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A B S T R A C T   

For decades, animal models have been the standard approach in drug research and development, 
as they are required by regulations in the transition from preclinical to clinical trials. However, 
there is growing ethical and scientific concern regarding these trials, as 80 % of the therapeutic 
potential observed in pre-clinical studies are often unable to be replicated, despite demonstrating 
efficacy and safety. In response to this, Tissue Engineering has emerged as a promising alternative 
that enables the treatment of various diseases through the production of biological models for 
advanced biological assays or through the direct development of tissue repairs or replacements. 
One of the promising applications of Tissue Engineering is the development of three-dimensional 
(3D) models for in vitro tests, replacing the need for in vivo animal models. In this study, 3D skin 
equivalents (TSE) were produced and used as an in vitro model to test photobiostimulation using 
curcumin-loaded nanocapsules. Photodynamic biostimulation therapy uses photodynamic pro-
cesses to generate small amounts of reactive oxygen species (ROS), which can activate important 
biological effects such as cell differentiation, modulation of inflammatory processes and contri-
bution to cell regeneration. The PLGA nanocapsules (NC) used in the study were synthesized 
through a preformed polymer deposition method, exhibiting particle size <200 nm, Zeta potential 
>|30| and polydispersity index between 0.5 and 0.3. Atomic force microscopy analyzes confirmed 
that the particle size was <200 nm, with a spherical morphology and a predominantly smooth 
and uniform surface. The NC biocompatibility assay did not demonstrate cytotoxicity for the 
concentrations tested (2.5–25 μg mL− 1).The in vitro release assay showed a slow and sustained 
release characteristic of the nanocapsules, and cellular uptake assays indicated a significant in-
crease in cellular internalization of the curcumin-loaded nanostructure. Monolayer photo-
biostimulation studies revealed an increase in cell viability of the HDFn cell line (viability 134 %– 
228 %) for all LED fluences employed at λ = 450 nm (150, 300, and 450 mJ cm− 2). Additionally, 
the scratch assays, monitoring in vitro scar injury, demonstrated more effective effects on cell 
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proliferation with the fluence of 300 mJ cm− 2. Staining of TSE with hematoxylin and eosin 
showed the presence of cells with different morphologies, confirming the presence of fibroblasts 
and keratinocytes. Immunohistochemistry using KI-67 revealed the presence of proliferating cells 
in TSE after irradiation with LED λ = 450 nm (150, 300, and 450 mJ cm− 2).   

1. Introduction 

Tissue Engineering (TE) is one of the most important areas of research in present times, as it unites the principles of engineering and 
life sciences for the further development of biomaterials that are alternatives to biological systems and substitutes that can improve 
and restore tissue functions [1,2]. The principle of TE is incorporating cells into support to reproduce the three-dimensional structure 
of tissues, which can also restore the tissue’s physical, mechanical, and biological properties [3]. In the field of skin, TE has been used 
to develop skin substitutes that reproduce human skin. They are called equivalents or three-dimensional skin models used for implants 
and lesion repair [4,5]. 

Three-dimensional Skin Equivalents (TSE) are cellular culture matrices that reproduce skin functions and in vivo morphology. In 
addition to their use as substitutes for conventional grafts. TSEs have been used in testing new drugs and screening compounds to 
reduce the use of animals in research [6,7]. The proposal to develop a TSE arose from the possibility of culturing fibroblasts and 
keratinocytes in vitro, together with matrices that make up the skin. The first protocols date from the 70′s and use monocultures of 
keratinocytes or fibroblasts with a collagen-like matrix. Currently, the seeding of cell co-culture has been studied to produce a 
complete epidermis [8]. TSE can be used as human skin equivalent models in scientific and technological areas. In addition to their role 
as a substitute in the treatment of lesions. These models are important tools in studying skin-related diseases and injuries [8,9]. With 
the growing desire to reduce the use of animals in research, the search for alternatives is of great importance [6,10]. In this context, the 
use of TSEs for the development of 3D skin equivalents capable of mimicking tissue functions for safety and strength tests has shown to 
be a very promising area [11]. 

Photodynamic therapy (PDT) is a therapeutic modality that has been widely studied for the treatment of cancer and skin diseases, 
conventional treatments are mostly a combination of surgical interventions and pharmacological treatment, leading to severe side 
effects, such as hair loss. , nausea and weight loss, as is the case with chemotherapy, in addition, many of these therapies require the 
excessive use of antibiotics, which leads to yet another global concern, bacterial resistance [12–14]. Therefore, PDT presents itself as a 
less invasive alternative and, therefore, has great acceptance among patients and has proven to be very efficient due to its selectivity, 
versatility and therapeutic simplicity [15,16]. PDT has been widely studied for its application in treating several diseases featuring 
certain types of cancer. Its mechanism consists of the use of three components, a molecule capable of absorbing monochromatic energy 
at a specific wavelength, a compound called a photosensitizer (PS), an energy source (LASER or LED), and also molecular oxygen 
present in a microenvironment like our body [17,18]. The combination of these components leads to specific reactions and results in 
the production of highly reactive singlet oxygen and other reactive derivative oxygen species, which when in contact with specific 
targets can lead to death [15]. 

