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ABSTRACT: Aging  is  marked  by  a  decline  in  cellular  proteostasis,
leading  to  protein  misfolding,  oxidative  modifications,  and
aggregation,  thereby  impairing  cellular  function  and  accelerating
senescence-related  deterioration.  Strengthening  proteostasis
networks  can  mitigate  these  disruptions  and  restore  cellular
homeostasis.  Here,  a  programmable  DNA  building  blocks-based
artificial  chaperone,  ThRibo,  was  constructed  to  selectively  target
ribosomes  and  employ  a  reductive  repair  cascade  that  prevents
misfolding  and  aggregation  caused  by  oxidative  post-translational
modifications (oxidative PTMs) of newly synthesized proteins, repairs
already  damaged  residues,  and  restores  proteostasis  balance.  In
aging  mice,  ThRibo  effectively  suppressed  senescence-associated
signaling  pathways,  including  the  canonical  tumor  protein  p53
(p53)/p21/p16  axis  and  the  stress-responsive  c-Jun  N-terminal
kinase (JNK) pathway, improved brain protein homeostasis, reduced
oxidative stress markers,  enhanced motor  performance,  and exhibited desirable biocompatibility.  This ribosome-targeted,
programmable  artificial  chaperone  provides  a  versatile  platform  for  maintaining  proteostasis  and  is  expected  to  offer  a
promising strategy for anti-aging interventions.
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 1    Introduction
Aging  is  characterized  by  a  progressive  decline  in  cellular
proteostasis, marked by protein misfolding, oxidative modifications,
and  aggregation,  which  are  closely  associated  with  various
senescence-related  protein  misfolding  diseases  [1, 2].  Moreover,
excessive  accumulation  of  reactive  oxygen  species  (ROS)  in  aging
cells  can  directly  damage  peptide  moieties,  including  amino  acid
side  chains,  peptide  bonds,  and  the  polypeptide  backbone  [3].
Oxidative  modifications  of  amino  acid  side  chains,  such  as
carbonylation,  thiol  oxidation,  and  disulfide  disruption,  cause
profound structural alterations, including disruption of native folds,

formation  of  inter- or  intra-molecular  crosslinks,  and  protein
aggregation  [4−6].  These  changes  ultimately  impair  protein
function and exacerbate cellular degeneration [3, 7−10].

Ribosomes  are  the  central  machinery  for  protein  synthesis,  and
their  efficiency,  translation  kinetics,  and  co-translational  folding
regulation  directly  determine  the  stability  and  function  of  nascent
polypeptides  [1, 11].  Consequently,  the  ribosome  serves  as  a
primary hub for protein quality control, where ribosome-associated
quality  control  mechanisms  actively  monitor  and  resolve
translation  errors  to  prevent  the  accumulation  of  aberrant
polypeptides  [7, 12].  Targeting  the  ribosome  thus  represents  a
proactive strategy to rectify proteostatic failures at the source, rather
than merely managing downstream aggregates [13]. After emerging
from the ribosome, nascent polypeptide chains must fold into their
correct  three-dimensional  structures  within  a  complex  cellular
environment,  a  process  essential  for  their  biological  activity  and
cellular  function  [14, 15].  Molecular  chaperones,  though  not
defining the final folded state, are crucial for protein biogenesis and
proteostasis  [16, 17].  They  associate  with  nascent  chains  or  early
folding  intermediates  to  block  non-productive  interactions  and
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aggregation,  guiding  correct  folding  pathways  and  promoting  the
efficient  generation  of  functional  proteins  [15, 18, 19].  Thus,
rationally  reinforcing  or  mimicking  molecular  chaperone  activity
are practical strategies to sustain proteostasis in aging cells.

DNA  nanotechnology  exploits  the  predictable  and
programmable  Watson–Crick  base  pairing  of  DNA  to  construct
nanostructures  with  well-defined  dimensions,  shapes,  and
topologies  [20].  These  nanostructures  exhibit  unique
biocompatibility  and  programmability,  but  more  critically,  allow
site-specific anchoring and assembly of active building blocks, such
as  aptamers,  siRNAs,  deoxyribozymes  (DNAzymes),  or  non-
nucleic acid ligands like polymers and peptides, to form integrated,
plug-and-play  targeting  systems  [21−27].  However,  achieving
precise  ribosome  intervention  remains  a  formidable  challenge  for
existing delivery systems. Conventional strategies often suffer from
off-target  effects  and a  lack  of  spatial  precision,  which  can  disrupt
global  translation  and  induce  cytotoxicity  [28].  Furthermore,  the
dense  ribosomal  architecture  and  complex  cellular  environment
impose  significant  steric  and  electrostatic  barriers  to  efficient
targeting  [29, 30].  Pioneering  studies  have  demonstrated  DNA
nanostructures  capable  of  targeting  ribosomes  and  enhancing
intracellular  modulation  efficiency  [31],  providing  a  precedent  for
using  DNA  nanostructures  to  target  ribosomes.  The
programmability and spatial  precision of these platforms allow the
design  of  ribosome-targeted  artificial  chaperones  that  modulate
proteostasis  at  the  organelle  scale,  directly  from  the  source  of
protein synthesis.

