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Abstract

Objective　  Cancer  remains  a  significant  global  health  challenge,  necessitating  the  development  of
effective treatment approaches. Developing synergistic therapy can provide a highly promising strategy
for anti-cancer treatment through combining the benefits of various mechanisms.

Methods　  In  this  study,  we  developed  a  synergistic  strategy  for  chemo-photothermal  therapy  by
constructing  nanocomposites  using  gold  nanorods  (GNRs)  and  tetrahedral  framework  nucleic  acids
(tFNA) loaded with the anti-tumor drug doxorubicin (DOX).

Results　 Our in vitro studies have systematically clarified the anti-cancer behaviors of tFNA-DOX@GNR
nanocomposites,  characterized  by  their  enhanced  cellular  uptake  and  proficient  lysosomal  escape
capabilities.  It  was  found  that  the  key  role  of  tFNA-DOX@GNR  nanocomposites  in  tumor  ablation  is
primarily  due  to  their  capacity  to  induce  cytotoxicity  in  tumor  cells via a  photothermal  effect,  which
generates  instantaneous  high  temperatures.  This  mechanism  introduces  various  responses  in  tumor
cells,  facilitated  by  the  thermal  effect  and  the  integrated  chemotherapeutic  action  of  DOX.  These
reactions  include  the  induction  of  endoplasmic  reticulum  stress,  characterized  by  elevated  reactive
oxygen  species  levels,  the  promotion  of  apoptotic  cell  death,  and  the  suppression  of  tumor  cell
proliferation.

Conclusion　 This work exhibits the potential of synergistic therapy utilizing nanocomposites for cancer
treatment and offers a promising avenue for future therapeutic strategies.
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INTRODUCTION

C ancer  is  a  leading  cause  of  death
worldwide,  with  approximately  19.3
million  new  cases  and  10  million  deaths

reported  annually[1-3].  Therefore,  how  to  effectively
treat  cancer  has  become  one  of  the  primary
concerns in the medical  science field.  Currently,  the
main  treatment  options  for  cancer  include  surgery,
radiation  therapy,  and  chemotherapy[4].  However,
these traditional  methods can have negative effects
on  patients,  such  as  psychological  and  physical
damage,  serious  side  effects,  and  multidrug
resistance[5].  In recent years,  with fewer side effects
compared  with  traditional  methods,  nanomaterial-
mediated  photothermal  therapy  has  attracted
attention  because  of  its  advantages  such  as  high
tumor specificity, low toxicity, and low �invasiveness[6-9].
The  principle  of  photothermal  therapy  is  that  when
laser  pulses  are  irradiated  on  nanoparticles,  the
temperature  of  the  tumor  and  elimination  of
malignant  cells  can  be  significantly  increased  to  kill
tumor  cells  through  the  nonradiative  relaxation  of
nanoparticles  and  the  ionophore  resonance  effect.
Therefore,  in  order  to  maximize  the  anti-tumor
effect  of  photothermal  therapy,  selecting  an
effective  photothermal  agent  (photothermal
conversion material) is critical[10-16].

With  the  advantages  of  antioxidation  and  easy
modification,  gold  nanomaterials  (GNPs)  have
become widely applied materials  in the synthesis  of
multifunctional nanomedicine in cancer therapy[17-19].
GNPs  with  particular  longitudinal  surface  plasmon
resonances (LSPR), defined as gold nanorods (GNRs),
can  obtain  excellent  thermal  conversion  by  simply
tuning  their  morphology,  and  are  able  to  drug  load
through  self-assembly  and  chemical  bonding
technology,  which  greatly  expands  their  application
in tumor treatment[20-24]. However, the effectiveness
of  photothermal  therapy  can  be  weakened  in
practical  treatment  due  to  the  thermal  tolerance
caused  by  heat  shock  proteins  and  the  inherent
complexity  of  tumors[25,26].  Fortunately,  the
development  of  nanomedicine  offers  a  potential
solution  to  this  issue  through  the  multifunctional
modification  of  GNRs,  enabling  the  implementation
of  multiple  anti-malignant  strategies[19,27].
Doxorubicin  (DOX)  is  a  widely  used  broad-spectrum
anticancer  drug  in  clinical  treatment,  but  it  has
certain  drawbacks  such  as  drug  resistance,  non-
selective  distribution,  and  poor  permeability,  which
limit  its  clinical  application[27,28].  The  unique
anthracycline-like structure of DOX leads to its ability

to be embedded in the DNA helix  in  a  non-covalent
form.  Recent  studies  have  demonstrated  that  DOX
can be carried by a biocompatible three-dimensional
DNA nanomaterial, enhancing its cellular uptake and
drug release capabilities[29,30].

