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A B S T R A C T

NFκB is a vital transcription factor for the regulation of hair follicle cycle. As a therapeutic target, NFκB is 
specifically blocked by RNA aptamer with negligible side effects, but the targeted transmembrane transport of 
anti-NFκB aptamer remains a challenge due to its negative charge under physiological conditions. In this study, 
taking advantage of the depilation-induced oxidative stress microenvironment (OSM), it was confirmed for the 
first time that self-assembled gold nanoclusters and aptamer (AuNCs-Aptamer) complexes formed in the skin and 
enhanced the therapeutic effect of anti-NFκB aptamer drugs, effectively blocking the NFκB-mediated inflam
matory response and inhibiting hair follicle regeneration. The hematoxylin-eosin (HE) staining of tissue section 
and hematology analysis demonstrated that OSM-responsive self-assembled AuNCs-Aptamer caused no toxicity 
to the living organism. Moreover, self-assembly occurred only in the oxidative stress-injured skin cells rather 
than the normal cells, which revealed that this self-assembly was a targeted, safe and effective therapy for 
hypertrichosis.

1. Introduction

Hair follicles are important epidermal accessories that produce hairs 
[1–5]. Throughout one’s life, the inferior part of the hair follicle peri
odically degenerates, shortens and is rebuilt to control the orderly 
growth of hair [6–9], corresponding to the three different stages of hair 
follicle cycle (catagen, telogen and anagen), respectively. The skin 
injury from the skin care products, drugs and ultraviolet radiation is 
usually accompanied by the overproduction of reactive oxygen species 
(ROS) [10–12] and causes the hypertrichosis [13–17]. This kind of skin 
disease aesthetically loses its original beauty and even causes some 
serious spiritual and psychological problems such as anxiety, inferiority 
and irritability to the patients. ROS transmit biological signals as second 
messengers, activate the proliferation and differentiation of hair follicle 

stem cells (HFSCs) and promote the transformation of the hair follicle 
cycle from telogen into anagen [18–23]. Corticosteroid addictive 
dermatitis caused by abuse of hormone-containing skin care products 
are accompanied by oxidative stress from excess ROS, leading to 
hypertrichosis [24–26]. Minoxidil, a low dose oral drug for alopecia, 
causes the side effect such as dermatitis and hypertrichosis [27–29]. The 
dermatomyositis is characterized by inflammation of muscles and skin 
along with rare hypertrichosis [30,31]. The omeprazole causes gener
alized hypertrichosis by increasing the levels of mediator of inflamma
tion prostaglandin E2 [32]. Vorasidenib [33] and consecutive cetuximab 
[34] administration causes the exaggerated side effect of hairy skin. 
Because limited therapies are available and often unsatisfactory, pa
tients are usually under psychological distress [35–37]. Current phar
macological therapy, like eflornithine, presents the serious adverse 

This article is part of a special issue entitled: Biomarker published in Materials Today Bio.
* Corresponding author.
** Corresponding author.
*** Corresponding author.

E-mail addresses: sungi@seu.edu.cn (H. Jiang), 101013182@seu.edu.cn (X. Liu), xuewang@seu.edu.cn (X. Wang). 

Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio

https://doi.org/10.1016/j.mtbio.2025.101774
Received 10 February 2025; Received in revised form 12 April 2025; Accepted 16 April 2025  

Materials Today Bio 32 (2025) 101774 

Available online 17 April 2025 
2590-0064/© 2025 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://orcid.org/0000-0001-6882-7774
https://orcid.org/0000-0001-6882-7774
mailto:sungi@seu.edu.cn
mailto:101013182@seu.edu.cn
mailto:xuewang@seu.edu.cn
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2025.101774
https://doi.org/10.1016/j.mtbio.2025.101774
http://creativecommons.org/licenses/by-nc-nd/4.0/


effects, and clinical efficacy is not ideal [37–39]. Undesired hair removal 
by means of physiotherapy (photoepilation and electrolysis) is painful 
and repeated [40], destroys the hair follicles [41] and ablates cutaneous 
stem cell reservoir, which is not good for wound healing [42–47]. 
Therefore, it is necessary to develop a safe and effective strategy for 
treating hypertrichosis (see Scheme 1).

NFκB is involved in the regulation of mouse hair follicle cycle as an 
essential transcription factor for the activation, maintenance and growth 
of HFSCs [48–50]. Therefore, NFκB can be used as a therapeutic target. 
The aptamer, a short single-stranded DNA or RNA with unique 3D 
structure, is a promising therapeutic against a wide variety of disorders 
attributing to its protein-binding ability, the selective limitation on 
protein activity with negligible side effects [51], the easy synthesis and 
modification at large scale and low price, the rapid penetration into 
tissues and the low immunogenicity to the body [52]. However, the 
transmembrane delivery of therapeutic aptamers against the intracel
lular targets remains a challenge. The retroviral vectors are used to 
generate therapeutic anti-NFκB aptamers directly inside cells, which has 
biosafety concerns [53–55]. The poor uptake of the anti-NFκB aptamers 
into mammalian cells results in high dosage and repeated administra
tions, which is hard to achieve a significant therapeutic effect [56,57]. 
The main reason is that nucleic acids are negatively charged under 
physiological conditions.

