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A B S T R A C T   

Copper peptides (GHK-Cu) are a powerful hair growth promoter with minimal side effects when compared with 
minoxidil and finasteride; however, challenges in delivering GHK-Cu topically limits their non-invasive appli
cations. Using theoretical calculations and pseudo-ternary phase diagrams, we designed and constructed a 
thermodynamically stable ionic liquid (IL)-based microemulsion (IL-M), which integrates the high drug solubility 
of ILs and high skin permeability of microemulsions, thus improving the local delivery of copper peptides by 
approximately three-fold while retaining their biological function. Experiments in mice validated the effec
tiveness of our proposed IL-M system. Furthermore, the exact effects of the IL-M system on the expression of 
growth factors, such as vascular endothelial growth factor, were revealed, and it was found that microemulsion 
increased the activation of the Wnt/β-catenin signaling pathway, which includes factors involved in hair growth 
regulation. Overall, the safe and non-invasive IL microemulsion system developed in this study has great po
tential for the clinical treatment of hair loss.   

1. Introduction 

Currently, the clinical treatment of hair loss primarily includes hair 
follicle transplantation and drug therapy [1–4]. However, hair follicle 
transplantation is not widely applicable owing to its high cost, inva
siveness, and limited donor availability [5–7]. Therefore, medications 
are widely used due to their convenience and painlessness. Currently, 
minoxidil and finasteride are the major hair growth promoters approved 
by the Food and Drug Administration (FDA). Specifically, Minoxidil can 
prolong the anagen phase of hair follicles and promote hair growth by 
expanding blood vessel networks in the scalp and enhancing local blood 

circulation and nutrient supply [8,9]. Finasteride is a reductase inhibitor 
that suppresses the activity of 5α reductase in vivo, thus reducing dihy
drotestosterone concentrations, attenuating hair follicle damage, and 
preventing hair loss [10–12]. 

However, currently available medications all cause significant 
adverse effects [9,13,14]. Specifically, minoxidil affects the cardiovas
cular system and tends to cause tachycardia [9], while the side effects of 
finasteride include gynecomastia, feminization, suppressed libido, and 
sperm malformation [15]. Therefore, there is a need for more efficient 
and safer treatment modalities. Copper peptides (GHK-Cu) are com
plexes composed of glycyl-L-histidyl-L-lysine tripeptides (GHK) and 
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divalent copper [16–18]. They can promote hair growth by (i) stimu
lating fibroblasts to produce vascular endothelial growth factor (VEGF) 
and thus promote the formation of new blood vessels around hair fol
licles to provide the nutrients required for growth [19–22]; (ii) inhib
iting the generation of transforming growth factor beta, which prevents 
premature conversion of hair follicles from the anagen to the regressive 
phase [23–26]; and (iii) promoting the proliferation of dermal papilla 
cells and inhibiting their apoptosis to stimulate the growth of hair fol
licles and hairs [5,27,28]. 

However, everything has both sides, copper element exists in a 
metastable valence state in copper peptides, which results in high 
reactivity and sensitivity to pH, antioxidants, chelating agents, and other 
factors [29–31]. In addition, copper peptides are highly hydrophilic and 
are minimally absorbed by the skin when applied topically [32]. In 
addition, when copper peptides are injected into the dermis, approxi
mately 95 % of the peptides are excreted by the body [33,34]. 

To increase the stability of copper peptides and improve their local 
delivery, we constructed an ionic liquid (IL) microemulsion system, 
which integrates the benefits of both microemulsions and ILs: (i) the 
microemulsion is a thermally-stable system, which increases peptide 
solubility and (ii) the IL enhances skin penetration and improves solu
bility [35]. Moreover, tartaric acid and L-carnitine were selected for the 
IL component because they are naturally derived and highly 

biocompatible. Tartaric acid is a carboxylic acid known for its role in 
maintaining a weakly acidic state and suppressing microbial prolifera
tion on the skin [36,37]. The carboxyl group in tartaric acid can be 
amidated with the amine group in L-carnitine to form an ester bond 
[38–40]. The formation of this ester bond leads to chemical bond 
coupling, ultimately resulting in the production of an IL, and the prop
erties of this IL can be modulated by adjusting the ratio of tartaric acid to 
L-carnitine. Furthermore, previous research has shown that this com
bination can boost hair growth [41]. To investigate the efficacy of this 
strategy, we conducted a series of evaluations to investigate the optimal 
ratios, chemical/environmental stability, and thermal stability. A 
pseudo-ternary phase diagram was established to better interpret the 
phase stability. To further determine the biological functions of this 
system, multi-dimensional experimental validation was conducted using 
cells, in vitro experiments, and in vivo evaluations on mice. We also 
predicted and investigated the signal pathways underlying the efficacy 
of this system. Our results have potential in expanding and improving 
the available treatment options for hair loss. 