In this study, a programmable DNA tetrahedron-based artificial
chaperone  (ThRibo, Scheme  1)  was  constructed  through  self-
assembling  DNA  strands  with  orientationally  anchored  His-

thioredoxin  (HTrx)  for  ribosome-targeted  intervention.  The
addressable DNA tetrahedron developed by our group served as the
carrier, with an optimized specific binding probe at its base [32, 33].
Recombinant HTrx grafted onto the tetrahedron vertices effectively
shields  nascent  polypeptides  from  oxidative  damage  and  assists
proper  folding  under  ribosome  guidance.  Following  cellular
internalization and ribosome recognition, ThRibo initiates a reductive
repair cascade to protect newly synthesized proteins, repair oxidized
residues,  and maintain  proteostasis.  In  aging  mouse  models,  ThRibo

administration effectively improved protein homeostasis,  alleviated
aging-related  indicators,  and  rescued  functional  deficits.  To  our
knowledge, this is the first artificial chaperone constructed via DNA
nanotechnology  that  integrates  a  ribosome-targeting  probe,  which
is expected to provide a promising strategy for the development of
anti-aging nanomedicine interventions.

 2    Results and discussion

 2.1    Construction  and  characterization  of  the  artificial
chaperone ThRibo

The  artificial  chaperone,  namely  ThRibo,  was  synthesized  by
hybridizing single-strand DNA-modified HTrx (HTrx-S) with pre-
assembled  DNA  vertex  (V-1,  V-2,  V-3,  and  V-4  as  shown  in
Scheme 1 and Figs. S1–S4 in the Electronic Supplementary Material
(ESM)). We at first constructed the recombinant HTrx with an N-
terminal  His6-tag  for  purification  and  a  C-terminal-(GS)3-C  for
conjugation  using  molecular  cloning  technology  (Fig.  S5  in  the
ESM). As described in our previous research [34], HTrx with extra-
SH on the cysteine at the C-terminal was coupled to 5' NH2-labeled

 

Scheme 1    Schematic illustration of the DNA nanochaperone ThRibo for ribosome-targeted proteostasis maintaining. (a) Construction of the addressable double-bundle
DNA tetrahedron-based  nanostructure.  The  recombinant  HTrx  was  conjugated  with  ssDNA and precisely  hybridized  to  the  DNA tetrahedron with  specific  number.
(b) The proposed mechanism of ThRibo for proteostasis maintaining under oxidative stress in aging cells.
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ssDNA strand using  classic  sulfo-SMCC conjugation strategy,  and
the  HTrx-S  was  obtained  through  purification  using  gel  filtration
through  an  ÄKTA  purifier  system  (ÄKTA)  (Fig.  S6  in  the  ESM).
Then,  the  two-step  assembly  as  illustrated  was  conducted  to
synthesize  the  ThRibo.  The  addressable  double-bundle  DNA
tetrahedron  as  the  nanocarrier  for  the  construction  of  the
nanochaperone was based on the original design of our group. We
rationally  modified  the  DNA  tetrahedron  using  three  copies  of
capture for hybridizing the HTrx-S at the V-1 as shown in the ESM
to be dispersedly grafted onto the vertices of a tetrahedral structure,
and  using  different  copies  of  ribosome-targeted  probe  to  test  the
ribosome-specific  binding  (Figs.  1(a) and 1(b),  and  Fig.  S7  in  the
ESM).  ThR1  (one  copy),  ThR3  (three  copies),  and  ThR6  (six
copies)  were  labeled  with  black  hole  quencher  (BHQ)  probe  and
added to Cy5-modified shortened 28S rRNA (s28S) with the same
ribosome-targeted probe concentration. As shown in the results of
fluorescence  spectra,  ThR6  exhibited  the  best  fluorescence
quenching  effect  under  the  indicated  experimental  conditions,
which  indicates  ThR6  holds  the  greatest  potential  in  ribosome
binding; therefore, we chose six copies of ribosome-targeted probe
to construct  the nanochaperone (Figs.  1(c) and 1(d)).  The delayed
migration  of  the  electrophoretic  band  and  perfect  merge  of
fluorescein  isothiocyanate  (FITC)-labeled  HTrx  (green)  signal  and

Cy5-labeled  DNA  tetrahedron  signal  demonstrated  that  the
rationally  designed  ThRibo was  successfully  constructed  (Fig.  1(e)).
The  clear  triangle-like  morphology  was  imaged  by  atomic  force
microscopy  (AFM)  (Fig.  1(f)).  No  aggregation  or  disassembly
occurred  in  the  preparation  of  the  ThRibo.  Furthermore,  efficient
binding of  ThRibo with s28S and extracted ribosome was confirmed
by agarose gel electrophoresis (Fig. 1(g), and Figs. S8 and S9 in the
ESM),  and  negligible  effect  on  the  binding  curve  was  detected
according  to  the  fluorescence  spectra  (Fig.  1(h)).  Consistent  with
the  AFM  analysis,  the  diameter  measured  by  dynamic  light
scattering  (DLS)  showed  that  the  HTrx-conjugated  ThRibo (20.3  ±
3.3 nm) was slightly larger than ThR6 (18.9 ± 4.1 nm) owing to the
successful  HTrx-S  hybridization  (Fig.  1(i)).  The  stability  of  ThRibo

under physiological conditions was verified in Dulbecco's modified
Eagle  medium  (DMEM)  containing  200  µM  H2O2 or  serum,  and
no  aggregation  or  degradation  was  detected  during  the  24  h  of
incubation  (Fig.  1(j) and  Fig.  S10  in  the  ESM).  Additionally,
effective cell  internalization was imaged by confocal laser scanning
microscopy  (CLSM)  (Fig.  1(k)).  To  quantitatively  evaluate  the
intracellular  ribosome-targeting  capability,  we  performed  co-
localization  analysis  using  an  anti-ribosomal  protein  lateral  stalk
subunit  P0  (RPLPO)  antibody  (Fig.  S11  in  the  ESM).  Confocal
microscopy  revealed  a  high  Pearson's  correlation  coefficient  of