In this framework the Photobiomodulation therapy (PBT) or laser therapy consists of using low-intensity light sources to activate 
endogenous chromophores to generate cell regeneration activation and anti-inflammatory responses [2,19,20]. Studies demonstrate 
the benefits of this therapy, such as increased post-traumatic neuronal function, stimulation of neuronal growth, protective effects on 
post-ischemia cardiomyocytes, modulation of the immune system, bone tissue remodeling and repair, and nerve and muscle regen-
eration [2,2,21,21,22,22,23,23,24,24,25,25]. Studies also demonstrate effects of PBT on collagen production, fibroblast proliferation, 
extracellular matrix and reduced inflammatory response, and metalloprotease regulation, making it an alternative therapy for healing 
and tissue repair processes [26]. 

Although the initial objective of PDT is the production of high concentrations of ROS, which leads to cell damage, resulting in 
apoptosis and/or necrosis of pathogenic cells [27], studies indicate that the decrease in the density of excitation energy and conse-
quently a low ROS production can lead to a biostimulator response in cells, tissues or organs, similar to what already happens with PBT, 
activating metabolic ways, with cell growth, differentiation and regeneration responses [28,29]. 

Photosensitizer are chemical compounds classified as dyes (natural or synthetic) capable of absorbing light at a specific wavelength 
and then triggering a series of photochemical reactions resulting in the production of 1O2 and ROS [30]. In this context, curcumin is a 
natural compound that holds significant potential as a photosensitizer [31].Moreover, it has garnered considerable medicinal interest 
based on preliminary studies, showing its potential for the treatment and prevention of various pathologies, such as inflammatory, 
cardiovascular, neurodegenerative, and neoplastic diseases, while also exhibiting strong antioxidant action [32,33] The therapeutic 
versatility of curcumin stems from its broad regulatory capacity over molecular targets, including growth factors, transcription factors, 
cytokine receptors, enzymes, and genes responsible for cell proliferation and apoptosis [31]. 

The effectiveness of curcumin in in vitro and in vivo systems is directly related to its bioavailability, which is a problem, as its 
solubility in aqueous media is low and when in aqueous media, its inactivation occurs, in addition to having membrane permeability. 
Limited [34]. Therefore, several studies demonstrate the need to combine curcumin with pharmaceutical nanotechnology, that is, 
using a nanocarrier to protect and improve its bioavailability [35–37]. The development of nanocarriers containing these PS, aims to 
promote advantages, such as better solubility in biological media, as well as presenting reduced particle size, which provides passive 
accumulation in target tissues and reduces the concentration of PS needed for a therapeutic response similar to the free form of the PS 
[37]. In addition, nanocarrier systems offer more efficient drug transport, and the nanometric size promotes a passive accumulation 
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effect in pathogenic tissues. In addition, it has biocompatibility, which promotes a controlled and sustained release, reduces adverse 
effects inherent to the drug, and expands forms of administration [38]. Previous studies have demonstrated the release profile of 
curcumin associated with nanoparticles, indicating a controlled and sustained release over a long period of time [35,39]. 

Polymeric-coated nanoemulsions or polymeric nanocapsules (NC) stand out among nanocarriers. Their advantages range from 
their prolonged stability, low cost of obtaining and their ability to promote a controlled release. It is also possible to observe their 
ability to encapsulate actives with distinct solubility, making them biocompatible and biodegradable [40–42]. 

In this context, our work developed a 3D skin equivalent as an alternative to animal use in trials, to evaluate the proliferative effect 
of applying polymeric nanocapsules with curcumin photodynamic biostimulation therapy (PDBT). At the same time, polymeric 
nanocapsules with curcumin were developed and characterized for use in cell proliferation PDBT assays. 

2. Materials and methods 

Acetone, Phospholipids (soy phosphatidylcholine), Soy Oil, PLGA copolymer, Curcumin, Kolliphor P188 (non-ionic surfactant), 
Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal bovine serum (FBS), Ampicillin/streptomycin, HDFn ATCC® PCS-201-010™, 
HaCat-Cell Lines Service, NIH/3T3 ATCC® CRL-1658™, EnSpire® microplate reader (PerkinElmer, USA), Resazurin solution, 
Microplate reader EnSpire® (PerkinElmer, USA), Table LED (IrradLED/Biopdi, São Carlos, SP, Brazil), Hematoxylin, Eosin, Ki-67 
antibody (Abcam ab16667), 4 % paraformaldehyde, PBS buffer, Glycine, Triton X-100, DAPI (4′,6-diamidino-2-phenylindole),TCS- 
SP8 confocal laser microscopy (Leica Microsystems). 