Fig. 1. Preparation, characterization, and drug-loading characteristics of bio-based ionic liquids. (a) Preparation of CaT. (b) ESP diagram of CaT (red: 
positively charged; blue: negatively charged). (c) RDG diagram of CaT (red: unbound overlaps; blue: strong attractive interactions; transition zone: van der Waals 
interactions). (d) 1H NMR spectrum of CaT-1:1. (e) FTIR spectra of CaT-1:1, L-carnitine, and tartaric acid. (f) Photographs of CaT samples with different anion:cation 
molar ratios on day 0 and day 30. (g) TEM image and photograph (built-in) of CaT. Scale bar = 200 nm (h) Viscosities of CaT samples with different molar ratios of L- 
carnitine and tartaric acid. (i) pH values of CaT samples with different molar ratios of L-carnitine and tartaric acid. 
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2. Results and discussion 

2.1. Preparation, characterization, and drug loading characteristics of IL 

A green IL was successfully synthesized using naturally derived L- 
carnitine and tartaric acid (Fig. 1a). We used various ratios and found 
that this system possessed strong thermodynamic stability, possessed a 
liquid state over a wide range of ratios, and had high storage stability 
(Figure f). 

The colors in the electrostatic potential (ESP) diagram of CaT reflect 
the magnitude of the surface electrostatic potential. According to 
modeling, during the formation of the CaT monomer, the positively 
charged region of L-carnitine (red) was electrostatically attracted to the 
negatively (blue) charged regions of tartaric acid (Fig. 1b). The reduced 
density gradient (RDG) diagram indicates the presence of hydrogen 
bonding and van der Waals interactions between L-carnitine and tartaric 
acid (Fig. 1c). DFT calculations indicated that CaT was stable at room 
temperature. 

In the 1H NMR spectrum, the area data for the methyl proton in 
levulinic acid (4, -CH3) was used as a reference, and the ratio of its peak 
area to the hypomethyl group in tartaric acid (5, ≡CH) was 4.5. This is 
consistent with the expected structure of the IL. In addition, the α-H of 
tartaric acid in CaT was located at 4.54 ppm, and the α-H of L-carnitine 
was located at 2.55–2.64 ppm; both were shifted by over 0.1 ppm 
compared with the α-H in the monomers of tartaric acid and L-carnitine, 
which supports that proton transfer occurred between tartaric acid and 
L-carnitine to form an IL (Fig. 1d). The Fourier transform infrared (FTIR) 
spectra of the samples contained a broad IR absorption peak at 
3700–3000 cm− 1, corresponding to -OH stretching vibrations associated 
with hydrogen bonding, and at 1650 cm− 1, corresponding to asym
metric stretching vibrations of the carboxyl (COO-) group (Fig. 1e). 
These data suggest ionic interactions and the formation of hydrogen 
bonds between L-carnitine and tartaric acid, confirming that the IL was 
successfully synthesized (Fig. 1d–e, Fig. S1). The CaT samples formed 
using different molar ratios of the two components were clear at room 
temperature and exhibited some fluidity. No flocculation or precipita
tion occurred during 30 d of storage at room temperature, indicating 
that CaT had good stability (Fig. 1f). 

Transmission electron microscopy (TEM) was used to investigate the 
microscopic morphology of CaT. The results revealed that CaT formed 
small spheres (Fig. 1g); this spherical nanostructure facilitates the up
take of target drug by cells and raises the drug delivery efficiency [42, 
43]. Considering that the physicochemical properties of IL depend on 
the ratio of the two ionic components, we evaluated the physicochem
ical parameters of the CaT series. The viscosity of CaT with different 
anion:cation ratios varied from 56 to 213 mPa s, and CaT-1:1 had the 
lowest viscosity (56.8 mPa s) and best fluidity, indicating that the 
composition of IL significantly affected their viscosity (Fig. 1h). The 
conductivity of CaT (with changes in the anion:cation ratio) exhibited an 
opposite trend to that of viscosity (Figure S2). The density of CaT ranged 
from 1.10 to 1.25 g cm− 3 with slight variations between samples with 
different anion:cation ratios, indicating that the composition of the IL 
only had minor effects on its density (Figure S3). Further, the pH tended 
to increase with increasing L-carnitine content and varied in the range of 
3.6–5.5 (Fig. 1i). Thermogravimetric analysis (TGA) indicated that the 
decomposition temperature of CaT was between 180 and 210 ◦C, and 
differential scanning calorimetry (DSC) revealed that the glass transition 
temperature (Tg) of CaT was between − 12 and − 25 ◦C (Figure S4 and 
S5). Thus, the TGA and DSC results indicated that CaT samples with 
anion:cation molar ratios of 1:1 and 1:2 possessed better thermal sta
bility than the other samples. Considering the sensitivity of copper 
peptides to pH (4.6–7.0) and the viscosity requirement of delivery 
agents, we selected CaT-1:1 (anion:cation molar ratio of 1:1) for further 
investigations. 

Copper peptides have a blue color, and the amount of copper pep
tides can be estimated by the hue of the system. However, when copper 

peptides were mixed with CaT (solubility >130.98 g/L), their color was 
significantly lighter than in the aqueous solution, and the solution 
appeared icy-blue (Figure S6). Circular dichroism (CD) studies revealed 
no change in the cotton peak, suggesting that the structure of copper 
peptides was not affected by dissolution in CaT (Figure S7). In summary, 
we successfully prepared CaT and verified its feasibility as a copper 
peptide carrier. 