 

Figure 1    Construction and characterization of the nanochaperone ThRibo. (a) Illustration and AFM images of different arrangements of the ribosome-targeted probe on
the bottom of the DNA tetrahedron. Different numbers of ribosome-targeted probes (ThR1: one copy; ThR3: three copies; ThR6: six copies) were conjugated through
hybridization.  Scale  bars:  50  nm.  (b)  1.5%  agarose  gel  electrophoresis  of  ThR1,  ThR3,  and  ThR6.  Samples  were  separated  in  1×  TAE/Mg2+ buffer  (pH  =  8.3).
(c)  Fluorescence spectra  of  the  mixture  of  Cy5-modified shortened 28S rRNA (s28S)  and DNA tetrahedron with BHQ-labeled ribosome-targeted probe.  The mixture
containing the same concentration of the ribosome-targeted probes was cultured at 37 °C for 12 h. (d) Kinetics analysis of the binding of DNA tetrahedron with s28S.
(e) 1.5% agarose gel electrophoresis of ThR6 and HTrx-loaded ThRibo. In fluorescence imaging, HTrx was labeled with FITC (green) and the DNA tetrahedron was labeled
with Cy5 (red). (f) AFM images of ThRibo. Scale bar: 50 nm. (g) 1.0% agarose gel electrophoresis of ThRibo, S28 rRNA, and the mixture of ThRibo and S28 rRNA. (h) Kinetics
analysis of the binding of Cy5-modified sS28 and ThRibo with BHQ-labeled ribosome-targeted probe. (i) Hydrodynamic diameters of ThRibo measured by DLS. (j) Stability
analysis of ThRibo in DMEM containing 200 µM H2O2 measured by DLS. (k) CLSM images of the internalization of ThRibo. Scale bars: 50 µm.
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0.80–0.83  between  ThRibo and  ribosomes,  significantly  higher  than
the  0.22–0.41  observed  for  the  non-targeting  control  group.
Furthermore,  the  Pearson's  correlation  coefficient  between  ThRibo

and lysosomes was 0.27, confirming effective lysosomal escape (Fig.
S12  in  the  ESM).  These  results  collectively  validate  the  specific
ribosome-targeting  ability  of  ThRibo in  living  cells.  These  results
demonstrate the potential of the nanochaperone in the application
of maintaining proteostasis.

 2.2    ThRibo-mediated  proteostasis  maintenance  effect  for
aging prevention and reversal
Thioredoxin  (Trx)  is  a  highly  conserved  cellular  redox  regulator,
pivotal  for  maintaining  redox  homeostasis  and  mediating
thiol–disulfide  exchange  reactions  [35, 36].  By  facilitating  the
reduction  of  critical  protein  disulfide  bonds,  Trx  safeguards
proteins  from  oxidative  damage  and  modulates  their  activity,  and
thus  is  frequently  employed  as  a  tag  for  protein  expression  to
perform  as  a  chaperone.  Previous  studies  have  proven  that  Trx
safeguards  proteins  from  oxidative  damage  and  modulates  their
activity [36−38]. Consequently, the efficient intracellular delivery of
peptides  and  their  subsequent  targeting  to  ribosomes  holds
considerable  significance  for  the  maintenance  of  intracellular
proteostasis.  To  evaluate  the  proteostasis-maintaining  effect,  we
used  the  common  cell  line  human  embryonic  kidney  293
(HEK293)  to  construct  the  pre-aging  cell  model  and  evaluate  the
global  synthesis,  thiol  oxidation,  protein  oxidation,  and  protein
carbonylation.

Firstly,  we  utilized  high  doses  of  D-galactose  (50  mg/mL)  to
induce intracellular ROS production as the pre-aging cell model. As
shown in Figs.  2(a) and 2(b),  the  copper-catalyzed click  chemistry
assay  was  conducted  for  analyzing  ribosome  biogenesis.  A  clear

decrease  in  global  protein  synthesis  occurred  in  the  pre-aging
HEK293  cells.  Compared  to  Th-HTrx without  ribosome-targeted
probes  modification,  ThRibo alleviated  the  reduction  in  protein
synthesis  induced  by  oxidative  stress.  Next,  the  intracellular
oxidation  of  protein  was  measured  by  the  advanced  oxidation
protein products (AOPPs) assay. The CLSM imaging and statistical
analysis  of  the  enzyme-linked  immunosorbent  assay  (ELISA)
suggested  ThRibo significantly  reduced  the  oxidized  protein  in  pre-
aging cells (Figs. 2(c) and 2(d)).

