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Abstract

Effective  mild-temperature  photothermal  therapy  (MTPTT)  requires  photothermal  agents  with  high
photothermal  conversion  efficiency  (PCE)  and  balanced  fluorescence  quantum  yield  to  enable
efficient tumor treatment while minimizing damage to surrounding healthy tissues. In this study, we
designed  donor–acceptor–donor  structured  dyes,  4,4’-((6,7-di(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-
g]quinoxaline-4,9-diyl)bis(thiophene-5,2-diyl))bis(N,N-bis(4-methoxyphenyl)aniline)  (IT-STPA)  and
4,4’-((6,7-di(furan-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxaline-4,9-diyl)bis(thiophene-5,2-
diyl))bis(N,N-bis(4-methoxyphenyl)aniline)  (IT-OTPA),  featuring  furan-modified  thiadiazolo-
quinoxaline  for  near-infrared–II  (NIR-II)  fluorescence  imaging  and  enhanced  PCE.  The  furan  and
thiophene  modifications  promoted  aggregation-induced  emission,  resulting  in  strong  fluorescence
emission (1 000–1 400 nm) while maintaining a high PCE of 48.5%. IT-OTPA was encapsulated into
nanoparticles  for  improved  aqueous  dispersion  and  combined  with  the  HSP70  inhibitor  apoptozole
(APZ)  to  form OTAPZ nanoparticles.  The  efficacy  of  this  combination  was  evaluated  both  in  vitro
and in vivo, showing efficient tumor targeting and effective MTPTT under NIR laser irradiation. This
study  presents  a  promising  approach  for  enhancing  MTPTT  through  balanced  photothermal  and
fluorescence properties, offering new possibilities for cancer treatment.
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Introduction

Mild-temperature photothermal therapy (MTPTT) has
emerged  as  an  effective  treatment  modality  for
cancer,  enabling  targeted  tumor  ablation  while
minimizing damage to healthy tissues. To enhance the
therapeutic  efficiency  of  MTPTT,  photothermal
agents  with  high  photothermal  conversion  efficiency
(PCE) and robust fluorescence properties are required
for  accurate  tumor  localization  and  real-time
treatment  monitoring  [1–6].  However, maintaining  a
balance between high PCE and fluorescence quantum
yield  (FQY)  is  challenging  [7]  because  an  excessive
PCE may  reduce  the  fluorescence  emission  and  vice
versa. Thus, the development of photothermal agents
capable of achieving efficient thermal conversion and
optimal  fluorescence  emission  is  essential  for
improving the therapeutic and diagnostic performance
of  MTPTT.  Phototheranostic  agents, which  integrate
fluorescence  imaging  (FLI)  with  MTPTT,  enable
tumor  targeting  and  monitoring  with  enhanced
precision,  providing  a  robust  treatment  approach  for
cancer [8–12]. Recent advancements have focused on
organic  photosensitizers,  particularly  aggregation-
induced  emission  (AIE)  materials  and  small  organic
molecules, which are capable of emitting light in the
near infrared–II (NIR-II) region [13]. These materials
are  preferred  because  of  their  deeper  tissue
penetration,  reduced  scattering,  superior  signal-to-
background ratio, and good biocompatibility [14–17].
To  achieve  high  PCE,  these  agents  should  be
optimized  for  the  efficient  conversion  of  light  into
heat  while  simultaneously  maintaining  strong
fluorescence  emission,  thereby  allowing  effective
tumor  imaging.  The  simultaneous  enhancement  of
both  properties  ensures  not  only  the  efficacy  of
photothermal  therapy  (PTT)  but  also  the  precise
monitoring  of  treatment  progress.  A  promising
strategy to achieve this balance is the design of small
organic  molecules  with  a  donor–acceptor–donor
(D–A–D)  structure  [18].  The  D–A–D  architecture
enables  the  precise  tuning  of  molecular  electronic
properties,  such  as  absorption  and  emission
wavelengths,  which  directly  influence  the  PCE  and
FQY. Owing to their  clear  chemical  designs,  tunable
optical  properties,  and  excellent  metabolic  profiles,
organic small  molecules  with a  D–A–D structure are
a  key  focus  of  research  on  molecular  design  in  PTT
and imaging [19–22].

