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Abstract

:

Background: Deer placenta extract (DPE), rich in bioactive macromolecules, promotes regenerative effects in both normal and damaged cells. However, effective delivery of these macromolecules through the skin remains a challenge. Objectives: To investigate the potential of DPE in regenerating hair cells and to develop a nanoniosome (NS) and microspicule (MS) formulation as a promising transfollicular delivery system. Methods: The bioactivity of DPE was assessed in human follicle dermal papilla (HFDP) cells, including cells damaged by chemotherapy. The NS-MS formulation was designed to deliver biomacromolecules from DPE into skin and hair follicles. Results: DPE at 2000 µg/mL exhibited no cytotoxicity and significantly enhanced proliferation in both normal and cisplatin-treated HFDP cells. The DPE-loaded NSs displayed nanovesicles with a uniform size distribution and a negative surface charge. When incorporated into the MS gel, NS-MS demonstrated a synergistic effect, significantly enhancing the transdermal and transfollicular delivery of macromolecular protein into the skin layers and hair follicles. Conclusions: DPE promoted hair cell proliferation and facilitated the recovery of hair cells damaged by chemotherapy, especially when formulated into the NS-MS system, which effectively delivered bioactive macromolecules to the target site. This suggests its potential role in promoting hair regrowth.
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1. Introduction


Deer placenta, often considered a waste product in agricultural farms in Thailand, offers a rich source of bioactive compounds when extracted using water and probe sonication. This deer placenta extract (DPE) contains high levels of proteins, including epidermal growth factor (EGF), fibroblast growth factor-2 (FGF-2), insulin-like growth factor-1 (IGF-1), transforming growth factor beta-1 (TGF-β1), and amino acids. Compared to extracts from other animal placentas, such as goat and porcine, DPE displays a similar profile of bioactive components. Additionally, DPE offers a more diverse amino acid composition than goat and porcine placental extracts, enhancing its influence on fibroblast cells. DPE exhibited no cytotoxicity on skin cells (fibroblasts and keratinocytes) and significantly increased the proliferation of skin fibroblast cells, indicating its regenerative effect on normal cells [1]. Placental therapies have been applied to promote recovery of diseases and tissue regeneration. The use of placental therapy across diverse clinical settings has demonstrated significant therapeutic benefits, including antioxidant [2], antimicrobial [3], and anti-inflammatory effects [4]. Additionally, it has been associated with pain relief [5], promotion of hair growth [6], enhancement of overall health, stimulation of cell proliferation, tissue regeneration, and properties that aid in wound healing [7]. Numerous exogenous growth factors serve as potential strategies in regenerative medicine for the replacement and repair of damaged organs, tissues, and cells [8]. In addition, placental extracts have promoted hair regrowth, playing crucial roles in sustaining the anagen phase and enhancing cell proliferation within hair follicles [6]. However, no scientific data have been reported on the efficacy of DPE in promoting hair growth.



Chemotherapy-induced hair loss has been reported in up to 80–100% of patients. Cisplatin, a chemotherapy agent, is frequently associated with the apoptosis of mechanosensory hair cells, as a result of oxidative stress, DNA damage, and the secretion of inflammatory cytokines. The transcription factor STAT1 serves as a critical mediator of cell death and regulates these processes in various cell types [9]. Evidence demonstrates cisplatin’s impact on alopecia in both in vitro and in vivo models. Cisplatin treatment induces apoptosis in human follicle dermal papilla (HFDP) cells through the generation of reactive oxygen species (ROS) [10] and causes cell cycle arrest at the G2/M phase [11]. In vivo, the addition of cisplatin to single-agent chemotherapy exacerbates alopecia and sore mouth symptoms, particularly in elderly patients with advanced non-small cell lung cancer [12]. Various therapeutic approaches have been proposed to address alopecia, such as scalp hypothermia, minoxidil, and calcitriol. However, these treatments are typically not advised for patients recovering from cancer therapy. Notably, research has shown that human placenta possesses hair growth-promoting properties, evidenced by its capacity to reduce apoptosis and enhance hair follicle proliferation in male C57BL/6 mice after chemotherapy [13]. Specifically, the placenta has been shown to enhance the expression of keratinocyte growth factor (KGF) and support AKT phosphorylation, which contributes to promoting hair growth. KGF, a member of the heparin-binding fibroblast growth factor family (FGF-7), is crucial for transitioning hair follicles into the anagen phase, the active phase of hair growth, and stimulating hair follicle proliferation [14,15].