The positively charged metal ions not only easily interact with the 
negatively charged phosphate backbone through the simple electrostatic 
attraction, but also accept electrons from the nucleobase units or the 
phosphatic oxygen to form coordination complexes [58]. Due to very 
stable chemical properties, good biocompatibility and intrinsic optical 
characteristics, gold ion and gold nanoclusters have a wide range of 
biomedical applications [59–62]. Therefore, we hypothesized that 
HAuCl4 could be self-assembled with aptamers into the complexes to 
facilitate the targeted transmembrane delivery of the aptamer drugs into 
the oxidative stress-damaged hair follicle cells. For proof of the concept, 
the anti-NFκB/p50 aptamer was used to form a coordination precursor 
complex with HAuCl4 for investigating its effect on hair follicle regen
eration. In this study, for the first time, AuNCs-Aptamer complexes were 
self-assembled in depilation-induced skin trauma microenvironment. 
Moreover, this self-assembly occurred only in the oxidative 
stress-injured skin cells rather than the normal cells, effectively blocking 
the nuclear transcription factor kappa B (NFκB)-mediated inflammatory 
response signal pathway and inhibiting hair follicle regeneration. 

Therefore, it is a targeted, safe and effective strategy for delivering 
functional aptamers and treating hypertrichosis.

2. Materials and methods

2.1. Synthesis of anti-NFκB aptamer

The optimized aptamer against murine NFκB/p50 by truncation was 
adopted from Huang et al. [63], and the 29-nt p50 RNA aptamer 
(5-CAUACU2GA3CUGUA2G2U2G2CGUAUG-3) was custom-synthesized 
as a phosphorothioate backbone form [64–66] by Sangon Biotech 
(Shanghai, China), in which a nonbridging oxygen atom of the phos
phate was displaced with sulfur atom to enhance the biological stability 
of aptamer against nuclease [66–68].

2.2. Depilation-induced trauma model

All the animal experiments were allowed by Animal Care Research 
Advisory Committee of Southeast University. All the experiment pro
cedures related to animal were conducted under the approval of the 
Animal Research Ethics Board of Southeast University. Referring to our 
previous experiment procedure [69], we established hair 
plucking-trauma model in C57BL/6 mice. In short, mouse hair follicles 
stayed quiescent after postnatal 7–8 weeks, and the hair was plucked by 
rosin/wax melt. Half an hour after mice were depilated, they were 
divided into the five different groups as follows. 1 mM HAuCl4 solution 
(25 μL, pH = 7), 0.5 mM HAuCl4 solution (25 μL, pH = 7), PBS (25 μL), 
10 μM Aptamer (25 μL), and 25 μL Au + Apt precursors (1 mM HAuCl4 
+10 μM Aptamer) were intradermally injected, respectively (n = 6 each 
group). It was eligible to inject drugs into the superficial part of the skin 
with 40-unit insulin syringes and form a skin protrusion temporarily. Be 
careful not to inject drugs into the subcutaneous tissue. Mice were 
administered once a day for three consecutive days, and each mouse was 
kept in a specific pathogen-free grade environment and in the separate 
cage to avoid the skin being scratched and broken. The intradermal drug 
injection is a common method in the research field of hair follicle as an 
essential accessory of the epidermis [70–78], especially in the beauty 
field [73,79]. The technical term is “mesotherapy technique” by which 
low doses of therapeutic agents and bioactive substances are adminis
tered by intradermal injections to the skin [80]. Moreover, we adopted 
30-gauge needles (0.3 mm × 8 mm) for injection, which was thinner and 

Scheme 1. Schematic diagram of self-assembled AuNCs-Aptamer in the depilation-induced injured skin after the administration of the aptamer and HAuCl4 co
ordination precursor complexes, and AuNCs-Aptamer inhibiting hair follicle regeneration by negatively regulating the NFκB(p50/p65)-mediated inflamma
tory response.
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safer than that the literature recommended [81].

2.3. Fluorescence imaging for the small animal

For in vivo fluorescence imaging, mice were successfully pre- 
anesthetized by 4 % isoflurane gas and wore the masks for continuous 
inhalation of 2 % isoflurane to maintain anesthesia. Fluorescence pic
tures were taken by the fluorescence imager for live small animals 
(Perkin Elmer, IVIS Lumina XRMS Series III) under 480 nm excitation.

2.4. Cell viability assay by cell counting kit 8 (CCK-8)

Commercialized JB6 (resistant to the promotion of transformation by 
phorbol esters) is an immortalized mouse epithelial cell line. According 
to the manufacturer’s instructions, the cell viability was tested for three 
times via CCK-8 (Beyotime, Shanghai, China). JB6 cells in the expo
nential growth were inoculated into 96-well plates with 5000 cells per 
well. After adequate adhesion, the cells were treated with HAuCl4 so
lution (pH = 7) for 24 h. 10 μL of CCK-8 solution was added into each 
well. After incubating in the cell incubator for 3 h, the absorbance value 
of the reaction product was read at 450 nm via a full wavelength 
microplate reader.