2.1. Synthesis of curcumin nanocapsules 

The curcumin nanocapsules (Curc/NC) were prepared according to a nanoprecipitation or interfacial deposition of the preformed 
polymer method described by Fessi 1989 [43] with modifications by Siqueira-Moura 2013 [27]. This method is responsible for the 
spontaneous formation of nanometric oil droplets with polymeric membrane coating. Briefly, the organic phase using acetone was 
prepared containing phospholipids (soy phosphatidylcholine 1.75 %), oil (1.67 %), PLGA copolymer(0.75 %) and curcumin (Curc) at 
40 ◦C. Subsequently, this solution was added to the aqueous phase containing Kolliphor P188 (1.25 %) as a non-ionic surfactant. The 
organic solvent was completely removed by rotary-evaporation under reduced pressure at 40 ◦C. 

2.2. Particle size, zeta potential and physical-chemical stability 

The particle size, PdI, and Zeta potential, were measured using the particle analyzer Zetasizer, Nano ZS90 Malvern model, oper-
ating at 633 nm and adjusted to detect a scattering angle of 90◦. 

2.3. Accelerated stability 

The stability of the Curc/NC and Unload/NC dispersions was analyzed using a dispersion analyzer called the LUMiSizer 611, 
manufactured by LUM GmbH in Berlin, Germany. The analyzer employed STEP Technology (Space and Time resolved Extinction 
Profiles) to conduct the study. This technology allowed for the simultaneous registration of transmitted light intensity (at 880 nm) as a 
function of both time and position over the sample. The measurements were conducted at a constant temperature of 25 ◦C. The 
transmission profile was recorded every 65 s over a period of 476 min, with the rotation speed set at 3618 rpm. To perform the an-
alyses, specific cuvettes with a radius position of 129.5 mm were utilized. 

2.4. Atomic force microscopy 

The atomic force microscopy (AFM) is able to scan high-resolution tridimensional images of the topographic surface of the analyzed 
material. Images were obtained using the tapping mode technique performed with a Scanning Probe Microscope SPM-9600 (Shi-
madzu, Kyoto, Japan) controlled by SPM Online software. A droplet of the NC and Curc/NC samples were deposited on a freshly 
cleaved mica surface and naturally dried. The images were acquired using the tapping mode technique, with a silicon cantilever 124 
μm in length. The resonance frequencies ranged from 324 to 369 kHz, and the spring constants varied from 34 to 51 N m− 1. 

2.5. Cell culture human fibroblasts HDFn and keratinocytes HaCat 

We used Primary Normal Human Dermal Fibroblasts, Neonatal (HDFn ATCC® PCS-201-010™), Keratinocytes (HaCat-Cell Lines 
Service), and a commercial fibroblast cell line obtained from a mouse NIH/Swiss embryo (NIH/3T3 ATCC® CRL-1658™). Cells were 
grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) (Gibco, New York, USA) 
and 20 μg mL− 1 ampicillin/streptomycin (USB Corporation). Cultures were maintained at 37 ◦C in a humidified atmosphere of 5 % 
CO2. Upon reaching total confluence, these cells were utilized as biological models for cytotoxicity and photomodulation studies. 

2.6. Uptake cells study 

The cell uptake assay was performed using the commercial cell lines HDFn ATCC® PCS-201-010™, HaCat-Cell Lines Service, and 
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NIH/3T3 ATCC® CRL-1658™. The cells were cultivated following the protocol in section 2.5 until reaching confluence. Cells were 
seeded into 24 wells at a density of 3 × 104 cells/well. Curcumin-loaded nanocapsules (Curc/NC) were used for the test at concen-
trations of 5 and 25 μg mL− 1. The incubation times were 3, 6, and 24 h. After the incubation, the cells were washed with 1x PBS to 
remove Curc and Curc/NC that were not taken up by the cells. Finally, fluorescence analysis was performed using an EnSpire® 
microplate reader (PerkinElmer, USA) with excitation wavelength at 415 nm and emission at 540 nm. 

2.7. Cytotoxicity assay using resazurin test 

NIH/3T3 ATCC® CRL-1658™ cell line was seeded into a 96-well plate (5 × 103 cells/well). After 24 h Unloaded/NC and Curc/NC 
were added at a concentration range of 2.5–25 μg mL− 1 using mean DMEM for dilutions and incubated for 3 h. After 24 h of treatment, 
20 μL of Resazurin solution (25 μg mL− 1 in PBS) and 180 mL of DMEM phenol-red free were added and incubated for 4 h. Afterwards, 
the wells analyses were carried out in the microplate reader EnSpire® (PerkinElmer, USA) in 570 nm and the basal absorbance was 
corrected in 590 nm. The percentage of viable cells was calculated following Equation (1). 

viable cells (%)= (O.D.sample / O.D.control) × 100 (1)  