Inspired  by  the  above  progress,  our  research
proposed a strategy of modifying polyethylene glycol
(PEG)-modified  GNRs  to  create  tFNA-DOX@GNR
nanocomposites  by  utilizing  DNA  nanostructures  to
encapsulate  the  chemotherapeutic  agent  DOX.
These  nanocomposites  have  shown  potent  anti-
cancer effects, with enhanced delivery of DOX to the
cell  nucleus  and  improved  escape  from  lysosomal
degradation,  as  illustrated  in Scheme  1.  The
evidence  gathered  and  analyzed  in  our  research
indicates  that  the  tFNA-DOX@GNR  nanocomposites
represent a novel and promising approach to cancer
therapy,  potentially  improving  outcomes  through
integrating  photothermal  and  chemical  treatment
strategies. 

MATERIALS AND METHODS
 

Materials

All  chemicals  and  solvents  applied  in  this  work
were  at  analytical  grade.  DNA  oligos  and  cyanine  5
(Cy5), termed as single-stranded DNA (ssDNA), were
synthesized  by  HITGEN  (Chengdu,  China).  DOX  was
purchased from Beyotime (Shanghai, China). The cell
counting  kit-8  (CCK-8)  was  purchased  from
MedChemExpress  (Shanghai,  China),  and  PEG-
modified  GNRs  were  synthesized  in  Beijing
Zhongkeleiming Daojin Technology Co., LTD., using a
two-step  method.  Initially,  gold  seeds  were
synthesized by reducing HAuCl4 solution with AgNO3.
Subsequently,  the  gold  seeds  were  gradually
crystallized  into  rod-shaped  nanostructures  in
HAuCl4 solution  under  specific  conditions,  followed
by  the  decoration  of  PEG  on  the  surfaces  of  the
obtained GNRs. The optical absorption peak of GNRs
is  highly  consistent  with  808  nm.  Other  chemicals
including  Tris-HCl  and  MgCl2,  were  purchased  from
Aladdin (Shanghai, China). 

Preparation  of  tFNA-DOX  and  tFNA-DOX@GNR
Nanocomposites

The  tFNAs  were  synthesized  using  four  distinct
single-stranded  DNA  (ssDNA)  sequences  (S1,  S2,  S3,
and S4), with the specific sequences provided in the
supporting materials. The synthesis process involved
mixing  1  µL  of  each  ssDNA  sequence  from
Supplementary  Table  S1 with  96  µL  of  TM  buffer
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(10  ×  10−3 mol/L  Tris,  10  ×  10−3 mol/L  MgCl2;  pH  =
8.0)  and  heating  the  mixture  to  95  °C  for  10  mins,
followed by rapid cooling to 4 °C for 20 mins to form
the  DNA  nanostructures.  For  the  creation  of  Cy5-
labeled  tFNAs,  S1  strands  were  substituted  with
Cy5-S1  strands  to  enable  fluorescence  tracking.
Subsequently, excessive DOX was incubated with the
resulting tFNAs (1 µmol/L) at 4 °C overnight to yield
tFNA-DOX  nanocomposites.  Removal  of  Tris-HCl,
MgCl2 and  excess  DOX  through  ultrafiltration
centrifugation  using  30-kD  ultrafiltration  cubes,  and
the  resulting  product  was  stored  at  4  °C  for
subsequent  experimentation.  This  study  employed
PEG-modified GNRs as the foundational material for
further  modification.  In  the  synthesis  of  tFNA-
DOX@GNR  composites,  PEG-modified  GNRs  were
combined with tFNA-DOX nanocomposites in a fixed
ratio  to  produce  the  final  product,  which  was  then
stored at 4 °C for subsequent experimentation. 

Material Characterization

Polyacrylamide  gel  electrophoresis  (PAGE;  8%)
was  utilized  to  confirm  the  encapsulation  of  DOX
molecules  within  the  tFNA.  Transmission  electron

microscopy (TEM, FEI Talos, operated at 200 kV) with
an EDS detector was utilized to examine the specific
structures, morphology and chemical composition of
the  nanocomposites.  Prior  to  TEM  analysis,
specimens  of  tFNA  and  tFNA-DOX  were  negatively
stained  with  a  5% phosphotungstic  acid-staining
solution for 4 mins. 

Zeta Potentials and Hydrated Particle Size Analysis

The Zetasizer from Malvern Instruments Ltd. was
used to measure the hydrated particle size and zeta
potentials  of  the  different  nanostructures  obtained
during  the  synthesis  procedures  using  the  Dynamic
Light  Scattering  (DLS)  method.  The  tests  were
conducted  at  room  temperature  (25  °C)  using  1  mL
of  the  suspension  solutions  transferred  into  a
centrifugal  tube via pipette.  Prior  to  testing,  the
solutions were sonicated in a bath sonicator for 1 h
to achieve a homogeneous dispersion. 