2.5. Detection of intracellular AuNCs-aptamer after scratch injury

JB6 cells were inoculated in the laser confocal culture dishes at a 
density of 5 × 105 cells per dish and grew in the cell incubator overnight. 
Cells were treated with PBS, HAuCl4 solution (Au, pH = 7), anti-NFκB 
aptamer (Apt), and HAuCl4 + anti-NFκB aptamer (Au + Apt), respec
tively, and 10 μL tips were used to scratch the cells to induce cell injury. 
After another 8 h incubation, the fluorescence was observed, and the 
pictures were taken by laser confocal microscopy at 488 nm excitation.

2.6. The extraction of AuNCs-aptamer

After the mice were euthanatized, the drug-administrated skin was 
harvested and homogenized fully using the glass tissue homogenizer. 
The homogenate was frozen in the liquid nitrogen for 5 h and then fully 
thawed in the 37 ◦C water bath repetitively for more than six times to 
break the cell membranes completely. After centrifugation at 3500 rpm 
for 5 min, the supernatant was acquired and lyophilized for 
characterization.

2.7. The characterization of AuNCs-aptamer

For high resolution transmission electron microscope imaging (HR- 
TEM) by Talos F200X G2, the extracted sample was dropped on carbon- 
coated copper grid (Electron Microscopy Sciences). For energy disper
sive spectrometer (EDS) and element mapping, the extracted sample was 
dripped on the carbon-coated copper grid and dried with infrared heater 
for 10 min. For X-ray photoelectron spectroscopy (XPS), the lyophilized 
sample was compensated for charging with a low-energy electron beam 
and analyzed by PHI Quantera II using Al Kα radiation (hv = 1486.6 eV). 
The peak of C1s (binding energy = 284.4 eV) was applied to correct the 
sample charging. For atomic force microscope (AFM) imaging, samples 
diluted with deionized water were deposited onto silicon wafer carriers 
with oxide layer and imaged using NanoWizard® 4 XP BioScience 
atomic force microscope.

2.8. Hematoxylin and eosin staining (HE)

The skin tissue slides were dewaxed twice in the pure xylene, hy
drated in graded alcohols and rinsed gently with running tap water for 4 
min. The sections were stained at first with the hematoxylin solution for 
1 min. Subsequently, the sections were rinsed gently with running tap 
water for 3 min. After nuclear staining was adjusted by hydrochloric 

acid ethanol solution, sections were counterstained with eosin for 15 s 
and immediately rinsed with running tap water. The tissue slides were 
dehydrated by reverse gradient alcohol and mounted with neutral resin 
for observation under a microscope.

2.9. Detection of cyanine 3 (Cy3)-labeled aptamer after scratch injury

JB6 cells were inoculated in the sterile petri dishes at a density of 106 

cells per dish at 37 ◦C overnight. After 10 μL tips were used to scratch the 
cells to induce cell injury, cells were treated with PBS, HAuCl4 solution 
(pH = 7), Cy3-labeled anti-NFκB aptamers (Cy3Apt), and HAuCl4 +

Cy3Apt (Au + Cy3Apt), respectively. After 8 h incubation, the red 
fluorescence was detected by fluorescence microscopy at 550 nm 
excitation.

2.10. Biostability assay of aptamers

Synthetic aptamers (5 μM) were incubated in mouse serum at 37 ◦C. 
Samples were acquired at different time points (0, 1, 6, 12, 18, 24 h) and 
electrophoresed in a 3 % agarose gel. Residual aptamer products were 
semi-quantitatively analyzed by Image J software (%).

2.11. Affinity and specificity of aptamer binding to NFκB/p50

The affinity and specificity of aptamer binding to target were 
determinated by enzyme-linked oligonucleotide assay (ELONA). 96-well 
polystyrene microtiter plates with high adsorption ability were coated 
with 300 ng per well of recombinant p50 protein (residues 39–364, 
ordered from Sino Biological, Inc. China) in 100 μL of carbonate solution 
at 4 ◦C overnight. After discarding the coating solution, the plate wells 
were washed three times with 10 mM HEPES buffer (pH = 7.5) to 
eliminate any unbound protein and blocked with 100 μL per well of 
HEPES containing 5 % bovine serum albumin (HEPESB) for 40 min at 
RT. Afterwards, biotin-labeled aptamers were diluted in binding buffer 
(HEPES and 0.1 M NaCl) at different concentrations (0 nM, 5 nM, 15 nM, 
45 nM, 135 nM, and 405 nM), denatured at 95 ◦C for 10 min and cooled 
on ice for 10 min. Next, 100 μL of the aptamer solution were supple
mented to each well, and the reaction mixture was incubated for 1 h at 
37 ◦C. The microplate wells were washed again four times with HEPES 
containing 0.005 % tween 20 (HEPEST) to remove unbound aptamers, 
and the bound aptamers in each well were detected using 100 μL of a 1/ 
1000 dilution of streptavidin-conjugated horseradish peroxidase in 
HEPESB. After 1-h incubation on a shaker at 37 ◦C, the plate wells were 
washed four times with HEPEST to eliminate any unbound materials. 
The color developing reaction was carried out by tetramethylbenzidine 
kit following the manufacturer’s instruction. The data were obtained in 
triplicates per each aptamer concentration in all cases. The KD values of 
the aptamers were obtained by the absorbance values corresponding to a 
series of different concentration of aptamers fitted into the curve 
equation Y = Vmax * X/(Km + X) through the statistics software Origin 
2023. Mitogen-activated protein kinase 1 (MAPK1/ERK2), mitogen- 
activated protein kinase 8 (MAPK8/JNK1), SARS-CoV-2 spike subunit- 
1 (S1), angiotensin-converting enzyme 2 (ACE2), and programmed 
cell death ligand 1 (PDL1) protein were used as controls in the specificity 
assay. The MAPK1, MAPK8, ACE2 protein were bought from Sino Bio
logical, Inc. China. The S1 and PDL1 proteins were purchased from 
ACRO Biosystems, Beijing, China.