Biotinylated  BTD  is  a  benzothiazine-derived  probe  that
covalently  binds  to  the  sulfenic  acid  form  of  oxidized  cysteine
[15, 39].  In  the  BTD  assay,  the  cell  oxidative  stress  induced  by
adding D-galactose caused an increase in thiol oxidation (Fig. 2(e)).
The treatment of Th-HTrx exerted a change on the oxidation of thiols,
which may be caused by the reductive HTrx, while the treatment of
ThRibo significantly  decreased  the  thiol  oxidation  level  in  24  h,
indicating  the  ribosome-targeted  strategy  is  critical  for  directly
interfering  with  the  newly  synthesized  protein  (Fig.  S13  in  the
ESM).  Cysteine  is  frequently  highly  conserved  within  functional
protein  domains  (regulatory,  catalytic,  and  binding).  This
conservation is  attributed to  the  unique thiol/thiolate  chemistry  of
cysteine,  which  confers  specialized  properties  like  nucleophilicity,
high-affinity  metal  coordination,  and  the  ability  to  form  disulfide
bonds onto these sites [40, 41]. Hence, the protection of thiol from
oxidation is crucial for maintaining intracellular proteostasis. In the
protein  carbonylation  assay  as  shown  in  (Figs.  2(f) and 2(g)),
consistent with the results of anti-thiol oxidation, ThRibo exhibited
a  superior  carbonylation  depression  effect  in  pre-aging  cells.  In
conclusion, it can be determined that ThRibo with ribosome-targeted
modification  can  effectively  defend  the  newly  synthesized  protein
against  oxidative  damage  in  pre-aging  cells.  Moreover,  ThRibo

 

Figure 2    Proteostasis  maintenance  and  prevention  of  cellular  aging  by  ThRibo.  (a)  and  (b)  Copper-catalyzed  click  chemistry  assay  using  Cy5-Azide.  Global  protein
synthesis was measured by high-content screening as red fluorescence signal per cell (PE, Opera Phenix High Content Screening System). (c) and (d) AOPPs level in pre-
aging HEK293 cells. (e) BTD assay of extracted protein in pre-aging HEK293 under different treatments (100 nM of Th-HTrx or ThRibo). Normal HEK293 cells were utilized
as control. Biotinylated BTD (1 mM) was mixed in the lysis solution as an indicator. (f) and (g) Protein carbonylation analysis of HEK293 under different treatments. The
total  protein extracted from HEK293 cells  was pre-reacted with 2,4-dinitrophenylhydrazine (DNPH) and separated by SDS-PAGE. To build the pre-aging cell  model,
HEK293 cells were treated with 50 mg/mL D-galactose for 24 h, then 100 nM of Th-HTrx or ThRibo was administered and cultured for a further 24 h. Data are presented as
mean ± standard deviation (SD) (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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exhibited  the  ability  to  shield  intracellular  nucleic  acids  against
oxidative  damage,  and  furthermore,  it  can  facilitate  cellular
proliferation in normal or oxidative stress microenvironment (Figs.
S14 and S15 in the ESM).

Next,  the  proteostasis-maintaining  effect  of  ThRibo was  tested  on
the  aging  cell  model  induced  by  directly  adding  H2O2.  In  contrast
with  the  pre-aging  cell  induced  by  culturing  with  D-galactose,
which  induces  cellular  senescence  primarily  through  the
accumulation  of  advanced  glycation  end-products  as  chronic
oxidative stress [42−44], the cells stimulated by H2O2 sharply turn to
a state of oxidative stress with an imbalance of oxidation–reduction
in  the  cytoplasm.  In  the  copper-catalyzed  click  chemistry  assay,  a
decrease in global protein synthesis was still measured within aging
HEK293  cells  as  shown  in Figs.  3(a) and 3(b).  Compared  to  the
untargeted  Th-HTrx,  the  ribosome-targeted  ThRibo significantly
alleviated this oxidative stress-induced reduction. Subsequently, the
AOPPs  assay,  combined  with  CLSM  and  ELISA-based  statistical
analysis,  demonstrated  that  ThRibo significantly  reduced  oxidized

protein levels in aging cells as expected (Figs. 3(c) and 3(d)). In the
BTD  assay,  H2O2-induced  oxidative  stress  elevated  intense  thiol
oxidation  (Fig.  3(e)).  ThRibo treatment  significantly  decreased  thiol
oxidation  within  24  h,  while  Th-HTrx treatment  had  a  slight  effect,
which  is  likely  due  to  the  inherent  reductase  activity  of  HTrx  as
mentioned.  This  result  once  again  underscores  the  critical  role  of
ribosome  targeting  in  directly  protecting  nascent  proteins.  ThRibo

also exhibited a superior ability to suppress protein carbonylation in
aging  cells  (Figs.  3(f) and 3(g)).  In  conclusion,  these  findings
demonstrate  that  the  ribosome-targeted  ThRibo effectively  defends
newly synthesized proteins and reverses oxidative damage in aging
cells.  To  evaluate  the  global  transcriptional  alterations  induced  by
ThRibo in  aging  cells,  we  performed  differential  gene  expression
analysis between the PBS and ThRibo treatment groups. As shown in
Fig.  3(h),  ThRibo treatment  resulted  in  significant  transcriptional
reprogramming,  characterized  by  the  identification  of  distinct
upregulated  and  downregulated  genes  across  multiple  functional
categories.  Furthermore,  Kyoto  Encyclopedia  of  Genes  and

 