In  this  study,  we  conceived  and  synthesized  two
small  molecules  with  a  D–A–D  structure  (IT-STPA
and  IT-OTPA)  based  on  IT-PA to  achieve  a  balance
between  high  PCE  and  FQY.  The  introduction  of
thiophene  into  IT-STPA  and  furan  into  IT-OTPA
considerably  improved  the  PCE  while  maintaining  a
high  fluorescence  strength  in  the  NIR-II  region
[23–26].  The  furan-modified  thiadiazolo-quinoxaline
core  of  IT-OTPA  ensured  excellent  photothermal
efficiency  and  fluorescence  performance.  To  further
optimize  this  balance,  IT-OTPA  was  encapsulated
into  nanoparticles,  and  the  resulting  OT  NPs  were
combined  with  the  HSP70  inhibitor  APZ  to  form
OTAPZ  NPs.  The  therapeutic  efficacy  and  FLI
capabilities  of  the  OTAPZ  NPs  were  evaluated  in
vitro  and  in  vivo,  demonstrating  their  potential  for
MTPTT  and  fluorescence-guided  imaging  for
enhanced cancer treatment (Scheme 1). 

Experimental
 

Synthesis  and  characterization  of  IT-STPA
and IT-OTPA

Details  about  the  synthesis  process  and
characterization  data  are  provided  in  the  Electronic
Supplementary Material (ESM). 

Materials

Chemicals and solvents were provided by commercial
suppliers,  including  TCI,  J&K,  and  Sigma-Aldrich,
and  used  as  received  without  any  additional
purification.  Dichloromethane,  tetrahydrofuran
(THF),  and  toluene  solvents  were  purchased  from
Nanjing  Reagent  and  dried  and  purified  by  passing
through columns filled with alumina and Q5 reactant
on  a  solvent  purification  system.  All  reactions
sensitive  to  air  and  moisture  were  conducted  in
glassware dried by flame under argon atmosphere. 

Photothermal measurement

OTAPZ  NP  aqueous  solutions  were  prepared  using
fluorophore  at  concentrations  ranging  from  6.25  to
100  μmol/L.  Then,  using  deionized  water  as  the
control,  these  solutions  were  continuously  irradiated
with  an  808-nm  laser  at  preset  power  densities  for
4  min.  The  temperature  was  recorded  using  an
infrared thermal camera. 

PCE calculation

The  PCEs  (η)  of  IT-PA,  IT-STPA,  and  IT-OTPA  in
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dimethylsulfoxide (DMSO) solution were determined
according to the literature. The DMSO solutions were
irradiated with an 808-nm laser at a power density of
1  W/cm2  for  14  min.  After  laser  irradiation,  the
solutions  were  allowed  to  cool  naturally  for  14  min.
The  temperature  was  recorded  every  20  s  using  an
infrared  thermal  camera.  The  PCEs  (η)  were
calculated using the following equation:

η =
hA(Tmax−Tsurr)−Qdis

(1−10−A808 )
(1)

where  h  is  the  heat  transfer  coefficient,  A  is  the
surface  area  of  quartz  plate,  Tmax  is  the  maximum
steady-state  temperature,  Tsurr  is  the  temperature  of
the  surrounding  environment,  and  Qdis  is  the
irradiation  heat  dissipated  from  the  solvent  and
container.where  I  represents  the  laser  power, A808  is
the absorbance of the sample at 808 nm.

Furthermore,  Qdis  can  be  calculated  using  the
following equation:

Qdis =
mDCD

(
Tmaxt(water )−Tsurr

)
τS ( water )

τS =
mDCD

hA

(2)

where  mD  and  cD  are  the  mass  and  heat  capacity
(4.2  J/g)  of  the  deionized  water  used  to  dissolve  the
photothermal  agents.  τs  denotes  the  time  constant  of
heat transfer. 

