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a b s t r a c t

Skins expose to kinds of risk factors for damage, such as the hormone drugs, skin care products and

ultraviolet radiation, which is accompanied by the production of excessive reactive oxygen species (ROS)

and eventually leads to hypertrichosis. This skin disease is not aesthetically pleasing and even causes psy-

chological and spiritual problems such as inferiority, anxiety and irritability. Current therapies are limited

and often unsatisfactory, such as pharmacological and physical therapies, which have adverse effects and

cause the irreversible destruction of hair follicles. Gold nanoclusters have good biocompatibility and their

biosynthesis in vivo is responsive to oxidative stress microenvironment (OSM), which could be a safe and

effective drug for ROS-induced skin injury. In our study, we demonstrated that zero valence fluorescent

gold nanoclusters (FGNCs) were in situ biosynthesized in the plucking-induced damaged skin but not in

the normal skin after the administration of gold precursors (+3), while FGNCs inhibited hair follicle re-

generation by negatively regulating nuclear transcription factor kappa B (NFκB)-mediated inflammatory

response signaling pathway (NFκB/tumor necrosis factor-α (TNF-α) axis). This OSM-responsive in situ

biosynthesis method is facile and safe and holds great promise for curing hypertrichosis associated with

skin dermatitis and injury.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The hair follicle is an essential accessory of the epidermis. Hair

follicles not only produce hair but also are related to skin pigmen-

tation [1–3]. Over the whole lifespan, the inferior segment of hair

follicles undergoes periodic regression and reconstitution to con-

trol hair growth. Postnatal hair follicles renew cyclically in three

phases: anagen, catagen, and telogen [4,5]. In the anagen stage,

hair follicle stem cells (HFSCs) located in the niche of the bulge

are activated with internal or external factors stimuli. Hair fol-

licles grow down actively into the dermis until they reach their

maximum length. Catagen is a transitional regression period from

growth to quiescence. In the catagen stage, the lower cycling part

of the hair follicle undergoes degradation and the dermal papilla

is close to the bulge gradually. The telogen closely follows cata-

gen. The proximity between the bulge and dermal papilla main-

tains in telogen. In this period, the hair follicles stop growing, and

the dermal papilla becomes a naked small ball of cells. When hair
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growth activating signals come again, hair follicles reenter the an-

agen phase and begin to produce new hairs.

When the skin is damaged, the normal hair follicle cycle is

disrupted. The long-term repeated administration of external hor-

mone drugs and overuse of hormone-containing skin care prod-

ucts lead to hormone-dependent dermatitis, eventually appearing

as hypertrichosis [6–10]. In addition, the skin injury is often ac-

companied by the production of large amounts of reactive oxygen

species (ROS) [11–13], mediated by a respiratory burst in phago-

cytes and nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase in keratinocytes, fibroblasts and endothelial cells. Due to

unpaired electrons, ROS are unstable and react easily with other

molecules. Especially, excessive ROS cause oxidative damage to

lipids and proteins on cell membranes and DNA in the nucleus

and mitochondria [14,15]. Under oxidative stress, cells need to in-

crease the yield of total antioxidants to maintain an equilibrium

state [16,17]. Thus, there is an oxidative stress microenvironment

(OSM) in the injured skin. Epidermal stem cells maintain the skin

epithelium in healthy and oxidative stress conditions, and they are

critical mediators of skin tissue adaptation to traumas [18]. Under
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inflammatory distress, HFSCs stay in the activation state and drive

hair follicle neogenesis after injury [19,20], resulting in hair regen-

eration.