Photothermal Measurements

Nanocomposite  solutions  of  tFNA-DOX@GNR,
with  a  concentration  of  1  mol/L,  were  subjected  to
irradiation  by  an  808-nm  laser  at  various  power

 

95 °C 10 min 4 °C Overnight

4 °C 20 min

ssDNA tFNA DOX tFNA-DOX GNR
tFNA-DOX@GNR

DNA Damage

DOX Release

Lysosome Escape

Apoptosis
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Scheme 1. Schematic diagram of the synthesis of nanocomposites and their photothermal-chemotherapy
mechanism. ssDNA: DNA single strands; tFNA: tetrahedral framework nucleic acids; GNR: gold nanorods;
DOX, Doxorubicin.
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densities for a duration of 10 mins. The experimental
setup  included  an  808  nm  laser,  a  thermocouple
thermometer,  and  a  data  acquisition  system.  The
temperature  differential  was  recorded  at  30-s
intervals. 

Cell Culture

The  human  melanoma  cells  (A-375)  were
cultured  in  high-glucose  DMEM  (Hy-Clone)
supplemented  with  10% fetal  bovine  serum  (FBS)
(Corning)  and  1% penicillin-streptomycin  solution
(HyClone)  in  an  incubator  at  37  °C  with  5% CO2.
Upon reaching 75% confluence, the A-375 cells were
passaged using trypsin (HyClone). 

Evaluation of Cell Cytotoxicity

For  the  CCK-8  method  to  test  proliferation
viability,  A-375  cells,  with  a  cell  density  of  1  ×  104

/mL,  were  seeded  in  96-well  plates  and  incubated
for 24 h. Serum-free culture medium containing 10%
volume  of  tFNA-DOX@GNR  reagent  with  various
concentrations  and  blank  serum-free  culture
medium  were  added  to  separate  wells.  Laser
irradiation (808 nm, 2.0 W/cm2, 10 min) was applied
after  4  h  of  incubation,  followed  by  continued  co-
incubation  for  20  h.  After  20  h,  CCK-8  reagent  was
added  to  the  wells  and  incubated  for  2  h  in  a  dark
environment. The absorbance value of each well was
measured  at  450  nm  using  an  enzyme  marker,  and
cell activity was calculated.

For  the  live/dead  cell  staining  method  to
evaluate  the  effect  of  anti-melanoma  cells,  A-375
cells with a cell density of 1 × 104 /mL were seeded in
6-well  plates  and  incubated  for  24  h.  Serum-free
culture  medium  containing  10% volume  of  tFNA-
DOX@GNR  reagent  (concentration  1  nmol/L)  and
blank  serum-free  culture  medium  were  added  to
separate  wells.  In  the  laser-operation  groups,  laser
irradiation (808 nm, 2.0 W/cm2, 10 min) was applied
after  4  h  of  incubation,  followed  by  continued  co-
incubation for 20 h. After centrifugation and removal
of the supernatant, the cells were co-incubated with
Calcein AM/PI solution for 15 mins. Observation was
conducted  using  a  laser-scanning  confocal
microscope. 

Evaluation of Cellular Uptake and Lysosome Escape
Ability

A-375  cells  were  seeded  in  6-well  plates  at  a
density  of  1  ×  104 /mL  and  cultured  for  24  h.  After
discarding  the  old  medium,  Cy5-labeled  tFNA-
DOX@GNR  nanomaterials  were  added,  and  co-
incubation continued for another 24 h. The collected

cells  were  then  stained  with  Hoechst  staining
reagent  for  30  mins,  and  the  Cy5  and  Hoechst
staining  were  observed  using  fluorescence
microscopy.  Additionally,  cells  were  inoculated  on
cell culture slides at a density of 2 × 105 cells per well
and  cultured  for  24  h.  After  4,  8,  and  12  h  of
incubation,  the  medium  was  discarded,  and  Cy5-
labeled tFNA-DOX@GNR nanomaterials were added.
Subsequently, 0.5 mL of Lyso-Tracker Green working
solution was added, and the cells were incubated for
1 h at 37 °C. The co-localization of the nanomaterials
with  cellular  lysosomes  was  observed  using  two-
photon laser confocal microscopy. 

Evaluation  of  Intracellular  ROS  and  CHOP
Expression

A-375  cells  were  seeded  in  6-well  plates  at  a
density of 2 × 105 cells per mL and cultured for 24 h.
After an initial  4-h incubation period,  the cells  were
treated  with  tFNA-DOX@GNR  and  incubated  for  an
additional 4 h. Subsequently, the cells were exposed
to laser irradiation at a wavelength of 808 nm, with
an intensity of 2.0 W/cm2, for 10 mins. Following the
laser treatment, the cells were further incubated for
20 h.

A-375 cells with a cell density of 2 × 105 cells per
mL were seeded in 6-well plates and cultured for 24
h.  After  an  initial  4-h  incubation  period,  the  cells
were  treated  with  tFNA-DOX@GNR  and  incubated
for  an  additional  4  h.  Subsequently,  the  cells  were
exposed  to  laser  irradiation  at  a  wavelength  of  808
nm, with an intensity of 2.0 W/cm2, for 10 mins. The
cells  were  then  incubated  for  a  further  20  h.
Following  fixation  and  rinsing,  a  primary  antibody
working  solution  was  added  to  the  cells  and
incubated  overnight.  After  rinsing,  an  Alexa  Fluor
488-labeled  secondary  antibody  working  solution
was  added  and  the  cells  were  incubated  for  1  h  at
room  temperature,  protected  from  light.  The  cells
were  then  observed  and  photographed  using  an
inverted fluorescence microscope. 