Photothermal stability studies

ICG(Indocyanine  Green)  and  OTAPZ  NPs  were
irradiated with an 808-nm laser (1 W/cm2) in aqueous
solutions (100 μmol/L) for 15 min, and the absorption
spectra  were  recorded  at  5  and  15  min.  For
antiphotobleaching assessment,  the  ICG and OTAPZ
NP  solutions  (100  μmol/L)  were  irradiated  with  an
808-nm  laser  (1  W/cm2)  for  3  min  until  thermal
equilibrium was  reached.  Then,  the  laser  was  turned
off,  and  the  solutions  were  allowed  to  cool  at  room
temperature(25  °C)  for  4  min.  This  heating–cooling
process  was  performed  five  times  while  measuring
the solution temperature every 15 s using an infrared
thermal imaging camera. 

Preparation of OTAPZ NPs

To prepare OTAPZ NPs, ICG (0.87 mg), APZ (1 mg),
and DSPE-PEG2000 (4 mg) were jointly dissolved in
1 mL of THF. Next, this solution was added dropwise
to  10  mL  of  deionized  water  and  was  ultrasonically
mixed  for  3  min.  After  evaporation  of  THF,  the

obtained OTAPZ NP suspension was purified using a
0.45-μm syringe-driven filter. 

Cell culture

The  American  Type  Culture  Collection  provided
murine  breast  cancer  cells  (4T1),  which  were
subjected  to  regular  checks  for  mycoplasma
contamination  and  cultured  using  RPMI-1640
medium  with  10%  fetal  bovine  serum  and  1%
penicillin–streptomycin.  Then,  the  cells  were
maintained  in  a  37  °C  environment  under  a
humidified atmosphere containing 5%CO2. 

CCK8 assay

The  CCK8  assay  was  used  to  evaluate  the  in  vitro
cytotoxicity  and antitumor efficacy of  APZ NPs, OT
NPs,  and  OTAPZ  NPs  using  the  4T1  cell  line.
Briefly, each well of a 96-well plate was seeded with
5  ×  103  4T1  cells.  After  24  h,  the  cells  were  treated
with APZ NPs, OT NPs, and OTAPZ NPs (100 μL in
RPMI-1640 medium)  at  concentrations  ranging  from
6.25 to 100 μmol/L. After 8 h of incubation, the cells
were  maintained  either  under  dark  conditions  or
exposed  to  an  808-nm  laser  (1  W/cm2)  for  3  min.
After  another  24  h, 10  μL  of  CCK8 solution  (10  μL
per  100  μL  of  culture  medium)  was  added  to  each
well.  After  incubation  for  2  h,  the  absorbance  at
490 nm was measured using a microplate reader. The
cell viability was determined as a percentage relative
to the control group. 

Live/Dead cell staining

4T1  cells  were  cultured  with  phosphate-buffered
saline  (PBS)  for  live/dead  cell  staining.  In  confocal
dishes,  the  cells  were  cultured  with  OT  NPs,  APZ
NPs, and OTAPZ NPs (50 μmol/L in 1 mL of RPMI-
1640) for 12 h and then either maintained under dark
conditions  or  exposed  to  an  808-nm laser  (1  W/cm2)
for  5  min.  After  12  h,  a  mixture  of  calcein  AM and
propidium iodide (PI) was used to costain the cells for
45  min.  Then,  after  two  washes  with  PBS,  1  mL  of
fresh RPMI-1640 medium was added to the cells. 