2.12. Enzyme-linked immunosorbent assay (ELISA)

The mouse dorsal skin tissues were homogenized, and the tissue 
homogenate was cryogenically centrifuged at 13000 g for 8 min to ac
quire the supernatant for detection. The total protein concentration of 
each sample was measured by the enhanced BCA Protein Assay Kit 
(Beyotime, Shanghai, China). Following the manufacturer’s product 
instruction in ELISA kit, the absorbance of each sample was detected at 
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450 nm wavelength, and the concentration of the interested protein 
factors in the tested specimen was calculated by standard curve equa
tion. The result was expressed as the amount of the interested protein 
factor contained in total skin protein (pg/mg).

2.13. Immunofluorescence staining

The dorsal skins from each group of mice were embedded in the 
paraffin wax for the tissue section. Subsequently, the skin tissue sections 
were dewaxed, rehydrated and heated in microwave for antigen repair. 
After blocking antigen with 5 % BSA, the primary antibodies against 
nuclear-associated antigen (Ki67), pan-cytokeratin (AE13) and tricho
hyalin (AE15) were diluted in a ratio of 1:100 (Santa Cruz 

Biotechnology, Shanghai Co., Ltd.) to incubate with the samples, 
respectively. The Cy3-labeled secondary antibody (Beyotime, Shanghai, 
China) was diluted in a ratio of 1:100 to bind to the primary antibody. 
The cell nucleuses were counterstained for 10 min with 4′, 6-diamidino- 
2-phenylindole (DAPI, Beyotime, Shanghai, China).

3. Results and discussion

3.1. Self-assembled AuNCs-aptamer inhibiting hair follicle regeneration

When the dose concentration of HAuCl4 precursors was 1 mM or 0.5 
mM, no obvious fluorescence was observed (Fig. S1). When the con
centration of HAuCl4 was higher than 1 mM, it led to more toxicity. 

Fig. 1. (a) In vivo fluorescence imaging at the different time points after the first administration. (b) The right histogram showed the quantitative analysis statistics of 
the relative fluorescence signal intensity in the drug-administrated skin sites from 4 different groups of PBS, Au, Apt, and Au + Apt. The unit of average radiant 
efficiency was [p/s/cm2/sr]/[μW/cm2] × 108. The fluorescence signal intensity of the dorsal skin at the dosed site from PBS group mice at 4 h was standardized to 1. 
(*P < 0.05, and NS: no significance). (c) Camera photographs of PBS, Au, Apt and Au + Apt group mice on the 10th day post the first dose. (d) HE staining of the skin 
tissue sections from PBS, Au, Apt and Au + Apt group mice on the 10th day post the first dose. The dashed circle indicated the site of dose and supression of the hair 
follicle regeneration. The HE staining image of each group was made up of the four or five photos taken in succession and connected by front and back. (e) Local 
magnified picture of the dorsal skin of Au + Apt group mice.
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When the concentration of HAuCl4 was lower than 1 mM, such as 0.5 
mM, it had poor delivery effect, resulting in no hair inhibition (Fig. S2). 
The particle size below the renal clearance threshold (about 5.5 nm) 
favoured renal filtration and excretion and was safe for organisms [82]. 
Therefore, for biosafety and delivery effect, the low concentration of 
HAuCl4 (1 mM) for injection was appropriate in our experiments, and 
exhibited a good effect of hair inhibition (Fig. 1). Considering both 
biosafety and effectiveness of the aptamer delivery, 1 mM HAuCl4 and 
10 μM aptamer (Au + Apt) coordination precursors were injected into 
the dorsal skin with the depilation-induced trauma to investigate the 
response of Au + Apt coordination precursors to the OSM and its effect 
on hair regeneration (Fig. S3). At the different time points of 
post-administration, the mice were anesthetized with 2 % isoflurane gas, 
and the fluorescence pictures were taken by in vivo fluorescence imager 
under 480 nm excitation. As shown in Fig. 1a and b, the fluorescence 
signals of the dorsal skin at the administration site among PBS, Au and 
Apt group mice exhibited no significant difference. The dorsal skin at the 
injection site in Au + Apt group mice showed the obviously strength
ened fluorescence signal at 15 h, compared to those in PBS, Au and Apt 
groups of mice. Subsequently, the fluorescence signals of the dorsal skin 
in the Au + Apt group mice decreased gradually from 30 h to 60 h. 
Above results suggested that the OSM-responsively self-assembled 
AuNCs-Aptamer complexes were synthesized successfully. There was no 
obvious fluorescence after administration of the HAuCl4 alone, while the 
fluorescence was significantly enhanced after the injection of Au + Apt 
precursors, which could be explained by aggregation-induced fluores
cence emission [83,84]. 60 h after the first dose, the mice were 
euthanatized, and the main organs were collected for ex vivo fluores
cence imaging. No apparent differences in fluorescence signals were 
found in the main organs among all groups of mice (Fig. S4), which 
indicated AuNCs-Aptamer complexes were not accumulative in the in
ternal organ and safe for the body. We had the similar results in imaging 
of JB6 cells with scratch-induced injury. Firstly, according to CCK-8 
assays, there was no obvious cytotoxicity after treatment with 
different concentration of HAuCl4 from 10 μmol/L to 175 μmol/L 
(Fig. S5). Subsequently, we chose 10 μmol/L HAuCl4 solution for the 
following cell scratch injury experiment and found that the damaged cell 
along the scratch in Au + Apt group showed stronger fluorescence sig
nals than that in Au group (Fig. S6), which further indicated the effect of 
fluorescence enhancement as the same as in vivo imaging after the for
mation of the oxidative stress-responsively self-assembled 
AuNCs-Aptamer. Gold interacted with the sulfur atoms [85], nitrogen 
atoms [86,87] and hydroxyl groups [151] in the phosphorothioated 
nucleic acid, which provided an ideal template for reducing Au+3 to 
AuNCs (0/+1) under OSM [88–90].