Targeted drug delivery to hair follicles is valuable in treating conditions such as alopecia and acne [16]. However, the intricate architecture and physicochemical properties of the skin pose significant barriers to effective delivery of therapeutic agents, particularly to targeted sites within hair follicles, necessitating the use of various penetration enhancement techniques [17]. Nanoniosomes (NS), typically consisting of surfactants and cholesterol or its derivatives, form bilayer nanovesicles capable of encapsulating both hydrophilic and lipophilic compounds [18]. These nanovesicles allow for the loading of hydrophilic biomacromolecules, such as proteins and peptides, in their aqueous core, significantly enhancing the skin permeability of the entrapped substances. Additionally, techniques aimed at bypassing or removing the skin barrier are essential for enhancing the transdermal delivery of macromolecule-loaded nanocarriers [19]. Therefore, the combination of NSs entrapping macromolecules from DPE and minimally invasive microspicules (MS) might enhance local delivery of biomacromolecules to target sites.



The objectives of this study were to investigate the potential of DPE in regenerating hair cells and to develop a NS and MS formulation as a promising transfollicular delivery system. Bioactivity studies were performed in HFDP cells. The skin permeation of macromolecules was enhanced by formulating DPE into NS-MS system. In vitro skin permeation was assessed. The visualization of the permeation pathway was also investigated under confocal laser scanning microscope (CLSM).




2. Materials and Methods


2.1. Materials


HFDP cells and the all-in-one ready-to-use growth medium for HFDP cells were sourced from Cell Applications, Inc., San Diego, CA, USA. The reagents 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), cisplatin, sorbitan laurate (Span 20), and bovine serum albumin (BSA; MW 66 kDa) conjugated with fluorescein isothiocyanate (FITC; MW 389.4 Da) were purchased from Sigma–Aldrich Co., Ltd., St. Louis, MO, USA. Penicillin–streptomycin was obtained from Gibco BRL, Rockville, MD, USA. Cholesterol was sourced from Carlo Erba Reagent, Ronado, Italy. Rhodamine-PE (Lissamine™) was obtained from Invitrogen, Carlsbad, CA, USA. Polyacrylate crosspolymer-6 (Sepimax Zen™) was acquired from SEPPIC Inc., Courbevoie, France. Sponge microspicule extract powder (MS; 98% purity; 100–180 mesh) was purchased from Hunan Sunshine Bio-Tech Co., Ltd., Changsha, China.




2.2. Preparation of DPE


DPE was prepared as described in a previous study [1]. In brief, fresh deer placenta was extracted using distilled water and subjected to probe sonication at 20 kHz frequency with 20% amplitude for 30 min while maintained in an ice bath. The supernatant was then collected and freeze-dried for 72 h. The total protein content was assessed using the bicinchoninic acid protein assay kit (Novagen®, EMD Millipore Corp., Madison, WI, USA) with BSA as a standard. For growth factor, KGF was measured using enzyme-linked immunosorbent assay (KGF ELISA kits, Abcam, Waltham, MA, USA) in accordance with the manufacturer’s protocol.




2.3. Bioactivity Study on HFDP Cells


The HFDP cell culture was maintained in growth medium supplemented with 1% v/v penicillin–streptomycin in a humidified atmosphere of 95% CO2 at 37 °C. Cytotoxicity of DPE on these cells was evaluated by seeding 1 × 104 cells/well into a 96-well plate and incubating overnight. Various concentrations of DPE were then diluted and added to the cells for a 24 h incubation period. The MTT assay was performed to evaluate cell viability. After discarding the medium, the cells were washed with phosphate-buffered saline (PBS; pH 7.4) before being incubated with MTT solution at a final concentration of 0.5 mg/mL for 3 h. After removing the medium, the formazan crystals formed by viable cells were dissolved in dimethyl sulfoxide (DMSO). The absorbance at 550 nm was then measured using a microplate reader (VICTOR Nivo™ Multimode Plate Reader, PerkinElmer, Rodgau, Germany). The percent cell viability was calculated using the following equation:


  % C e l l   v i a b i l i t y   o r   p r o l i f e r a t i o n =    A b s o r b a n c e   o f   t r e a t e d   c e l l s   A b s o r b a n c e   o f   u n t r e a t e d   c e l l s    × 100  



(1)







In the cell proliferation study, HFDP cells (5 × 103 cells/well) in a 96-well plate were incubated overnight. Following the removal of the old medium and the subsequent washing of the cells, each concentration of DPE was applied for incubation periods of 24, 48, and 72 h. Cell proliferation was evaluated using the MTT assay, and the percentage of cell proliferation was determined using Equation (1).



