive properties and film forming capacity, as well as the release 
profile of incorporated CUR, its protection against photodegradation and wound healing were studied in vitro, 
using empty nanocarriers or free CUR as control. The results suggest that incorporation of CUR in nanocarriers 
offers a significant protection against photodegradation that is not influenced by the matrix fluidity. However, 
this characteristic regulates properties such as the occlusion, the release rate and wound healing ability of CUR. 
Nanoparticles of low fluidity provided better surface occlusion, film forming capacity and retention of the 
incorporated CUR. All nanocarriers but especially NLC, achieved faster wound healing at lower dose of incor-
porated CUR. In conclusion, nanotechnology may enhance the action of CUR against skin conditions. Important 
characteristics of the nanocarrier such as matrix fluidity should be taken into consideration in the design of CUR 
nanosystems of optimal efficiency.   

1. Introduction 

Since ancient times, nature was the only place where people could 
explore to cover their daily nutritional or therapeutic needs. Nowadays 
the medicinal benefits of different natural products are a scientific area 
of great research interest [1]. Many plant origin ingredients have been 
used in herbal formulations due to their promising properties as anti-
oxidants or for their anti-ageing, anti-inflammatory, antimicrobial and 
moisturizing effect. The efficient topical delivery of these ingredients is 
crucial to their action and has been studied extensively during the last 
decades. Several natural products such as vitamins (e.g vitamin C, 
vitamin E, vitamin A), essential oils (e.g. rosemary – Rosemarinus offi-
cinalis L., tea tree – Melaleuca alternifolia), non-essential oils (e.g. jojoba 

oil – Simondsia chinensis, coffee – Coffea arabica L.) and polyphenols (e.g. 
quercetin from Sophora japonica L., resveratrol from Arachis hypogaea 
Linn, Vaccinium spp., curcumin from Curcuma Longa) have been incor-
porated in various delivery systems in order to improve their solubility, 
stability, bioavailability, skin permeation or to reduce limitations such 
as cytotoxicity or volatility [2]. A characteristic example of a plant that 
is widely used and its ingredients are extensively studied is Curcuma 
longa (Linn.) that belongs to the ginger family or Zingiberaceae [3]. The 
rhizomes of this plant provide a spice known as Turmeric that is also 
characterized as the “Golden Spice”, the “Indian Saffron” or the “Herb of 
the Sun” because of its orange-yellow color [4,5]. Centuries of use as 
flavoring agent, beauty product, dye, and for medicinal purposes have 
established its safety and benefits [6,4]. Its first appearance was 
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probably recorded in China by 700 AD and its fame traveled west 
reaching East Africa by 800 AD, West Africa by 1200 AD, and Jamaica in 
the 18th century. In 1280, during a travel to China, Marco Polo in his 
notes compared turmeric with saffron [7,8]. From its first use until today 
turmeric has a symbolic usage which relates to Hindu ceremonies such 
as weddings [9]. The history of turmeric dates many years ago, when it 
has been used in traditional Indian and Chinese medicine for the treat-
ment of various diseases, mainly connected with inflammatory condi-
tions or bacterial infections [10,11]. Especially in Ayurvedic therapy 
turmeric was used for the relief of digestive disorders and for wounds 
cleansing [11,5]. In 250 AD turmeric has been referred as ingredient of 
an ointment against symptoms of food poisoning [7,8]. In China, it was 
traditionally used for urticaria, inflammatory conditions of joints, and 
skin allergies [7]. It can be administered orally, topically, or via inha-
lation for the treatment of many skin conditions, injuries, infections, 
stress, and depression [12,6]. India keeps the main production of 
Turmeric, but it is also grown in tropical parts of America, Africa and 
Pacific Ocean Islands [11,5,9]. The composition of this herb includes 
different substances such as phenols, terpenoids and other groups of 
molecules such as curcuminoids: Curcumin (CUR), Demethoxycurcumin 
and Bisdemethoxycurcumin [12,13]. The presence of CUR in the herb is 
responsible for the characteristic color of its rhizome [4]. The discovery 
of CUR dates two centuries ago. A pure preparation of CUR was obtained 
by Vogel Jr. in 1842, but this attempt was never published. The chemical 
structure of CUR as diferuloylmethane, or 1,6-heptadiene-3,5- dione-1, 
7-bis (4-hydroxy-3-methoxyphenyl)-(1E, 6E) was first identified by the 
team of Milobedzka and Lampe in 1910, but was published in 1913. 
Later, Srinivasan separated and quantified the curcuminoids in Curcuma 
longa by chromatography. In 1937 the first study using CUR for human 
diseases was published, while in 1949 the antibacterial effect of CUR 
was documented [7,14]. Due to its polyphenolic nature, CUR possesses a 
multitargeting ability that is linking it to various pharmacological ac-
tions such as anti-cancer, anti-arthritic, antimicrobial, 
anti-inflammatory, antioxidant, anti-diabetic and wound healing [7,15]. 
According to Hashemzaei and coworkers a combination of resveratrol, 
CUR, and gallic acid inhibited reactive oxygen species formation, lipid 
peroxidation and attenuated Glyoxal-induced renal cytotoxicity [16]. 
Moreover, CUR has received much attention in several neurodegenera-
tive diseases, such as Alzheimer’s. Interestingly, the consumption of 
high doses of CUR in India might be responsible for the significant lower 
prevalence of dementia compared to US [15]. In addition, Stancioiu and 
coworkers recommend the use of CUR for treatment of signs of 
porphyria, asthma or for alleviating inflammation and pain [17]. 
However, CUR has several physicochemical characteristics that render 
its formulation and clinical applications difficult [4]. First of all, CUR is 
an hydrophobic, photosensitive molecule that is stable in acidic or 
neutral environment, while under alkaline conditions it is easily 
degraded and changes its color from yellow-orange to red [4,9]. It is also 
characterized by low oral bioavailability, high metabolic rate and low 
levels in plasma and tissue [4,9,7,1]. On the other hand, topical route is 
an alternative to the oral delivery of CUR with numerus benefits [4]. 
According to the literature, a few human clinical trials have been con-
ducted applying CUR formulations, both orally (tablets) and topically 
(creams, gels, herbal oils), for the treatment of various skin diseases such 
as acne, eczema, facial photoaging, pruritus, psoriasis, 
radiation-induced dermatitis and vitiligo [18,6]. Currently 246 clinical 
trials are documented (of which 115 completed) using turmeric in-
gredients, including CUR, as therapeutic or dietary supplement against a 
wide variety of conditions such as cancer, periodontitis, rheumatoid 
arthritis, type 2 diabetes and depression, as well as cardiovascular, gy-
necological, Crohn’s, Alzheimer’s and chronic kidney diseases, among 
others [15,59]. Specifically, 12 of those clinical trials concern the action 
of orally or topically administered CUR formulations against various 
skin disorders. Oral application of CUR or turmeric has been undergone 
clinical trials for the treatment of several skin conditions such as radi-
ation dermatitis, UV-induced skin erythema, mycosis fungoides or 