Before functional validation of the aptamer, the serum stability of 
phosphorothioated aptamers was demonstrated to be good and met the 
requirements of in vivo use. Natural nucleic acid aptamers were sus
ceptible to exo- and endo-nucleases and rapidly degraded in vivo through 
the hydrolysis of phosphodiester bonds [91], and the half-time in human 
blood was only a few minutes [92,93]. The phosphorothioate, in which 
non-bridging oxygen atoms in the phosphate skeleton were replaced by 
sulfur, was a common strategy for improving resistance to nuclease [66,
68,94] without impeding or even enhancing affinity [95,96]. Therefore, 
prior to functional validation of the aptamer, it was demonstrated that 
the serum stability of phosphorothioated aptamers was good and met 
the requirements of in vivo use (Fig. S7). Meanwhile, the aptamer still 
maintained its high affinity at the nanomolar level (4.82 ± 0.37 nM) and 
good specificity (Fig. S8). 10 days after the first intradermal adminis
tration, the dorsal skin injected with Au +Apt exhibited the inhibition of 
hair regeneration. However, the dorsal skins injected with PBS, Au and 
Apt respectively grew black, and the hair grew (Fig. 1c, d and 1e). A 
single targeted site was injected once a day for three times. The hair 
follicles on both sides of a single injection targeted site stayed in the 
typical anagen phase, and their growth was not inhibited, indicating 
that there was no influence between different injection targeted sites. 

Therefore, only a single targeted site was injected for efficacy. 10 days 
after depilation, HE staining of the main internal organs demonstrated 
that the AuNCs-Aptamer caused no toxicity (Fig. S9). To further evaluate 
the biosafety of the AuNCs-Aptamer, the blood was acquired for the 
hematology test after euthanizing the mice. The routine blood exami
nations indicated that the cell counting of erythrocytes, leukocytes, or 
platelets among all groups of mice showed no significant difference 
(Table S1). The serum biochemical parameters, including the renal 
function indexes (urea and creatinine), the liver function indexes 
(aspartate transaminase and alanine transaminase), and the cardiac 
function index (creatine kinase), were in the normal range, and the 
self-assembled AuNCs-Aptamer did not cause damage to the kidney, 
liver and heart (Table S2). By and large, above results revealed that the 
AuNCs-Aptamer was a safe and effective therapeutic for inhibiting hair 
follicle regeneration.