2.8. Photobiostimulation in monolayer monitoring cell proliferation using colorimetric method with resazurin after irradiation 

The Hacat and HdFn cell lines were cultivated according to the protocol described in section 2.5 until they reached confluence. 
Then, they were plated in 24-well plates and incubated for 24 h. After which time the plates were incubated with Curc/NC at a 
concentration of 5.0 μg mL− 1 for 3 h and a control containing only culture medium. After incubation the cells were washed with 1x PBS 
and culture medium without phenol red was added. Then, irradiation was carried out using a table LED as the light source (IrradLED/ 
Biopdi, São Carlos, SP, Brazil) with energy doses of 150, 300 and 450 mJ cm− 2. In the sequence, 48 h after the irradiation, the 
colorimetric method with resazurin described in the section was used to assess cell proliferation after photobiostimulation. 

2.9. Photobiostimulation in monolayer culture: evaluation of cell migration after induction of cicatricial lesion in vitro 

For the cell migration assay, the protocol described by Premarathna et al. [44], was used with modifications. Hacat and HdFn cell 
lines were cultured according to the protocol described in section 2.5 until reaching the confluence. Then, they were plated in 24-well 
plates and incubated until they reached 100 % confluence. Once cell confluence was reached, a groove was made with the help of a tip 
of 1000 μL sterile plastic (pipette tip width approximately 800 μm) that was gently pulled across the coverslip surface in all wells. After 
slotting the plates were incubated with Curc/NC at a concentration of 5.0 μg mL− 1 for 3 h and a control containing only culture 
medium. After incubation the cells were washed with 1x PBS and culture medium without phenol red was added. Then, irradiation was 
performed using the LED table (IrradLED/Biopdi, São Carlos, SP, Brazil) with energy doses of 150, 300 and 450 mJ cm− 2. A microscope 
calibration ruler and photomicrographs were used to monitor the closure of the slots as a function of time (0; 1 h; 6 h; 24 h; 48 h). 

2.10. Preparation of three-dimensional skin equivalents (TSE) 

TSEs were prepared from dermal equivalents (DE) following the protocol described by Ref. [45] with an improvement for the 
production of three-dimensional skin equivalents (TSE) based on the protocols described by Ref. [46]. In summary, initially the fi-
broblasts and type I collagen are mixed and added to a Petri dish for the formation of the ED. After 4 days of preparation, the EDs were 
transferred to 6-well plates and HaCat cells were added to the EDs at a density of 2 × 105 cells/ED and incubated for 1 h. Thereafter, the 
culture medium containing Hacat was removed and DMEM with 10 % FBS was added. The medium was replaced with fresh medium 
every other day. The effects of the formation of the three-dimensional network and tissue layers of the TSE were monitored by 
high-resolution microscopy. 

2.11. Hematoxylin and eosin (HE) stain 

The samples were stained with hematoxylin and eosin (HE) intercalated with water and applied to star frost slides to evaluate cell 
morphology. Histological images were captured with an optic microscopy. 

2.12. Immunohistochemistry 

Immunostaining was performed 24 h after the irradiation, using the Ki-67 antibody as a marker (Abcam ab16667). TSEs were 
washed twice with PBS (1x) and fixed with 4 % paraformaldehyde diluted in PBS buffer (1x) for 20 min on ice. Subsequently, the TSEs 
were washed 2 times with PBS (1x) containing 100 mmol L− 1 glycine (Sigma) and permeabilized with 0.1 % Triton X-100 (Sigma) 
diluted in PBS (1x) for 10 min at room temperature. The TSEs were then washed twice with PBS (1x). Soon after, the TSEs were 
incubated with the primary antibody, Ki-67 (Abcam) (diluted 1:5 in blocking solution) for 3 h, in a humid chamber, at room tem-
perature. TSEs were washed 2 times with PBS (1x). Subsequently, samples were incubated with the secondary antibody (DAPI (4′,6- 
diamidino-2-phenylindole) for 1.5 h at room temperature. Slides were observed in TCS-SP8 confocal laser microscopy (Leica 
Microsystems). DAPI and Ki-67 were detected at excitation/emission 405/461 nm and 638/650 nm respectively. 
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2.13. Statistical analysis 

The results of experiments from sessions 3.4, 3.5 and 3.6 were performed in triplicate and expressed as mean ± standard deviation 
(SD). Data from the treated groups were compared to the respective negative control experiments. Statistical analyzes were performed 
using one-way analysis of variance (one-way ANOVA). Significant comparisons between groups were performed using Tukey’s t-test 
and post-test for multiple comparisons (*p < 0.05). 