Sézary syndrome, sebum production, chronic psoriasis vulgaris. A 
limited number of clinical trials on topical application have been con-
ducted such as topical application of turmeric extract for the treatment 
of psoriasis, acetyl zingerone for cosmetic purposes and CUR against 
HIV-infection or radiation dermatitis. However, some limitations of 
these studies have set the need for more investigation. Nanotechnology 
may contribute in overcoming the limitations posed by conventional 
therapeutic approaches with CUR, such as the poor bioavailability and 
molecule stability, thus attracting a lot of research interest. Due to the 
nature of the molecule the ability to penetrate into cells is limited, but 
Guo and coworkers proved that nanocarriers enhance the ability of CUR 
to enter cells, a process known as endocytosis [19]. The encapsulation of 
CUR into nano vehicles is an alternative option that provides improved 
water solubility, skin penetration, controlled release, reduced dose, low 
toxicity among others [1,4,12]. According to the literature, CUR has 
been incorporated into several novel formulations including nano-
emulsions (NE), solid lipid nanoparticles (SLN), nanostructured lipid 
carriers (NLC), micelles, silica nanoparticles, silver nanoparticles, liquid 
crystal nanoparticles, polymeric nanoparticles, cyclodextrins, lipo-
somes, niosomes, ethosomes, transferosomes, nanospheres, nano-
capsules and phospholipids complexes. All these systems have been 
studied for cutaneous delivery of CUR in order to target affected tissues 
for the treatment of skin conditions like inflammation, acne, psoriasis, 
photoaging, wounds, melanoma, cutaneous leishmaniasis and infections 
related to bacteria, fungi or viruses [4,10,12,13,20,21]. Parameters such 
as the method of preparation and fluidity of the lipidic carrier seems to 
be of importance as they regulate properties such as nanocarrier size 
distribution, endocytosis, and pharmacological response [15,22]. 
Moreover, a lot of research has been conducted both in vitro on cell lines 
and in vivo on animal models, but less on healthy people or even pa-
tients, to evaluate the safety of CUR administration. According to these 
studies CUR has been characterized as safe for human use even at high 
doses with no severe side effects [7,20,23]. 

In the present study, three lipid nanocarriers with different matrix 
fluidity (i.e., SLN, NLC, NE) were prepared for CUR encapsulation. Their 
ability to be used as topically applied dosage forms, for the relief of 
symptoms of various skin diseases, such as psoriasis, acne and seborrheic 
dermatitis, was assessed. Specifically, the aim of this work was to 
evaluate the impact of the nanocarrier characteristics such as the matrix 
fluidity, on the regulation of properties like the film forming capacity, 
occlusive index, and wound healing that play a significant role in the 
treatment of skin conditions. Moreover, the release profile of CUR from 
the nanocarriers, and their ability to protect CUR from sunlight exposure 
were studied, to evaluate the full potential of these dosage forms. A 
comparison between these three different nanocarriers may indicate the 
optimal system for topical delivery of CUR. While previous studies have 
shown that the size of nanocarriers is an important factor that influences 
their efficiency [24,25], our results suggest that CUR action and prop-
erties that are important in the treatment of skin conditions, could be 
further enhanced, taken into consideration the matrix fluidity. 

2. Materials and methods 

2.1. Materials 

2.1.1. Chemicals 
The chemicals were of pharmaceutical, cosmetic, or analytic grade. 

Curcumin (Acros Organics, New Jersey, USA), saboderm TCC (SABO S.p. 
A., Bergamo, Italy), softisan 100 (Sasol GmbH, Hamburg, Germany), 
solutol HS 15 (BASF, Ludwigshafen, Germany), emulmetik 900 (Lucas 
Meyer Cosmetics, Champlan, France), water for injection (WFI) (Demo 
S.A., Pharmaceutical Industry, Kryoneri, Attica, Greece), ethanol (ab-
solute, purity ≥99.8 %) (Acros Organics, New Jersey, USA), methanol 
(purity ≥99.8 %) (Honeywell Riedel-de Haën, Seelze, Germany), phos-
phate buffered saline (PBS) (Sigma Aldrich, Darmstadt, Germany), L- 
ascorbic acid (Sigma Aldrich, Darmstadt, Germany) and citric acid 
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(Chemco, Pharmaceutical Industry, Ilion, Attica, Greece) were 
purchased. 