3.2. Characterizing the AuNCs-aptamer

To provide further evidence on the self-assembled AuNCs-Aptamer, 
the skin extract was used for the characterization as follows. 12 h after 
the first drug-administration, AuNCs-Aptamer in the injected skin site 
were extracted by the repeated freeze-thaw method. The typical HR- 
TEM images (Fig. 2a and b) and the statistical histogram of particle 
size distribution (the insert of Fig. 2a) revealed that AuNCs had a very 
concentrated diameter distribution in the 1.8–2.6 nm range. The 
average particle size (2.18 nm) was below the renal clearance threshold 
(about 5.5 nm), favouring renal filtration and excretion and reducing the 
organ toxicity [82]. From the analysis of HR-TEM, the interplanar 
crystal spacing was 0.22 nm, corresponding to the Au (111) plane (the 
insert of Fig. 2b). Dark-field scanning transmission electron microscopy 
and elemental mapping demonstrated that Au, C, N, and O elements 
were uniformly distributed in the skin extract (Fig. S10). XPS testified 
that four peaks coincided with the emission of 4f photoelectrons from 
Au0 and Au+1 (Fig. 2c). After calculating the integrated peak area, the 
atomic percentages of Au0 and Au+1 co-existing in the skin extract were 
62.8 % and 37.2 %, respectively. Under oxidative stress, total antioxi
dants were increased to maintain cell homeostasis [97–99], which 
provided the favorable conditions for the reduction of Au+3 to Au0 and 
Au+1. EDS analysis further demonstrated that gold primitive element 
and the organic component were present in the skin extract. However, 
the proportion of gold primitive element in the skin extract was rela
tively low due to the formation of AuNCs-Aptamer (Fig. 2d and 
Table S3). In the AuNCs-Aptamer, there were a large amount of RNA 
aptamers on the surface of the complexes, which would reduce the 
amount of gold exposed to surface. Positively charged mono-valent gold 
Au+1 facilitated binding between AuNCs and aptamer through electro
static interactions. Furthermore, the phosphorothioate backbone modi
fication provided a stronger anchoring point for AuNCs through the 
sulfur atom compared to oxygen atoms on phosphate groups [85]. In 
addition to the phosphate groups, the various other functional units 
(hydroxyl groups on the deoxyribose moieties and nitrogen atoms on the 
bases) in nucleic acid specifically interacted with a gold or gold ion 
[151], which made nucleic acid an ideal template for synthesizing metal 
nanoclusters [88–90]. Meanwhile, some studies revealed metal nano
clusters bound to N3 atoms of cytosine [86], and gold nanoparticles 
bound to guanine through the non-bonding interaction [87]. Because 
the high energy electron beam from TEM might destroy the 
three-dimensional conformation of the AuNCs-Aptamer, especially the 
structure of the nucleic acid aptamer in the complexes, it was necessary 
to further characterize the complexes by atomic force microscopy 
(AFM). According to the AFM height profiles (Fig. 2e–k), it was obvious 
that the cumulative height of AuNCs-Aptamer appeared to be roughly 
4.5 nm, while the diameter of a local double helix RNA was estimated to 
be approximately 2 nm. It suggested that the height of AuNCs was 
approximately 2 nm, which was consistent with the result of TEM 
characterization. In general, the above results verified that 
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Fig. 2. The characterization of the extracted AuNCs-Aptamer. (a) TEM image and the diameter distribution histogram of AuNCs. The average particle size was 2.18 
nm. (b) HR-TEM image. The lattice fringe spacing was 0.22 nm, corresponding to the Au (111) planes. XPS and EDS were respectively exhibited in (c) and (d). (e) The 
typical AFM images of the OSM-responsively self-assembled AuNCs-Aptamer in the damaged skin. The coordination precursor complexes of HAuCl4 (1 mM) and 
aptamer (10 μM) were injected into the depilated dorsal skin. (f) The local enlarged image in (e). The bright areas represented AuNCs-Aptamer. The maximum 
superposition height of AuNCs-Aptamer was about 4.72 nm. (g) and (h) showed the three-dimensional model diagrams corresponding to (e) and (f), respectively. (i) 
and (j) were the rigidity diagrams corresponding to (e) and (f). (k) The height map of AuNCs-Aptamer along the marked red line (I→II) in the insert from (e). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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AuNCs-Aptamer complexes were self-assembled successfully.

3.3. AuNCs-aptamer inhibiting hair follicle regeneration via negatively 
regulating the NFκB-mediated inflammatory response

In the OSM of damaged skin, the gold and anti-NFκB aptamer coor
dination precursors could form AuNCs-Aptamer. However, whether they 
could prevent the NFκB dimer efficiently and cell-specifically from 
binding to genomic DNA was unknown. Accordingly, we demonstrated 
at first that the anti-NFκB aptamer was delivered into damaged cells 
specifically through in vitro scratch injury assay. It was confirmed that 
there was an OSM in the damaged skin cells [100,101], and hereby we 
scratched JB6 cells to simulate the damage of skin cells. As shown in 
Fig. 3, the gold and Cy3-labeled anti-NFκB aptamer formed the coordi
nation precursor complexes (Au + Cy3Apt) to facilitate the targeted 
uptake of the aptamer into the oxidative stress-damaged JB6 skin cells 
rather than the normal cells, and there was no significant uptake in the 
damaged or undamaged JB6 after the alone dose of the Cy3-labeled 
aptamer. This result was consistent with previous researches, which 
demonstrated inflammatory diseases and tumor development were 
involved in a large number of oxidative stress molecules (ROS and 
endogenous glutathione) [102–105] and that metal ions were tumor 
microenvironment-responsive to deliver functional nucleic acid mole
cules precisely into tumor cells with high oxidative stress by oxidative 
stress-responsively self-assembled AuNCs-DNA, AuNCs-miRNAs, 
AuNCs-shRNA and AuNCs&Fe-miRNA complexes [88–90,106]. As for 
the self-assembly mechanism, relevant processes were briefly summa
rized as follows: the coordination precursor complexes of HAuCl4 and 
the nucleic acid were actively transported into the cell via endocytosis, 
Au+3 was reduced to Au0/+1 using nucleic acid molecules as a template 
in the presence of intracellular antioxidants such as GSH and NADPH, 
and the self-assembled complexes of gold nanoclusters and nucleic acid 

formed. Reasonably, the plucking-induced skin micro-damage caused 
oxidative stress [22,23,107,108], phospholipid peroxidation, high 
membrane destabilization, the increased permeability of membrane 
[109] and the increase of total antioxidants [97–99], resulting in the 
targeted uptake and self-assembly of AuNCs-Aptamer complexes in 
oxidative stress-damaged cells.