Current therapies for hypertrichosis are not ideal. Pharma-

cotherapy, like eflornithine, shows severe side effects and unsat-

isfactory therapeutic effects [21–23]. Unwanted hair removal is

painful and repetitive by physical therapies such as photo-epilation

and electrolysis [24,25], which destroys hair follicles [26] and de-

pletes cutaneous stem cell reservoirs, going against wound heal-

ing [27–32]. In the long run, these diseases will cause psycho-

logical distress to patients [22,33,34]. It is particularly important

to develop a safer and more effective strategy than before. In

recent years, studies have found that many in vitro synthesized

metal and metal oxide nanoparticles have been used to protect

skin cells from ROS, involving in gold nanoparticles, silver nanopar-

ticles, iron oxide nanoparticles, cerium oxide nanoparticles, plat-

inum nanoparticles and selenium nanoparticles [35–45]. Because

of the relatively large diameter and the introduction of additional

stabilizers and reductants in the process of synthesis, these in vitro

synthesized nanoparticles cause toxicity to the organism. In situ

biosynthetic FGNCs have good biocompatibility, and they are used

for cancer imaging and treatment in many studies [46–55]. Espe-

cially, the bioinspired synthesized cytomembrane@AuNPs from in-

tact MCF-7 cancer cells show the catalase-mimetic activity and act

as a novel nano-antioxidant for cell protection from oxidative in-

jury induced by ROS [56]. However, whether FGNCs can be synthe-

sized in normal or injured skin cells is unknown. In this study, we

took advantage of OSM in the damaged skin to synthesize FGNCs in

situ through the hair plucking-induced injury model, while FGNCs

inhibited the hair follicle regeneration by negatively regulating the

nuclear transcription factor kappa B (NFκB) signal pathway. This

facile and safe in situ biosynthesis method holds great promise for

curing hypertrichosis associated with skin injury and dermatitis in

future clinical applications.

Hair plucking causes a microinjury and an OSM, which activates

HFSCs and leads to hair follicle regeneration [19,20,57–61]. There-

fore, it is a good trauma model for investigating the response of

HAuCl4 precursors to the OSM and their effect on hair regeneration

(Fig. S1 in Supporting information). C57BL/6 mice (20±2g) come

from the Experimental Animal Center of Southeast University. The

mice were allowed to eat and drink freely and fed under specific

pathogen free (SPF)-grade conditions. All the animal experiments

were permitted by the National Institute of Biological Science and

Animal Care Research Advisory Committee of Southeast Univer-

sity. All the procedures involved in animal experiments were car-

ried out per the guidelines of the Animal Research Ethics Board of

Southeast University. Eight days after the first administration, the

injection site in depilated mice injected HAuCl4 precursors (DAu

mice) showed the suppression of hair regeneration, whereas the

skin of depilated mice injected phosphate buffer saline (PBS) (DPBS

mice) turned black and the hair grew through camera photograph

(Fig. 1a). The skin of hair-clipping mice injected HAuCl4 precur-

sors (HAu mice) showed no significant change, and the hair fol-

licle cycle was still quiescence period. Furthermore, 12 days after

hair plucking, hematoxylin-eosin (HE) staining of skin sections also

demonstrated that the inhibition of hair follicle regeneration hap-

pened only in the injection site of DAu mice. All the hair follicles

of DPBS mice entered anagen, and the hair follicles of HAu mice

were still retained in the telogen phase (Fig. 1b).

In the OSM of the injured skin, whether HAuCl4 precursors can

be synthesized into gold nanoclusters is unknown. On account of

specific fluorescence properties [62–66], gold nanoclusters were

detected by fluorescence imaging system. And 3, 8, 24 h after the

first intradermal injection, the mice were subjected to gas anes-

thesia with 2% isoflurane, and fluorescence images were captured

through in vivo fluorescence imaging system under 480nm excita-

Fig. 1. (a) Camera photographs of DPBS, DAu, and HAu group of mice on the 9th

day of the first administration. (b) HE staining of the paraffin-embedded skin tissue

sections of different groups of mice. The dashed box indicates the site of admin-

istration and inhibition of the hair follicle regeneration. Each image comes from a

combination of three or four photos taken in succession. Magnification: 100×.

tion. The results revealed that the fluorescence signal of the dorsal

skin among groups of mice showed no significant difference at 3h.

The injection site in DAu mice showed a strengthened fluorescence

signal (up to 108 average radiant efficiency) at 8 and 24h, respec-

tively, compared to those in DPBS mice and HAu mice (Fig. S2 in

Supporting information). It indicated that the FGNCs was synthe-

sized only in the injured skin. Two days after the first drug admin-

istration, the main organs and drug-administrated skins were ob-

tained for ex vivo fluorescent imaging. The results suggested that

the fluorescence remained only in the dorsal skin injection site of

DAu mice and there was no accumulation of FGNCs in the main

organs (Fig. S3 in Supporting information).

To further confirm the biosynthesis of gold nanoclusters, we

extracted them from the skin for the following characterization.

Twelve hours after the first intradermal injection, FGNCs in the

skin tissue at the injection site were extracted and characterized.

As shown in (Figs. 2a and b), the typical transmission electron mi-

croscope (TEM) image and the diameter distribution curve demon-

strated that most of in situ biosynthesized FGNCs ranged between

1.7 nm and 2.3 nm in diameter (with an average size of 1.99nm).

