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Abstract   Sanshool is a promising skin photoprotective agent with strong UV absorption and great antioxidative activity. However, it faces chal-

lenges including poor stability, skin penetration-associated systemic toxicity, and efficacy loss upon chemical modification. To address these is-

sues, amphiphilic hyaluronic acids (HHA) were synthesized and self-assembled to integrate with sanshool via hydrophobic interactions, signifi-

cantly boosting its photostability by 24% and enhancing its antioxidative activity. In HaCaT cells, HHA-sanshool nanoparticles (NPs) reduced UVB-

induced reactive oxygen species, decreased cell apoptosis, and lowered G2/M phase arrest from 42% to approximately 31% (close to the normal

level), while also inhibiting excessive autophagy. Moreover, in a mouse model, HHA-sanshool NPs alleviated UVB-induced skin damage, reducing

skin thickening by up to 50% and mitigating erythema, protected collagen/elastic fibers, and suppressed proinflammatory factor, with no dermal

penetration in vivo. This strategy provides a simple, efficient and safe platform for natural active molecular clinical translation in skin photoprotec-

tion.

Keywords   Hyaluronic acid; Sanshool; Nanoplatform; Stability improvement; Cell cycle regulation

Citation:  Yang, Y.; Song, J. M.; Wang, T. Y.; Wu, S. W.; Zhou, Y. H.; Gu, Z. P.; Guo, L. H.; Jiang, X. Amphiphilic hyaluronic acids enhance sanshool’s efficacy
against skin photodamage via stability improvement and cell cycle regulation. Chinese J. Polym. Sci. https://doi.org/10.1007/s10118-026-3657-y

 

INTRODUCTION

Long-term  exposure  to  ultraviolet  (UV)  radiation  can  cause  se-
vere  photodamage  to  the  skin,  which  destroys  the  first  line  of
defense for the human body against external environmental in-
sults.[1,2] UV  radiation  triggers  the  release  of  reactive  oxygen
species  (ROS),[3,4] secretion  of  pro-inflammatory  factors,  and
DNA damage,  which leads  to  collagen degradation,  disruption
of the barrier function, and cell cycle disorders, ultimately result-
ing in rough skin,  pigmentation,  and even cancerization.[5−9] In
particular,  disruption  of  the  cell  cycle  caused  by  light  loss
severely  impedes  the  normal  renewal  and  repair  of  the  skin,
making  it  difficult  to  restore  the  healthy  state  of  the  skin.  Al-
though physical blockers (such as titanium dioxide and zinc ox-
ide)  to  diffuse  UV  and  chemical  absorbers  (such  as  benzophe-

none and avobenzone) to absorb UV have been utilized for cur-
rent  clinical  photoprotection,  the  therapeutic  effect  on  photo-
damage has been severely limited by the phototoxicity of phys-
ical agents, as well as the transdermal and migratory properties
of  chemical  agents.[10−14] Moreover,  traditional  strategies  focus
only on UV shielding but lack intervention in skin cell physiolo-
gy  after  photodamage,  such  as  the  inflammatory  cascade  re-
sponse and cell cycle regulation,[15−17] making it difficult to meet
the  needs  of  multi-targeted  synergistic  treatment.  In  addition,
the widespread adoption of novel bio-based sun-protective ma-
terials has been limited by their high costs, complex fabrication
processes,  and  suboptimal  effectiveness.[18−20] Thus,  the  devel-
opment of  new functional  materials  that  are  highly  efficient  in
photoprotection and in evaluating precise pathological mecha-
nisms  has  become  a  key  challenge  in  the  field  of  anti-photo-
damage.

Plants  have  evolved strategies  to  secrete  specific  metabo-
lites  to  protect  against  light  damage,  providing  a  valuable
natural  source  for  the  development  of  new  photoprotective
materials.[21−23] Sanshool,  an  alkylamide  derived  from Zan-
thoxylum  xanthoxylum,  exhibits  outstanding  antioxidative,
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anti-inflammatory,  and  photoprotective  activities,  owing  to
its unique conjugated diene structure. Notably,  sanshool has
been shown to directly scavenge free radicals,  modulate key
cellular  signaling  pathways  involved  in  inflammation  and
apoptosis,  and protect  skin  cells  from UVB-induced damage,
positioning it  as  a  promising candidate among natural  small
molecules  for  combating  skin  photoaging.[24] Previous  stud-
ies have shown that sanshool can significantly alleviate UVB-
induced  light  damage  by  inhibiting  ROS  generation  and  fi-
broblast  apoptosis.[25] However,  its  small  molecular  nature
makes  it  prone  to  percutaneous  penetration  and  potential
systemic toxicity. Additionally, its poor chemical stability and
strict  storage  conditions  severely  limit  its  practical  applica-
tions.[26−29] Some  strategies  for  nature-inspired  sanshool-
based  nanomaterials  have  been  explored,  and  improve-
ments  in  sanshool  stability  have  been  demonstrated.[25,30]

However,  specific  chemical  modifications (such as borate es-
terification)  are  required  to  serve  materials  construction,
which  may alter  the  natural  active  structure  of  the  plant-de-
rived bioactive molecules and affect their physiological activi-
ty.[31] Therefore,  achieving stable,  safe,  and efficient targeted
delivery[32] of pristine plant efficacy molecules, including san-
shool,  while  preserving their  structural  integrity  and biologi-
cal activity remains a core challenge in the field.

Hyaluronic acid (HA) is a natural biological macromolecule
that  is  widely  distributed  in  the  extracellular  matrix  of  con-
nective  tissues  and  plays  a  key  role  in  cell  signaling,  wound
healing,  joint  lubrication,  and  skin  hydration.[33,34] Due  to  its
excellent  biocompatibility  and  non-immunogenicity,  HA  is
widely recognized as a safe biomaterial  with high affinity for
human  tissues,  making  it  an  ideal  candidate  for  biomedical
and  cosmetic  applications.  More  than  half  of  the  total  HA  in
the human body is localized in the skin, where it not only con-
tributes to tissue hydration and biological adhesion, but also
actively participates in maintaining skin homeostasis, regulat-
ing cell proliferation, and facilitating tissue repair through in-
teractions  with  cellular  receptors.[35,36] However,  its  pro-
nounced hydrophilicity hinders direct interaction with highly
hydrophobic molecules, including sanshool, thereby necessi-
tating  ingenious  modification  or  functionalization  strategies
to  expand  its  application  scope  in  delivery  systems.  To  this
end, chemical modifications of HA, particularly covalent con-
jugation of  hydrophobic moieties,  have been extensively ex-
plored  to  engineer  amphiphilic  derivatives.  These  tailored
polymers  can self-assemble  into  core-shell  nanostructures  in
aqueous environments,  thereby transforming native  HA into
a  versatile  delivery  vehicle  capable  of  encapsulating  hy-
drophobic  actives,  enhancing  their  stability,  and  enabling
slow release.[37−39] Our work builds upon this established prin-
ciple  by  employing  hydrophobic  modifications  to  create  a
stable and efficacious system for sanshool delivery.