In the canonical NFκB signal pathway, the nuclear translocation of 
the NFκB dimer (P50/P65) complexes activated the transcription of 
downstream inflammatory cytokines [110–116], and tumor necrosis 
factor alpha (TNF-α) was crucial to activate HFSCs and promote hair 
follicle regeneration after the hair plucking-induced damage [22,23,
117,118]. Therefore, we next detected the expression level of TNF-α in 
the whole layer skin at the different time points after administration by 
ELISA to investigate if the aptamer could perform the corresponding 
function. The results indicated the expression level of TNF-α in the 
whole layer skin from Au, Apt and Au + Apt group mice gradually 
decreased respectively from the 1st to the 4th and 8th day after the hair 
plucking, and it remained stable in the PBS treated skin (Fig. 4a). 
Especially, on the 8th day after administration, the expression level of 
TNF-α in the whole layer skin from the Au + Apt treated mice was lowest 
among that in other three group skins. Furthermore, we investigated the 
expression level of two other pro-inflammatory factors interleukin-1 
beta (IL1 beta) and cysteine-cysteine motif chemokine ligand 2 (CCL2) 
regulated by NFκB [118,119]and found that their expression patterns 
were similar to that of TNFa (Fig. 4b and c). Additionally, gold nano
clusters embodied the characterization of nano-enzymes that scavenged 
ROS, thereby relieving the inflammatory injury caused by ROS 
[120–128]. The production of catalase mimetic activity was most likely 
attributable to the presence of mixed valence gold (0 and + 1), cata
lyzing the reaction with hydrogen peroxide and superoxide. The particle 
size of gold nanoparticles had an obvious influence on their 
peroxidase-mimicking activity, and gold nanoclusters exhibited the 

Fig. 3. The uptake of Cy3-labeled anti-NFκB aptamers in mechanically-damaged JB6 cells from the fluorescence microscope. (a) Cy3-labeled anti-NFκB aptamers 
were found in the injured cells around the scratch after administration of the HAuCl4 and aptamer coordination precursor complexes, and there was no uptake of anti- 
NFkb aptamers after dose of the aptamer or HAuCl4 alone. The merged pictures represented the overlap of the fluorescent and bright field. (b) The fluorescence 
intensity along the marked line (I→II) was analyzed by Image J software and (c) the corresponding fluorescence peak intensity statistics (*P < 0.05). The con
centrations of HAuCl4 and aptamers were 10 μM and 1 μM, respectively.
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highest activity at an optimized diameter of 1.9 nm [129,130], which 
was consistent with that of AuNCs (2.18 nm) in our self-assembled 
AuNCs-Aptamer. In short, AuNCs-Aptamer synergistically and nega
tively regulated NFκB-mediated inflammatory response signal pathway, 
resulting in inhibition of hair follicle regeneration.

Compared to the PBS group, the expression level of inflammatory 
factors (TNF-α, IL1 beta, and CCL2) did not change significantly in the 
Au group, which revealed that the nano-enzyme AuNCs could scavenge 
the excessive ROS [120–128] but not break the positive self-feedback 
loop with the NFκB as the core [118]. However, compared to the Au 
group, the expression level of inflammatory factors decreased signifi
cantly in the Au + Apt group, which demonstrated that the anti-NFκB 
aptamer in the self-assembled AuNCs-Aptamer complexes played a role 
in down-regulating the expression level of inflammatory factors. 
Furthermore, because the 29-nt aptamer against murine NFκB/p50 was 
adopted from Huang et al., characterizing the selective limitation on the 
targeted protein activity with negligible side effects, the mechanism by 
which the anti-p50 aptamer worked had been demonstrated to interact 
with the genomic DNA binding domain of NFκB and inhibit the ability of 
NFκB binding DNA and activating gene transcription [51,63,131,132], 
and it was not involved in IκBα phosphorylation and the p50/p65 nu
clear translocation. In addition, in Fig. S8b in supporting information, 
there was no specific binding interaction between the aptamer and two 
kinds of activating protein-1, MAPK1/ERK2 mainly related to prolifer
ation and differentiation and MAPK8/JNK1 primarily involved in 
oxidative stress response and inflammation, respectively. Accordingly, it 
excluded the possible cross-talk from MAPK/AP-1 pathways. To sum up, 

it was persuasive that AuNCs-Aptamer complexes inhibited the 
NFκB-mediated inflammatory response signaling pathway.