2.2. Screening of IL microemulsion systems 

Water-in-oil (W/O) microemulsions have been shown to be effective 
in topically delivering water-soluble peptides and proteins [44,45]. 
Given the limited local absorption of copper peptides, we prepared a 
CaT-based microemulsion system to enhance their stability and 
bioavailability. Isopropyl myristate (IPM) has been widely used in 
topical pharmaceutical formulations for enhancing drug solubility and 
biomembrane penetration [44]. Further, we used Tween 80 and Span 20 
as the surfactant and co-surfactant, respectively; these are non-ionic 
surfactants with several hydroxyl groups and ethylene oxide linkages 
that can form hydrogen bonds among themselves and with ILs in mixed 
systems. Nonionic surfactants help overcome the incompatibility be
tween ILs and IPM and improve the permeability of the drug formulation 
across tissue barriers. Therefore, we included the following components 
in the IL microemulsion system: CaT as the polar phase, IPM as the 
non-polar phase, and Tween80 and Span20 as the surfactant and 
co-surfactant, respectively (Fig. 2a). 

We constructed pseudo-ternary phase diagrams to determine the 
appropriate proportions of the various components for forming a stable 
microemulsion. First, we set the ratios (Km, wt:wt) of Tween 80 and 
Span 20 (T/S) as 1:1, 1:2, 1:3, 2:1, and 2:3, and evaluated the effect of 
different T/S ratios on the area of the microemulsion region by con
structing pseudo-ternary phase diagrams for a water/IPM system. As 
shown in Fig. 2b, the area of the microemulsion region was the largest 
when the T/S mass ratio was 1:1. Thus, the water/IPM microemulsion 
obtained using a 1:1 mixture (by weight) of the surfactant and cosur
factant had optimal stability, and this ratio was used for further 
evaluations. 

Next, we prepared a series of IPM and surfactant/cosurfactant (T +
S) mixtures according to the following mass ratios: 1:9, 2:8, 3:7, 4:6, 5:5, 
6:4, 7:3, 8:2, and 9:1. We chose the 4:6, 7:3, and 8:2 for further exper
iments based on the appearance, flowability, viscosity, and stability of 
the microemulsions (Figure S8). 

DLS studies indicated that the best emulsification effect and smallest 
average particle size of the dispersed phase was achieved at an IPM: T +
S ratio of 8:2 (Fig. 2c). As small particle sizes of the dispersed phase 
facilitate local transport, we chose IPM:TS = 8:2 for subsequent evalu
ations. The optimal amount of CaT was determined by recording the 
threshold value of the system from clarification to turbidity to clarifi
cation via dropwise addition of the polar phase. Finally, stable IL 
microemulsions (named CaT-ME) were successfully prepared based on 
the aforementioned steps; the photograph of the emulsion is shown in 
Fig. 2d. Furthermore, the diffusion rates of a red oil-soluble dye (Sudan 
Red III) and blue water-soluble dye (methylene blue) were evaluated to 
determine the microemulsion type. A greater diffusion rate of Sudan Red 
III than that of methylene blue in the microemulsion was observed in the 
staining test, which indicated that the prepared microemulsion was of 
W/O type. 

2.3. Performance of the IL microemulsion 

TEM images of the CaT-ME showed circular, uniformly shaped par
ticles (Fig. 3a). The zeta potentials for CaT and CaT-ME were determined 
to be − 9.2 and − 7.6 mV respectively, which suggests that the con
struction of the new system did not affect the potential greatly. (Fig. 3b). 
Furthermore, the DLS analysis revealed that the average particle size of 
the microemulsion was 55.21 ± 1.62 nm and that the particles were 
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well-dispersed, suggesting that the microemulsion were highly stable 
and permeable (Fig. 3c). After 50 d of storage, no emulsion breakage, 
flocculation, or precipitation was observed; the DLS results showed 
slight changes in the particle size, but robust particle dispersion, indi
cating the formation of a stable system (Fig. 3d). 

Following this, the characteristic features of the CaT-ME system were 
evaluated after copper peptides were loaded (named GHK-Cu/CaT-ME). 
The prepared GHK-Cu/CaT-ME was transparent and pale blue and had a 
glossy appearance (see Fig. 3e). CD spectroscopic investigations 
revealed no change in the structure of the copper peptides after being 
incorporated into the microemulsion system (Fig. 3f). Moreover, after 
storage at 25 ◦C (50 d) and centrifugation at 1500 rpm (30 min), GHK- 
Cu/CaT-ME did not demulsify (Fig. 3g), indicating good stability. FTIR 
spectra revealed no shift in the peaks of the copper peptides after being 
loaded onto the microemulsion system (Fig. 3h). These results showed 
that the GHK-Cu/CaT-ME system had adequate stability. 

Safety is critical when designing carriers used for local drug delivery. 
Therefore, the effects of the developed system on cells were evaluated 
using a human fibroblast cell line (HFD). Figure S9 shows that each 
component only minimally inhibited cell proliferation at 0–800 μg/mL, 
indicating that the system was highly biocompatible. The calcein-AM/PI 

staining assay results revealed few dead cells, with good survival rates of 
the cells in each treatment group, which is consistent with the results of 
cell proliferation experiments (Fig. 3i). These results demonstrate that 
GHK-Cu/CaT-ME had a good safety profile. Furthermore, we evaluated 
the biological function of GHK-Cu/CaT-ME to verify whether the carrier 
was suitable for delivering copper peptides. DPPH radical-scavenging 
experiments revealed that GHK-Cu/CaT-ME could effectively scavenge 
DPPH radicals, with a scavenging rate of almost 50 % at 800 μg/mL 
(Fig. 3j). In summary, the results indicated that the constructed GHK- 
Cu/CaT-ME system can adequately maintain the biological function of 
copper peptides. 