In  this  study,  amphiphilic  hyaluronic  acid  (HHA)  was  con-
structed  through  hydrophobic  chain  modification,  enabling
subsequent  molecular  self-assembly  in  aqueous  environ-
ments. Driven by hydrophobic interactions, amphiphilic poly-
mers  spontaneously  organize  into  core-shell  nanostructures,
with  hydrophobic  segments  forming  an  inner  core  for  effi-
cient  sanshool  encapsulation  and  hydrophilic  HA  chains  ex-
tending  outward  to  form  a  stabilizing  shell.  This  self-assem-

bly  process  not  only  markedly  improves  sanshool  stability,
but  also  preserves  the  inherent  bioactivity  of  the  carbohy-
drate  polymer,  allowing  the  resulting  HHA-based  nanoparti-
cles to maintain skin affinity and biocompatibility (Fig. 1).[40,41]

This  design  leverages  hydrophobic-grafted  HA  to  encapsu-
late  sanshool  efficiently,  while  the  hydrophilic  HA  shell  en-
sures  colloidal  stability,  promotes  skin  adhesion,  and  regu-
lates  local  retention.  The  present  study  systematically  evalu-
ated  the  physicochemical  properties,  stability,  and in  vitro
photoprotective  efficacy  of  NPs,  and  further  explored  their
mechanisms in mitigating UV-induced damage through mod-
ulation  of  inflammatory,  oxidative,  and  homeostatic  path-
ways. By integrating the biocompatibility and tunability of HA
with a non-covalent loading strategy, this study provides a ra-
tional and translatable platform for the topical delivery of la-
bile natural compounds, thereby offering a novel therapeutic
avenue for anti-photoaging interventions.

EXPERIMENTAL

Materials
Hyaluronic acid (Mw≈ 150 kDa, purity≥98%, research-grade) was
purchased  from  Shanghai  Maclin  Biochemical  Technology  Co.,
Ltd. Ethylene glycol dicarboxylic acid (EDC, 98%) was purchased
from Hela Aladdin Biochemical Technology Co., Ltd. N-Hydroxy-
succinimide (NHS,  98%) was purchased from Hela Aladdin Bio-
chemical  Technology  Co.,  Ltd.  Octadecylamine  (95%),  oley-
lamine (98%), and 3,3-diphenylpropylamine (98%) were all pur-
chased  from  Shanghai  Titan  Technology  Co.,  Ltd.  Dimethylfor-
mamide (DMF, 99.9%) was purchased from Beijing Inokai Tech-
nology Co.,  Ltd. Ethanol (99.9%) was purchased from Shanghai
Titan  Technology Co.,  Ltd.  and sanshool  (95% from HPLC)  was
obtained  from  the  laboratory-purified Zanthoxylum  xanthoxy-
lum extract.

Cell  Counting  Kit-8  (Beyotime,  C0037),  Annexin  V-EGFP/PI
Double  Staining  Apoptosis  Detection  Assay  (Kai  Ji  Biology,
KGA1101-10),  Autophagy  Indicator  (mRFP-GFP-LC3)  (Hanbio
Hanheng  Biology,  HB-AP2100001),  Reactive  Oxygen  Species
Assay  Kit  (Yi  Sheng  Biotechnology  Co.,  Ltd.,  50101ES01),
Hoechst  33258  solution  (LABELAD,  23491-45-4),  JC-1  Mito-
chondrial  Membrane  Potential  Detection  Kit  (UElandy,
J6004S), and Cell Cycle Detection Kit (Kai Ji Biology, KGA9101-
100) were used.

Material Preparation

Synthesis of HHA
Amphiphilic HA derivatives were synthesized via EDC/NHS-me-
diated amidation with the aim of systematically modulating the
hydrophobicity  and  self-assembly  behavior  by  grafting  hy-
drophobic fragments with different degrees of conjugation and
chemical  structures.  Briefly,  100  mg  of  HA  was  dissolved  in  10
mL of  deionized water,  followed by the addition of  100 mg of
EDC  and  60  mg  of  NHS  to  activate  the  carboxyl  groups  under
stirring  for  6  h  at  room  temperature.  Then,  an  equimolar
amount  (0.263  mmol)  of  hydrophobic  amine  (specifically,  71.1
mg of octadecylamine, 76.1 mg of oleamide, or 55.8 mg of 3,3-
diphenylpropylamine)  dissolved  in  5  mL  of  DMF  was  added
dropwise.  The reaction proceeded at  60  °C  for  5  h,  and subse-
quently  at  room temperature  for  24  h.  The crude product  was
purified  by  centrifugation  (at  5000  r/min  for  3  min)  to  remove

2 Yang, Y. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3657-y

 

https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y


insoluble aggregates. Then, The supernatant was transferred to
a  dialysis  membrane  (with  a  molecular  cut-off  of  3.5  kDa)  and
was  dialyzed  successively  with  a  series  of  gradient  concentra-
tions  of  ethanol/water  mixtures  (70%,  50%,  and  30%  ethanol,
volume ratio, 24 h each time) to gradually remove the toxic or-
ganic  solvent  DMF.  Subsequently,  it  was  dialyzed  with  deion-
ized water (with the water changed every 6–8 h) to ensure the
complete  removal  of  residual  organic  solvents  and water-solu-
ble  by-products.  After  filtration through a  0.45 μm membrane,
the solution was lyophilized to obtain the corresponding poly-
mers,  denoted as HHAi (where i=1‒3; 1 is  grafted with octade-
cylamine,  2  is  grafted  with  oleamide,  3  is  grafted  with  3,3-
diphenylpropylamine), respectively.

Preparation of HHA-sanshool NPs
HHA-sanshool NPs were prepared using dialysis. For each poly-
mer  (HHA1-3),  10  mg  of  polymer  and  50  mg  of  sanshool  (1:5
mass ratio) were dissolved in 5 mL of DMSO under light protec-
tion. After stirring for 1 h, the solution was dialyzed (MWCO 3.5
kDa)  against  deionized  water  in  the  dark  for  24  h.  Finally,  NPs
formulations  were  obtained,  denoted  as  SO1,  SO2,  and  SO3
(SO1-3 correspond to HHA1-3 of the assembled sanshool). Blank
NPs were prepared in a similar manner without sanshool.