Evaluation  of  Apoptosis  and  Cytokines  Related  to
Apoptosis

Cellular  proteins  were  extracted  and  separated
using SDS-PAGE with 7.5%–10% polyacrylamide gels.
The  separated  proteins  were  then  transferred  to
PVDF  membranes  and  blocked  with  5% skim  milk.
Subsequently,  the  membranes  were  incubated
overnight  at  4  °C  with  a  diluted  primary  antibody,
followed  by  incubation  at  room  temperature  with
the secondary antibody. The developed images were
captured  using  a  developing  solution,  and  the
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grayscale  values  of  the  bands  were  measured  and
analyzed using Image J software. For the ELISA assay,
the  cell  samples  were  co-incubated  at  room
temperature  (25  °C)  using  an  ELISA  kit,  and  the
optical  density  (OD)  values  were measured within 5
mins using an enzyme marker. 

RESULTS
 

Materials Synthesis and Characterization

Figure  1A illustrates  the  synthesis  process  of
tFNA loaded with DOX.  Initially,  tFNAs were formed
by  combining  four  DNA  single  strands  (ssDNA).
Subsequently, tFNAs and DOX molecules were mixed
and  incubated  overnight  at  4  °C  to  produce  tFNA-
DOX nanocomposites. To optimize the drug delivery

capacity, PAGE analysis was conducted to determine
the  maximum ratio  of  DOX to  tFNA nanostructures,
as  displayed  in Figure  1B.  This  step  ensured  the
efficient  loading  of  DOX  onto  the  tFNA
nanocomposites  and  demonstrated  that  tFNAs
loaded  with  DOX  exhibit  slower  movement
compared  to  tFNA  alone,  indicating  the  successful
synthesis of tFNA-DOX nanocomposites. The analysis
reveals  that  the  maximum  ratio  of  DOX  to  tFNA
combination  is  approximately  25,  suggesting  that
each tFNA nanostructure can accommodate at  least
20 DOX molecules. However, when the ratio exceeds
25,  the  stability  of  the  resulting  tFNA-DOX
nanocomposites in the buffer environment becomes
compromised.

Transmission  electron  microscopy  (TEM)  was
used  to  observe  the  morphology  of  various
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Figure 1. Preparation  and  characterization  of  tFNA-DOX@GNR:  (A)  schematic  illustration  of  the
preparation  of  the  tFNA-DOX  nanocomposite;  (B)  PAGE  analysis  of  the  tFNA-DOX  nanocomposite  with
different  tFNA:DOX  ratios;  (C–F)  TEM  investigations  of  tFNA,  tFNA-DOX,  GNR  and  tFNA-DOX@GNR
nanostructures,  respectively;  (G)  hydrodynamic  diameter  distributions  of  tFNA,  tFNA-DOX,  GNR,  and
tFNA-DOX@GNR,  respectively, via the  DLS  method;  (H)  Zeta  potentials  of  tFNA,  tFNA-DOX,  GNR,  and
tFNA-DOX@GNR, respectively; (I) EDS analysis performed on GNR, showing the chemical composition; (J)
photothermal heating curves of tFNA-DOX@GNR under different laser irradiation conditions. ssDNA: DNA
single strands; tFNA: tetrahedral framework nucleic acids; GNR: gold nanorods; DOX, Doxorubicin.
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nanostructures, including tFNA, tFNA-DOX, GNR, and
tFNA-DOX@GNR,  as  depicted  in Figure  1C–1F  and
Supplementary  Figure  S1A. �Figure  1C displays
triangular-shaped nanostructures, which correspond
to  the  projections  of  tFNA  nanostructures.  The
morphology  of  the  tFNA-DOX  nanocomposite,
shown in Figure  1D,  exhibits  a  larger  size  compared
to tFNAs due to the incorporation of DOX. Figure 1E
and Figure  1F present  images  of  GNR  and  tFNA-
DOX@GNR,  respectively.  Notably,  tFNA-DOX@GNR
is  observed  to  be  enveloped  by  electron-transport
nanostructures,  indicating  the  successful  anchoring
of  tFNA-DOX  nanocomposites  onto  the  surfaces  of
PEG-modified  GNR.  To  further  understand  the
synthesis  process  of  tFNA-DOX@GNR
nanocomposites, Figure  1G presents  the
hydrodynamic  diameter  of  tFNA,  tFNA-DOX,  GNR,
and  tFNA-DOX@GNR,  which  is  consistent  with  the
findings  from  TEM  investigations  (Supplementary
Figure S1B).