2.1.2. Cell culture reagents 
Dulbecco’s modified eagle medium (DMEM) (Pan-biotech, Aiden-

bach, Germany), Dulbecco’s phosphate buffered saline (DPBS) (Pan- 
biotech, Aidenbach, Germany), bovine serum albumin (BSA) (Pan- 
biotech, Aidenbach, Germany), trypsin/EDTA in Hank’s balanced salt 
solution (HBSS) (Biosera, Nuaille, France), penicillin/streptomycin (P/S) 
(Biosera, Nuaille, France), fetal bovine serum (FBS) (PanReac Appli-
Chem, Darmstadt, Germany), and dimethyl sulfoxide (DMSO, purity 99.5 
%) (PanReac AppliChem, Darmstadt, Germany) were also purchased. 
Mouse embryonic fibroblasts (NIH3T3) were donated by Laboratory of 
Molecular Pharmacology, University of Patras, Rio, Greece. 

2.2. Methods 

2.2.1. Preparation of nanocarriers 
Three types of CUR loaded nanocarriers were prepared namely CUR- 

SLN, CUR-NLC and CUR-NE. Additionally a corresponding set of empty 
nanocarriers (SLN, NLC, NE) was also prepared for comparison. The 
difference between each carrier is the viscosity of their internal phase 
that is regulated by the physical state of the triglyceride (TG) it contains. 
Table 1 summarizes the formulations, their composition (% w/w) and 
the lipid phase ratio applied for the investigations presented. 

The preparation of nanocarriers was performed by hot emulsification 
method followed by probe sonication, as described by Rapalli et al. [26] 
with minor modifications. Firstly, a conventional emulsion was formed 
by heating (65− 70 ◦C) separately the aqueous and lipid phase and then 
adding dropwise the aqueous phase to the lipid phase, under stirring 
(200− 300 rpm) on a Heating Magnetic Stirrer (Velp Scientifica, Usmate 
Velate (MB), Italy). CUR was accurately weighted (Mettler digital lab 
scale balance analytical AE166 Delta Range, max: 166 g, accuracy: 
0.0001 g, Mettler Instrument Corp., Hightstown, New Jersey, USA) to 
obtain 0.05 % w/w final concentration, and it was added to the molten 
lipid phase before the emulsification process. The emulsion was cooled 
under stirring (500 rpm, 30 min) till room temperature (RT). The pre-
pared emulsion was further homogenized by ultrasonication (Vibra 
cell™, Sonics & Materials, Newtown CT, USA, with amplitude 83 %) for 
1 min/mL to form CUR-loaded SLN, NLC and NE. The CUR-loaded nano 
dispersions were cooled down by vortexing (8000 rpm, Vortex-Genie 2, 
Scientific Industries, Bohemia, New York, USA) till RT and then stored at 
4 ◦C in light-protected sealed containers. 

2.2.2. In vitro occlusion test 
The occlusive properties of CUR-loaded and empty nanocarriers 

were determined using a modified in vitro occlusion test [27]. Beakers 
(capacity: 50 mL, internal diameter: 51 mm) were filled with tap water 

(40 mL), covered with cellulose substrate (CA Membrane Filter, 47 mm, 
0.45 um, Filter-Bio, Nantong, China), and sealed perimetrically with 
sealing film leaving the top surface free. 500 μl of each sample with 3% 
w/v lipid content (corresponding to 0.7 mg/cm2) was spread on the 
cellulose substrate. Each sample (S) was tested in triplicate while three 
beakers were left without applying any sample and used as reference 
(R). The beakers were stored at 32 ± 0.5 ◦C and 50–55 % of relative 
humidity (RH) for 48 h. The weight of each beaker was monitored 
immediately after sample application and at 6, 24, and 48 h of incuba-
tion. For the calculation of the occlusion factor F the (Eq. (1)) was used: 

F =

(
R − S

R

)

x100 (1)  

where, R and S are the weight difference of each beaker from the initial 
measurement representing water loss of the reference and sample 
respectively. According to Shrotriya et al. [28] in a scale of 100 an index 
of 0 shows no effect. F = 10 was set as the minimum accepted score. 

2.2.2.1. Scanning Electron Microscopy (SEM). The film forming capacity 
of the samples was monitored by scanning electron microscopy (SEM). 
Cellulose substrates after the occlusion test were sputter-coated with 
carbon in JEOL JEE-4B carbon – coater. Then, the samples were exam-
ined in a scanning electron microscope (JSM5600LV, JEOL, Japan), 
operating at an accelerating voltage of 25 kV. The chemical composition 
of the samples was analyzed based on EDS spectra of an Oxford In-
struments X-ray Energy Dispersive Spectrometer. The images of the 
cellulose substrate without any sample were used as reference [27,29]. 