Light stability test
Sanshool,  SO1,  SO2,  and  SO3  solutions  (50  μg/mL)  were  pre-
pared  using  deionized  water.  A  UV-visible  spectrophotometer
was used to record the initial absorbance (A0) at 271 nm wave-

length. After the samples were treated with simulated sunlight
(2 W, 10 cm vertical irradiation from the sample) for different pe-
riods of time, measure the absorbance (At) and calculate the re-
tention rate (At/A0 × 100%).

Cell culture and UVB treatment
Human  immortalized  keratinocyte  cells  (HaCaT)  were  cultured
in MEM (Minimum Essential  Medium) medium containing 10%
fetal bovine serum (FBS). All cell experiments were divided into
six  groups:  normal  control  (NC),  UVB  damage,  sanshool,  SO1,
SO2, and SO3 groups. Except for the NC group, the cells in the
other  groups  were  pre-treated  in  drug-containing  medium
(with the same concentration of  materials  containing sanshool
and  SO1-3  in  each  group)  for  24  h,  and  then  exposed  to  80
mJ/cm2 UVB  (homerry  SH4B,  311  nm).  The  optimal  photopro-
tective concentration of  HHA-sanshool  NPs was determined to
be 10 μg/mL (soluble in  MEM),  which was used in  subsequent
experiments.

Apoptosis test
Cell apoptosis was detected using the Annexin V-EGFP/PI Apop-
tosis  Detection Kit  following the manufacturer's  protocol.  After
treatment,  the  harvested  HaCaT  cells  were  resuspended  in
binding buffer and stained with 5 μL of Annexin V-EGFP and 5
μL of  PI  for  15 min at  room temperature in the dark.  The sam-
ples were immediately analyzed by flow cytometry. Annexin V-
EGFP fluorescence was detected in the FITC channel  (Ex = 488
nm, Em = 530 nm), and PI in the PE channel (Ex = 488 nm, Em =
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Fig. 1    Diagram and illustration of HA-assisted sanshool based nanoplatform with improved stabilities and functions against skin photodamage.

  Yang, Y. et al. / Chinese J. Polym. Sci. 3

 
https://doi.org/10.1007/s10118-026-3657-y

 

https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y


575 nm). Data from 1×104 events per sample were collected and
analyzed using the FlowJo software.

Observation of Autophagy
Autophagy was monitored using an mRFP-GFP-LC3 Adenovirus
Indicator  (HB-AP2100001;  Hanbio).  HaCaT  cells  were  infected
with the adenovirus at an MOI of 20 for 24 h. Where applicable,
the  cells  were  treated  with  100  nmol/L  bafilomycin  A1  for  4  h
prior to imaging.  The cells  were observed using a confocal  mi-
croscope  (Leica  TCS  SP8)  with  a  63×  oil  immersion  objective.
mRFP was  excited at  561  nm and GFP was  excited at  488  nm.
Images  were  analyzed  using  ImageJ  software,  and  autophagic
flux  was  quantified  by  counting  the  number  of  mRFP+GFP+
(autophagosomes)  and  mRFP+GFP − (autolysosomes)  puncta
per cell.

Cell cycle analysis
Cell cycle distribution was analyzed using a Cell Cycle Detection
Kit  (Kai  Ji  Biology,  KGA9101-100).  After  treatment,  cells  were
fixed in 70% ethanol at 4 °C for 24 h. Fixed cells were then incu-
bated  with  0.5  mg/mL  propidium  iodide  (PI)  staining  solution
containing 0.1 mg/mL RNase A for 30 min at 37 °C in the dark.
The DNA content was analyzed by flow cytometry using the PE
channel (Ex = 488 nm, Em = 617 nm), with a minimum of 1×104

events collected per sample. Data analysis was performed using
the FlowJo software to determine the percentage of cells in the
G0/G1, S, and G2/M phases.

Animal experiment
All  animal  experimental  procedures  were  approved  by  the
Ethics Committee of West China Hospital  of Sichuan University
(20220223116).  All  mice  were  6-8-week-old  SPF-grade  female
BALB/c mice, with a body weight of approximately 18‒22 g. The
environmental  temperature  was  maintained  at  18‒29  °C,  and
the  relative  humidity  was  controlled  at  40%‒70%.  Mice  were
randomly  divided into  6  groups:  NC,  UVB,  Sanshool,  SO1,  SO2,
and  SO3.  Except  for  the  NC  group,  the  other  groups  received
UVB irradiation for 5 consecutive days (300 seconds per day, cu-
mulative 1.5 J/cm2), and 0.3 mL of the corresponding drug solu-
tion (2 mg/mL solution of sanshool and SO1-3 in water) was ap-
plied before each light exposure.

Skin Appearance Assessment and Histological Examination

Daily  photographs  of  the  back  skin  of  the  mice  were  ob-
tained.  The  degree  of  light  damage  was  scored  (0‒2  points)
according  to  the  standard,  and  the  thickness  of  the  skinfold
was  measured.  Skin  tissues  were  collected,  fixed  with  4%
paraformaldehyde,  embedded  in  paraffin,  sectioned,  and
stained  with  Hematoxylin-Eosin  staining  (H&E).  Morphologi-
cal changes in the tissues were observed under an optical mi-
croscope.