The particle size (below the clearance threshold ∼5.5 nm) facil-

itated renal filtration and excretion, reducing the organ toxicity

[67]. The morphology is predominantly spherical and the disper-

sion of the particles is very good without obvious aggregation at

room temperature. From the observation of high-resolution TEM,

the interplanar distance of FGNCs is 0.23nm, which corresponds

to the (111) planes of Au (the insert of Fig. 2b). Dark-field scan-

ning transmission electron microscopy (STEM) and elemental map-

ping of FGNCs illustrated the distribution of Au, C, N, and O ele-

ments (Fig. S4 in Supporting information). Obviously, Au, N, C, and

O elements were uniformly distributed, which revealed Au exist-

ing in skins. The maximum excitation and emission wavelengths

were 462 and 525nm from fluorescence spectra (Fig. 2c). X-ray

photoelectron spectroscopy (XPS) was adopted to further demon-

strate the valence state of gold (Fig. 2d). Four peaks were observed

and coincided with the emission of 4f photoelectrons from Au(0)

and Au(I). By calculating the integrated peak area, the atomic ra-

tio of Au(0) and Au(I) co-existing in the samples was 83.7% and

16.3%, respectively. Energy dispersive spectrometer (EDS) showed

that gold was present in the extract of skin tissue and the atomic

percentage of gold was 0.29% (Fig. 2e and Table S1 in Supporting
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Fig. 2. Characterization of the extracted FGNCs. (a) TEM imaging of FGNCs. The insert of the blue histogram in the upper left corner showed the diameter distribution

of FGNCs. (b) High resolution TEM imaging of FGNCs. (c) Fluorescence spectra of the FGNCs extracted from the skin showed that the maximum excitation and emission

wavelengths were 462 and 525nm, respectively. XPS and EDS analysis are respectively illustrated in (d) and (e).

information). The above results further confirmed that FGNCs were

biosynthesized successfully.

Our previous results have revealed the particle size of FGNCs

was suitable for clearance by renal filtration and there was no ac-

cumulation of FGNCs in the main organs. However, whether FGNCs

cause tissue damage needs to be further evaluated. Twelve days af-

ter hair plucking, HE staining of the main organs showed that the

in situ biosynthesized FGNCs caused no apparent toxicity (Fig. S5a

in Supporting information). The body weight of DPBS, DAu, and

HA mice was measured every three days. No significant changes

in weights were found among the groups within 12 days after the

first administration (Fig. S5b in Supporting information).

To further evaluate the biosafety of the in situ biosynthesized

FGNCs, the blood was collected for hematology studies after the

mice were euthanized. We carried out routine blood examinations

and measured serum biochemical parameters. The results revealed

no obvious difference in cell counting of erythrocytes, leukocytes,

or platelets among groups of mice (Table S2 in Supporting in-

formation). In addition, the cardiac function index, namely crea-

tine kinase (CK), liver function index, namely alanine transaminase

(ALT) and aspartate transaminase (AST), and renal function index,

namely urea and creatinine, demonstrated that the in situ biosyn-

thesized FGNCs did not cause damage to the hearts, livers and kid-

neys of mice (Table S3 in Supporting information). In consequence,

we concluded that the risk of severe side effects of FGNCs on nor-

mal organs and tissues was very low. This conclusion was con-

sistent with that reported by Wang et al. who found that indeed

spherical gold nanoparticles were not inherently toxic to HaCaT

skin cells [68]. By and large, the in situ biosynthesized FGNCs are

safe and promising for curing hypertrichosis associated with skin

injury.

Though in vivo experiments have confirmed that biosynthesis

of FGNCs occurs only in damaged skin, whether in situ biosyn-

thesis is OMS-responsive needs to be further investigated. We

scratched JB6 cells to simulate the damage of skin cells. After

scratching the cells, ROS were only detected in the injured cells

around the scratch by ROS assay kit (Fig. S6 in Supporting infor-

mation). The undamaged cells in the negative control and scratch

group showed no fluorescent DCF probes representing ROS pro-

duction. The results suggested there was an OSM in the mechan-

ically damaged skin cells. Subsequently, we confirmed that in situ

biosynthesized FGNCs were present in this OSM. The medium with

HAuCl4 (pH 7) of different concentrations was incubated with JB6

cells for twenty-four hours. Cell viability was detected by CCK-8

assays. When the concentration of HAuCl4 was up to 55μmol/L,

there was no obvious cytotoxicity (Fig. S7 in Supporting informa-

tion). Therefore, we used 35μmol/L HAuCl4 solution in the follow-

ing cell experiments. In situ synthesized FGNCs were only found in

the injured cell around the scratch (Fig. S8 in Supporting informa-

tion). Both the scratched cells without HAuCl4 and the unscratched

cells with HAuCl4 showed no fluorescence signals. Some studies

demonstrated HAuCl4 can be taken into healthy human epithe-

lial cells and Human embryonic kidney epithelial cells, and gold

nanoparticles can be biosynthesized [69,70]. However, these stud-

ies showed the concentration dependence (1, 0.1 and 0.01mmol/L)