Figure 3    Proteostasis  maintenance  and  reversal  of  cellular  aging  effect  of  ThRibo.  (a)  and  (b)  Copper-catalyzed  click  chemistry  assay  using  Cy5-Azide.  Global  protein
synthesis was measured by high-content screening as red fluorescence signal per cell. (c) and (d) AOPPs level in aging HEK293 cells. (e) BTD assay of extracted protein in
aging HEK293 under different treatments (100 nM of Th-HTrx or ThRibo). Normal HEK293 cells were utilized as control. Biotinylated BTD (1 mM) was mixed in the lysis
solution as indicator. (f) and (g) Protein carbonylation analysis of HEK293 under different treatments. (h) DEGs between the PBS and ThRibo treatments on aging cells. (i)
KEGG pathway enrichment analysis. (j) Volcano plots of the identified upregulated and down-regulated genes between the PBS and ThRibo treatment. To build the aging
cell model, HEK293 cells were treated with 200 µM H2O2 for 6 h, then 100 nM of Th-HTrx or ThRibo were administered and cultured for a further 24 h. Data are presented as
mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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Genomes (KEGG) pathway enrichment analysis of the differentially
expressed  genes  (DEGs)  revealed  that  ThRibo predominantly
modulates  several  critical  biological  processes  related  to  metabolic
regulation,  including  oxidative  phosphorylation,  amino  acid
biosynthesis,  and  carbon  metabolism  (Fig.  3(i)).  The  volcano  plot
further  illustrates  the  overall  distribution  of  upregulated  and
downregulated genes between the PBS and ThRibo treatment groups
(Fig. 3(j)). Thus, the ThRibo significantly impacts biological processes
associated with transcription, ribosome structure and biogenesis, as
well as amino acid transport and metabolism.

 2.3    Oxidative  protection  and  aging  resistance  effect  of
ThRibo in neural cells
After confirming the effect of ThRibo in maintaining proteostasis, we
then  tested  the  protective  efficacy  against  oxidative  damage  in
various cell lines. As the functional element adopted in constructing
the nanochaperone demonstrates universal applicability irrespective
of  species,  we subsequently  carried out  a  series  of  tests  in human-
derived U-87 MG (U87) cell  and murine-derived BV-2 (BV2) cell
(Figs.  S16  and  S17  in  the  ESM).  We  first  verified  the  protein
carbonylation analysis in normal (as control) and aging cells. After
the  treatment  of  ThRibo,  the  carbonylated  protein  level  was  close  to

that  of  normal  cells  (U87:  117.1%  ±  6.0%;  BV2:  109.6%  ±  9.5%)
without  H2O2 stimulation  (Figs.  4(a) and 4(b)).  The  results  of  the
AOPPs  assay  also  revealed  that  ThRibo holds  a  significant  effect  in
reducing oxidized protein products in both U87 cells and BV2 cells
(Figs.  S18  and  S19  in  the  ESM).  As  illustrated  in Fig.  4(c),
intracellular  proteins  are  highly  susceptible  to  oxidative
modification  under  the  aging  microenvironment,  particularly  at
residues  like  cysteine,  methionine,  and  histidine,  disrupting  their
structure and function.  This  often manifests  as  reduced enzymatic
activity.  Furthermore,  the  oxidative  cascade  extends  to  membrane
lipids,  promoting  peroxidation  that  compromises  integrity  and
generates  propagating  reactive  byproducts.  Mitochondria,  as  key
ROS  sources  and  targets,  frequently  suffer  dysfunction  under
oxidative  stress,  marked  by  membrane  potential  dissipation
[45−47].  Hence,  we  first  measured  the  intracellular  ROS  level  by
CLSM  imaging.  The  administration  of  ThRibo significantly  reduced
the ROS level in both kinds of cells in 24 h (Figs. 4(d) and 4(i), and
Figs. S20–S25 in the ESM), while the control experiments confirm
that  the  DNA  nanocarrier  itself  exerts  negligible  non-specific
effects, thereby validating that the therapeutic efficacy is specifically
attributed  to  the  loaded  HTrx.  The  oxidative  damage  of  nucleic
acids was also inhibited under the treatment (Figs.  S26 and S27 in
the ESM).  Correspondingly,  the glutathione disulfide (GSSG) level

 

Figure 4    Protective effect of ThRibo against oxidative damage in aging neural cells. (a) Protein carbonylation analysis of aging U87 cells under the treatment of ThRibo. (b)
Protein carbonylation analysis  of  aging BV2 cells  under different  treatments.  (c)  Illustration of  the proteostasis  maintaining effect  on enzyme activity,  MMP, and lipid
peroxidation. The intracellular ROS level of (d) H2O2-induced aging U87 cells and (i) aging BV2 cells incubated with PBS or ThRibo. Cells were stained with the ROS probe
2',7'-dichlorofluorescein diacetate (DCFH-DA) after the treatment with PBS or ThRibo. Scale bars: 50 µm. Intracellular GSSG level in (e) aging U87 cells and (j) aging BV2
cells under different treatments. Catalase activity analysis of (f) aging U87 cells and (k) aging BV2 cells under different treatments. MDA level of (g) aging U87 cells and
(l) aging BV2 cells under different treatments measured by ELISA assay. JC-1 imaging of (h) aging U87 cells and (m) aging BV2 cells. Red fluorescence represents a high
MMP, while green fluorescence represents a low MMP. The line scan profile of the fluorescence intensity was measured by ImageJ. To build the aging cell model, cells
were pretreated with 200 µM H2O2 for 6 h, then 100 nM of ThRibo was administered and cultured for a further 24 h. Data are presented as mean ± SD (n = 3). *P < 0.05; **P
< 0.01.
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sharply  decreased  under  the  treatment  of  the  nanochaperone
compared  to  PBS  control  (Figs.  4(e) and 4(j)).  The  excellent
oxidative  stress  inhibition  effect  was  mainly  contributed  by  the
synergistic  effect  of  HTrx  and  the  reductive  DNA-based
nanocarrier  [48, 49].  The  catalase  activity  was  increased  by
approximately  1.74  times  (U87  cell)  and  2.30  times  (BV2  cell)
under  the  treatment  of  ThRibo  as  shown  in  (Figs.  4(f) and 4(k)).
Meanwhile,  the  lipid  peroxidation  marker  malondialdehyde
(MDA)  significantly  decreased  as  expected  ((Figs.  4(g) and 4(l))).
The  change  in  mitochondrial  membrane  potential  (MMP)  was
measured  by  JC-1  staining,  demonstrating  that  the  loss  of  MMP
and  expression  of  related  signaling  pathway  caused  by  oxidative
damage  were  effectively  inhibited  by  ThRibo administration
(Figs.  4(h) and 4(m),  and  Figs.  S28  and  S29  in  the  ESM).  Taken
together,  the  nanochaperone  ThRibo effectively  mitigates  oxidative
damage  and  reverses  cellular  senescence in  vitro,  suggesting  its
potential as a therapeutic agent for age-related diseases.