Western blot analysis of HSP70

For  the  western  blot  analysis  of  HSP70, murine  4T1
cells  were  seeded  into  a  six-well  plate  and  cultured
for  24  h.  Then,  the  cells  were  subjected  to  different
treatments:  (1)  incubation  at  37  °C  cell  incubator,
(2)  cultivation  at  42  °C  for  1  h  before  cultivating  in
incubator, and (3) treatment with PBS, OT NPs, APZ
NPs,  and  OTAPZ  NPs  (100  μmol/L)  for  8  h.
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Subsequently,  the  different  groups  were  irradiated
with an 808-nm NIR laser for 10 min (0.8 W/cm2) and
named PBS+NIR, OT NPs+NIR, APZ NPs+NIR, and
OTAPZ  NPs+  NIR.  Then,  they  were  collected  and
disrupted  via  RIPA  for  10  min.  HSP70  expression
was  detected  through  western  blot  analysis  using  an
exposure meter. 

Flow cytometry analysis

Flow  cytometry  analysis  was  conducted  to  assess
apoptosis and further evaluate the antitumor effect of
PTT. The 4T1 cells  were cultured in a  six-well  plate
overnight  at  37  °C  under  5%CO2.  Once  a  confluent
monolayer was formed, PBS, OT NPs, APZ NPs, and
OTAPZ NPs (100 μmol/L in RPMI-1640) were added
to  the  culture,  and  the  cells  were  incubated  for  8  h.
The  cells  were  divided  into  two  sets  of  groups:
unirradiated  groups  (PBS,  OT  NPs,  APZ  NPs,  and
OTAPZ  NPs)  and  irradiated  groups  (PBS+NIR,  OT
NPs+NIR,  APZ  NPs+NIR,  and  OTAPZ  NPs+NIR),
which were exposed to an 808-nm laser (1 W/cm2) for
3  min.  After  irradiation,  the  cells  were  collected  by
trypsinization  (without  EDTA),  washed  twice  with
saline  (centrifuged  at  1 000× g  for  5  min),  and  dyed
using Annexin-V-FITC kit. 

Enzyme-linked immunosorbent assay (ELISA)

BALB/c  mouse  tumor  samples  were  treated  with
PBS, OT NPs, APZ NPs, OTAPZ NPs, PBS +  NIR,
OT NPs + NIR, APZ NPs + NIR, and OTAPZ NPs +
NIR and then ground after centrifugation. The Mouse
HSP-70/HSPA9  (Heat  Shock  Protein  70)  ELISA  kit
was used to detect HSP70 expression. 

NIR-II FLI

BALB/c mice with tumors were first anesthetized and
then administered with OTAPZ NP aqueous solutions
(150  μL,  400  μmol/L)  via  tail  vessel  injection.  The
fluorescence  signals  at  different  time  intervals  were
detected using a NIR-II imaging system with an 808-
nm pulsed laser excitation. 

In vivo experiment

The 4T1 tumor-bearing mice were randomly allocated
into eight groups (n = 4 per group) and intravenously
injected  with  PBS,  PBS+NIR,  OT  NPs,  OT  NPs  +
NIR, APZ  NPs, APZ  NPs  +  NIR, OTAPZ NPs,  and
OTAPZ  NPs  +  NIR.  Each  mouse  was  subjected  to
irradiation  (808  nm,  0.5  W/cm2)  at  the  tumor  region
accurately.  An  infrared  thermal  imaging  camera
captured  the  image  of  the  tumor  sites  and  recorded

the  temperature  every  15  s.  The  body  weight  and
tumor size of mice were recorded every 2 days for 14
days.  The  mouse  tumor  volume  was  calculated  as
follows: volume = (width2 × length)/2. On day 14, all
mice  in  the  eight  groups  were  euthanized  after
performing  MTPTT  for  histological  studies.  The
tumors  and  vital  organs,  including  the  spleen,  heart,
lungs,  liver,  and  kidneys,  were  excised,  sliced,  and
then  stained.  For  hematoxylin  and  eosin  (H&E)
staining,  the  tissues  were  first  fixed  in  4% formalin,
dehydrated,  embedded  in  paraffin,  and  finally  sliced
to  a  thickness  of  8  μm.  For  Ki-67  and  HSP70
staining, standard protocols for immunohistochemical
(IHC) procedures were followed. 