2.4. Evaluation of the in vitro permeability of copper peptides 

As the purpose of developing the GHK-Cu/CaT-ME system was to 
achieve localized delivery of copper peptides, we evaluated whether this 
system was effective in delivering loaded copper peptides via in vitro 
permeation experiments using scented pig skin [46–48]. The Franz 
diffusion cell method, which uses ex vivo skin with an intact stratum 
corneum, can effectively predict in vivo drug penetration (Fig. 4a). We 
evaluated the effects of PBS, L-carnitine, tartaric acid, CaT, and CaT-ME 

Fig. 2. Screening of ionic liquid microemulsion systems. (a) Schematic of CaT-ME preparation. (b) Pseudo-ternary phase diagram for water/isopropyl myristate 
(IPM) system with different surfactant (Tween 80) and co-surfactant (Span 20) ratios (gray region is the microemulsion area). (c) Particle size distribution of CaT-ME 
with different IPM:Tween 80+Span 20 ratios. (d) Photograph of the transparent CaT-ME. 
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as carriers on GHK-Cu permeation. Confocal microscopy (CLSM) images 
were obtained to assess the fluorescence intensity of each group after 
transdermal delivery. Among the different treatment groups, copper 
peptides were retained most in the skin when delivered using CaT-ME, 
resulting in a uniform fluorescence distribution with high intensity, 
which was 3.9-fold higher than that of the PBS group. The fluorescence 
intensity of the CaT group was 3.6-fold higher than that of the PBS 
group. In contrast, the L-carnitine-only and tartaric acid-only groups 
displayed weak fluorescence, and the fluorescence did not appear from 
the deeper layers of the porcine skin (Fig. 4b and c). 

The cumulative permeation amount is a key parameter when eval
uating drug delivery efficiency, which can be calculated using the 
following equation (1) (details of the parameters are given in the “Ma
terial and Methods” section): 

QS
(
μg cm− 2)=Csn ×

VS

AS
+

∑n− 1

i=1
CSi ×

S
AS

(1) 

The calculated results (shown in Fig. 4d) revealed that the permeated 
amount of copper peptides was 2.65-fold higher after delivery using CaT 
than that using PBS, while it improved to 3.18-fold higher than that of 
the PBS group when using the CaT-ME system as the carrier. In contrast, 
using L-carnitine and tartaric acid as carriers did not significantly impact 
the permeation of copper peptides across the skin. Intradermal retention 
analyses indicated that copper peptides delivered via CaT and CaT-ME 
could reach deeper layers of the skin, whereas L-carnitine and tartaric 
acid could not assist in breaking through the stratum corneum barrier 
(Fig. 4e). These results indicate that both the CaT and CaT-ME systems 
can facilitate the local delivery of copper peptides, but the effect of CaT- 
ME is superior to that of CaT alone, possibly due to the synergistic pro- 

permeation effect of IPM in the microemulsion system. However, L- 
carnitine and tartaric acid individually had no effect on the permeation 
of copper peptides, which further demonstrates the influence of the IL 
formulation on transdermal drug permeation. In addition, hematoxylin 
& eosin (H&E) staining indicated that there was no irritation or damage 
to the skin tissue after treatment with each group, confirming the safety 
of the developed system (Fig. 4f). 

2.5. CaT-ME promoted hair growth in mice 

The color of C57BL/6 mice skin correlates with the hair follicle cycle, 
and the growth cycle of the hair follicle can be determined based on 
changes in skin color of the mice [49,50]. When the skin is pink, the hair 
follicle is in the dormant phase, and when the skin turns gray, the hair 
follicle is in the anagen phase [51,52]. Therefore, we constructed a 
model of physical alopecia using C57BL/6 mice to evaluate the effects of 
the copper peptide emulsion system on hair growth (Fig. 5a). Initially, 
the PBS, CaT-ME, and CaT groups were evaluated via skin penetration 
experiments using FITC-labeled copper peptides (Fig. 5b). After 1 h of 
administration, the copper peptides from the CaT-ME and CaT groups 
had reached the hair follicle region, while those from the PBS group 
remained outside the stratum corneum. This trend is consistent with the 
results of the in vitro permeation assay. Subsequently, several groups 
(including a control group (Con) with saline, a positive drug group with 
FDA-approved 5 % minoxidil (Mi), and two experimental groups of 
CaT-ME and CaT (Fig. 5a)) were set up. During the treatment period, the 
CaT-ME-treated hair follicles entered the early stages of growth in as 
short as 6 d, exhibiting hyperpigmentation and hair regrowth. On the 
other hand, the CaT group and positive drug group displayed the same 