2.2.3. In vitro release kinetics study 
In order to investigate the release behavior of CUR from nanocarriers 

the dialysis method described by Kumar et al. was used with minor 
modifications [30]. Dialysis of each sample was carried out through 
dialysis bag with high retention capacity (99.99 %) and a molecular 
mass cut off 12.4 kDa, (dialysis tubing, Sigma Aldrich, Darmstadt, Ger-
many). A mixture of PBS/EtOH (1:1, v/v) and 0.1 % L-ascorbic acid was 
used as the dissolution medium (pH = 5.5, citric acid 0.1 M). Before 
using them, the dialysis bags were soaked under continuous water flow 
for 30 min and then for 15 min under heated (50 ◦C) distilled water. An 
aliquot of 1.0 mL (equivalent to 0.5 mg CUR) freshly prepared CUR-SLN; 
CUR-NLC or CUR-NE dispersion was transferred into the dialysis bag and 
placed in a beaker containing 200 mL of dissolution medium. The bea-
kers were placed in a shaking water bath and maintained at 32 ± 0.5 ◦C 
throughout the experiment. Aliquots of 3 mL of the dissolution medium 
were withdrawn at the predefined time points (10, 30, 60, 120, 180, 
240, 480, 720, 1440, and 1920 min) and replaced by fresh medium. CUR 
concentration was determined by spectrophotometry, measuring UV 
absorbance at 425 nm (UV-1800, UV–vis Spectrophotometer, Shimadzu, 
Duisburg, Germany), and finally the percentage of released CUR was 
calculated against calibration curves. The experiment was performed in 
triplicate for all formulations tested. To study the release mechanism of 
CUR from prepared lipid nanocarriers, data obtained from in vitro 
release studies were fitted to various mathematical models [31] such as 
zero order, first order, Higuchi, Hixson-Crowell, Korsmeyer-Peppas, and 
Kopcha release kinetic equations (Table 2). The plotted experimental 
data were fitted using the linear regression fitting option of the Microsoft 
Excel and the regression coefficient (R2) was obtained for each graphical 
presentation. The value of the coefficient determines the most suitable 
mathematical model that describes drug release kinetics [32–35]. 

2.2.4. Photo-degradation studies 
The photostability of the three CUR-loaded nanocarriers (CUR-SLN; 

CUR-NLC; CUR-NE) was tested by photo-degradation studies. A hydro-
alcoholic solution (MeOH:WFI, 2:8 v/v) of free CUR (0.5 mg/mL) was 
used as control. All samples were sealed in 10 mL transparent vials and 
exposed to direct sunlight for a period of 22 days. The colloidal stability 

Table 1 
Composition of all investigated formulations in % (w/w) and lipid phase ratio.  

MATERIALS INCI NAME FUNCTION 

NANOCARRIERS 

SLN NLC NE 
Composition (% w/ 
w) 

Saboderm 
TCC 

Caprylic / Capric 
Triglyceride mix 

Liquid TG 0 0.5 1.5 

Softisan 100 Hydrogenated Coco- 
glycerides 

Solid TG 1.5 1 0 

Emulmetik 
900 

Lecithin Emulsifier 1.5 1.5 1.5 

Solutol HS 
15 

Macrogol (15)- 
hydroxystearate 

Non-ionic 
solubilizer & co- 
emulsifier 

0.05 

CUR Turmeric (Curcuma 
Longa dry extract) 

Biomolecule 0.05 

WFI Aqua Continuous phase 96.9  
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of the samples was assessed by exposing the dispersions to direct sun-
light and measuring their size distribution, polydispersity index (PdI), 
ζ-potential and CUR content before irradiation and at predetermined 
time intervals for a period of 22 days. The average hydrodynamic 
diameter (mean size), PdI, and ζ-potential of all samples were monitored 
by Dynamic or Electrophoretic Light Scattering (DLS or ELS), respec-
tively (Malvern Instruments Ltd., Malvern, UK) after their dispersion in 
WFI. The CUR content (mg/mL) of the samples was determined using 
UV–vis Spectroscopy (UV-1800, UV–vis Spectrophotometer, Shimadzu, 
Duisburg, Germany) [36–38]. 

2.2.5. Wound healing – scratch assay 

2.2.5.1. Cell culture. Normal skin fibroblasts (designated NIH3T3) were 
cultivated in monolayers using flasks (Nunc EasYFlask, 75 cm2, Fisher 
Scientific, Leicester, UK), and were incubated under usual culturing 
conditions of 37◦ C, 95 % RH and 5% CO2. The culture medium consisted 
of DMEM, 10 % FBS and antibiotics (P/S). When cultures were 80–90 % 
confluent, the cells were detached from the flask bottom after treatment 
with 0.25 % trypsin/EDTA in HBSS solution for 3− 5 min. Then, trypsin 
was deactivated by fresh medium addition. Confluent cell cultures were 
passaged by splitting process three times per week [39]. 

2.2.5.2. Scratch assay. After trypsinization, 3 × 105 cells/well were 
seeded in 24-well plates (Nunc EasYFlask, 75 cm2, Fisher Scientific, 
Leicester, UK) to grow in a monolayer for 48 h. Before the scratch cre-
ation, cells were submitted to a starvation process for 2− 3 hours under 
normal culturing conditions of 37 ◦C, 95 % RH and 5% CO2. The star-
vation medium consisted of DMEM supplemented only with antibiotics 
(P/S). Then a sterile plastic cell scratcher with 1 mm width (SPLScar 
Scratcher, SPL Life Sciences Co., Korea) was held vertically to scratch 
across in each well. The detached cells were removed by washing with 
500 μL DPBS. 1.0 mL of fresh medium with or without diluted samples of 
CUR was added afterwards and incubated for 48 h. Samples containing 
CUR in different dilutions (0.10, 0.30, 1.0, 3.0, 9.0, 30.0 μM) were 
examined: (a) CUR dissolved in DMSO (DMSO concentration did not 
exceed 1.0 % in each well), (b) CUR encapsulated in different lipid 
carriers (CUR-SLN; CUR-NLC; CUR-NE) and (c) empty nanocarriers 
(SLN; NLC; NE). Fresh medium with 2% FBS was used as positive con-
trol, while negative control was supplemented with 0.1 % BSA, instead 
of 2% FBS. Negative control was also used as diluent. The scratch closure 
was monitored at predefined time points (0 h, 24 h and 48 h) using a 
micro-camera (Soft Plus, Callegari, Parma, Italy) at 400x magnification 
and 640 × 480 resolution [39]. The percentage of wound closure was 

determined at predefined time points according to (Eq. (2)): 