 2.4    In vivo anti-aging effect  of  ThRibo  in improving motor
function of aged mice
Given aging is accompanied by a decline in cellular proteostasis and
reduced ribosomal  performance,  we performed anti-aging analysis
of the nanochaperone in a natural aging mouse model (26 months
[50]) as illustrated in Fig. 5(a). Through the analysis of brain tissues
obtained  post-treatment,  ThRibo treatment  significantly  reduced  the
carbonylated protein level  (Fig.  5(b)).  To evaluate  the neurological

defects  of  the  aging  mouse  during  the  treatment,  a  set  of
experiments  that  reflect  the  performance  of  movement,  balance,
sensory function, and reflexes was utilized in this study. In the Rota-
rod  test,  mice  treated  with  ThRibo exhibited  a  significantly  longer
latency  to  fall  compared  to  the  PBS  control  group  at  week  2  and
week  3  (Fig.  5(c)),  indicating  enhanced  motor  coordination
following  treatment  administration.  Furthermore,  the  dexterity  of
the contralateral forelimb and hindlimb in aging mice was assessed
using  the  cylinder  test  and  grid  test.  Aging  mice  receiving  ThRibo

treatment  displayed  decreased  asymmetry  scores  at  weeks  2–3
(Fig.  5(d))  and  a  reduced  asymmetry  index  at  both  weeks  2  and
3  (Fig.  5(e)),  suggesting  improved  limb  dexterity.  Collectively,  the
nanochaperone  treatment  significantly  promotes  functional
recovery in aging mice. Compared to the PBS group, the ROS level
remarkably  decreased  according  to  the  results  of
immunofluorescence  (Fig.  5(f)).  We  also  examined  the  molecular
levels  of  glutathione  (GSH),  GSSG,  MDA,  and  catalase  activity  in
tissue lysate samples of the two groups. The ThRibo group exhibited a
remarkable  decrease  in  oxidative  damage  markers  GSSG  and
MDA, and higher catalase activity (Figs. 5(g)−5(j)).

We  then  proceeded  to  investigate  the in  vivo mechanisms
responsible for conferring resistance to aging. Immunofluorescence
analysis exhibited that the treatment of ThRibo remarkably decreased
the level  of  the  aging markers  p53,  p21,  and p16 (Figs.  6(a)−6(c)).
As shown in the results of the western blot assay of the brain tissue,
the  protein  levels  of  p53,  p21,  and  p16  were  significantly

 

Figure 5    In vivo anti-aging effect of ThRibo in the natural aging mouse model. (a) Illustration of the intracranial intracerebroventricular injection of ThRibo in a natural aging
mouse model. The drug concentration was 2 µM of ThRibo (5 µL per mouse on week 0 and 1). (b) Protein carbonylation analysis of the brain after different treatments. (c)
Rota-rod test,  (d)  cylinder  test,  and (e)  grid  test  for  motor  ability  and the  dexterity  of  forelimbs  and hindlimbs  of  mice  in  different  groups  over  three  weeks.  (f)  ROS
imaging of the brain after different treatments. Red fluorescence signal indicates ROS signal. Scale bars: 50 µm. (g) GSH level, (h) GSSG level, (i) catalase activity analysis,
and (j) MDA level in brain tissues under different treatments. Data are presented as mean ± SD (n = 5). *P < 0.05; **P < 0.01.
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downregulated  in  the  treatment  group  compared  to  the  control,
confirming  the  inhibition  of  the  senescence-associated  signaling
axis (Fig. S30 in the ESM). Furthermore, the phosphorylation level
of  JNK  (p-JNK)  exhibited  a  marked  decrease,  indicating  potent
inhibition  of  the  stress-responsive  JNK  pathway  (Fig.  S31  in  the
ESM).  These  biochemical  results  are  consistent  with  the  semi-
quantitative  fluorescence  analysis  and  quantitative  reverse
transcription polymerase chain reaction (RT-qPCR) (Figs. S32–S35
in  the  ESM),  providing  robust  evidence  for  the  proposed
mechanism  involving  the  p53/p21/p16  axis-mediated  senescence
and  JNK  pathway  activation.  H&E  staining  was  used  to  evaluate
changes  in  the  histopathological  architecture  of  the  hippocampal
tissues. As shown in Fig. 6(d), pyramidal neurons in the CA1, CA3,
and  DG  regions  were  tightly  arranged  and  exhibited  round  and
clear nuclei in the ThRibo treatment group, whereas, by contrast, the
pyramidal  neurons  were  densely  stained,  exhibited  atrophic