3. Results 

3.1. Particle size, zeta potential and physical-chemical stability 

The dynamic light scattering (DLS) technique was used to determine size distributions, polydispersity index, and electrophoretic 
measurement. All analyses were carried out on unload/NC and Curc/NC samples. Table 1 presents the results expressed as mean ±
standard deviation. The unloaded NC and Curc/NC results showed adequate particle size <250 nm (from 130.58 ± 30.3 nm to 106.3 
± 48.4 nm) and high values for Zeta potential (from − 45.0 mV to − 43.5 mV) were observed. The polydispersity index values (0.78 and 
0.46, respectively) denote the tendency of the polydisperse system, however, this was only 97 days after synthesis. 

3.2. Accelerated stability 

The evaluation of nanomaterials plays a crucial role in optimizing their properties and applications. LUMiSizer® is a monitoring 
tool used to assess the separation performance of colloidal dispersions. It employs centrifugal separation analysis to record trans-
mission profiles, which represent the variation of transmitted light over time and space during the separation process. By analyzing 
these profiles, valuable information about the kinetics of the separation process is obtained. Specifically, the migration speed of 
particles can be calculated, and this parameter is directly linked to the particle size distribution. Consequently, it becomes possible to 
estimate the stability of nanocrystals (NCs) based on these data [41,47,48]. In Fig. 1, the transmission profiles of two samples are 
shown: Curc/NC and Unloaded/NC samples. 

The LUMiSizer® also provides quantitative instability index data. This parameter is calculated based on the increase in trans-
mission when there is phase separation by the sedimentation or creaming processes in each separation time, divided by the maximum 
clarification. Table 2 presents the obtained indexes, which is a dimensionless number, ranging from 0 (mostly stable) to 1 (mostly 
unstable), and Fig. 1 (A,B) show the transmission profile of the Curc/NC and Unloaded/NC [48]. 

3.3. Atomic force microscopy 

The three-dimensional AFM topographic analysis of Curc/NC (Fig. 2A) and Unloaded/NC (Fig. 2B) showed clear images of the 
spherical particles. The results also demonstrate a morphology with an absence of roughness on the surface and a tendency of drug 
interaction within the particles. From the topographic profile, it was possible to measure the average particle size of 126 nm for Curc/ 
NC and 144 nm for Unloaded/NC. These values are near to DLS data previously obtained for hydrodynamic analyses. 

3.4. Uptake cellular assays 

Cellular uptake studies are essential to understand the potential biodistribution and intracellular delivery of therapeutic agents, as 
well as to evaluate the safety and efficacy of new drug delivery systems. Cellular uptake studies were performed using the three cell 
lines (NIH-3T3, HdFn, and HaCat), the results are shown in Fig. 3A,B,C. 

3.5. Cytotoxicity assay using resazurin test 

Cell viability and cytotoxicity studies of nanomaterials and new compounds are important for future clinical applications. Fig. 4 
shows ≥100 % cell viability results, which confirm the absence of cytotoxicity for all tested concentrations of Curc/NC, including 
Unloaded/NC 50 % (v/v). From these results, the concentration of 5 μg mL− 1 of Curc/NC was chosen for the Photobiostimulation 
assay. 

3.6. Photobiostimulation in monolayer monitoring cell proliferation using colorimetric method with resazurin after irradiation 

The monolayer photobiostimulation study was performed using commercial cell lines of human neonatal HDFn dermal fibroblasts 

Table 1 
Data of particle size, PDI, and zeta potential of NC formulations.  

Zeta Potential (mV) PdI Particle size (nm) Sample 

− 45.0 ± 4.7 0.78 ± 0.3 130.6 ± 30.3 Unloaded NC 
− 43.5 ± 5.4 0.46 ± 0.1 106.3 ± 48.4 Curc/NC  

C.F. Amantino et al.                                                                                                                                                                                                   



Heliyon 10 (2024) e32808

6

to find a protocol for future studies in TSE. In the studies we used 150, 300 and 450 mJ cm− 1 and Curc/NC at a concentration of 5.0 μg 
mL− 1 was used. Fig. 5 shows the representation of the data obtained 48 h after irradiation. 

3.7. Photobiostimulation in monolayer monitoring: evaluation of cellular migration after induction of in vitro cicatricial lesion 

For monolayer photobiostimulation studies evaluating cell migration after induction of scar lesion, we used HaCaT human kera-
tinocyte lines, LED doses of 150, 300 and 450 mJ cm− 1, and Curc/NC at a concentration of 5.0 μg mL− 1 (incubated for 3 h). Images of 
monitoring were performed as shown in the micrographs below (Fig. 6). The mimetic lesion closure (scratch) measurement was 
performed with a microsection ruler to monitor the kinetics of groove closure. 

3.8. Three-dimensional skin equivalents (TSE) in vitro 

To obtain the DE the fibroblast was used in addition to collagen type-I solution, and the 3D matrix construction was used to obtain 
the DEn. Collagen is the main functional and structural protein present in the extracellular matrix of the human dermis. Among natural 
materials, collagen is the most used for clinical studies for developing Tissue Engineering. This is because collagen has low immu-
nogenicity and biocompatibility, which means that its use is safe and effective in the production of DEs. In addition, the pores formed in 
their structures provide a microenvironment that favors cell adhesion, migration, and proliferation in protocols that allow co-culture 
[49–51]. After 4 days of DE development (Fig. 7A), keratinocytes were added to form the TSE (Fig. 7B and D). Fig. 7B shows the TSE 
after 4 days of its preparation, we can observe the formation of the keratinocyte layer. 