RESULTS AND DISCUSSION

Preparation and Characterization of HA-sanshool NPs
First,  we  modified  the  classic  carbohydrate  polymer  HA  using
various  hydrophobic  structures  (including  octadecylamine,
oleoylamine,  and  3,3-diphenylpropylamine)  through  an
amideation reaction to obtain HHAi (i=1‒3) with customized hy-
drophobic  features  (Fig.  2a).  The  structures  of  these  modified
carbohydrate  polymers  were  characterized  by  Fourier  trans-
form  infrared  spectroscopy  (FTIR)  and  nuclear  magnetic  reso-
nance (NMR) spectroscopy. The success of the grafting reaction
was confirmed by the shifts in the hydroxyl peak and the char-
acteristic peaks of the carbon chain and benzene ring (Fig. 2b).
Further 1H-NMR analysis determined the grafting ratios of these
three  hydrophobic  basic  units  to  be  55.17%,  48.33%,  and
33.64%, respectively, calculated based on the integral area ratio
of  the characteristic  proton signals  of  the grafted hydrophobic
chains to those of the HA backbone (Fig. 2c). Subsequently, san-
shool (Fig. S1 in the electronic supplementary information, ESI)
was  induced,  and  HHA-sanshool  NPs  were  prepared  through
hydrophobic-hydrophilic  interactions  between  sanshool  and
the  modified  HHA,  and  they  were  named  as  SO1-3  NPs.  The
morphology  of  the  prepared  NPs  was  spherical  and  uniformly
dispersed by scanning electron microscopy (SEM) and dynamic
light scattering (DLS) (Fig. 2d). Subsequently, the average parti-
cle size and zeta potential of SO1-3 NPs in pure water, PBS, and
MEM were measured (Fig. 2e, Figs. S2 and S3 in ESI). As shown in
the results, the NPs exhibited uniform dispersion in all the three
solvent systems.  The corresponding zeta potential  values were
negative  across  all  conditions,  with  absolute  values  exceeding
35  mV,  indicating  that  strong  electrostatic  repulsion  between
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particles  effectively  prevented  aggregation  and  ensured  excel-
lent colloidal stability of the formulations. The ultraviolet-visible
spectra  of  sanshool  and  SO1-3  were  recorded,  and  the  results
showed that sanshool and all NPs had strong absorption in the
UVB  region  (Fig.  2f and  Fig.  S4  in  ESI),  and  the  maximum  ab-
sorbance occurred at 271 nm. The sanshool content was detect-
ed  by  the  absorbance  value  of  the  ultraviolet  characteristic
peak,  and it  was found that  the SO1-2 NPs possessed a higher
sanshool loading efficiency because of the longer hydrophobic
chain structure (Fig. 2g and Fig. S5 in ESI). Interestingly, all SO1-3
NPs exhibited a sustained release characteristic  of  sanshool for
up to 24 h (Fig.  2h and Fig.  S6 in ESI),  which was attributed to
their abundant dynamic non-covalent interactions. More impor-
tantly, all the prepared NPs showed significantly improved stor-
age  stability  compared  to  bare  sanshool  (Fig.  2i and  Fig.  S7  in
ESI).  Based  on  these  highly  convincing  characteristics,  further
studies  were  conducted  on  the  properties  of  SO1-3.  Notably,

compared  to  sanshool,  the  absorbance  retention  of  SO1-3  in-
creased after 2 h of ultraviolet irradiation (Fig. 2, Figs. S8 and S9
in  ESI),  indicating  an  improvement  in  its  protection  against  ul-
traviolet radiation. Additionally, the prepared NPs effectively re-
tained the inherent antioxidative activity of sanshool and exhib-
ited  significant  scavenging  ability  against  typical  free  radicals
(Figs.  2k–2l  and Fig.  S10 in  ESI).  Owing to  the instability  of  the
unique  structure  under  ultraviolet  radiation,  the  antioxidative
performance of  sanshool  sharply  declined after  ultraviolet  irra-
diation.  Interestingly,  the  designed  strategy  significantly  im-
proved  the  antioxidant  stability  of  the  sanshool.  In  particular,
SO1 maintained 71.42% and 83.27% free radical scavenging ac-
tivity  after  ultraviolet  irradiation,  whereas  sanshool  only  re-
tained 39.03% and 29.19%.

Photoprotective Effect of HHA-sanshool NPs
To evaluate the photoprotective performance of HHA-sanshool
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Fig.  2    Preparation  and  Characterization  of  HHA-Sanshool  NPs.  (a)  Schematic  diagram  of  HHA-assisted  sanshool  based  nanoplatform
synthesis; (b) The FTIR spectra and (c) NMR spectra of HHAi (i=1–3) modified by octadecylamine, oleamide and 3,3-diphenylpropylamine, as
well as pure HA; (d) The particle size distribution and SEM images of the prepared SO1-3 NPs; (e) The Zeta plot of SO1-3 NPs in pure water; (f)
The UV spectra of the 50 μg/mL SO1-3 NPs solution and the blank NPs without sanshool added; (g) The content of sanshool in 1 mg/mL of
SO1-3 NPs; (h) The release rate of sanshool from SO1-3 NPs after 24 h of release in PBS (pH=7.4); (i)  The statistics of sanshool content after
storage of 1 mg/mL of sanshool and SO1-3 NPs at room temperature for 5 days to obtain the stability at room temperature; (j) The statistics
of sanshool content in the materials after exposure to simulated sunlight for 2 h at 1 mg/mL of sanshool and SO1-3 NPs, to obtain the light
stability; The scavenging rates of (k) ABTS and (l) DPPH by sanshool and SO1-3 NPs at 120 min before and after 2 h of light exposure.
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NPs,  HaCaT  skin  cells  were  chosen  as  the  model  cell  line.  (Fig.
3a). As a carrier, HA exhibits excellent cell compatibility primari-
ly  owing  to  its  inherent  presence  in  the  extracellular  matrix.  It
can  form  a  hydrated  biomimetic  environment  and  can  be
specifically  recognized  by  cell  surface  receptors[42] thereby  ac-
tively  regulating  cell  adhesion,  proliferation,  and  migration.[43]

Before that, the biocompatibility of the prepared HHA-sanshool
NPs (SO1-3) was tested using the Cell Counting Kit-8 (CCK-8) as-
say. Notably, within a certain concentration range (5‒15 μg/mL),
the survival rate of HaCaT cells under the action of each group
of materials was greater than 70%, which might be attributed to
the structural encapsulation of sanshool (Fig. 3b). To further as-
sess  the  photoprotective  efficacy  of  the  prepared  NPs,  HaCaT
cells were pre-treated with SO1-3 NPs and naked sanshool at a
unified  concentration  of  10  μg/mL,  followed  by  exposure  to
high-intensity  UVB  radiation  (Fig.  3c).  The  CCK-8  assay  results
confirmed that all SO1-3 groups outperformed free sanshool in

protecting cells against UVB-induced damage. Previous studies
have  also  demonstrated  that  UVB  radiation  activates  multiple
deleterious  signaling  cascades  in  HaCaT  cells,  particularly  au-
tophagy induction and keratinocyte apoptosis.[44] As evidenced
by flow cytometry, UVB exposure significantly elevated the ear-
ly apoptotic, late apoptotic, and total apoptotic levels in HaCaT
cells  (Figs.  3d and  3e).  In  contrast,  the  pro-apoptotic  effect  of
UVB was markedly attenuated in cells pre-treated with SO1-3 or
naked  sanshool.  Notably,  SO1  displayed  the  strongest  anti-
apoptotic  activity  among  the  three  groups,  which  was  closely
associated  with  its  advantages  of  stability  improvement  and
higher loading contents.