Cell migration was evaluated through an in vitro scratch assay. HFDP cells (2 × 105 cells/well) were seeded in 6-well plates and cultured until reaching 70–80% confluency. A straight line was marked on the cell layer using a 200-μL pipette tip to create a scratch. Following this, the medium was removed, and the extracts were added to the cells, with serum-free DMEM (supplemented with 1% v/v penicillin–streptomycin) serving as the control. Each image was captured by an inverted microscope (Nikon® T-DH, Tokyo, Japan) at 0, 24, and 48 h post-incubation to assess cell migration into the scratch area. The gap between the marked lines on the cell plate was measured using ImageJ analysis software version 1.53t.




2.4. Effect of DPE on Chemotherapy-Induced Damage to Hair Cells


Cisplatin at a concentration of 30 µg/mL was utilized as the chemotherapy agent to induce damage in cultured HFDP cells. A total of 5 × 103 cells per well were seeded in a 96-well plate. The experimental design included two treatment conditions: pre-treatment and post-treatment. For the pre-treatment protocol, HFDP cells were first exposed to DPE for 24 h before the addition of cisplatin for another 24 h. Conversely, in the post-treatment protocol, the cells were first treated with cisplatin for 24 h, followed by the addition of DPE. Cell proliferation was evaluated using the MTT assay at 24, 48, and 72 h post-treatment. The absorbance at 550 nm was measured to determine cell viability, calculated using the established Equation (1).




2.5. Preparation of DPE-Loaded NS-MS Formulation


As shown in Figure 1, the DPE-loaded NS formulation was prepared using a thin-film hydration and sonication method, maintaining a controlled molar ratio of sorbitan laurate to cholesterol (5:5 mM). Initially, the lipid components, dissolved in a chloroform/methanol mixture (2:1, v/v), were placed in a test tube. The solvent was then evaporated under a nitrogen stream to form a lipid film, which was left in a desiccator for 6 h until fully dry. Subsequently, 0.2% w/v of DPE dissolved in distilled water was added to the dried lipid film to facilitate hydration and form niosomal vesicles. The resulting dispersion was probe-sonicated (Sonifier® SFX550, Branson Ultrasonics Corp., Brookfield, CT, USA) at 20% amplitude, using a duty cycle of 1 min on and 10 sec off, for 30 min in an ice bath to decrease the size of the nanovesicles. Following sonication, centrifugation at 10,000 rpm, 4 °C was performed for 15 min to remove excess lipid components. NSs were kept at 4 °C for subsequent use. The particle size, size distribution, and surface charge of the niosomal vesicles were determined using a Dynamic Light Scattering particle size analyzer (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK).



A gel-based formulation containing 0.5% w/w of polyacrylate crosspolymer-6 was then mixed with the NS formulation. Following this, MS (1% w/w) was incorporated to create the final NS-MS formulation. Nanovesicles were analyzed as previously described. Additionally, the visual appearance of the formulation was noted, and the viscosity of the formulation was determined with a rheometer (Thermo ScientificTM HAAKETM rheometer, Thermo Fisher Scientific, Bangkok, Thailand). The morphology of MS was observed under an inverted microscope (Axiovert 7, Carl Zeiss Microscopy, White Plains, NY, USA).




2.6. In Vitro Skin Permeation Study


Abdominal skin was sourced from intrapartum stillborn pigs at a local farm in Sisaket Province, Thailand, with ethical approval for collection granted by the Investigational Review Board (24/2567/IACUC, Animal Experimentation Ethics Committee, Ubon Ratchathani University, Ubon Ratchathani, Thailand). Using surgical scissors, the subcutaneous layer was meticulously removed. The skins, with a thickness of 600–700 µm, were stored at −20 °C until needed. Prior to experimentation, the frozen skin samples were thawed in PBS pH 7.4 at room temperature.



The skin permeation study of the macromolecular protein was conducted using vertical Franz-type diffusion cells. The receptor compartment was filled with 12 mL of PBS pH 7.4 and maintained at a temperature of 32 ± 2 °C while being continuously stirred with a magnetic stirrer. A total of 2 g of the DPE-loaded NS-MS formulation was applied to the skin, followed by gentle massage for 2 min (approximately 160 rubbing motions over an area of 2.01 cm2) using a gloved forefinger. The receiver medium was collected at 8 h post-application. The permeated protein was determined using a bicinchoninic acid protein assay kit.