3.9. Immunohistochemistry 

Hematoxylin and eosin were used to stain the presence of cells in TSE and to show the morphological difference between 

Fig. 1. Transmission profiles obtained with Curc/NC (A) and unloaded/NC samples (B) by forced stability analysis during analytical centrifugation. 
The first and the last registered profiles are shown in red and in green, respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 2 
Instability index of Curc/NC and Unloaded/NC, measured after production stored at 25 ◦C.  

Instability Index Storage Temperature [◦C] Scheme. 

0.042 25 Curc/NC 
0.240 25 Unloaded/NC  
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keratinocyte and fibroblast cell lines (Fig. 7C). 
The Ki-67 antibody is widely used to label proliferating cell nuclei in healthy and tumor cell populations to measure cell prolif-

eration in the TSE 12 days after its preparation and 24 h after irradiation. DAPI was also used for nuclear labeling (Fig. 8) 
Using the ImageJ software, it was possible to obtain quantitative data to compare the expression of Ki-67 between the TSE 

incubated with Curc/NC and its control at different doses of energy. The data were statistically analyzed, and the result is shown in 
Fig. 9. 

4. Discussion 

Obtaining reliable data so nanoparticles can be properly characterized is extremely important, as the behavior of nanomaterials in a 
biological environment is directly related to their physicochemical properties [52,53]. Dissolution, toxicity, and cellular uptake are 
some of the many biological effects for which nanomaterials’ particle size and surface charge (Zeta potential) are responsible. Together 
with the polydispersity index (PDI), they are used to monitor the stability of colloidal nanomaterials [53]. The particle size ≤250 nm, 
allows for routes of administration to be expanded, and promotes the effect of passive accumulation in injured tissues. In this way we 
can have a selectivity for treating various diseases. The PdI is an index that characterizes how homogeneous and dispersed the sus-
pended particles are. The index ≤0.3 ensures that the formation of agglomerates, and consequent changes in particle size, occur less 
frequently [54]. 

The results show the average particle size within the defined size (<250 nm) for both Curc/NC and NC/Empty. However, this was 
not found below the index corresponding to 0.3. This is because a small population of particles with sizes between 300 nm–2000 nm 
are present in the Curc/NC and NC/Empty formulations, which causes the PdI to be between 0.5 and 1, well above the defined 
standards. However, in both formulations, physicochemical characteristics for both samples (Curc/NC and NC/unloaded) were 
observed during the 97-day follow-up, showing particle size in size dimensions (<200 nm) to more than 90 % of the particles present in 
the formulation. The Zeta potential is within the target profile of ≥ |-30| mV, which represents a surface with predominantly negative 
residual charge, a common characteristic of nanomaterials obtained with coatings of copolymers of the polyoxypropylene class and 

Fig. 2. Two and Three - dimensional photomicrography of topographic morphology profile of Curc/NC (A) and Unloaded/NC (B).  
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polylactic acid derivatives, due to the exposure of highly electronically charged groups. In addition, this surface charge, predominantly 
negative, helps to prolong the stability of the formulation due to the high repulsion between particles. 

LUMiSizer® analysis indicated that stable colloidal dispersions exhibit transmission profiles in a "flat bed" configuration, where the 
first and last transmission profiles are very close, constant over time, and distributed throughout the sample. The first profiles are 
represented in red, and the last one in green [55,56]. While less stable particles show a stepped profile due to instability phenomena 
(sedimentation, flotation, or creaming), resulting in different sedimentation rates and observed differences in the first and last 
transmission profiles ([55,56]. In Fig. 1A, it can be observed that Curcu/NC has a "flat bed" profile, indicating high stability. 

Fig. 3. Cell uptake study using NiH-3T3 (A), HdFn (B) and HaCat (C) cell lines (mean and standard deviation) Statistical significance was deter-
mined by the One-way ANOVA analysis of variance test followed by the Tukey post-test t-test for multiple comparisons (*p < 0.05) for n = 3. 

Fig. 4. Cytotoxicity study with determination of cell viability) in NIH/3 cell viability T3 murine fibroblasts using resazurin test, where CT = control 
with DMEM only, and unloaded/NC = 50 % (White) by volume of the formulation without active. Statistical significance was determined by the 
One-way ANOVA analysis of variance test followed by the Tukey post-test t-test for multiple comparisons (*p < 0.05) for n = 3. 
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Fig. 5. Photobiostimulation assay showing the effect of laser application (150–450 mJ cm− 2) on the cell viability of human dermal fibroblasts 
incubated with Curc/NC 5.0 μg mL− 1 (white); CT = control (black), 48 h after irradiation. The statistical significance of the differences between 
irradiation doses was determined by the One-way ANOVA analysis of variance test followed by the Tukey t-test post-test for multiple comparisons 
(*p < 0.05. Each SEM represents the standard deviation (±SD) for n = 3. 