Finally, to further investigate the effect of AuNCs-Aptamer on the 
suppression of hair follicle regeneration, the paraffin sections of skin 
tissues on the 10th day after the first administration were stained by 
immunofluorescence with the proliferation marker Ki67 and differen
tiation markers AE15/AE13. As evidenced by the arrows in Fig. 5a, Ki67 
was strongly expressed in outer root sheath and hair matrix of the PBS, 
Au, Apt treated skin and the Au + Apt non-administrated site, and it was 
very weakly expressed in outer root sheath and second hair germ in the 
administrated site of the Au + Apt. AE15 was recommended for the 
detection of trichohyalin, which was produced in the inner root sheath 
and medulla of hair follicle [133,134]. AE13, pan-cytokeratin antibody, 
was recommended typically for the detection of the hair cortex keratin 
family [135,136]. As showed by the arrows in Fig. 5b and S11, AE15 was 
strongly expressed in the medulla and inner root sheath of the PBS, Au, 
Apt treated skin and the Au + Apt non-administrated site skin, and AE13 
was strongly expressed in hair cortex of the PBS, Au, Apt treated skin and 
the Au + Apt non-administrated site skin. However, AE15 and AE13 
were barely expressed in the administration site of the Au + Apt treated 
skin. Besides, the hair follicles in the dosed site of the Au + Apt treated 
skin were shortest in length among the anagen hair follicles of the PBS, 
Au, Apt treated skin and the Au + Apt non-administration site skin 
(Fig. S12). In the administration site of the Au + Apt treated skin, hair 
matrix did not encapsulate or partially encapsulated the dermal papilla, 
but it completely enveloped the dermal papilla in the PBS, Au, Apt 
treated skin and the Au + Apt non-administration site. These results 

Fig. 4. The expression level of (a) TNFα, (b) IL1 beta and (c) CCL2 in the whole layer skin respectively at the different time-points after administration by ELISA, and 
(d) the expression value of TNFα, IL1 beta and CCL2 corresponding to the 8th, 4th and 4th day, denoting as mean ± standard deviation. The unit was pg/mg, rep
resenting the amount of the interested protein factor contained in total skin protein. (*P < 0.05).
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confirmed that the self-assembled AuNCs-Aptamer inhibited the prolif
eration and differentiation of hair follicle cells.

4. Conclusion

Since 2010, more and more researches on aptamer theranostics have 
been conducted [137], and there are dozens of aptamers used in clinical 
trials or as drugs [138,139]. Although the nucleic acid aptamer is a 
promising therapeutic against a wide variety of disorders due to its 
inherent advantages [51,52], there are some limitations, such as low 
cellular uptake and untoward side effects from high dose therapy [56,
57,140,141]. Virus-based delivery carriers have biosafety concerns 
[53–55,76,142]. Nonvirus-based vectors transfection are challenged by 
their unsatisfactory efficiency, toxicity, and lack of specificity [143,
144]. Gold nanoclusters have a wide range of biomedical theranostic 
applications because of its intrinsic characteristics [59–62], and in vitro 
synthesized gold nanoparticles (13 nm) serve as delivery carriers for 
nucleic acid transfection [145]. However, the biological toxicity and 
side effects are inevitable because of the relatively large diameter and 
the introduction of additional stabilizers and reductants in the process of 
synthesis [146,147]. The in-situ formed gold nanoclusters with a par
ticle size below the renal clearance threshold (about 5.5 nm) was bio
safe. In addition, many studies have reported HAuCl4 precursors as the 
drug formulation were used for cancer imaging and treatment [89,90,
148–150]. Thus, the in situ self-assembled AuNCs-aptamer as a delivery 
system has the remarkable advantages of avoiding high toxic trans
fection reagents and instability of in vitro synthesized nanoparticles. It is 
noted that this simple self-assembly approach not only resolves the 
targeting and safety of RNA aptamer delivery but also achieves effective 
inhibition of hair follicle regeneration. Hence, it opens up new oppor
tunities for aptamer-based hypertrichosis therapy.

The hypertrichosis related to the skin damage is usually accompa
nied by the inflammation and the generation of ROS [10–12,14,15,24,
30,32], which is an activator for hair follicle regeneration [18–21]. 
Summarily, our study manifested that OSM-responsively self-assembled 
AuNCs-Aptamer (Au0 and Au+1) exhibited the enhanced fluorescence 
imaging and the suppression of the hair follicle regeneration after 
administration of the aptamer and HAuCl4 coordination precursors 
(Au+3). At first, we confirmed the fluorescence enhancement and 
inhibiting the hair follicle regeneration only occurred in the Au + Apt 
treated skin. There was no obvious fluorescence and hair inhibition after 
administration of the HAuCl4 or aptamer alone. Secondly, 

self-assembled AuNCs-Aptamer complexes were extracted from the skin 
and confirmed. The coordination precursor of Cy3-labeled anti-NFκB 
aptamer and HAuCl4 facilitated the targeted uptake of the aptamer into 
the oxidative stress-damaged JB6 skin cells rather than the normal cells. 
In addition, ELISA for the inflammatory markers (TNF-α, IL1 beta and 
CCL2) and immunofluorescence staining for the proliferation and dif
ferentiation indicators (Ki67, AE13 and AE15) demonstrated the 
AuNCs-Aptamer inhibited the proliferation and differentiation of hair 
follicle cells via negatively regulating the NFκB-mediated inflammatory 
response signaling pathway. Finally, the analysis of hematology and HE 
staining of tissue section revealed the AuNCs-Aptamer had no toxic ef
fect on the organism. Therefore, the self-assembled AuNCs-Aptamer is a 
targeted, safe and effective therapeutic for hypertrichosis involved in 
the skin inflammation and injury.
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