Results and Discussion
 

Synthesis and characterization

In  this  study,  new  electron  acceptors  OTPA  and
STPA  were  developed  by  introducing  furan  and
thiophene  into  the  thiadiazolo-quinoxaline  core,
respectively,  and  their  properties  were  compared  by
performing  quantum  chemical  calculations  after
forming  D–A–D-type  fluorophores  with  the  strong
donor IT.

According  to  the  root  mean  square  deviation
calculations of the ground and excited state structures
(Fig.  1(a)),  the  structural  differences  of  IT-OTPA
primarily  arose  from  the  triphenylamine  and  furan
units, whereas IT-STPA exhibited differences mainly
due to the incorporation of thiophene. These findings
aligned  with  our  initial  design  concept.  The  results
indicated  a  significant  deviation  of  0.6604  Å  in  the
excited state and ground-state structures of IT-OTPA,
suggesting  that  IT-OTPA  undergoes  more
pronounced  configuration  changes  than  IT-STPA.
The  highest  occupied  molecular  orbital  (HOMO)
electron  cloud  was  distributed  across  the  entire
molecular  skeleton,  whereas  the  lowest  unoccupied
molecular  orbital  (LUMO)  electron  cloud  was
predominantly  localized  on  the  receptor  and
thiophene  units  (Fig.  1(a)).  This  indicates  that  the
molecule  can  undergo  strong  intramolecular  charge
transfer in the ground state. The HOMO energy level
of  the  two  molecules  was  approximately  −4.75  eV,
whereas  the  LUMO energy  level  was  approximately
−3.45  eV,  with  an  energy  level  difference  of
approximately  1.3  eV.  Upon  introducing  the
thiophene and furan moieties, the molecular planarity
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of  IT-STPA (2.8°)  and  IT-OTPA (3.2°)  was  slightly
reduced  compared  with  that  of  IT-PA,  favoring  a
reduction  in  intermolecular  π–π  stacking.
Nevertheless,  the  dihedral  angles  between  the
phenylpropyl  thiadiazole  unit  and  the  thiophene  unit
in  IT-OTPA  and  IT-STPA  were  minimal,
approximately  3°,  contributing  to  a  strong  planar
feature  [27,  28],  which  enhances  the  compound’s
absorption  performance,  yielding  a  high  molar
extinction  coefficient  and  facilitating  the  redshift  of
the  absorption  and  emission  wavelengths,  which
ultimately improves the PCE in the aggregation state
[29].  Meanwhile, owing to  its  large  steric  resistance,
triphenylamine  forms  a  considerable  angle  with  the
central  nitrogen  atom,  preserving  the  intramolecular
motion and potentially allowing for ideal nonradiative
transitions.

The HOMO–LUMO bandgaps of IT-PA, IT-STPA,
and  IT-OTPA  were  calculated  as  1.28,  1.318,  and
1.32  eV,  respectively,  suggesting  that  the  acceptor
group exerted a minimal influence. Figs. 1(b) and 1(c)

shows  the  absorbance  and  fluorescence  intensity
curves  of  IT-PA,  IT-STPA,  and  IT-OTPA  in  THF,
with  their  absorption/emission  maxima  detected  at
854/1110, 823/1096,  and  837/1110  nm,  respectively.
IT-PA exhibited the longest fluorescence wavelength,
correlating  with  the  smallest  LUMO  bandgap,
whereas IT-STPA displayed the shortest wavelengths
attributed to the largest HOMO–LUMO bandgap. As
expected,  IT-OTPA  displayed  intermediate
absorbance and emission wavelengths.