Fig. 6. Photomicrographs for monitoring wound closure shortly after irradiation at doses of 150, 300, and 450 mJ cm− 2, at time 0 and 48 h after 
irradiation. 

Fig. 7. Photomicrographs of (A) Dermic equivalents (B) Three-dimensional skin equivalents (C) TSE stained with hematoxylin and eosin and (D) 
TSE formed disc. 
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Additionally, quantitative data in Table 2 show a stability index of approximately 0.042, where a value closer to 0 indicates higher 
stability, and closer to 1 indicates lower stability. Therefore, it can be concluded that Curc/NC exhibits stability for at least 12 months 
when stored at 25 ◦C. On the other hand, NC/undischarged showed differences between the first and last transmission profiles 
(Fig. 1B), displaying a slightly stepped configuration, which may indicate some instability over time. Quantitative data show an index 
of approximately 0.240 (Table 2), closer to 0 than 1, indicating a certain level of sample stability. 

The cellular uptake of nanomaterials occurs through the endocytosis mechanism (Fig. 3). In the case of NC, where the particles are 
in a liquid state, this process occurs more specifically through pinocytosis [57,58]. The mechanism of pinocytosis occurs when NC 
particles approach the cell membrane, this membrane begins a process called invagination where the membrane organizes itself 
around the particles until it separates from the membrane and forms a vesicle inside the cell [57,59]. The efficiency of cellular uptake is 
determined by the physical characteristics and interfacial characteristics (NPs) of the nanoparticles. Furthermore, particle size, 
morphology and surface characteristics such as surface charge and hydrophobicity can also influence absorption pathways. Cell 
membrane properties and NP interactions with the biological environment also greatly influence cellular uptake [57]. Cellular uptake 

Fig. 8. Ki 67 expression in TSEs after incubation with Curc/NC and irradiation with energy doses of 150, 300 and 400 mJ cm− 2 with their respective 
controls (without Curc/NC). The image is from the top view of the TSEs. 

Fig. 9. Quantitative data for Ki-67 expression by TSE incubated with Curc/NC and the irradiated controls at 150, 300 and 450 mJ cm− 2. The 
statistical significance of the differences between irradiation doses was determined by the One-way ANOVA analysis of variance test followed by the 
Tukey t-test post-test for multiple comparisons (*p < 0.05. Each SEM represents the standard deviation (±SD) for n = 3. 
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of curcumin was significantly improved when performed in NC (Fig. 3), both for the concentrations and incubation times tested, and 
was used in all cell lines in this study. Previous studies show that curcumin, when associated with a system containing PLGA, has a 
release time from the first 60 min [60], which indicates that the 3-h incubation time used for in vitro assays is sufficient for curcumin 
uptake. This can be explained by the submicrometric (nanometric) size of Curc/NCs, as well as their spherical morphology, proven in 
the MFA assay (Fig. 2A/B), which also favors cellular uptake due to their symmetry and maximum increase in surface area [61]. 
Furthermore, several studies prove the improvement in the efficiency of therapies using nanostructured curcumin, which in addition to 
improving its bioavailability, also protects curcumin against its degradation that occurs in an aqueous environment [34,37]. The 3-h 
incubation time was chosen because it had significant uptake and caused less damage and cellular stress from the assay. After statistical 
analysis of the cytotoxicity study (Fig. 4) using the One-way ANOVA protocol followed by the Tukey t-test post-test, it was observed 
that there was not any statistical difference between all the samples tested concerning the control. This means there was no significant 
cell death for any of the samples incubated with different concentrations of the formulation under study after incubation at 3 h. Thus, it 
can be stated that both Curc/NC and NC/unloaded are very biocompatible with the cellular model used in this test, therefore giving 
support for subsequent studies of photobiostimulation considering the concentrations of Curc/NC used. 

The results of the photobiostimulation assay showed notable cell viability, with values between 135 % and 228 %. These results 
demonstrate a clear trend towards increased cell proliferation after the application of different doses of irradiation (150, 300 and 450 
mJ cm− 2). Furthermore, the results demonstrate a synpergic effect of PBT and Curc/NC, where they play a significant role in increasing 
cell proliferation. Curcumin is known for its antioxidant, anti-inflammatory and health-promoting properties. Recent studies have 
highlighted its potential in regulating cell proliferation, including bone proliferation processes [62]. The monolayer photo-
biostimulation study using in vitro wound closure monitoring (scratch assay) shows that doses of 300 and 450 mJ.cm-2 (Fig. 6) 
incubated with Curc/NC present wound closure with reduced times, compared to control. Previous studies show that the association of 
a PS and laser therapy has an important role in increasing cell migration [63], in addition, as previously mentioned, curcumin has a 
very important role in cell regeneration [62], with this we can highlight that the synergistic effect between Curc/NC and PBT provided 
an increase in wound closure kinetics, due to greater cell migration and proliferation. 