In addition to investigating the regulatory effects on apop-
tosis,  we further explored the autophagic behavior of  HaCaT
cells. Autophagy is a conserved cellular process that involves
the  encapsulation  of  damaged  organelles  and  macro-
molecules  into  vesicles  (autophagosomes)  for  subsequent

 

a
b c

NC Sanshool SO1 SO2 SO3
0

10

60

70

80

90

100

110
Before light After light

C
e

ll
 v

ia
b

ili
ty

 (
%

)
0

10

60

70

80

90

100

110

C
e

ll
 v

ia
b

ili
ty

 (
%

)

Sanshool SO1 SO2 SO3

 5 μg/mL  10 μg/mL  15 μg/mL

e

SO3

SO2

SO1

Sanshool

UVB

NC

0 5 10 15 20 25
Apoptotic rate (%)

NC
UVB

Sanshool
SO1

SO2
SO3

0.0

0.5

1.0

1.5

2.0

2.5

3.0

 Red  Yellow

R
e

la
ti

ve
 fl

u
o

re
sc

e
n

ce
 d

e
n

si
ty

g

d

SO1 SO3SO2

NC UVB Sanshool

f Control UVB Sanshool

G
F

P
R

F
P

M
e

rg
e

****
*** **** **** ****

********

****
****

****

SO1 SO2 SO3

ansh
ool

 

6 Yang, Y. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3657-y

 

https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y
https://doi.org/10.1007/s10118-026-3657-y


degradation, thereby recycling small molecules and energy to
maintain cellular homeostasis.[45] LC3 is co-labeled with green
fluorescent protein (GFP) and red fluorescent protein (mRFP).
When  autophagosomes  fuse  with  lysosomes,  because  lyso-
somes are acidic and GFP is sensitive to acidity, green fluores-
cence  is  quenched,  and  only  red  fluorescence  representing
mRFP  can  be  detected.  Therefore,  the  yellow  spots  (the
merge of  green and red fluorescence)  represent  autophago-
somes  (early  autophagy),  and  the  red  spots  represent  au-
tophagic lysosomes (late autophagy). The strength of the au-
tophagic  flow  is  indicated  by  the  number  of  yellow  and  red
spots. Confocal laser scanning microscopy (CLSM) images and
quantitative statistics (Figs. 3f and 3g) revealed that UVB irra-
diation  significantly  increased  the  density  and  fluorescence
intensity  of  autophagosome  vesicles  in  HaCaT  cells,  indicat-
ing that UVB exposure induced a notable upregulation of au-
tophagic flux in cells. In contrast, pretreatment with sanshool
and SO1-3 NPs, particularly in the SO1 group, markedly abro-
gated  the  UVB-induced  increase  in  autophagosome  density
and fluorescence intensity. This result demonstrated that san-
shool-based NPs can effectively mitigate the excessive eleva-
tion of autophagic flux triggered by UVB-induced photodam-
age.  The  initiation  and  progression  of  autophagy  is  tightly
regulated by a series of  autophagy-related (ATG) gene prod-
ucts. A well-recognized hallmark of enhanced autophagic ac-
tivity is an increased ratio of microtubule-associated protein 1
light chain 3 II  to I  (LC3 II:I),  accompanied by downregulated
expression level of P62. Consistent with the CLSM imaging re-
sults,  western  blot  analysis  showed  that  UVB  irradiation  sig-
nificantly  elevated  the  LC3  II/I  ratio  in  HaCaT  cells.  Pretreat-
ment  with  sanshool  and  HHA-sanshool  NPs  (SO1-3)  notably
reduced this ratio. Similarly, compared with the UVB-irradiat-
ed  group  (UV  group),  HaCaT  cells  pre-treated  with  sanshool
and HHA-sanshool NPs (SO1-3)  showed significant upregula-
tion of  P62 expression (Figs.  3h‒3j,  Figs.  S11 and S12 in ESI).
These findings clearly confirm that HHA loading does not in-
terfere  with  the  regulatory  effect  of  sanshool  on  the  au-
tophagic  pathway;  instead,  its  slow  release  ability  (Fig.  2h)

may facilitate this regulatory effect by maintaining a continu-
ous and effective concentration of sanshool in the cellular mi-
croenvironment.  Collectively,  the  above  results  demonstrate
that  sanshool  can  effectively  suppress  the  excessive  eleva-
tion  of  autophagic  flux  induced  by  UVB  photodamage,
whereas HHA encapsulation can enhance the potent protec-
tive effect.

In vivo Photoprotective Assessment
Before initiating in vivo photoprotection studies, it is essential to
evaluate skin adhesive performance to ensure the formation of
a continuous yet removable protective barrier against UVB and
to verify skin permeability to minimize the risk of systemic toxic-
ity.  (Fig.  4a)  To  evaluate  these  properties,  SO1-3  NPs  were  la-
beled  with  fluorescein  isothiocyanate  (FITC)  and  uniformly  ap-
plied  to  the  dorsal  skin  of  mice.  The  fluorescence  signals  were
monitored at different time points using an in vivo imaging sys-
tem (IVIS). The results showed that After rinsing with water, the
fluorescence  intensity  of  FITC-labeled  sanshool  and  SO1-3  NPs
remained  unchanged,  indicating  good  water  resistance  (Fig.
4b).  When  wiped  with  alcohol,  the  fluorescence  signals  of  the
SO1-3  NPs  were  nearly  eliminated,  demonstrating  favorable
erasability.  However,  the  free  sanshool  group  exhibited  persis-
tently strong fluorescence, even after alcohol wiping. These re-
sults confirmed that HHA-sanshool NPs outperformed free san-
shool in terms of water resistance and controllable removability,
which are key characteristics for practical skin protection appli-
cations.  Adhesiveness  is  an  important  indicator  for  evaluating
skin  material.  Over  time,  the  fluorescence  signals  of  sanshool
and SO3 on the surface of the nude mice skin were significantly
weakened  (Fig.  4c),  while  the  fluorescence  signals  of  SO1  and
SO2 remained unchanged, proving that SO1-2 has good adhe-
sion  and  stability.  Permeation  toxicity  is  an  important  safety
concern  in  cosmetics.  It  is  evaluated  by  observing  frozen  sec-
tions to assess the skin penetration properties. As shown in Fig.
4(d), the fluorescence signal of free sanshool was distributed on
the skin surface and was still detectable in the superficial dermis,
indicating  potential  penetration  and  associated  toxicity  risks.