Fig. 3. Performance evaluation of the IL microemulsion. (a) TEM image of CaT-ME. Scale bar = 100 nm. (b) Zeta potentials of CaT and CaT-ME. (c) Size dis
tribution of CaT-ME. (d) Size distribution and polydispersity index (PDI) of CaT-ME after 50 d of storage. The inset shows the changes before and after storage of CaT- 
ME (25 ◦C, 50 d). (e) Photographs of CaT-ME and GHK-Cu/CaT-ME. (f) Circular dichroism of copper peptides in different media. (g) Photographs of GHK-Cu/CaT-ME 
before and after centrifugation (1500 rpm, 30 min). (h) FTIR spectra of copper peptides in different media. (i) Cell proliferation after treatment with CaT and CaT-ME. 
Scale bar = 200 μm. (j) DPPH free radical-scavenging rate after treatment with different samples (n = 3). Results are provided as the mean ± SD. *p < 0.05, **p 
< 0.01. 
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effect after approximately 8 and 9 d, respectively. Calculations based on 
the hair cycle score confirmed that the CaT-ME and CaT groups had an 
earlier transition to hair growth (Fig. 5c). 

At the end of 28 d, the number of hair follicles visualized by H&E 
staining was low in the control group, with the follicles were mostly 
located in the dermis. Using the same visual field as that of the positive 
drug group, mice in the CaT-ME and CaT groups exhibited significant 
increases in the number of hair follicles when compared to the control 
group, and the hair grew down to the subcutaneous tissue. Specifically, 
the hair density in the CaT-ME group was higher than those of the CaT 
and positive drug groups, which were comparable (Fig. 5e). In addition, 
mice in the CaT-ME and CaT groups had higher hair density than those 
in the Con and Mi groups (Fig. 5d). Masson staining revealed that the 
collagen fibers in the CaT-ME and CaT groups were more closely ar
ranged and had better order than those of the control group. Collagen 
fibers are the basic structural units that impart toughness and resistance 
to tension to hair. Therefore, we speculate that treatment with CaT-ME 
and CaT may play a role in enhancing the toughness of hair and hair 
fixation (Fig. 5f). Hair pulling experiments also confirmed that the CaT- 
ME and CaT-induced neonatal hairs could not be easily stripped off with 
tape, similarly to the hair of wild-type mice. Furthermore, CaT-ME 
facilitated dermal thickening of the skin in mice, as assessed via H&E 
and Masson staining (Fig. 5e and f). Further, no significant differences 
were found between groups in terms of body weight, hair length, and 
hair weight (Table 1 and S1). No significant difference was observed in 
the body temperatures of mice from different groups before and after 
administration of their respective treatments (Table S2). Moreover, no 
injury to the skin was observed after treatment in each group. These 
results indicate that both the CaT-ME and CaT systems effectively pro
mote the local absorption of copper peptides and have significant hair- 

growth-promoting effects in mice. Their major mechanism of action is 
in shortening the time spent in the dormant phase and/or prolonging the 
anagen phase of hair follicles, leading to significantly increased hair 
density. 

2.6. Mechanism underlying GHK-Cu/CaT-ME promoting hair growth 

Hair follicle germination in vivo and in vitro is affected by various 
factors as it progresses through a complex and regulated cycle, which 
includes the anagen, catagen, and resting phases [53–55]. Therefore, we 
further explored the mechanism by which CaT-ME promotes hair 
growth. First, VEGF is produced in the blood vessels of hair follicles, 
stimulating hair growth in vitro and in vivo [56,57]. Further, hepatocyte 
growth factor (HGF) regulates the growth of hair papillae in hair follicle 
cells and induces hair growth by modulating the growth cycle [58,59]. 
As illustrated in Fig. 6a and b, all three treatments (minoxidil, CaT, and 
CaT-ME) could stimulate hair follicle cells to secrete VEGF and HGF, 
with the CaT group showing increased secretion of these factors 
compared with the minoxidil group. CaT-ME induced the most signifi
cant increase in VEGF and HGF secretion, which indicates that this 
system promoted growth factor expression and thus hair growth. In 
addition, as VEGF is a key stimulating factor in angiogenesis, its 
increased secretion implies that the developed CaT-ME system may 
contribute to the formation of vascular networks. Therefore, we exam
ined CD31 expression; the immunofluorescence results revealed upre
gulated CD31 expression in the CaT and CaT-ME groups, suggesting that 
these two systems promoted local tissue angiogenesis (Fig. 6c). 

Furthermore, as hormones can also affect hair growth [60], serum T 
and E2 levels in the mice were measured using ELISA kits, and the results 
indicated no significant variations in the T/E2 ratios in mice treated 

Fig. 4. Evaluation of the in vitro permeation of copper peptides. (a) Schematic of the in vitro permeation experiment. (b) CLSM images of copper peptides in 
porcine skin after delivery using PBS, L-carnitine, tartaric acid, CaT, and CaT-ME systems (scale bars = 500 μm) and (c) results of quantitative analysis (n = 3). (d) 
Cumulative penetration of copper peptides for different groups (n = 3). (e) Quantification of the copper peptides in the skin layers for different groups (n = 3). (f) 
Hematoxylin & eosin staining of the porcine skin after in vitro permeation experiments with different groups. Scale bar = 100 μm. Results are provided as the mean ±
SD. *p < 0.05, **p < 0.01, ***p < 0.001. 
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with CaT-ME or CaT, implying that these systems did not alter hormonal 
homeostasis in mice (Figure S10 and 11). 