To  further  examine  the  fluorescence  properties  of
these  fluorophores  in  the  aggregation  state,  the
emission spectra of these molecules were detected in
THF/H2O  mixtures  with  varying  water  volume
fractions (fw), as shown in Fig. 1(d) and Fig. S1 in the
Electronic  Supplementary  Material  (ESM).  With
increasing  fw,  the  fluorescence  intensities  of  IT-PA,
IT-STPA,  and  IT-OTPA  decreased,  likely  due  to
intermolecular  π–π  stacking  in  the  aggregation  state,
which  is  consistent  with  the  typical  ACQ  material.
However, the decreases in fluorescence intensities for

 

Scheme 1 Schematic of the molecular structures and properties of IT-PA, IT-STPA, and IT-OTPA. Preparation of OTAPZ NPs
using IT-OTPA and APZ. Mild-temperature photothermal therapy (MTPTT) process using OTAPZ NPs.
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IT-STPA  and  IT-OTPA  were  less  pronounced,

indicating  that  the  modification  with  thiophene  and

furan altered the molecular characteristics.

To  investigate  the  biological  imaging  potential  of

 

Fig. 1 (a)  Optimized  ground-state  (S0)  geometries,  lowest  unoccupied  molecular  orbitals  (LUMO),  and  highest  occupied
molecular orbitals (HOMOs) of IT-PA, IT-OTPA, and IT-STPA. (b) and (c) Normalized absorption and fluorescence intensity of
IT-PA, IT-STPA, and IT-OTPA. (d) Plot of the relative emission intensity (I/I0) versus water volume fraction (fw), where I0 and I
are  the  maximum  values  of  fluorescence  intensities  of  the  fluorophores  in  THF  and  THF/H2O  mixtures,  respectively.  (e)
Normalized absorbance of nanoparticles in water. (f) Normalized fluorescence intensity of nanoparticles. (g) Plot of the integrated
fluorescence intensity (900–1400 nm) of the NPs vs. the absorbance at 808 nm.
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these  fluorophores  in  the  NIR-II  region,  their  optical
properties  were  examined  in  aqueous  media.  The
absorption  and  emission  spectra  of  IT-PA  NPs,  IT-
STPA NPs, and IT-OTPA NPs in water are shown in
Figs. 1(e) and 1(f). The strongest absorption/emission
wavelengths  of  IT-PA  NPs,  IT-STPA  NPs,  and  IT-
OTPA  NPs  were  detected  at  836/1 084,  811/1 096,
and 823/1 085 nm, respectively. Notably, all emission
wavelengths fell  within the NIR-II  spectral  range for
each type of NPs. The FQYs of PA NPs, ST NPs, and
OT  NPs  in  the  900–1 400  nm  region  were  0.35%,
0.72%,  and  1.13%,  respectively,  which  can  be
attributed  to  the  AIE  properties  of  IT-STPA and  IT-
OTPA, as shown in Fig. 1(g). 

Photophysical  properties  and  theoretical
calculations

The  PCEs  of  IT-PA,  IT-STPA,  and  IT-OTPA  were
determined  to  be  23.5%,  37.4%,  and  48.5%,
respectively  (Fig.  2(a)  and  Fig.  S7  in  the  ESM),
indicating  that  IT-OTPA  exhibits  the  best
photothermal performance among the three materials.
The total reorganization energy represents the energy
released when the excited state returns to the ground
state.  This reorganization energy can be decomposed
into  contributions  from  each  vibrational  mode.  The
HR  factor  reflects  the  probability  of  a  molecule
returning  to  the  ground  state  through  nonradiative
transitions associated with each vibrational mode. As
shown in Figs. 2(b) and 2(c) and Fig. S5 in the ESM,

the  proportion  of  reorganization  energy  of  IT-OTPA
and IT-STPA in the low-frequency vibrational region
(< 200 cm−1) reached 42.3% and 34.6%, respectively.
This  suggests  that  the  reorganization  energy in  these
molecules is mostly concentrated in the region with a
high  probability  of  nonradiative  transitions  and
significant  energy.  The  vibration  modes  primarily
involve  the  triphenylamine  and  furan  or  thiophene
units.  These results support the theoretical prediction
that  both  IT-OTPA  and  IT-STPA  exhibit  efficient
nonradiative transition pathways, contributing to their
strong photothermal conversion abilities.