 

h i j

NC
UVB

Sanshool
SO1

SO2
SO3

0

0.4

0.8

1.2

1.6

2.0

R
e

la
ti

ve
 p

ro
te

in
 le

ve
l

NC
UVB

Sanshool
SO1

SO2
SO3

0

0.4

0.8

1.2

1.6

R
e

la
ti

ve
 p

ro
te

in
 le

ve
l

LC3B i (16 kDa)
LC3B ii (14 kDa)

GAPDH 
(36 kDa)

P62
(55 kDa)

GAPDH
(36 kDa)

****
**

***
*

***

****

****
**

**Contro
l

UVB
Sansh

ool

SO
1

SO
2

SO
3

 
Fig.  3    The  photoprotective  effect  of  HA-sanshool  NPs.  (a)  Diagram  of  cell  experiment,  after  treating  HaCaT  cells  with  materials  and  UVB
irradiation,  subsequent  tests  were  conducted;  (b)  Detection  of  cell  survival  rate  using  CCK-8  reagent  after  treating  HaCaT  cells  with  different
concentrations of sanshool and SO1-3 NPs; (c) Cell survival rate before and after UVB irradiation with 10 μg/mL sanshool and SO1-3 NPs; (d, e) Cell
apoptosis graphs and statistics of apoptotic cell content after 10 μg/mL sanshool and SO1-3 NPs treatment after UVB irradiation; (f, g) Study on
the effect of autophagic flux on materials-treated HaCaT cells after UVB irradiation (adenovirus Ad-GFP-mRFP-LC3) (The scale bars in Fig. 3f are
10  μm);  (h)  Detection  of  LC3BI,  LC3BII  and  P62  protein  expression  in  HaCaT  cells  treated  with  materials  and  UVB  using  Western  blotting;  (i)
Statistical analysis of LC3II/I ratio after treatment with materials and UVB (n=3); (j) Statistical analysis of P62 expression level after treatment with
materials and UVB (n=3). A two-independent-sample t-test was used for comparison between groups, and *p < 0.05 was considered statistically
significant. NS: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Further  quantitative  analysis  also  demonstrated  that  the  con-
struction of nanomaterials significantly reduced skin permeabil-
ity  (Fig.  S13  in  ESI).  This  phenomenon  was  likely  attributed  to
the  significant  skin  permeability  of  free  sanshool,  which  al-
lowed it  to penetrate the stratum corneum and accumulate in
the  deeper  skin  layers.  In  striking  contrast,  FITC-labeled  SO1-3
NPs  exhibited  fluorescence  signals  strictly  limited  to  the  skin
surface.  This  localization  was  attributed  to  the  high  molecular
weight  of  HHA,  which  effectively  reduced  skin  penetration  of
sanshool and eliminated penetration-related toxicity risks.

Subsequently, a mouse model of UVB-induced skin photo-
damage was established to assess  the in  vivo protective effi-
cacy of the HHA-sanshool NPs. Mice were shaved on the dor-
sal region and irradiated with UVB daily, and free sanshool or

SO1-3  NPs  were  applied  via  quantitative  coating  30  min  be-
fore  each  irradiation.  On  the  fifth  day  of  light  exposure,  the
skin of the unprotected mice became significantly thicker and
showed  obvious  redness,  scabs,  and  other  damage  (Fig.  4e).
The  free  sanshool  group  exhibited  a  certain  level  of  protec-
tive capability, and SO1-3 NPs showed superior protective ef-
fects  that  markedly  alleviated  dorsal  skin  damage,  reduced
the  swollen  area  and  scale  count,  and  normalized  the  skin
thickness.  Specifically,  the  dorsal  skin  of  SO1-treated  mice
had  a  thinner  epidermal-dermal  bilayer  and  a  lower  photo-
damage  score  than  all  other  UVB-irradiated  groups  (Figs.  4f,
4g and Fig.  S14 in  ESI).  Histopathological  analysis  of  skin  tis-
sues was performed to comprehensively characterize the pro-
tective  effects  (Fig.  4h).  After  UVB-induced  photodamage,
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hematoxylin-eosin (H&E) staining showed that the epidermal
layer  exhibited  obvious  irregular  thickening,  which  is  a  typi-
cal  pathological feature of UVB-induced epidermal hyperpla-
sia. Masson’s staining with specific markers for collagen fibers
revealed that the collagen fiber structure in the dermis of the
UVB  group  was  severely  damaged,  showing  obvious  struc-
tural  damage.  Elastic  fibers  stained  with  Elastic  Van  Gieson
(EVC)  appeared  disorganized  and  degenerated.  In  contrast,
treatment  with  free  sanshool  and  HHA-sanshool  NPs  collec-
tively  mitigated  these  photodamage-induced  pathological
changes, with the SO1 group exhibiting the most prominent
protective effect. The epidermal layer skin of mice in the SO1
group was significantly thinner, the collagen fiber bundles in
the dermis were arranged neatly and uniformly with loose in-
ter-fiber  gaps,  and  most  of  the  elastic  fiber  structures  had
clear and normal morphologies. Of all  formulations, SO1 NPs
demonstrated  the  most  pronounced  protective  efficacy,
which can be attributed to their  optimally  engineered struc-
ture.  The  octadecylamine-modified  HHA  backbone  achieves
an ideal balance between hydrophilicity and lipophilicity. This
molecular design resulted in a uniform distribution and supe-
rior  stability.  These  rationally  designed  features  collectively
improve sanshool bioavailability and prolong its  retention in
the skin tissues, thereby maximizing its therapeutic potential
against photodamage. These differences in histopathological
results further indicated that the photodamage-protective ef-
fect  of  HHA-sanshool  NPs  was  superior  to  that  of  free  san-
shool, which was attributed to the designed strategies in ma-
terial engineering.

Photoprotective Mechanism
Given  the  significant in  vivo photoprotective  efficacy  of  HHA-
sanshool  NPs  observed  in  a  mouse  skin  photodamage  model,
we  further  investigated  the  underlying  molecular  mechanisms

governing  their  protective  effects.  UVB  irradiation  is  known  to
trigger  the  excessive  generation  of  reactive  oxygen  species
(ROS)  while  impairing  intracellular  ROS  balance  systems,[46]

thereby initiating oxidative stress responses that directly induce
cellular  and  tissue  damage.  To  evaluate  the  intracellular  free
radical-scavenging  capacity  of  HHA-sanshool  NPs,  2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA), a specific fluo-
rescent probe for ROS, was used to detect intracellular ROS lev-
els. CLSM images (Fig. 5a) clearly demonstrated that UVB expo-
sure  drastically  elevated  the  ROS  fluorescence  intensity  in  Ha-
CaT cells, reflecting a marked increase in intracellular ROS accu-
mulation. In contrast, pretreatment with SO1-3 NPs significantly
attenuated the UVB-induced ROS overproduction. Quantitative
validation  using  flow  cytometry  further  confirmed  this  trend
(Figs.  5b, 5c and Fig. S15 in ESI).  Notably,  the SO3 group main-
tained  relatively  high  ROS  levels,  which  was  presumably  at-
tributed  to  its  lower  sanshool  loading  efficiency  and  more  un-
stable  hydrophobic-hydrophilic  interactions,  leading  to  insuffi-
cient release of active sanshool for ROS scavenging.