of the gold ionic reduction process is confirmed by negligible pres-

ence of gold nanoparticles in cells or cell culture supernatant, and

the size of the synthesized gold nanoparticles (1–100nm) is also

concentration-dependent. Hence, we choose 35μmol/L HAuCl4 as

the optimal concentration to treat JB6 and confirmed that the in

situ biosynthesis of ultrasmall FGNCs is responsive to OSM. The

transfer of AuCl4
− anions across the membrane is accomplished by

diffusion [70]. The skin injury is often accompanied by ROS, result-

ing in stronger phospholipid peroxidation and higher destabiliza-

tion and membrane permeability [71], which facilitates the uptake

of AuCl4
−. However, it is worth noting that the sequestration and

reduction of AuCl4
− anions inside cells give rise to the progressive

formation of gold nanoclusters, and this process will in turn have

a positive effect on the uptake of AuCl4
− anions.

Hair plucking-induced injury causes an OSM and the inflamma-

tion response, activating HFSCs and leading to hair follicle regener-

ation [19,20,57,58]. OSM-responsive in situ biosynthesized FGNCs

may inhibit hair follicle regeneration by suppressing inflamma-

tory signaling pathway. Many changes in the biological pheno-

types are often involved in gene expression, mainly reflected in

the expression level and/or state of mRNA and protein. NFκB pro-

tein controls the expression of numerous downstream genes and

regulates the pro-inflammatory and immune cellular responses,

cell proliferation, and apoptosis [72–74]. The studies have reported

that NFκB participates in the control of the mouse hair follicle
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Fig. 3. The changes in expression of several key genes in the NFκB signalling path-

way in the DAu, DPBS, and HAu groups, separately. RT-PCR results of four key

molecules in the NFκB signalling pathway are presented in (a), and the correspond-

ing semi-quantitative analysis of mRNA expression is presented in (b). Western blot

results of the three main molecules in the NFκB signalling pathway are displayed in

(c), and the corresponding semi-quantitative analysis of protein expression is pre-

sented in (d). Quantity One software was used to analyze the Western blot and RT-

PCR results. The semi-quantitative analysis values in the DAu group were standard-

ized to 1 and values for each group were expressed as mean ± standard deviation

(SD) (n=3). ∗P<0.05.

cycle, which is indispensable for HFSC activation, maintenance,

and growth [75]. In vitro synthesized Au nanoparticles containing

Diospyros kaki fruit extracts (DK-AuNPs) decreased ROS produc-

tion, and the mitogen-activated protein kinases (MAPK)/NFκB sig-

nal pathway was involved in DK-AuNPs downregulating bioactive

inflammatory markers in the skin [43]. AuNPs interact with cys-

teine (Cys-179) of inhibitor of kappa B kinase beta (IKKβ) and sub-

sequently inhibit activation and nuclear translocation of NFκB [76].

Therefore, we have reasons to believe that the inhibition of the

NFκB-mediated inflammatory response signal transduction is one

of the main reasons why in situ biosynthesized FGNCs inhibit hair

follicle regeneration. In the canonical NFκB signaling pathway, IKK

phosphorylates inhibitor of kappa B (IKB), which makes IKB detach

from the NFκB complex, and P50/P65 translocates into the cell nu-

cleus, activating the transcription of inflammatory cytokines [77–

83]. To further confirming that the in situ biosynthesized FGNCs

can inhibit hair follicle regeneration by regulating the NFκB sig-

nal transduction, we investigated the expression of several criti-

cal molecules in the NFκB signaling pathway at mRNA and protein

levels.