2.7. CLSM Study


The permeation pathway of the macromolecular protein was visualized using CLSM equipped with Airyscan 2 (Zeiss LSM900 Inverted Confocal Microscope, Carl Zeiss, Jena, Germany) and diode lasers operating at wavelengths of 405, 488, 561, and 640 nm. Green, fluorescent BSA-FITC served as the model macromolecular protein, while red fluorescent Rh-PE was employed as a nanocarrier probe. Following an 8 h period in vitro skin permeation study, the treated skin samples were thoroughly washed with PBS (pH 7.4) to remove any residual formulation. The whole skin was then immersed in an adequate volume of methyl salicylate to facilitate imaging. The skin surface and depth of permeation were visualized at a ×10 objective lens. The semiquantitative analysis was conducted using ZEISS ZEN software version 3.10 to calculate the mean fluorescent intensity per skin area (approximately 0.2 cm2). To evaluate the distribution of the permeated components for each formulation, the mean fluorescence intensities were graphed against the skin depths.




2.8. Data Analysis


The data were presented as the mean ± standard deviation (S.D.). Statistical significance was determined using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test to compare group differences. Statistical significance was established with a p-value of less than 0.05 (p < 0.05).





3. Results


3.1. Bioactivity of DPE on Hair Cells


This DPE was found to be rich in bioactive compounds, with a total protein content of 169.56 ± 5.94 mg/g and KGF levels of 12.52 ± 3.79 µg/g. As shown in Figure 2, DPE exhibited no cytotoxic effects on HFDP cells at concentrations below 2000 µg/mL. At concentrations above 500 µg/mL, DPE significantly enhanced HFDP cell viability (p < 0.05), with the highest cell viability observed at 2000 µg/mL. The extract also promoted HFDP cell proliferation in a dose- and time-dependent manner (p < 0.05). Specifically, concentrations ranging from 500 to 2000 µg/mL significantly increased cell proliferation at 24, 48, and 72 h compared to untreated cells.



In the cell migration study illustrated in Figure 3, the treatment with DPE resulted in a higher gap area closure compared to the untreated control cells. The percentage of area closure at 24 and 48 h of the treatment with DPE at a concentration of 2000 µg/mL was 27.42% and 36.84%, respectively, while the untreated control showed closures of 7.71% and 24.94%. These results indicate that placental extracts effectively promoted dermal papilla cell migration.




3.2. Effect of DPE on Chemotherapy Induced-Hair Cells Damage


For cell proliferation in chemotherapy-induced hair cell damage (Figure 4), cisplatin treatment resulted in a significant reduction in cell viability, dropping below 50% after 24 h of incubation. After 48 and 72 h of treatment, HFDP cell proliferation was further suppressed. Pre-treatment with DPE (2000 µg/mL) significantly increased cell proliferation compared to cisplatin-only treatment at all time points. Similarly, post-treatment with DPE also resulted in higher cell proliferation than cisplatin-treated cells at all time intervals. This suggests that DPE can protect and repair HFDP cells, as both pre- and post-treatment with DPE enhanced cell proliferation in chemotherapy-damaged hair cells.




3.3. DPE Loaded NS-MS Formulation


Upon preliminary study, the 0.2% w/v DPE-loaded NS formulation exhibited the most favorable physicochemical properties. The vesicles had nanometer sizes (141.80 ± 3.05 nm) with a narrow size distribution (PDI: 0.31 ± 0.01) and a suitable negative surface charge (−49.90 ± 3.23 mV). After NS-DPE 0.2% was incorporated into the MS gel formulation (NS-MS), it exhibited a homogeneously mixed appearance with the gel base (Figure 5). The vesicles in the gel formulation were larger than those in solution, with a size of 148.73 ± 6.47 nm and a PDI of 0.36 ± 0.02. However, no coarse particles were observed in the NS-MS gel, and the zeta potential of the niosomal vesicles in the gel-based formulation was more negative (−73.73 ± 10.67 mV) compared to the solution form. The total protein content in the NS-MS formulation was measured at 7.88 ± 0.45 mg/g. Additionally, the gel-based formulation provided greater stability due to its suitable viscosity (4.33 ± 0.30 Pa), which helped suspend macromolecules, vesicles, and MS more effectively than the solution form. Microscopic analysis revealed the needle-like morphology of the MS within the gel matrix, characterized by pointed tips at both ends. The average dimensions were measured at a middle width of 12.80 ± 2.06 µm and a length of 190.34 ± 21.60 µm (Figure 5B).