Further  measurements  of  intracellular  superoxide  dismu-
tase (SOD) levels were conducted to assess oxidative damage.
The expression levels of SOD in all the SO1-3 NPs groups were
higher than those in the sanshool  treatment group (Fig.  5d),
indicating that UV-induced cellular oxidative damage was sig-
nificantly alleviated. Excessive ROS can also cause damage to
the  mitochondria,  and  the  integrity  of  the  mitochondrial
membrane  can  be  evaluated  by  JC-1  staining  and  CLSM.  As
shown in Figs. 5(e)‒5(g), compared to the control group, un-
protected  cells  showed  a  reduction  in  red  fluorescence  and
an increase in green fluorescence after UVB irradiation, direct-
ly indicating mitochondrial dysfunction. In contrast, cells pro-
tected by SO1-3 could prevent mitochondrial membrane de-
polarization and effectively  maintain mitochondrial  function.
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Fig. 4    In vivo photoprotective assessment. (a) Diagram of animal experiment: modeling of light-damaged mice and histological sections of skin
tissue, live imaging to statistically analyze fluorescence intensity; (b) Live imaging to statistically observe the retention of sanshool and SO1-3 NPs
on the back skin of mice after washing with water and wiping with alcohol; (c) Live imaging to statistically observe the adhesion of sanshool and
SO1-3 NPs on the back skin of mice after 90 min; (d) Frozen section observation of the adhesion of sanshool and SO1-3 NPs on the skin of mice for
4 h, to evaluate the transdermal properties of the materials; (e) Back skin condition of mice after daily light exposure; (f) Detection of mouse back
skin  thickness  on  the  6th day  after  material  treatment  and  light  exposure;  (g)  Back  skin  damage  score  of  mice  on  the  6th day  after  material
treatment  and  light  exposure;  (h)  H&E  staining  to  observe  the  morphological  characteristics  of  the  skin  tissue,  Masson  staining  method  to
evaluate the morphology and expression of collagen fibers in the dermis of the mouse skin, EVG staining to observe the morphology of elastic
fibers. NS: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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In  addition,  changes  in  ROS  can  trigger  the  production  of  a
series  of  pro-inflammatory  factors,  such  as  interleukin  (IL)-6
and tumor necrosis factor (TNF)-α,[47] achieved by upregulat-
ing  secondary  mediators  in  macrophages  and  mesenchymal
cells,  thereby  stimulating  the  synthesis  of  acute-phase  pro-

teins.[48] Immunohistochemical  staining  and  immunofluores-
cence staining for interleukin-6 (IL-6) and tumor necrosis fac-
tor-α (TNF)-α provided  clear  histological  evidence  of  skin  in-
flammation induced by UVB radiation and also demonstrated
the  therapeutic  effect  of  SO1-3  NPs  (Fig.  5h).  The  tissue  sec-
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tions  from  the  UVB  group  showed  a  strong  positive  signal,
mainly  concentrated  in  the  cytoplasm  of  epidermal  ker-
atinocytes, especially in the stratum spinosum and the granu-
lar  layer.  In  contrast,  sections  from  the  SO1-3  NP  treatment
group  showed  significantly  reduced  intensity  and  range  of
staining.  Immunofluorescence  staining  revealed  a  pro-
nounced pro-inflammatory response following UVB exposure,
characterized by intense and widespread cytoplasmic fluores-
cence signals  for  both IL-6 and (TNF)-α within the epidermal
and  dermal  compartments  (Fig.  5i).  This  indicated  a  signifi-
cant  upregulation  of  these  key  inflammatory  cytokines.  In
contrast,  tissues treated with SO1-3 NPs post-UVB irradiation
exhibited  markedly  diminished  fluorescence  intensity,  with
signal distribution and strength closely resembling those ob-
served  in  the  non-irradiated  normal  control  group.  Notably,
the attenuation effect was most robust in the SO1 subgroup,
where the fluorescent signals  for  IL-6 and TNF-α were nearly
completely  suppressed,  demonstrating  its  superior  anti-in-
flammatory  efficacy  compared  with  the  sanshool  treatment
group.  These  visual  findings,  consistent  with  parallel  im-
munohistochemistry  data,  quantitatively  confirm  that  SO1-3
NPs,  particularly  SO1,  effectively  restore  UVB-disrupted  in-
flammatory homeostasis to basal levels.  This superior perfor-
mance  can  be  attributed  to  the  rationally  designed  am-
phiphilic structure of the HA derivatives. The octadecylamine
modification  with  optimal  chain  length  facilitated  the  stable
encapsulation of  sanshool  through hydrophobic interactions
while  maintaining  an  appropriate  hydrophilicity-lipophilicity
balance. The preserved bioactivity of sanshool within the NPs
system coupled with the intrinsic  biocompatibility  of  the HA
backbone collectively contributed to the optimized therapeu-
tic outcome, validating the effectiveness of this carbohydrate-
based nanocarrier design for enhancing the anti-photoaging
potential of natural compounds.

Cell Cycle Regulation
Building  on  our  previous  findings,  UVB  irradiation  induces  cell
cycle disorder, which is a key pathological feature of skin photo-
damage.  We  further  explored  the  molecular  mechanisms  by
which  HHA-sanshool  NPs  regulate  the  cell  cycle  of  UVB-dam-
aged HaCaT cells (Fig. 6a). Generally, normal HaCaT cells exhibit
a  characteristic  cell  cycle  distribution  in  which  the  majority  re-