Figure  1H displays  the  Zeta  potentials  of  tFNA,
tFNA-DOX,  GNR,  and  tFNA-DOX@GNR,  indicating
that  the  tFNA-DOX@GNR  nanocomposites  exhibit
excellent  stability  due  to  their  well-designed
structure. Figure  1I shows  the  EDS  spectrum
obtained  from  GNR  in  the  TEM  investigation,
confirming the presence of Au, while the signals of C
and  Cu  originate  from  the  carbon  film  on  the  TEM
grid supported by copper grids.  To demonstrate the
thermal  heating  capability  of  the  obtained  tFNA-
DOX@GNR,  experiments  were  conducted  using
tFNA-DOX@GNR  with  a  concentration  of  1  nmol/L
under  three  different  power  densities  with  an  808
nm laser  (Supplementary  Figure  S2),  as  displayed in
Figure  1J.  The  results  indicate  that  a  temperature
exceeding 40 °C can be easily  achieved by adjusting
the  concentration  or  power  density  of  laser
irradiation.  Therefore,  these  nanocomposites  are
promising  for  application  in  photothermal  tumor
therapy.  In  addition,  by  simply  modifying  the
delivered  drugs,  this  platform  can  be  applied  to
photothermal  antibacterial  therapy,  utilizing  the
heating  effect  from  gold  nanorods  and  the  delivery
of antibiotics.

To  assess  the  anti-tumor  efficacy  of  the  tFNA-
DOX@GNR  nanocomposites, Figure  2A displays  the
staining of live and dead A375 cells, a type of human
melanoma  cell  line.  After  24  h  of  total  incubation,
the  experimental  group  with  tFNA-DOX@GNR
nanocomposites  but  without  near-infrared  (NIR)
laser  irradiation  showed  a  modest  amount  of
fluorescent red signal, attributed to the introduction
of DOX. In contrast, the experimental group with NIR

irradiation  exhibited  significantly  enhanced
fluorescent  red  signals,  indicating  a  notably
increased  killing  effect  of  nanocomposites  induced
by  photothermal  therapy.  The  corresponding
quantitative  analysis  of  the  fluorescence intensity  is
presented in Figures 2B and 2C.

Figure  2D evaluates  the  cytotoxicity  of  tFNA-
DOX@GNR  nanomaterials  on  A-375  cells  at  various
concentrations  using  the  CCK-8  array  method,
demonstrating  a  decrease  in  cell  viability  with
increasing  concentrations  of  the  nanomaterials.
Additionally, Figure  2E assesses  the  ability  of  tFNA-
DOX@GNR nanomaterials to inhibit the proliferation
of A-375 cells. In the absence of NIR laser treatment,
tFNA-DOX@GNR effectively reduced the cell viability
of  A-375  cells.  Furthermore,  the  inhibitory  effect  of
tFNA-DOX@GNR  on  the  viability  of  A-375  cells  was
enhanced  by  NIR  laser  treatment,  consistent  with
the  live-dead  staining  analysis,  indicating  that  the
tFNA-DOX@GNR  nanocomposites  can  be  an
effective anti-tumor strategy. 

Cellular Uptake and Lysosome Escape Behavior

To  investigate  the  tumor  cell  uptake  and
intracellular  transport  behavior  of  tFNA-DOX@GNR
nanocomposites, Figure 3 shows their cellular uptake
and  lysosomal  escape  effect,  which  can  determine
the  effectiveness  of  delivering  their  anti-tumor
payload  to  the  tumor  cells.  As  illustrated  in
Figure  3A,  we  employed  Cy5  modification  on  tFNA-
DOX@GNR  and  conducted  a  fluorescence  assay  for
localization. Figure  3B shows  that  the  red
fluorescence  (representing  the  locations  of
nanomaterials)  gradually  overlapped  with  the  blue
fluorescence (representing  nuclei)  as  the  incubation
time  increased.  This  observation  suggests  that  the
tFNA-DOX@GNR nanocomposites have good cellular
uptake  ability  and  exhibit  good  binding  ability  with
the nucleus.  In  addition,  the  ability  of  nanodrugs  to
escape  from  lysosomes  is  a  crucial  factor  in
effectively  killing  tumor  cells[31].  In Figure  3C,
following a 4-hour co-incubation of tumor cells with
tFNA-DOX@GNR,  a  yellow  fluorescence  signal  was
observed  within  the  cells.  This  signal  resulted  from
the  overlap  between  the  red  fluorescence  emitted
by  Cy5-labeled  nanomaterials  and  the  green
fluorescence  originating  from  intracellular
lysosomes,  indicating  that  the  tFNA-DOX@GNR
nanocomposite  can  partially  escape  from  the
lysosomes  at  4  h.  After  8  h  of  co-incubation,  the
yellow fluorescence signal  from the overlapping red
and  green  fluorescence  was  reduced,  and  a  clear
separation  of  red  and  green  fluorescence  could  be
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observed.  Furthermore,  the  yellow  fluorescence
diminished  after  12  h  of  co-incubation,  and  the
distinct  separation  of  green  and  red  fluorescence
signals  became  more  pronounced,  suggesting  that,
starting from 8 h of incubation. Therefore, the tFNA-
DOX@GNR  nanocomposites  successfully  escaped
from  lysosomes,  suggesting  that  they  can  facilitate
drug  entry  into  the  nucleus  and  promote  the  anti-
tumor effect. 