(%)Wound Closure =

(
At0 – AΔt

At0

)

x 100% (2)  

Where, At0 is the initial wound area (Length x Width, t = 0), AΔt is the 
wound area after n hours of the initial scratch (Length x Width, t=Δt), 
both in mm2 [40]. 

2.3. Statistical analysis 

The results are reported as mean values ± standard deviation (SD) of 
measurements executed in triplicate. The statistical significance of dif-
ferences was determined using Student’s t-test (Microsoft Office 365 
Excel 2016, Redmond, WA, USA) and two-way ANOVA in Minitab 19 
Statistical Software (Minitab Ltd., Software Company, Coventry, UK) 
followed by Tukey’s post-hoc test for multiple comparisons. Statistical 
significance was accepted for p < 0.05. 

3. Results 

3.1. Occlusion efficacy 

3.1.1. In vitro occlusion test 
The occlusion index (F) was calculated for each nanocarrier after 6, 24, 

and 48 h of application of the formulation, setting F = 10 as the minimum 
accepted score (Fig. 1). None of the empty-nanocarriers scored F > 10, at 
6 h, while at 24 h only SLN achieved the highest score (F = 30.95 ± 5.63, 
p < 0.05) and continued to grow at higher levels (F = 36.18 ± 6.01, 
p < 0.005 at least up to 48 h (Fig. 1.a). CUR-SLN achieved high scores 
(F = 29.88 ± 10.74, p < 0.05) at 6 h that at 24 and 48 h were maintained at 
similar levels (p > 0.05) with SLN (F = 31.04 ± 7.34 and F = 31.78 ± 7.90, 
respectively) (Fig. 1.a). The F calculated for NLC and NE did not achieve 
scores above 10 at any time point indicating pour occlusive properties of 
the films. CUR-NLC did not differ significantly from NLC, while F for CUR- 
NE was significantly enhanced at every time point (p < 0.05) compared to 
NE but not significantly above F = 10 (Fig. 1.b,c). 

3.1.2. Scanning Electron Microscopy (SEM) 
The morphology of the films formed by each sample on cellulose 

substrate was assessed as per their integrity (appearance of holes) and 
their thickness (ability to hide the cellulose fibers) (Fig. 2). Films formed 
by both SLN and NLC appeared more intact and thicker in comparison to 
the ones formed by NE that seems to form less compact and more thin 
film. The incorporation of CUR ameliorates the quality of the film 
formed by each sample that appear more continuous and thicker. 

3.2. In vitro release study 

in vitro drug release study was performed for CUR-loaded nano-
carriers. The (%) cumulative CUR release was monitored at pre-
determined time points. The release profile of each nanocarrier is 
illustrated in Fig. 3. A burst biphasic profile [41] was observed for all 
CUR-loaded nanocarriers. Initially a rapid release of CUR was man-
ifested for the first 240 min, followed by sustained release until the end 
of the study (1920 min). Higher burst release was observed for CUR-NE, 
reaching 55.89 ± 1.94 % (p < 0.001), while only 31.32 ± 3.36 % for 
CUR-SLN and 37.14 ± 4.39 % for CUR-NLC was released at the same 
time point. At the end of the study (1920 min) the NE nanocarrier had 
released a 66.60 ± 3.82 % of CUR (p < 0.001), while at the same time 
point a 35.19 ± 1.60 % and 44.79 ± 4.16 % of CUR was released by SLN 
and NLC nanocarriers respectively. 

3.2.1. Release kinetics 
By fitting all models to release data, correlation coefficients (R2), 

release rate constants (A, B, K) and release exponent (n) values were 

Table 2 
Mathematical models used for the description of release kinetics.  

Model Equation Plot 

Zero Order 
Model 

Q0 - Qt = K0t, (i), (ii), (iv) cumulative % of CUR 
released vs. time 

First Order 
Model 

LogQt = LogQ0− K1t/2.303, (i), 
(ii), (iv) 

Log cumulative % of CUR 
remaining vs. time 

Higuchi Model Qt = KH t1/2, (ii), (iv) cumulative % of CUR 
released vs. square root of 
time 

Hixson-Crowell 
Model 

(Q0
1/3 - Q t1/3) = KHCt, (i), (ii), 

(iv) 
cube root of % CUR 
remaining vs. time 

Korsmeyer- 
Peppas Model 

Mt/M∞ = KKPtn → Log (Mt/ 
M∞) = logKKP + nLogt, (iii), 
(iv), (v) 

Log cumulative % CUR 
released vs. Log time 

Kopcha Model Qt = At1/2 + Bt, (ii), (vi), (vii) cumulative % of CUR 
released/time vs. 1/square 
root of time 

(i) Q0 : the initial amount of CUR in nanoparticles, (ii) Qt : the amount of CUR 
released at time t, (iii) Mt/M∞ : the fraction of CUR released at time t, (iv) K0, K1, 
KH, KHC, KKP: the model kinetic constant, (v) n: the diffusion exponent, (vi) A: the 
diffusion rate constant, (vii) B: the erosion rate constant. 
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obtained for all CUR-loaded nanocarriers and the results are shown in 
Table 3. Release kinetics analysis revealed that CUR release did not 
follow zero order, first order and Hixson-Crowell kinetic models, as the 
plotted release data presented low linearity (R2 values: less than 0.478, 
0.333, and 0.386, respectively) for all samples. 