side  in  the  G1 phase,  with  a  small  subset  progressing through
the  S  phase  (DNA  synthesis)  and  G2/M  phase  (mitosis)).[49] As
shown in Figs. 6(b) and 6(c), when cells were exposed to UVB ra-
diation,  they initiated cell  cycle arrest as a protective response,
pausing proliferation to gain time to repair DNA damage.[50] The
replication in the S phase was slow, but the cells in the G1 phase
entered normally,  resulting in  an increase in  the number of  S1
phase cells, while mitosis in the G2/M phase was inhibited, lead-
ing to an increase in the proportion of G2/M phase cells. As pho-
todamage-protective  materials,  sanshool  and  SO1-3  NPs  have
the ability to scavenge free radicals and promote DNA repair. In
cells treated with sanshool and SO1-3 NPs, ROS and DNA dam-
age  caused  by  UVB  were  significantly  reduced,  thereby  reduc-
ing the number of cells in the G2/M phase. At the same time, a
large number of G1 phase cells entered the S phase, resulting in
an increase in  the proportion.  Compared with the UVB irradia-
tion group, the proportion of HaCaT cells in the G2/M phase in
the  SO1-3  NPs  group  was  significantly  reduced.  SO1-3  NPs  ef-
fectively protected cells from photodamage by inhibiting UVB-
induced apoptosis and cell cycle arrest. The key factors regulat-
ing  the  cell  cycle  include  cyclin-dependent  kinases  (CDKs)  and
cyclins,  which jointly promote cell  transition at different stages
of the cell cycle. CDK1 mainly participates in the transition from
G2/M, whereas CyclinD usually binds to CDK4/6 to regulate the
transition  from  G1/S  (Fig.  6a).  We  quantitatively  measured  the
expression  of  CDK1  and  CyclinD  by  Western  blotting  (Figs.
6d‒6f, Figs. S16‒S17 in ESI), The results showed that the expres-
sion levels of CDK1 and CyclinD in HaCaT cells after UVB irradia-
tion  were  significantly  reduced,  and  their  expression  levels  re-
turned to normal after SO1-3 treatment.

The ROS produced by UVB can cause oxidative DNA dam-
age,  involving the rapid phosphorylation of  histone H2AX at
Ser139  to  form γ-H2AX,  a  sensitive  marker  of  DNA  double-
strand  breaks.[51] Concurrently,  cell  cycle  checkpoint  protein
p21  (CDKN1A),  a  key  downstream  target  of  the  tumor  sup-
pressor p53, is transcriptionally upregulated. p21 functions as
a  potent  cyclin-dependent  kinase  inhibitor  (CKI),  halting  cell
cycle progression at both G1/S and G2/M transitions to allow
time  for  DNA  repair.[52] Our  Western  blot  analysis  confirmed
this mechanistic response to UVB irradiation, demonstrating a
significant  increase in  the protein  levels  of  both γ-H2AX and
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Fig.  5    Exploration  of  the  photoprotective  molecular  mechanism.  (a)  Fluorescence  confocal  images  of  ROS  levels  obtained  through
DAPI, DCFH-DA, and combined staining methods, with Hoechst 33258 dye for cell nucleus localization; (b) Quantitative detection of ROS
levels in the six groups of cells after illumination by flow cytometry;  (c)  Statistical  analysis of ROS fluorescence intensity in each group
after illumination; (d) Detection of SOD enzyme activity levels of the six groups of cells after illumination using the WST-8 method at the
same  protein  concentration;  (e)  The  effect  of  JC-1  reagent  on  protecting  the  mitochondrial  membrane  depolarization  of  HaCaT  cells;
(f,  g)  Statistical  graphs  of  red  and  green  fluorescence  intensities  after  JC-1  reagent  staining  of  the  six  groups  of  cells.  The
immunohistochemical staining of inflammatory factors TNF-α and IL-6 (h) and the immunofluorescence staining (i)  were performed to
observe the skin inflammatory response. *p < 0.05, **p < 0.01, ***p < 0.001.
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p21 in HaCaT cells (Figs. 6g‒6i, Figs. S18 and S19 in ESI). This
elevation  signifies  the  activation  of  the  DNA  damage  check-
point and initiation of protective cell cycle arrest. Importantly,

treatment  with  the  photoprotective  agent  SO1-3  NPs  effec-
tively  mitigated  this  damage  signal,  as  evidenced  by  the
restoration  of γ-H2AX  and  p21  protein  levels  to  near-normal
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baseline  levels,  consistent  with  the  observed  alleviation  of
cell cycle arrest. The CDK1 and CyclinD staining sections (Fig.
6j)  showed that  the levels  of  CDK1 and CyclinD in  the tissue
significantly decreased after  UVB exposure,  and the inhibito-
ry effect of the SO1 group on cell cycle arrest was significant-
ly better than that of the sanshool group. This enhanced pro-
tective  effect  originates  from  the  rationally  designed  am-
phiphilic  architecture  of  HA-based  nanocarriers.  Structural
modification with optimal alkyl chains not only improved the
sanshool  loading  capacity  through  hydrophobic  interactions
but  also  facilitated  efficient  cellular  internalization.  Further-
more,  the  nanocarrier  system  successfully  preserved  the
bioactivity of sanshool, allowing continuous regulation of cell
cycle  progression,  whereas  the  inherent  biocompatibility  of
the HA backbone minimized potential adverse effects. This in-
tegrated approach of molecular design and nanocarrier engi-
neering  collectively  contributed  to  SO1's  superior  perfor-
mance in photodamage protection through cell cycle regula-
tion, validating the importance of carbohydrate-based mate-
rial strategies in enhancing the therapeutic efficacy of natural
compounds.

CONCLUSIONS

In summary, this study demonstrates that controlled hydropho-
bic modification of HA enables the synthesis of an amphiphilic
polysaccharide  derivative.  This  tailored  HA-based  polymer
spontaneously  self-assembles  with  sanshool  into  structurally
defined  NPs  in  an  aqueous  medium.  The  carbohydrate-based
nanoencapsulation  strategy  significantly  enhanced  the  photo-
stability  of  the sanshool.  Systematic in  vitro and in  vivo evalua-
tions revealed that the resulting NPs conferred superior photo-
protective effects compared with free sanshool, effectively miti-
gating UVB-induced oxidative stress and inflammatory respons-
es.  Notably,  beyond  the  expected  protective  outcomes,  this
nanosystem  also  exhibited  emergent  biological  activity  by  ef-
fectively restoring the UVB-disrupted cell cycle progression. This
work not only provides a polysaccharide-engineered solution to
improve  the  stability  and  delivery  of  natural  bioactive  com-
pounds  but  also  expands  the  mechanistic  understanding  of
their multifunctional roles in skin photoprotection.
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Amphiphilic Hyaluronic Acids Enhance Sanshool’s Efficacy against Skin Photodamage via Stability
Improvement and Cell Cycle Regulation

Yi Yang, Jun-Mei Song, Tian-You Wang, Shu-Wei Wu, Yu-Hang Zhou, Zhi-Peng Gu, Ling-Hong Guo, and Xian Jiang

Sichuan University; West China Hospital

Hydrophobically  modified  hyaluronic  acid  self-assembles  with  sanshool  into  nanoparticles  that  scavenge  ROS,  inhibit
apoptosis, modulate autophagy, restore cell cycle, and enable multi-target photoprotection.
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