Additionally, various signaling pathways and related proteins play 
important roles in hair follicle regeneration, among which the Wnt 
signaling pathway is the classical example. β-catenin (a protein) is a key 
transcription factor that regulates hair follicle growth in this pathway 
[61,62]. Immunohistochemical results revealed an increase in the 
number of Ki67-positive cells in the CaT and CaT-ME groups when 
compared to that in the control group, reflecting the ability of the CaT 
and CaT-ME systems to facilitate skin cell proliferation. The increase in 

β-catenin-positive markers indicates that CaT and CaT-ME promoted the 
expression of β-catenin (Fig. 6d). In addition, GSK3-β, which is located 
downstream of the Wnt signaling pathway, is also closely associated 
with the hair growth cycle [63,64]. Immunofluorescence staining sug
gested that the CaT and CaT-ME systems also promoted p-GSK3-β 
expression (Fig. 6g). These results suggest that the Wnt/β-catenin 
pathway is activated by CaT and CaT-ME. 

Finally, Ldha is a sugar-degrading enzyme that enhances hair follicle 
stem cell activation and plays a vital role in the hair growth cycle 
[65–67]. Western blotting was used to detect changes in Ldha expres
sion, and the results revealed that Ldha expression was upregulated in 
skin follicles of mice in the experimental group when compared with 
mice in the control group, indicating that the CaT and CaT-ME systems 
promoted Ldha expression and accelerated the shift in the growth phase 
of hair follicles from the dormant to anagen phase, thus facilitating hair 
growth (Fig. 6e and f). 

In summary, GHK-Cu/CaT-ME promotes hair growth by accelerating 
the hair follicle growth cycle. The main mechanisms include stimulating 
the expression of follicle-related growth factors, dilating scalp blood 
vessels and improving microcirculation, boosting the differentiation and 

Fig. 5. Effect of GHK-Cu/CaT-ME in vivo experiments. (a) Schematic of hair loss treatment experiments in mice. (b) Representative images showing the intra
cutaneous penetration in mice in different groups after 1 h of treatment administration. Scale bar = 100 μm. (c) Hair cycle score on day 10 post-depilation (n = 3). (d) 
Hair density of mice from different treatment groups (n = 10). (e and f) Hematoxylin & eosin (H&E) and Masson staining of the mice skin in different treatment 
groups. Scale bar = 100 μm. Results are shown as the mean ± SD. *p < 0.05, **p < 0.01. 

Table 1 
Changes in body weight of mice in different treatment groups.  

Groups Body Weight (g) 

Before mold-making Pre-dose Before-execution 

Control 19.1 19.1 20.2 
Minoxidil 18.9 18.9 20.1 
GHK-Cu/CaT-ME 18.6 18.6 19.9 
GHK-Cu/CaT 18.6 18.6 19.8  
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proliferation of hair follicle epithelial cells, and activating the Wnt/ 
β-Catenin signaling pathway and its key proteins (Scheme 2). 

3. Conclusion 

Considering the challenges associated with the topical application of 
copper peptides for treating hair loss, this study focused on constructing 
a highly efficient transdermal delivery system. By combining theoretical 
calculations, material synthesis, and cellular and animal experiments, a 
bio-based IL microemulsion system was designed and developed for the 
localized delivery of copper peptides. Multi-dimensional analysis indi
cated that the proposed system has good stability and biological safety. 
The microemulsion system overcomes the adsorption issue of copper 
peptides and significantly improves their penetration efficiency. In an
imal experiments, it promoted hair growth, with excellent performance 
that surpassed that of commercially available minoxidil. Furthermore, 
we elucidated the key mechanisms and pathways by which this system 
promotes hair growth. Our study includes a comprehensive multidi
mensional analysis from the perspective of material design, synthesis 
and verification of the biological functions of the encapsulated drug, and 
mechanistic investigations. Our proposed system overcomes the diffi
culties associated with the topical administration of copper peptides and 
achieves efficient delivery in a localized and non-invasive manner. The 
microemulsion system is easy to prepare, cost-efficient, and has broad 
application prospects for topical drug delivery. Our study provides key 

insights into the application of analogous active ingredients and has 
implications for cooperative use in cross-disciplinary fields. 

4. Materials and methods 

4.1. Materials 

L-carnitine (≥98 %) and tartaric acid (99 %) were purchased from 
Shanghai Macklin Biochemical Technology Co. (Shanghai, China). 
Copper peptides were purchased from Shenzhen Shinesky Biotech
nology Co., Ltd. (Shenzhen, China). Dulbecco’s modified Eagle’s me
dium for cell culture, fetal bovine serum, and trypsin were purchased 
from Gibco (Grand Island, USA). CCK-8, DAPI, and DPPH kits, Calcein- 
AM/PI staining kit and paraformaldehyde (4 %) were purchased from 
Biyuntian Biotechnology Co. (Shanghai, China). FITC-labeled copper 
peptides were purchased from Shanghai Chupeptide Biotechnology Co. 
(Shanghai, China), and skin fibroblasts (HFD) were purchased from 
Shanghai iCell Biotechnology Co. (Shanghai, China). 