3.4. Skin Permeation Study


The cumulative protein permeation of DPE from various formulations was as follows: NS-MS (847.78 ± 175.76 µg/cm2) > NS (843.40 ± 157.43 µg/cm2 > solution (707.61 ± 210.53 µg/cm2). This suggests that niosomal vesicles act as nanocarriers to deliver macromolecular proteins from DPE across the skin. However, the absence of significant differences between the formulations suggests that endogenous skin proteins and peptides may interfere with the accurate quantification of exogenous proteins and growth factors permeating through the skin [20]. Therefore, the use of a model macromolecular protein may be required in future studies to more accurately assess the permeation-enhancing effects of NS-MS formulation.




3.5. CLSM


To assess the skin penetration and distribution of the NS-MS formulation, CLSM was employed. The study used BSA-FITC (green fluorescence) as a model macromolecule to trace protein permeation, and Rh-PE (red fluorescence) to visualize the distribution of niosomal vesicles. The 3D CLSM images (Figure 6) revealed distinct penetration pathways for both the NS and NS-MS formulations. Rh-PE-labeled nanocarriers were primarily observed at the follicular openings and on the skin surface in both NS and NS-MS-treated groups. Notably, the NS-MS-treated group exhibited a more extensive distribution of vesicles, with strong fluorescent signals not only at the follicle openings but also across the stratum corneum. This broader coverage suggests that MS significantly enhanced nanovesicle penetration, delivering macromolecular proteins into deeper skin layers and follicular ducts.



Moreover, X-Y serial images provided further insight into the penetration depths (Figure S1). The mean fluorescence intensity vs. skin depth profile of the NS-MS formulation was consistently higher than that of NS alone across all skin penetration depths (Figure 7). Both NS and NS-MS formulations showed fluorescent compounds permeating skin layers from 0 µm to 60 µm. Interestingly, the BSA-FITC solution form, lacking a carrier system, exhibited penetration to a depth of only 35 µm. Semiquantitative analysis of each formulation was performed relative to the solution form. Results showed that the fluorescence intensity of BSA-FITC at the skin surface was enhanced by 24.52-fold and 2.97-fold with NS-MS and NS, respectively, compared to the BSA-FITC solution. At the maximum penetration depth of the solution (35 µm), the fluorescence intensity of BSA-FITC from NS-MS and NS increased by 67.83-fold and 9.99-fold, respectively, relative to the solution. Furthermore, at 60 µm depth, NS-MS achieved a 3.93-fold increase in fluorescent intensity over NS, indicating superior compound penetration into deeper skin layers. This suggests that, while the BSA-FITC solution can penetrate the skin, it lacks the efficiency and depth achieved by NS and NS-MS formulations. Intact vesicles effectively penetrated the stratum corneum, enhancing the delivery of vesicle-bound BSA-FITC into the skin. Additionally, the enhanced and deeper deposition of macromolecular protein from NS-MS, compared to NS alone, highlights the superior efficiency of this system for both transdermal and transfollicular delivery of macromolecular proteins.





4. Discussion


The enhanced proliferation and migration of HFDP cells in response to DPE can be attributed to the bioactive compounds present in the extract. KGF, a member of FGF-7, plays a vital role in transitioning hair follicles into the anagen phase (active growth) and stimulating the proliferation of hair follicles [14,15]. The extract from human placenta inhibits apoptosis and promotes hair growth by upregulating the expression of KGF and enhancing AKT phosphorylation [13]. Previous studies have demonstrated that placenta extracts from animals, such as goats, play a critical role in promoting hair cell proliferation, stimulating hair growth and rejuvenation [21]. Similarly, DPE contains a rich profile of bioactive compounds, including high molecular weight proteins and growth factors (EGF, FGF-2, IGF-1, and TGF-β1) [1]. The PI3K/AKT pathway, WNT/β-catenin signaling, and EGF have been demonstrated to facilitate cell cycle progression and enhance cell proliferation in dermal papilla of the hair follicle [22,23,24]. FGF-2 and IGF-1 play essential roles in inducing or maintaining the anagen phase of the hair growth cycle and preventing apoptosis during the catagen phase [25,26]. Furthermore, members of the TGF-β family are essential for hair follicle development and cycling, as they enhance the HFDP cell proliferation and promote hair growth [27]. Thus, DPE, abundant in growth factors and other bioactive compounds, plays a significant role in promoting hair growth and may represent a promising candidate for hair regeneration therapies.