It was also found that the in vitro CUR release from SLN and NLC 
nanocarriers was best explained by Kopcha’s equation, as the plots 
showed the highest linearity (R2 = 0.977, Fig. 4.a.(ii) & R2 = 0.850, 
Fig. 4.b.(ii)), followed by Korsmeyer-Peppas equation (R2 = 0.869, 
Fig. 4.a.(i)) & R2 = 0.856, Fig. 4.b.(i)). While CUR release from NE was 

Fig. 1. Occlusive Index (F) of ( ) empty and ( ) CUR-loaded (a), SLN (b), NLC and (c) NE, at 6, 24 and 48 h (*: p < 0.05, n = 3). F = 10 was set as the minimum 
accepted score. 
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Fig. 2. SEM images of the films created from the nanocarriers on cellulose substrate, observed under × 100 (a) or × 1200 (b) magnitude. Bar represents 500 μm (a) or 
40 μm (b). 

Fig. 3. In vitro CUR release profile from SLN ( ), NLC ( ) and NE ( ) nanocarriers in PBS:EtOH (1:1) + 0.1 % L-Ascorbic acid, pH = 5.5. (n = 3).  
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fitted best to Korsmeyer-Peppas model due to higher value of regression 
coefficient (R2 = 0.815, Fig. 4.c.(i)) compared to Kopcha’s model 
(R2 = 0.616, Fig. 4.c.(ii)). The K constant describes the rate of drug 
release (a high value indicates fast release [42]. The K values obtained 
(Table 3) indicate that CUR was released at similar rates for all lipid 
nanocarriers. Moreover, the value of exponent (n, indicative of the 
release mechanism) was found to be ranged between 0.380 for SLN to 
0.476 for NE, which are responsible for (pseudo) Fickian diffusion (n <
0.5) [35]. On the other hand, the ratio of A/B in Kopcha model was also 
determined (Table 3). The Kopcha kinetics model used to determine 
diffusional and erosional drug release. Fickian diffusion occurs when 
A/B > 1, and if it is lower than 1, the release is controlled by erosion. In 
the case of being equal to 1, both diffusion and erosion are important for 
release mechanism [43]. The value of A/B was ranged from -401.88 for 
SLN, 25.40 for NLC, and 14.47 for NE. The results suggested that CUR 
release from the nanocarriers depend on their physical state as its release 
from solid SLN was mainly controlled by the erosion of the nanocarrier, 
while in the case of the fluid state of the NLC and NE a similar 
diffusion-controlled release mechanism is operated. 

Table 3 
Release kinetics parameters obtained from model fitting of the in vitro release 
data of different CUR-loaded nanocarriers.  

Kinetic Model Parameter CUR-SLN CUR-NLC CUR-NE 

Zero Order 
R2 (i) 0.470 0.486 0.478 
K0 (ii) 0.012 0.017 0.024 

First Order R2 (i) 0.364 0.335 0.299 
K1 (ii) 0.001 0.001 0.001 

Higuchi 
R2 (i) 0.688 0.708 0.699 
KH (ii) 0.705 0.954 1.390 

Hixson-Crowell 
R2 (i) 0.406 0.389 0.364 
KHC (ii) − 0.001 − 0.001 − 0.001 

Korsmeyer-Peppas 
R2 (i) 0.869 0.856 0.815 
KKP (ii) 2.762 2.196 2.904 
n (iii) 0.380 0.455 0.476 

Kopcha 

R2 (i) 0.977 0.850 0.616 
A (iv) 1.688 1.247 1.502 
B (v) − 0.004 0.049 0.104 
A/B − 401.88 25.40 14.47 

(i) R2: correlation coefficient, (ii) K0, K1, KH, KHC, KKP: the model kinetic con-
stant, (iii) n: the diffusion exponent, (iv) A: the diffusion rate constant, (v) B: the 
erosion rate constant. 

Fig. 4. Fitting of (a) CUR-SLN, (b) CUR-NLC, and (c) CUR-NE release in pH 5.5 medium by (i) Korsmeyer-Peppas, and (ii) Kopcha release kinetic model.  
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3.3. Photo-degradation studies 

3.3.1. Size and ζ-potential 
The size and ζ-potential of the three CUR-loaded nanocarriers (CUR- 

SLN; CUR-NLC; CUR-NE) and free CUR solution were monitored by DLS 
or ELS, respectively before and during radiation at predetermined time 
intervals. At the beginning of the process (before radiation), the size of 
the CUR-loaded nanocarriers ranged from 107.54 ± 3.99 nm (CUR-NE) 
to 119.28 ± 2.77 nm (CUR-SLN) and the PdI ranged from 0.24 ± 0.01 
(CUR-NE) to 0.30 ± 0.06 (CUR-NLC) indicating good homogeneity of 
the dispersions. The ζ-potential was negative and its absolute value was 
high for all CUR-loaded nanocarriers (-66.20 ± 1.57 mV for CUR-NLC to 
-69.42 ± 9.09 mV for CUR-NE), indicating good colloidal stability. 