4.2. Synthesis of CaT 

In this study, a series of CaT samples was prepared by mixing L- 
carnitine (cation) and tartaric acid (anion) at different molar ratios in 
water; In brief, the molecular weight of tartaric acid is 150.09, and the 
molecular weight of carnitine is 161.2. We initially designed the molar 

Fig. 6. Mechanism of GHK-Cu/CaT-ME in promoting hair growth. (a, b) VEGF and HGF expression levels in mice skin (n = 3). (c) Representative images of CD31 
in the mice skin tissue after immunofluorescence staining (red: CD31; blue: DAPI). Scale bar = 50 μm. (d) Representative images of Ki67 and β-catenin in the mice 
skin tissue after immunohistochemical staining. Scale bar = 100 μm. (e, f) Qualitative and quantitative data of Ldha and GAPDH expression based on western blotting 
(n = 3). (g) Representative images of p-GSK3β in the mice skin tissue after immunofluorescence staining (red: p-GSK3β; blue: DAPI). Scale bar = 50 μm. Results are 
presented as the mean ± SD.*p < 0.05, **p < 0.01. 
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ratio of tartaric acid and carnitine to be 1:1–3:1. According to the 
different molar ratios, the tartaric acid and L-carnitine powders were 
weighed separately and put into sample bottles at room temperature 
(25 ◦C). A small amount of water was added to the sample bottle and 
stirred until the liquid was clarified. The magnets were placed in a 
sample bottle and reacted in a 60 ◦C oil bath under nitrogen atmosphere 
for 24 h. The clarified liquid obtained was vortexed until the volume of 
the liquid stabilized and did not decrease any more. It was dried twice in 
a vacuum oven for 24 h. The end product obtained was CaT (Scheme 1). 

4.3. Construction of ternary phase diagrams and preparation of 
microemulsions 

The CaT-ME loaded with copper peptides was prepared by dissolving 
the drug in CaT used as the polar phase, and the drug-loaded sample is 
denoted as GHK-Cu/CaT-ME. 

A pseudo-ternary phase diagram was obtained by titrating a mixture 
of IPM, Tween 80 and Span 20 with water at 25 ◦C. The ratio of Tween 
80/Span 20 was varied as 1:1, 1:2, 2:1, 3:1, and 3:2. After the Tween 80/ 
Span 20 ratio was optimized, the molar ratio of IPM to the Tween 80/ 
Span 20 mixture was varied as 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 
9:1 to select the optimal ratio of IPM to the surfactant mixture. CaT was 
then added dropwise to the mixture (IPM/Tween80/Span20) under 
magnetic stirring until the resulting mixture changed from clear to 
turbid to clear. The amount of CaT added at the critical point was 
recorded and the proportion of each component was recorded. The 
emulsions formed in the single-phase and two-phase regions were clear 
and turbid, respectively. Water-in-oil microemulsions can be prepared 
by replacing CaT with water as described above. 

4.4. Characterization of CaT, CaT-ME and GHK-cu/cat-me 

1H NMR spectra of CaT samples dissolved in CDCl3 were recorded 
with a Bruker Avance spectrometer at 400 MHz. The FTIR spectra of the 
CaT and CaT-ME samples were recorded using a Thermo Scientific 
Nicolet iS 50 FTIR spectrometer in the attenuated total reflection mode. 
TGA was performed using a PerkinElmer-TGA 8000 instrument 
(Shanghai, China) in a nitrogen gas stream at a heating rate of 10 ◦C/min 
in the temperature range of 50–60 ◦C. DSC was performed in a nitrogen 
atmosphere using a thermal analyzer, and the system was cooled using 
liquid nitrogen at the rate of 10 ◦C/min (Mettler Toledo DSC3, 
Switzerland). 

4.5. Cell experiments 

4.5.1. In vitro cytotoxicity assay 
Cells (HFD) in the logarithmic growth phase were seeded into 96- 

well cell culture plates (6000 cells/well) and incubated overnight at 
37 ◦C and 5 % CO2. Different concentrations of samples to be tested were 
added according to the experimental design. Then, 10 μL of the CCK-8 
solution was added to each well after incubation at 37 ◦C for a fixed 
time and the samples were incubated further for 1–6 h. The absorbance 
was measured at 450 nm using an enzyme marker (BioTek, Gen 5), and 
the growth rate of cells was calculated as follows: 

Cell viability (%)=
Atest − Ablank

Acontrol − Ablank
× 100%  

where Ablank is the absorbance of the wells without cells, and Acontrol and 
Atest are the absorbances of the control and treated cells, respectively. 

4.5.2. Calcein-AM/PI cell staining 
Live/dead cells were analyzed by staining with PBS (100 μL) con

taining calcein-AM reagent (10 μL) and propidium iodide stock solution 
(10 μL). The stained cells were incubated at 37 ◦C for 30 min and 
observed with a CLSM. 

4.6. Transdermal diffusion test in vitro 

4.6.1. Skin preparation 
First, the skin was promptly peeled off the euthanized miniature 

scent pig. Then, the long hairs on the skin were carefully removed using 
an electric razor, and the remaining hairs were gently scraped off with a 
small knife. The remaining fat and mucosal tissues in the skin tissue were 
cleaned, coated with normal saline, wrapped in plastic wrap, and stored 
in a 4 ◦C refrigerator. 