Expression of Intracellular ROS and CHOP

Reactive  oxygen  species  (ROS)  and  CHOP  play
crucial  roles  in  cellular  injury  under  cellular  stress
conditions.  Excessive  ROS  accumulation  can  trigger
endoplasmic  reticulum  stress,  leading  to  apoptosis.
Additionally,  CHOP  acts  as  a  significant  cytokine  in
the  endoplasmic  reticulum  stress  pathway,
promoting  pro-apoptotic  effects[32,33].  Inspired  by
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Figure 2. In  vitro antitumor  efficacy  evaluation  of  tFNA-DOX@GNR.  (A)  Live/dead  viability/cytotoxicity
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these  factors,  we  investigated  the  generation  of
intracellular  ROS  and  CHOP  induced  by  tFNA-
DOX@GNR  nanocomposites. Figures  4A and  4C
display the CHOP fluorescence signals of the stained
A-375  cells  after  co-incubation.  The  figures  indicate
that  the  experimental  group  using  the  tFNA-
DOX@GNR nanocomposite exhibited a higher green
fluorescence  signal  compared  to  the  control  group,
regardless  of  NIR  irradiation.  However,  when  NIR
irradiation was  not  applied,  the  experimental  group
using  the  tFNA-DOX@GNR  nanocomposite  alone
showed  only  limited  enhancement  of  fluorescence
signal.  The  quantitative  analysis  of  mean  optical
density  confirmed  that  the  tFNA-DOX@GNR+NIR
experimental  group  exhibited  an  increase  in
fluorescence  intensity  compared  to  the  other  three
groups  (P <  0.05),  indicating  tFNA-DOX@GNR  can
effectively  induce  pro-apoptotic  effects. Figures  4B
and 4D displayed the ROS fluorescence signal of the

stained  A-375  cells  after  co-incubation.  It  is  evident
that  in  the  experimental  group  using  tFNA-
DOX@GNR nanocomposites without NIR irradiation,
there  was  a  slight  increase  in  green  fluorescence
signal  compared  to  the  control  group,  but  the
difference  was  not  significant.  As  shown,  the  tFNA-
DOX@GNR+NIR  experimental  group  showed  a
significant  increase  in  green  fluorescence  signal
compared  to  the  other  three  groups  (P <  0.05),
indicating  our  obtained  nanocomposites  can
increase  ROS  accumulation  and  involvement  in
boosting  endoplasmic  reticulum  stress,  leading  to
apoptosis. 

Expression  of  Cytokines  Related  to  Apoptosis  and
Pyroptosis

Caspase-1  and  caspase-3  are  representative
members of the caspase family, with caspase-1 being
associated  with  apoptosis  and  caspase-3  playing  a
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crucial  role  in  mediating  apoptosis.  They  share
homology  as  proteins  within  the  caspase  family[34].
BAX  and  BCL-2  belong  to  the  same  family,  in  which
BCL-2  is  an  anti-apoptotic  protein;  when  BCL-2  is
highly  expressed,  it  can  form  a  heterodimer  with
BAX and inhibit  apoptosis.  In contrast,  BAX is  a pro-
apoptotic  protein;  when  intracellular  BAX  is  highly
expressed, it promotes cell apoptosis[35]. GSDME is a
member of  the gasdermin family that promotes the
activation  of  pyroptosis[36].  In  this  work,  to  confirm
the presence of apoptosis and pyroptosis induced by
tFNA-DOX@GNR  nanocomposites,  the  levels  of
caspase-1,  caspase-3,  BAX,  and  GSDME  were
examined. Figures 5A and 5B demonstrate that these
protein  levels  were  upregulated  in  the  tFNA-
DOX@GNR  experimental  group,  and  significant
statistical  differences  were  observed  compared  to
the  control  group.  Furthermore,  in  the  tFNA-
DOX@GNR+NIR  experimental  group,  the  expression

levels of these proteins were even more significantly
upregulated.  In  addition, Figures  5C and  5D
demonstrate  that  both  experimental  groups  with
tFNA-DOX@GNR showed different levels of IL-1β and
IL-18. The tFNA-DOX@GNR+NIR group showed more
significant upregulation than the experimental group
with  tFNA-DOX@GNR  alone,  and  there  was  also  a
statistical  difference  with  the  control  group.
Therefore,  the  designed  tFNA-DOX@GNR
nanocomposites  can  significantly  induce  the
expression  of  cytokines  related  to  apoptosis  and
pyroptosis under laser irradiation. 