The radiation process of all CUR-loaded nanocarriers left their PdI 
and ζ-potential unaffected (p > 0.05), for at least 22 days, while their 
mean size differed significantly (p > 0.005) from the initial values 
(Fig. 5). The mean size of CUR-NE droplets was reduced by 16.23 % ±
1.43 % at 22 days of radiation. The same reduction was noted for CUR- 
SLN at 15th day (14.82 % ± 0.25 %) and for CUR-NLC at 8th day (14.13 
% ± 2.17 %). At 22nd day of radiation the mean size for CUR-SLN was 
significantly reduced by 22.73 % ± 3.05 % (p > 0.05) compared to CUR- 
NLC (19.27 % ± 3.61 %) and CUR-NE. 

3.3.2. CUR stability 
The CUR concentration of the CUR-loaded nanocarriers and control 

(CUR solution) was determined by spectrophotometry before and during 
radiation (Fig. 6). 

After the first day of radiation, the CUR concentration of the CUR- 
loaded nanoparticles was reduced by 17.5 % (SLN: 18.12 % ± 8.75 %, 
NLC: 17.15 % ± 17.79 %, NE: 17.25 % ± 12.16 %, p > 0.05)) and the 
reduction continued in the same manner for all samples, reaching about 50 
% at the 4th day and 85 % at the 8th day. The control on the other hand lost 
87.68 % ± 1.34 % of the CUR content only one day of radiation (Fig. 6). 

3.4. Wound healing – scratch assay 

The in vitro wound healing capacity of empty and CUR loaded 
nanocarriers compared with free CUR, was assessed by the percentage of 
scratch area reduction (wound closure) after 24 and 48 h of incubation. 
The treatment with empty nanocarriers at the same lipid concentration 
as CUR loaded nanocarriers showed that both SLN and NE had no effect 
or slightly negative effect after 24 h incubation (Fig. 7.a.(i), c.(i)), while 
the NLC nanocarrier differed significantly, presenting a reduction of the 
wound area by 16.73 % ± 2.86 % (p < 0.01) at 3.0 μM (Fig. 7.b.(i)). 
After 48 h the SLN at 0.1 μM, provided a 3.43 % ± 0.81 % reduction 
(p < 0.05), while NE had no further effect. The NLC nanocarrier 
continued the healing activity (27.99 % ± 2.01 % at 3.0 μM, p < 0.05), 

Fig. 5. Photo-degradation study monitoring (a) the mean size ( ) and PdI ( ) and (b) the ζ-potential of CUR-SLN ( , ),CUR-NLC ( , ), CUR-NE ( , ), before (t = 0) 
and during radiation for a period of 22 days., (** p > 0.005, n = 3). 

A. Liakopoulou et al.                                                                                                                                                                                                                           



Toxicology Reports 8 (2021) 1143–1155

1151

while higher wound closure was observed at lower concentration (40.37 
% ± 2.39 %, 0.3 μM, p < 0.05) (Fig. 8). CUR incorporation in SLN, NLC 
and NE seems to favor the healing effect at 24 h (4.06 % ± 0.93 %, 10.61 
% ± 0.37 %, 12.29 % ± 0.75 %, respectively; p < 0.005) at CUR con-
centrations up to 9.0 μM (Fig. 7. a(ii), b(ii), c(ii) respectively). Con-
cerning the CUR-NLC in particular, 48 h after incubation the wound 
healing at 0.1 μM reached up to 22.90 % ± 4.11 % (p < 0.05) and was 
similar (p > 0.05) to the highest free CUR healing activity observed at 
1.0 μM (34.90 % ± 9,58 %, p < 0.05) after 48 h incubation (Fig. 7.e). At 
24 h the free CUR had no effect regardless the concentration. 

4. Discussion 

Among other actions known so far, CUR effectively promotes wound 
healing at low doses either free [39] or incorporated in nanocarriers 
[44] as it is involving in the proliferation and migration of fibroblasts 
that is initiated at the second phase of wound healing. The comparison 
of the action of CUR free or incorporated in nanocarriers was not re-
ported previously. To investigate the effect on wound closure of CUR 
incorporation in nanocarriers, a wound healing scratch assay was per-
formed on fibroblasts (NIH3T3), because of their active participation in 
wound healing process [45]. Cells were treated with CUR free or 
incorporated in nanocarriers. Empty nanocarriers with the same lipid 
concentration as the CUR loaded nanocarriers were used as a control. 
The results of our comparative study revealed that although free CUR 
had a good healing action in accordance with the literature, it was clear 
that its incorporation in nanocarriers not only lowered significantly the 
dose needed but also had faster results, speeding the procedure by 50 %. 
While all CUR loaded nanocarriers had the same fast response, the 
necessary dose to achieve a wound closure comparable to the positive 
control (about 15 %) at 24 h varied significantly, revealing a relevance 
to the matrix fluidity of the nanocarrier. At this time point, a concen-
tration of CUR-NLC 0.3 μM had the same result in wound healing as 
1.0 μM for CUR-NE and 9 μM for CUR-SLN, while free CUR had no action 
at any concentration used. At the end of the wound healing scratch assay 
while CUR-NE and CUR-SLN had a slightly enhanced wound closure, 
CUR-NLC’s action was comparable to the free CUR’s reaching 35 % 

wound closure, with about 10 % lower dose. 
The difference between nanocarriers on the performance on would 