The objective of obtaining a TSEs (Fig. 7D) was achieved using the already studied DE [45] as a starting point. In Fig. 7B it is 
possible to observe the formation of the keratinocyte layer on the fibroblast layer in the DE (Fig. 7A), comparing to previous studies 
with DE where there is no presence of cell co-culture [45,64], we observed that in the model in Fig. 7A there is a beginning of the 
formation of the epithelial layer characteristic of the skin’s natural protection, for example, the basal layer of the epidermal stratum. 
HE studies (Fig. 7C) showed the presence of cells with different cell morphologies, confirming the formation of TSE by fibroblasts and 
keratinocytes. 

The results of Ki-67 immunohistochemistry show the expression of this marker in all samples, indicating the presence of prolif-
erating cells within the three-dimensional skin models (TSE). Ki-67 is widely recognized as a reliable marker for identifying cells in the 
active phase of the cell cycle, excluding those at rest (G0 phase), making it a valuable tool for evaluating proliferative activity in 
different biological contexts. Statistical analysis of the data revealed that only the highest dose of irradiation (450 mJ.cm-2) showed a 
significant difference in Ki-67 expression between the control group and the group treated with Curc/NC. This result suggests that PBT 
combined with curcumin in nanocapsules had a more pronounced effect on cell proliferation compared to the control, especially at the 
higher energy dose. However, we can observe that even at the highest energy dose the statistical difference was significant, there was a 
tendency for increased proliferation in response to increased irradiation doses, when incubated with Curc/NC. This suggests that even 
lower doses of irradiation may influence cell proliferation. These results further highlight the synergistic potential of PBT and Curc/ 
NC, in promoting cell proliferation, using a more complex model than monolayer assays, further proving that TSEs can be used as an 
important tool in the study of efficacy and safety of various therapies related to skin diseases. 

Future studies could evaluate the use of curcumin nanocapsules combined with photobiostimulation therapy in in vivo study 
models, aiming to better understand the synergistic effect of Curc/NC and PBT on tissue regeneration and immune response. 
Furthermore, its application could be explored in different clinical contexts, in the treatment of skin lesions and inflammatory diseases, 
and even to promote bone regeneration. However, although this study provides a very important and solid basis, it is necessary to 
consider that there are limitations, including the need for studies in animal models. This research is essential to ensure the safety and 
effectiveness of these interventions in the future. 

5. Conclusion 

Based on the results obtained in this research, we can conclude that it is possible to develop a nanostructured polymeric formulation 
(nanocapsules), containing Curcumin, which shows high physicochemical stability during the 97-day follow-up period. MFA analyses 
agree with DLS analyses showing particle size <200 nm in addition to spherical morphology with smooth surface and absence of 
porosity. The cellular internalization assay shows a significant uptake of curcumin when nanostructured compared to its free form. It is 
possible to observe a better cell uptake with only 3 h of incubation. The monolayer cytotoxicity assay shows cellular biocompatibility 
with the cell line tested for all concentrations of formulations evaluated, including empty nanocapsules at a rate of 50 % v/v. In vitro 
photobiostimulation studies showed very promising results, demonstrating a potential photobiomodulatory effect of Curc/NC when 
cellular viability of the HDFn was monitored (>137 % for all LED doses). Concurrently, the methodology for monitoring the closure of 
lesions and external cells in the HaCaT keratinocyte cell line highlighted that the dose of 300 and 450 mJ cm− 2 associated with Curc/ 
NC 5.0 μg mL− 1 showed the most pronounced kinetic effect (proliferative behavior). Three-dimensional skin equivalents were inte-
grated using co-cultures of HdFn and HaCaT. The monitoring by photomicrography proved successful in the formation of multiple cell 
layers in a tridimensional environment. In addition to it being possible to observe the formation of the keratinocyte layer (HaCaT) on 

C.F. Amantino et al.                                                                                                                                                                                                   



Heliyon 10 (2024) e32808

12

the upper part of the TSE, the cells stained with hematoxylin and eosin showed two distinct cell morphologies, which evidenced the 
presence of keratinocytes and fibroblasts in the TSE composition, and consequently the formation of multiple tiers (epidermal basal 
skin layer). Immunohistochemistry showed Ki-67 expression for all TSE samples, which means the presence of proliferative cells, thus 
supporting the use of TSE as an excellent in vitro model in the study of various diseases and their potential treatments. Furthermore, Ki- 
67 expression was much more significant in TSE incubated with Curc/NC, evidencing the biostimulatory potential of curcumin 
nanocapsules. 
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