DISCUSSION

Our  previous  studies  verified  the  biosafety  of
DNA-functionalized GNR nanocomposites for normal
cells[37].  It  was  observed  that  the  combined
application  of  tFNA-DOX@GNR  and  NIR  irradiation
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resulted  in  a  synergistic  photothermal-chemical
killing  effect,  which  was  efficacious  in  A-375  cells.
Thus,  we  further  focused  on  the  fundamental
mechanism  of  tFNA-DOX@GNR  in  anti-tumor
therapy  and  clarified  the  behavior  of  taking  the
effects in this study.

In  previous  years,  numerous  studies  have
reported  that  a  rapid  increase  in  local  temperature
(approximately  42  °C  to  45  °C)  can  effectively  kill
tumor  cells[38],  thereby  ensuring  biosafety  and
enhancing  anti-tumor  efficacy[39].  It  has  been  well
demonstrated that laser irradiation (e.g. 808 nm, 1.0
W/cm2)  for  a  couple  of  minutes  could  elevate  the
temperature  of  GNR  within  the  tFNA-DOX@GNR
nanocomposite to 42 °C, resulting in effective tumor
cell  eradication.  The  tFNA-DOX  nanocomposite

possesses a high binding capacity for DOX molecules
due to its tFNA nanostructure and exhibits excellent
endocytosis  ability.  Consequently,  tFNA-DOX  can
further  enhance  the  transport  capacity  of  DOX
molecules,  thereby  achieving  a  potent  inhibitory
effect on tumor cells through chemotherapy.

The investigation on the intracellular localization
of  tFNA-DOX@GNR  nanocomposites  revealed  their
remarkable  ability  to  enter  cells,  with  a  notable
tendency  to  accumulate  within  the  nucleus.  This
finding  suggests  that  tFNA-DOX@GNR
nanocomposites  hold  great  potential  as  nano-drug
carriers  for  enhancing  the  efficacy  of  tumor-killing
drugs.  The  exceptional  cell  entry  ability  observed  in
this study can be attributed to the delivery medium,
tFNA,  utilized  in  the  construction  of  the  tFNA-
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DOX@GNR nanocomposites. Interestingly, our study
demonstrated  that  tFNA  can  autonomously
penetrate  cells  in  large  quantities,  irrespective  of
their  surface  charge,  even  in  the  absence  of
functional  molecules[40].  Various  theories  have  put
forth  different  explanations  regarding  the  cell
membrane  penetration  ability  of  tFNA.  Among
these,  a  widely  accepted  explanation  proposes  that
tFNA  is  capable  of  reorienting  itself  in  three-
dimensional  space.  By  positioning  the  apex  of  its
tetrahedral  structure towards the cell  membrane,  it
effectively  reduces  electrostatic  repulsion.
Consequently,  tFNA  can  enter  the  cell  through
foveolar  protein-mediated  endocytosis[41].  Thus,
tFNA  may  have  mediated  the  cell  entry  behavior  of
GNR-based nanocomposites in this study.

The  effective  escape  of  nanomaterials  from  the
lysosome  to  the  cytoplasm,  following  their
penetration of the cell membrane and entry into the
cell,  is  crucial  for  effective  drug  delivery  and  the
eradication of tumor cells. It has been observed that
tFNA-DOX  nanocomposites  typically  undergo
decomposition  within  the  lysosomes  of  cells[42].  The
investigation  on  the  intracellular  localization  of
tFNA-DOX@GNR nanocomposite revealed that it has
a  strong  ability  to  enter  cells  and  tends  to
accumulate  in  the  nucleus.  Experiments  on
lysosomal escape showed that tumor cells exhibited
escape  from  lysosomes  after  4  h  of  co-incubation
with  tFNA-DOX@GNR,  and  notably  entered  the
nucleus  after  8  h.  This  suggests  that  the
nanocomposite  has  a  good  ability  to  escape  from
lysosomes.  We  believe  that  the  lysosomal  escape
mechanism  of  tFNA-DOX@GNR  nanocomposites
primarily  relies  on  the  surface  properties  of  the
nanostructures  of  GNR  treated  with  PEG  in  this
study.  The  negatively  charged  PEG-treated  GNR
surface absorbs a significant amount of H+ ions from
the  acidic  lysosomal  environment,  resulting  in  the
“proton sponge effect”. This effect leads to changes
in  lysosomal  osmotic  pressure  and  the  release  of
lysosomal  contents  into  the  cytoplasm,  enabling
successful  escape  from  the  lysosomes[43].  The
lysosomal  escape  ability  of  nanocomposites
facilitates the entry of drugs into the cell nucleus and
promotes anti-tumor effects.