healing may be attributed to their differences on the release rate of the 
incorporated CUR, that followed a biphasic model. The initial rapid 
phase (burst release) that occurs due molecules trapped near the nano-
carrier surface [30] is followed by a more prolonged phase of slow 
release, attributed to low diffusion of the molecule through the lipidic 
matrix of the nanoparticles [46]. The sustained release profile of CUR 
loaded nanocarriers seems to be regulated by the state of lipid used on the 
nanoparticle matrix [47]. In accordance to these reports, our results 
suggested that better retention of incorporated CUR up to 60 % was 
achieved with nanocarriers with solid lipids (SLN) and reduced matrix 
fluidity (NLC), while nanocarriers with liquid lipids (NE) retained less 
than 40 % of CUR. Consequently, the matrix fluidity and the way of 
deconstruction of the nanocarrier affect the release kinetic of the 
encapsulated CUR. Although the early release of CUR in the high pH (7.4) 
environment of the scratch test assay do not favor the stability of the 
molecule [48] it may be useful in case of immediate control of the disease 
symptoms in target area, while for a prolonged treatment is necessary to 
maintain CUR concentration within a lower release rate [49,50]. 

Matrix fluidity influences the occlusion and the quality of the film 
that is formed on application surface. The occlusion effect is measured 
by the occlusion index F, which evaluates the ability of the formulation 
to form a lipid film on the skin [51]. The quality of this film is critical for 
the prevention of skin barrier, transdermal water loss and improvement 
of skin hydration [27,28]. According to the literature occlusion is 
affected by the particles’ size. The particles of small size create less gaps 
for water evaporation and therefore the skin maintains its hydration [24, 
25]. López-García & Ganem-Rondero reported that the effect of SLN and 
NLC dispersions present no difference and due to their size similarity, 
the liquid lipid of NLCs formulation has no effect on the occlusion [27]. 

According to our results, although all nanocarriers had a similarly 
small particle size, they exhibited a completely different occlusive 
ability. NLC and NE nanocarriers did not present a satisfactory effect. On 
the other hand, the higher occlusive index of more rigid nanocarriers 
such as SLN achieved better occlusive index, possibly attributed to the 
content of solely solid lipid in the formula [28], that due to the enhanced 

Fig. 6. Photo-degradation study of the three CUR-loaded nanocarriers CUR-SLN ( )),CUR-NLC ( ), CUR-NE( )] and free CUR ( ) solution monitoring the CUR 
content, before radiation and at predetermined time points for a period of 22 days. (n = 3). 
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crystallinity of the lipid matrix [52], may lead to the blocking of filter 
pores [53]. The faster occlusive properties that are developed after the 
incorporation of CUR in SLNs may be attributed to its possible influence 
the thermotropic properties of the lipid matrix and enhancement of the 
elasticity of the lipid film [54]. It appears that the formulations pro-
ducing compact and thick films exhibit relatively high occlusive indexes 
and that CUR improves the film quality and consequently the occlusive 
properties of the formulation. 

Finally, incorporation in all nanocarriers such as SLN, NLC or NE, 
seems to protect CUR against photodegradation. The protection capacity 

of the nanocarrier was found to be independent of the fluidity of the 
matrix as they were able to protect 82 % of the incorporated CUR after 
24 h exposure to daylight, while only 123% of free CUR was preserved at 
the same time. These results are in accordance to Alkhader et al. They 
report that, free CUR and CUR-nanoparticles were exposed to sunlight 
for 6 h. The results suggested that free curcumin was immediate 
degraded, while the 70 % of CUR was protected from degradation in case 
of CUR-nanoparticles [55]. 

Our results demonstrate that the fluidity of the nanoparticle matrix is an 
important parameter that should be taken into consideration at the 

Fig. 7. Effect of (i) empty and (ii) CUR loaded (a) SLN, (b) NLC, (c) NE, (d) (+) Control / Untreated, and (e) free CUR on the wound closure at 24 ( ) and 48 h 
( ). (n = 2). 
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designing of CUR nanocarriers as it is influencing the wound healing action 
of CUR. Apart from the size of the nanocarrier, the matrix with the suitable 
fluidity must be chosen depending on the desirable activity. High occlusion 
is necessary for the treatment of skin conditions such as psoriasis [56,57], 
while in others such as dermatitis a low occlusion is preferable [57,58]. 

5. Conclusions 

Nanotechnology may ameliorate the action of CUR enhancing its 
photostability and the pharmacological response as it can reduce the dose 
and time to achieve its action on wound healing. Characteristics of the 
nanocarrier such as the matrix fluidity must be carefully designed as it 
regulates the release rate of the incorporated molecule and the occlusion 
effect on the skin. Although the matrix fluidity seems to be irrelevant to 

the photoprotection that the incorporation in nanocarriers may offer to 
CUR, nanocarriers with low fluidity, such as SLN, may demonstrate better 
film forming capacity and occlusion index. Nanocarriers with medium 
matrix fluidity (NLC), apart from the long retention time that is similar to 
SLN’s, may demonstrate better wound healing properties. 
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Camargo, An image J plugin for the high throughput image analysis of in vitro 
scratch wound healing assays, PLoS One 15 (7 July) (2020) 1–14, https://doi.org/ 
10.1371/journal.pone.0232565. 

[41] J. Yoo, Y.Y. Won, Phenomenology of the initial burst release of drugs from PLGA 
microparticles, ACS Biomater. Sci. Eng. 6 (11) (2020) 6053–6062, https://doi.org/ 
10.1021/acsbiomaterials.0c01228. 
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