The cytotoxic effects of cisplatin are well-documented in causing the death of mechanosensory hair cells [9]. Chemotherapy drugs also lead to increased hair fragility and the miniaturization of hair follicles due to apoptosis-related damage [28]. Placenta extract has shown the ability to promote the proliferation of HFDP cells, even in the presence of chemotherapy-induced damage. A previous study highlighted the potential of goat placenta extract as a valuable agent for promoting hair regrowth and mitigating the adverse effects of chemotherapy on hair cells [21]. The bioactive macromolecules and growth factors in DPE also contribute to hair regrowth and repair, potentially mitigating the effects of chemotherapy-induced hair loss by regenerating hair cells and improving overall hair health.



To deliver bioactive macromolecules from DPE into targeted skin and hair follicles, niosomal vesicles were prepared to carry DPE. DPE-loaded NS formulation exhibited the most favorable physicochemical properties such as nanometer sizes, narrow size distribution and a suitable negative zeta potential. From preliminary study, DPE at concentrations of 0.1–0.4% w/v can incorporate in the NS formulation with nanometer size and negative zeta potential. However, DPE at 2000 µg/mL was selected based on its bioactivity profile in HFDP cells. The NS vesicles in the gel formulation were slightly larger compared to those in solution. However, the zeta potential of the niosomes in the gel-based formulation exhibited a significantly higher negative charge, which it can be attributed to the presence of polyacrylate crosspolymer-6 (Sepimax Zen™), an anionic associative polymer characterized by its dual structure, comprising both hydrophobic and hydrophilic components, with the hydrophilic portion carrying a negative charge [29]. NS vesicles’ highly negative zeta potential in all formulations (greater than −30 mV) indicated strong electrostatic repulsion, preventing vesicle aggregation [30]. Additionally, the gel-based formulation provided greater stability due to its suitable viscosity, which helped effectively suspend macromolecular protein, vesicles, and MS. This combination of nanoencapsulation via niosomes and the minimally invasive delivery approach using MS effectively overcame the skin barrier and facilitated the transport of bioactive macromolecules derived from DPE into and through the skin and hair follicles.



CLSM analysis was conducted to compare the formulations’ abilities to deliver a model macromolecular protein into the skin and hair follicles. In this study, the observed skin penetration depth was between 0 and 60 µm, indicating BSA-FITC permeation across the stratum corneum, which is approximately 10–40 μm thick. Beyond this, the epidermis and dermis measure approximately 90–160 μm and 2900–3160 μm, respectively, with hair follicles extending from the skin surface into the dermis [31,32]. Our previous studies showed that skin treated with the niosomes and MS serum formulation allowed BSA-FITC to permeate to a depth of 225 μm. Furthermore, cross-sectional imaging revealed BSA-FITC permeation into the skin and follicular ducts, with nanocarriers accumulating at the follicle openings, and some slight removal of the stratum corneum from the whole skin sample [19]. Thus, the NS-MS formulation, with its potential to penetrate the skin’s primary barrier, the stratum corneum, may reach deeper layers such as the viable epidermis and dermis, thereby targeting the hair follicles.



NS nanocarriers are formulated to enhance the skin permeability of hydrophilic macromolecules. Upon absorption into the outermost skin layer, the entrapped compounds are released from the vesicles, allowing them to partition into deeper skin layers and improving penetration depth and efficacy [20]. When combined with MS, the delivery of macromolecular proteins is enhanced through two mechanisms: (1) MSs create micropores in the epidermis using a minimally invasive technique, facilitating deeper penetration, and (2) MSs exfoliate the skin by partially removing the stratum corneum, thereby reducing the barrier to permeation and further facilitating the transport of bioactive compounds [33]. For the concentration of MS, our prior work demonstrated that a 2% w/w MS formulation achieved the highest BSA-FITC permeation across the skin but caused skin irritation [34]. In contrast, at a concentration of 1% w/w, the MS in the formulation exhibited higher BSA-FITC permeation than formulations lacking MS, while showing no visible adverse effects when applied to the scalp skin of human volunteers [19]. Therefore, 1% w/w MS was chosen as an effective, non-irritating concentration to enhance skin permeation. These synergistic mechanisms make NS-MS a promising transdermal and transfollicular delivery system for the effective delivery of bioactive macromolecules, such as those found in the DPE (Figure 8).