cytoplasm, apoptosis-like cells were observed as indicated, and had
an  irregular  triangular  shape  in  the  PBS  group,  suggesting  a
widespread  neuronal  anti-aging  effect.  The  above  results  indicate
that the artificial chaperone can reverse the oxidative damage in the
brain  tissue  of  the  aging  mice,  thereby  improving  their  behavioral
performance.  Additionally,  we  noted  that  the  p-JNK  level
remarkably  reduced  after  the  treatment  of  ThRibo (Fig.  6(e)),
confirming  that  the  nanochaperone  exhibits  excellent  antioxidant
efficacy in natural  aging mouse models.  During the treatment,  the
routine  blood  parameters  remained  within  normal  ranges,
indicating  favorable  hematological  compatibility  (Fig.  6(f)).
Furthermore,  H&E  staining  of  major  organs  collected  after  the
treatment  revealed  no  noticeable  pathological  abnormalities  or
inflammatory  lesions,  suggesting  that  ThRibo does  not  induce
systemic  organ  toxicity  (Fig.  6(g)).  Collectively  with  the  results  of
the  body  weight  monitoring,  these  results  confirm  the  excellent

 

Figure 6    Mechanism  analysis  of  the  anti-aging  effect  of  ThRibo in  the  natural  aging  mouse  model.  Immunofluorescence  and  statistical  analysis  of  (a)  p53  (green
fluorescence), (b) p21 (green fluorescence), and (c) p16 (red fluorescence) of the brain after the treatment. Scale bars: 50 µm. (d) H&E staining of the hippocampus and
refined structure. Apoptosis-like cells are indicated with a red arrow. Scale bars: 200 µm. (e) p-JNK (green fluorescence) of the brain after the treatment. (f) Routine blood
examination of white blood cells (WBC), red blood cells (RBC), platelets (PLT), lymphocytes (Lym), neutrophils (Neu), and monocytes (Mon) during the treatment of
ThRibo on weeks 0, 1, 2, and 3. (g) H&E staining of major organs (heart, liver, and kidney). Scale bars: 50 µm. Data are presented as mean ± SD (n = 5). *P < 0.05; **P <
0.01)

Wu et al. Nano Research | Vol. 19, No. 8

Nano Research, 2026, 19, 94908731 94908731 (8 of 11)

https://www.sciopen.com/article/10.26599/NR.2026.94908731
https://www.sciopen.com/article/10.26599/NR.2026.94908731
https://www.sciopen.com/article/10.26599/NR.2026.94908731
https://www.sciopen.com/article/10.26599/NR.2026.94908731
https://www.sciopen.com/article/10.26599/NR.2026.94908731
https://www.sciopen.com/article/10.26599/NR.2026.94908731
https://www.sciopen.com/article/10.26599/NR.2026.94908731
https://www.sciopen.com/article/10.26599/NR.2026.94908731


biocompatibility and safety profile of ThRibo for potential biomedical
applications (Figs. S36–S38 in the ESM), suggesting that ThRibo holds
significant  potential  for  mitigating  damage  stemming  from
proteostasis in the context of aging in vivo.

Looking  ahead,  establishing  the  clinical  potential  of  ThRibo

necessitates  a  focused  research  roadmap  addressing  key
translational  challenges.  First,  regarding  targeting  precision,  future
investigations  will  be  directed  toward  optimizing  the  structural
design  to  further  enhance  binding  specificity,  thereby  eliminating
potential off-target interactions with non-target RNAs and ensuring
precise  intervention.  Second,  to  ensure  biosafety  for  clinical
application,  subsequent  studies  will  explore  how  to  mitigate
potential innate immune responses, ensuring the platform remains
immunologically  inert in  vivo.  These  proactive  strategies  will  be
pivotal  in  advancing  ThRibo from  a  proof-of-concept  to  a  viable
therapeutic modality for aging-related proteostasis disorders.

 3    Experimental

 3.1    Expression and purification of  the recombinant HTrx
and HTrx-S
The plasmid pET-28a-His-Trx-C was constructed for expression of
HTrx  with  an  N-terminal  His6-tag  and  a  C-terminal-(GS)3-C
sequence  as  previously  described  [51].  The  cysteine  residues  (−C)
were  introduced  for  conjugation  with  the  single-strand  DNA
(ssDNA).  The  plasmid  was  transformed  into E.  coli Rosetta-gami
cells  and  protein  expression  was  induced  by  isopropyl-β-D-
thiogalactopyranoside  (IPTG)  (0.4  mM).  After  being  induced
overnight (around 12 h), the cells were harvested by centrifugation
at 5000 rpm for 15 min.

The precipitates collected by centrifugation were resuspended in
binding buffer (20 mM Tris-HCl, 150 mM NaCl, pH = 8.0). After
ultrasonic treatment, cell lysates were centrifuged at 16,000 rpm for
25  min  at  4  °C.  The  recombinant  protein  was  purified  using  a
nickel-nitrilotriacetic acid (Ni-NTA) column (His-Trap HP column
5  mL,  GE  Healthcare)  with  a  linear  gradient  of  10–250  mM
imidazole  in  binding  buffer.  The  protein  concentration  was
measured with the Bradford assay and the purity  was analyzed by
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-
PAGE).