Eight days after the first drug administration, skins from DAu,

DPBS, and HAu groups of mice were harvested, and total RNA was

extracted for reverse transcription-polymerase chain reaction (RT-

PCR). The results showed that the mRNA level of IKKβ and RelA

in the skin of the DAu mice downregulated, compared to those

in the skin of the DPBS group of mice (Figs. 3a and b). How-

ever, there were no significant differences in the level of mRNA

expression of IKB alpha and Nfκb1 between the DAu and DPBS

groups. Coinciding with mRNA expression, the expression of IKB al-

pha and NFκB/P50 protein level between the DAu and DPBS groups

showed no significant differences (Figs. 3c and d). It was notewor-

thy that the level of phosphorylation-IKB (P-IKB) alpha and the

proportion of P-IKB alpha/IKB alpha in DAu group decreased sig-

nificantly, compared to these in DPBS group. The dephosphoryla-

tion of P-IKB prevented P50/P65 from translocating into the cell

nucleus, resulting in the transcriptional inhibition of inflammatory

factors. Tumor necrosis factor (TNF)-α is one of the NFκB-mediated

proinflammatory cytokines [84]. We investigated the expression of

TNF-α in the whole layer skin tissue at the different timepoints

by enzyme-linked immunosorbent assay (ELISA). The results re-

vealed the expression level of TNF-α in the DAu skin gradually

decreased from 1 d to 4 and 8 d after hair plucking, and it re-

mained unchanged in the DPBS skin (Fig. S9 in Supporting infor-

mation). The results are consistent with Wang’s and Chuong’s re-

ports that TNF-α activates HFSCs and hair regeneration after hair

plucking-induced wound [19,20]. Hair follicles entered the growth

phase immediately after plucking, and FGNCs in DAu skin nega-

tively regulated NFκB/TNF-α, which inhibited hair regeneration. To

observe the proliferation of hair follicle cells, skin tissues on the

9th day of the first administration were embedded in paraffin and

sectioned. The expression of marker of proliferation Ki67 was ob-

served by immunofluorescence staining (Fig. S10 in Supporting in-

formation). Compared with hair follicles in normal anagen in the

DPBS skin and the non-administration site of the DAu skin (DAu-

NA), the hair follicles in the administration site of the DAu skin

(DAu-A) were smaller in size and were shorter in length. Hair ma-

trix in DPBS and DAu-NA completely enveloped the dermal papilla,

but it did not enclose or partially enclosed the dermal papilla in

DAu-A. As indicated by the arrows, Ki67 was strongly expressed

in hair matrix and outer root sheath in DPBS and DAu-NA, and it

was weakly expressed in second hair germ and outer root sheath

in DAu-A. The above results confirmed that in situ biosynthesized

FGNCs inhibited hair follicle regeneration by negatively regulating

NFκB-mediated inflammatory response signaling pathway.

Studies have proved that hair plucking causes microinjury and

a cascade of inflammation, which activates HFSCs and leads to

hair regeneration [19,20,57,58]. The increased total antioxidant sta-

tus after hair plucking is an adaptive response to oxidative stress

[60,61]. In the state of oxidative stress, cells must raise the level of

antioxidants to maintain homeostasis [16,17], and increased antiox-

idants is conducive to the reduction of trivalent gold ions to low

valence FGNCs. It has been reported that gold nanoclusters have

the function of nano-enzymes that can scavenge ROS, thereby re-

ducing the inflammatory damage caused by ROS [56,85–88]. The

reason why FGNCs show the catalase mimetic activity is proba-

bly the presence of mixed valence gold atoms (0 and +1), reacting

with hydrogen peroxide and superoxide to scavenge ROS. In addi-

tion, FGNCs can directly interact with cysteine (Cys-179) of IKKb

and subsequently inhibit IKB/NFκB/TNF-α [76]. Our studies have

confirmed that OSM-responsive biosynthetic FGNCs make both flu-

orescent imaging for the injured skin and inhibition of the hair fol-

licle regeneration are readily realized. At first, we confirmed the

production of ROS and fluorescent FGNCs only occured in scratch-

injured cells. In addition, we similarly found that the FGNCs were

biosynthesized only in hair-plucking injured skin and inhibited hair

follicle regeneration by negatively regulating the NFκB-mediated

inflammatory response signaling pathway (NFκB/TNF-α axis). The

analyses of tissue section staining and hematology revealed the in

situ biosynthesized FGNCs caused no apparent toxicity to the or-

ganism. Thus, the differential imaging diagnosis of the injured in-

flammatory skin and the normal skin can be realized, while the

OMS-responsive in situ synthesized FGNCs are a safe and effective

drug and hold great promise of therapeutic effect on hypertrichosis

related to the skin inflammation and injury.
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