The  mechanism  of  tumor  cell  death  induced  by
photothermal-chemical  killing  is  complex,  and
existing  studies  suggest  that  apoptotic  pathways
mediated  by  residual  heat  and  chemotherapeutic
drugs  inside  and  outside  the  cells  are  important
mechanisms  for  their  anti-tumor  effects,  which
include  various  pathways  such  as  the  endoplasmic

reticulum  stress  pathway  and  oxidative  stress
pathway[44]. Acute and high levels of ROS can induce
cell death by causing oxidative stress, which leads to
alterations  in  the  structure  of  proteins,  lipids,  and
DNA. While normal cells can withstand the effects of
the same concentration of ROS, tumor cells are more
prone  to  cell  death  due  to  three  factors:  elevated
intracellular  ROS  levels,  increased  susceptibility  to
ROS  due  to  unstable  cell  structure,  and  impaired
oxidative  stress  defense  mechanisms[45].  Oxidative
stress  in  tumor  cells  activates  the  endoplasmic
reticulum  stress  response  pathway,  which  in  turn
activates  CHOP  by  initiating  the  unfolded  protein
response. CHOP is a key specific transcription factor
of  the  endoplasmic  reticulum  stress-initiated
apoptotic  pathway  that  regulates  multiple
downstream apoptotic mechanisms[46].

In  the present  study,  the fluorescence signals  of
ROS  and  CHOP  were  significantly  enhanced  in  the
tFNA-DOX@GNR+NIR  group,  indicating  that  the
photothermal-chemical  synergism  of  tFNA-
DOX@GNR  could  potentially  cause  cellular  stress
injury  in  A-375  cells,  possibly  inducing  apoptosis
through  ROS-mediated  oxidative  overstimulation
and  endoplasmic  reticulum  stress.  BAX/BCL-2  is  a
pair  of  homologous  apoptosis-associated  proteins.
BAX  can  be  upregulated  due  to  high  CHOP
expression,  which  can  promote  mitochondrial
cytochrome  C  release,  apoptotic  vesicle  formation,
and  caspase  activation,  leading  to  apoptosis[47].  In
contrast, Bcl-2 can form a dimer with BAX and inhibit
the  formation  of  BAX  homodimers.  When  BAX  is
overexpressed, it promotes cell death. Caspase-3 can
be  directly  involved  in  apoptosis  execution  and  is  a
key protein in mediating apoptosis[48]. Therefore, the
photothermal-chemical  synergy  of  tFNA-DOX@GNR
in  this  study  led  to  the  upregulation  of  BAX
expression  and  the  downregulation  of  BCL-2
expression.  This  led  to  BAX/Bcl-2  ratio  upregulation
and  caused  a  significant  increase  in  caspase-3
expression, thus promoting apoptosis. Pyroptosis is a
new  mode  of  programmed  cell  death  discovered  in
recent  years  that  is  mainly  caused  by  inflammatory
vesicles,  leading  to  the  activation  of  inflammatory
cytokines  and  eventually  inducing  cell  death  by
swelling  and rupture[49].  GSDME is  a  member  of  the
gasdermins family of proteins, which are key effector
molecules of pyroptosis. GSDME can be cleaved and
activated  by  caspase-3,  switching  caspase-3-
mediated  apoptosis  to  pyroptosis,  thus  making
cancer  cells  more  sensitive  to  chemical  anti-tumor
drugs.  Caspase-1  is  an  important  cytokine  in  the
pyroptosis  pathway.  Caspase-1  is  activated  by
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inflammatory  vesicles  such  as  NLRP3,  NLRC4,  AIM2,
and pyrin, which cleave GSDMD proteins to promote
cell  death  and  cleave  and  activate  inflammatory
factors  such  as  IL-18  and  IL-1β,  which  are  then
released  extracellularly  to  amplify  the  inflammatory
response[50].  The  results  presented  in  this  work
confirmed  that  the  photothermal-chemical
synergistic  effect  of  tFNA-DOX@GNR  promoted
pyroptosis  by  increasing  the  expression  level  of
related  cytokines,  thereby  enhancing  anti-tumor
therapy. 

CONCLUSION

In  the  present  study,  we  introduce  a  novel
nanocomposite,  tFNA-DOX@GNR,  which  was
designed  for  synthetic  anti-tumor  therapy  through
the  augmentation  of  apoptosis  and  pyroptosis
pathways.  Our  research  systematically  investigates
the role of this nanocomposite, showing its capacity
to  effectively  deliver  chemotherapeutic  agents  into
tumor cells and enhancing its effectiveness in killing
tumors  as  photothermal  agents.  In  addition,  this
nanocomposite  has  demonstrated  the  ability  to
escape  from  lysosomes.  The  mechanism  of  tumor
destruction observed in  this  work  primarily  involves
direct  killing  through  the  rapid  generation  of  high
temperatures via a  photothermal  effect  and
introduced  chemotherapeutic  drugs.  The
construction  strategies  developed  in  this  study  for
multifunctional  nanomedicine  could  be  applied  to
the  design  of  novel  nanomedicine  components  for
the effective treatment of oral tumors.
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