Bioactive macromolecules from deer placenta contain a variety of proteins, growth factors, and amino acids that are crucial in promoting the proliferation of dermal papilla cells within hair follicles. These components also help prevent or repair chemotherapy-induced hair cell damage, ultimately contributing to hair regrowth and restoration [1,21]. Beyond the potent bioactivity of the placental extract, the efficiency of transdermal and transfollicular delivery systems is critical for ensuring that these bioactive compounds reach their target sites of action. Prior research has demonstrated the effectiveness of niosomal vesicles in encapsulating bioactive macromolecules such as amino acids, polypeptides, and proteins from deer antler velvet, resulting in their safe and efficient delivery. This approach has been shown to promote hair growth in healthy volunteers [19]. Similarly, PEGylated liposomal nanocarriers combined with microneedling systems have been used to enhance the transdermal and transfollicular delivery of goat placenta extract, effectively stimulating hair growth in patients suffering from chemotherapy-induced hair loss [21]. Given these findings, the NS-MS system shows significant potential for delivering bioactive compounds from DPE to target hair follicles, promoting hair cell proliferation and regeneration in both healthy and damaged hair cells. This approach may also be applicable for other hydrophilic biomacromolecules in cosmetic formulations, enhancing the delivery of active compounds into the epidermis and hair follicles.



While this study offers valuable insights into the bioactivity of DPE and the formulation of NS-MS as an effective delivery system, it is limited by the lack of clinical efficacy data in human volunteers. Future studies are planned to evaluate the long-term benefits and therapeutic potential of this treatment in human trials.




5. Conclusions


This study demonstrates that DPE significantly stimulated the proliferation of dermal papilla cells and contributed to the prevention or repair of cisplatin-induced hair cell damage. The DPE-loaded NS-MS formulation exhibited favorable physicochemical properties, making it well-suited for the delivery of macromolecular proteins through both transdermal and transfollicular pathways. This dual mechanism of action enables efficient permeation into the skin and hair follicles, which is crucial for targeting the site of hair cell proliferation and regeneration. Consequently, DPE-loaded NS-MS might be a promising formulation for promoting hair growth in both healthy individuals and patients suffering from chemotherapy-induced hair loss.
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Figure 1. Diagram illustrating the preparation process of the DPE-loaded NS-MS formulation. 
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Figure 2. Percent cell viability (A) and proliferation (B) of HFDP cells treated with various concentrations of DPE. Data are expressed as mean ± S.D. (N = 3). Asterisks indicate statistically significant differences from the control group (untreated cells), with * at 24 h (p < 0.05), ** at 48 h (p < 0.05), and *** at 72 h (p < 0.05). 
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Figure 3. Images of HFDP cell migration after treatment with 2000 µg/mL DPE compared with a control (untreated cells) for 0, 24, and 48 h (4× objective lens). 
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Figure 4. The percentages of HFDP cell proliferation in response to cisplatin (30 µg/mL)-induced hair cell damage. The figure shows pretreatment cells with DPE (2000 µg/mL) before cisplatin exposure and posttreatment cells with DPE after cisplatin treatment. Data are expressed as mean ± S.D. (N = 3). *, **, and *** indicate significant differences from the cisplatin-treated cells at 24 h, 48 h, and 72 h, respectively (p < 0.05). 
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Figure 5. (A) Visual appearance and (B) microscopic image of DPE-loaded NS–MS. 
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Figure 6. CLSM images (3D) of skin treated with BSA-FITC in (A) solution form, (B) NS, and (C) NS-MS for 8 h (10× objective lens). BSA-FITC is visualized as green fluorescence, and Rh-PE is visualized as red fluorescence. The white arrow indicates the location of the hair follicle. 
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Figure 7. Mean fluorescence intensity vs. skin depth profiles of (A) BSA-FITC loaded nanocarriers and (B) Rh-PE probed nanocarriers. Symbols: (●) NS-MS, (▲) NS, and (x) BSA-FITC solution. 
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Figure 8. Diagram illustrating the synergistic mechanism of NS-MS for delivering DPE into the skin and hair follicles. 
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