HTrx  was  coupled  to  ssDNA  strand  (5'-NH2-TTC  AGA  GGC
GCT-3')  using  sulfo-SMCC  conjugation.  The  amino-modified
ssDNA  was  diluted  with  PBS  (pH  =  7.4)  at  a  concentration  of
100  µM.  The  solution  of  amino-modified  oligonucleotide  was
mixed  with  sulfo-SMCC  (25  eq.  relative  to  amino-modified
ssDNA)  and  reacted  at  25  °C  for  10  h.  After  that,  the  additional
sulfo-SMCC  was  removed  by  10  kDa  molecular  weight  cut-off
(MWCO) centrifuge filters three times to obtain SMCC-ssDNA. At
the  same  time,  HTrx  was  purified  in  PBS  buffer  using  desalting
columns  (HiTrapTM Desalting)  on  an  ÄKTA  purifier  system  (GE
Healthcare).  The  reduced  HTrx  was  mixed  with  purified  SMCC-
ssDNA  in  a  ratio  of  2.5:1  to  prepare  the  HTrx-DNA  conjugate,
namely HTrx-S. After 6 h of incubation at room temperature, HTrx-
S was purified using gel filtration through an ÄKTA purifier system
equipped  with  a  HiLoad  10/60  Superdex  200  column.  The
chromatograph  was  monitored  at  254  and  280  nm.  The
concentration of HTrx was measured using the bicinchoninic acid
(BCA) assay based on HTrx and the purity was analyzed by SDS-
PAGE.

 3.2    Design and assembly of the DNA nanochaperone
The nanocarrier DNA tetrahedron was assembled according to our
method with some modifications [1].  DNA sequences used in this
study for  assembly  are  shown in  Table  S1  in  the  ESM. Firstly,  the
accurately quantified DNA strands (100 nM) were equally mixed in
a 1× TAE/Mg2+ buffer (pH = 8.3), respectively. The aforementioned
assembly samples were kept at 95 °C (5 min) and then cooled down
to 37 °C within 1 h as reported. Then four groups (V-1, V-2, V-3,
and  V-4)  and  HTrx-S  were  assembled  with  a  molecular  ratio  of
1:1:1:1:3.  Then the  mixture  was  cooled down from 37 to  25  °C in
12 h and the prepared ThRibo was stored at 4 °C.

 3.3    Characterization of ThRibo

The  prepared  ThRibo (100  nM,  10  µL)  was  deposited  onto  freshly
cleaved  mica  and  allowed  to  deposit  for  10  min.  The  prepared
samples  were  imaged  with  a  MultiMode  8  AFM  (Bruker)  under
ScanAsyst-Fluid  mode.  DLS analysis  of  the  DNA tetrahedron and
ThRibo (100  nM cultured  in  DMEM) was  performed on  a  Malvern
Zetasizer Nano-ZS (Malvern Instruments, UK).

 4    Conclusions
In  this  study,  a  programmable  DNA  framework-based  artificial
chaperone,  ThRibo,  was  constructed  by  integrating  a  ribosome-
targeted  probe  and  the  redox  regulator  HTrx  onto  an  addressable
DNA tetrahedron.  DNA nanotechnology  enables  the  construction
of  nanostructures  with  precise  spatial  control  via  programmable
Watson–Crick  base  pairing.  In  this  work,  we  utilized  a  double-
bundle DNA tetrahedron, developed by our team, which integrates
high  structural  stability,  synthesis  yield,  and  precise  addressability.
This rigid architecture ensures optimal spatial  orientation of HTrx
and  ribosome-targeting  motifs,  minimizing  steric  hindrance  and
facilitating  efficient  ribosome  engagement.  These  features
distinguish our  design from flexible  DNA assemblies,  allowing for
the construction of a robust, plug-and-play artificial chaperone that
modulates  proteostasis  directly  at  the  source  of  protein  synthesis.
ThRibo selectively  targets  ribosomes  and  employs  a  reductive  repair
cascade  to  protect  newly  synthesized  peptides  from  oxidative
modifications, including carbonylation and thiol oxidation, thereby
stabilizing  amino  acid  residues  and  restoring  proteostasis  in  aging
cells. This protection mitigates enzymatic inactivation, inhibits lipid
peroxidation,  and  prevents  the  loss  of  MMP,  preserving  cellular
function  both in  vitro and in  vivo.  In  aging  mice,  ThRibo effectively
suppressed senescence-associated signaling pathways, including the
canonical p53/p21/p16 axis and the stress-responsive JNK pathway,
improved  brain  protein  homeostasis,  reduced  oxidative  stress
markers,  enhanced  motor  performance,  and  exhibited  desirable
biocompatibility.  Considering  the  established  correlation  between
proteostasis  imbalance  and  aging,  and  the  critical  role  of
proteostasis in the transition from cellular vitality to senescence, this
ribosome-targeted nanochaperone provides a versatile platform for
maintaining  protein  homeostasis  and  expands  the  potential  of
ribosome-targeted  therapeutic  strategies  for  anti-aging
interventions.

 Electronic  Supplementary  Material: Supplementary  material
(further  details  of  the  experimental  protocols,  including  materials,
characterization,  cell  culture,  animal  model,  RNA-sequencing,
immunofluorescence,  and  statistical  analysis)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908731.
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