4.6.2. In vitro skin penetration test 
Transdermal experiments were performed using Franz diffusion 

cells. Fresh porcine skin was fixed between the diffusion cell and 
receiver cell with the dermis facing the receiver cell. First, magnets were 
placed in the receiver cell, and it was filled with 0.01 M PBS. The test 
samples were loaded into the diffusion cell and wrapped with cling film 
to prevent solvent evaporation. The experiment was performed at 32 ◦C 
and 300 rpm. A 2 mL volume of the sample (V0) was retrieved from the 
receiver cell after different time intervals, and the cell was supplemented 
with 2 mL of fresh PBS. The cumulative permeability was determined 
through high-performance liquid chromatography (HPLC); it was 
calculated using the following equation: 

Scheme 1. Schematic diagram of CaT-ME formation.  
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QS
(
μg cm− 2)=Csn ×

VS

AS
+

∑n− 1

i=1
CSi ×

S
AS  

where, Qs is the cumulative drug permeation per unit area (μg⋅cm− 2), Csn 
is the drug concentration measured in the receptor fluid at n sampling 
intervals (μg⋅m⋅L− 1), VS is the volume of the receptor pool (13 mL), 
∑n− 1

i=1 Csi is the cumulative drug concentration in the receptor fluid, S is 
the sampling volume (2 mL), and AS is the effective diffusion area (1.0 
cm2). Finally, the skin used for transdermal delivery was collected and 
washed repeatedly with PBS. A portion of the skin was fixed with 4 % 
paraformaldehyde and embedded in paraffin wax for immunohisto
chemical staining. 

4.6.3. Measurement of the drug content in porcine skin 
After the experiment, the porcine skin was cleaned with PBS. The 

stratum corneum was obtained by repeatedly applying 10 strips of clear 
adhesive, and the remaining skin was cut into effective diffusion zones 
and sliced further to obtain the subcutaneous tissue. The different 
stratified skin layers were suspended in methanol and the copper pep
tides were extracted by ultrasonication. After centrifugation at 1300 g 
for 15 min, the supernatant was collected by filtration through a 0.45 μm 
filtration membrane. Finally, the drug content in each skin layer was 
determined by HPLC. 

4.6.4. Chromatographic quantification (HPLC) analysis 
A C18 column (ZORBAX Eclipse) in HPLC-UV (Agilent 1100) was 

used for quantitative determination of copper peptide concentrations. 
The mobile phase consisted of (A) water, (B) methanol, and (C) 0.1 % 
aqueous trifluoroacetic acid. The detection wavelength was 220 nm and 
the injection volume was 5 μL; the column temperature was set at 25 ◦C; 
the flow rate was 1.0 mL/min. 

The gradient elution sequence is shown in the table below.  
Time (minutes) A% B% C% 

0 0 5 95 
10 0 5 95 
10.01 90 10 0 
15 90 10 0 
24 0 100 0 
34 0 100 0 
34.01 95 5 0 
35 95 5 0 
35.01 0 5 95 
45 0 5 95  

4.7. Animal experiments 

C57BL/6 J mice purchased from three Gorges University Animal 
Center (Yichang, Hubei, China) was used in this study. The license 
number is SCXK(Er) 2017–0012. All animal experiments were per
formed in accordance with animal research protocols approved by the 
Animal Care and Use Committee of Peking University. In the in vivo 
experiments, mice were shaved (Back: 2 × 3 cm [2]) on the 50th day 
from birth and the depilated areas were coated with saline, 5 % 
minoxidil, CaT containing 2 % copper peptides, and CaT-ME containing 
2 % copper peptides daily after shaving, with 6 mice per group. Appli
cation twice daily for 21 days, followed by fasting for 12 h and then 
execution of the mice for sampling. Temperature was measured daily 
before and after administration to evaluate the body temperature 
changes of the mice. Measurement time 20 min before dosing, 0 min, 20 
min, 60 min, 120 min after dosing. The body weight of the mice was 
measured at specific times. Temporal profiles of hair phenotypic trans
formation were obtained through real-time observation of hair regen
eration in the mice. Fixed size skin pieces were peeled and weighed, and 
weighed again after hair removal, and three pieces were taken for each 
group for repeated measurements to obtain the weight of newly grown 
hairs in the mice. 

4.8. DFT calculations 

Gaussian 09 software and B3LYP-D3 functions were used to optimize 
the molecular structure. The frequency analysis and electrostatic po
tential analyses were performed using 6–311 G** basis set 58. RDG 
analysis was conducted using Multiwfn and Winvmd programs. 

4.9. Statistical analysis 

The results are presented as mean ± standard deviation. One-way 
analysis of variance was used to determine the significance of differ
ences. Statistical significance is set as ns: no statistical difference, *: p <
0.05, **: p < 0.01, ***: p ≤ 0.001. 

Data availability 

All the relevant data are available from the corresponding authors 

Scheme 2. Schematic diagram of GHK-Cu/CaT-ME system construction and its mechanism of action.  
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