In  addition,  the  calculated  nonradiative  transition
rates of IT-OTPA and IT-STPA were 1.35 × 1011 and
1.02  ×  1011  s−1,  respectively,  which  were  consistent
with  the  observed  photothermal  properties.
Subsequently,  IT-OTPA  was  encapsulated  with  the
amphiphilic  molecule  DSPE-PEG2000  and
investigated  for  its  stability  and  photothermal
properties. In an aqueous system, the PCE of OT NPs
was  measured  under  808-nm  laser  irradiation  (Fig.
2(d)).  The  stability  of  the  NPs  was  evaluated  by
performing five consecutive increase-decrease cycles
under 808-nm laser irradiation, and the photothermal
behavior was examined at power levels ranging from
0.2 to 0.8 W (Fig. 2(e) and Fig. S6 in the ESM). The
temperature  increased  with  increasing  laser  power
and  NP  concentration  (Fig.  2(f)),  demonstrating  the
excellent  photothermal  performance  and  stability  of

 

Fig. 2 Photostability and photothermal properties of IT-PA, IT-STPA, IT-OTPA, PA NPs, ST NPs, and OT NPs. (a) Photothermal
conversion efficiency (PCE) of IT-PA, IT-STPA, and IT-OTPA (100 μmol/L) in water under continuous 808-nm laser irradiation
(1 W/cm2) for 28 min. The PCEs were 23.5%, 37.4%, and 48.5%, respectively. (b) and (c) Reorganization energy of IT-OTPA and
IT-STPA.  (d)  PCE  of  OT  NPs  in  water  under  808-nm  laser  irradiation  (1  W/cm2).  The  PCE  of  OT  NPs  was  63.6%.  (e)
Photothermal  stability  of  OT NPs  in  water  (100  μmol/L)  during  five  irradiation–cooling  cycles  (1  W/cm2).  (f)  Infrared  images
depicting the temperature increase for OT NPs in water with increasing concentration under 808-nm laser irradiation for 4 min.
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the  OT  NPs, which  hold  great  promise  for  potential
applications in PTT. 

Preparation of NPs

To  systematically  investigate  the  photophysical
properties  and  biological  function  of  IT-OTPA  and
the  HSP70  inhibitor  APZ  in  cells,  both  compounds
were  encapsulated  within  DSPE-PEG2000,  forming
OTAPZ  NPs.  Transmission  electron  microscopy  of
the  OTAPZ  NPs  revealed  uniform  spherical
nanostructures  with  decreasing  hydrodynamic
diameter  (Fig.  3(a)).  Dynamic  light  scattering
measurements  confirmed  that  the  NPs  were  well
dispersed  in  water,  showing  a  mean  hydrodynamic
diameter  of  174.5  nm with  a  polydispersity  index  of
0.180, which  is  favorable  for  enhanced  permeability
and  retention  effects  [30,  31]  (Fig.  3(a)).
Furthermore,  the  OTAPZ  NPs  exhibited  a  negative
surface  charge  of  −31.8  mV  (Fig.  S9  in  the  ESM).
This highly negative surface charge contributes to the
colloidal  stability  and  prolonged  circulation  time  of
OTAPZ  NPs  in  vivo,  making  them  suitable  for
phototherapy  and  FLI  applications  [32,  33].  The
UV–vis/NIR  absorption/fluorescence  emission
spectra  of  the  OTAPZ  NPs  showed  an  absorption
region  from  600  to  900  nm,  with  a  maximum
absorption  at  823  nm.  The  absorption  and  emission

spectra  of  the  OTAPZ  NPs  exhibited  a  blue-shifted
absorption  peak,  suggesting  that  intermolecular
interactions  and  confinement  effects  within  the  NPs
contribute to modulating their optical properties (Fig.
3(b)). To assess the stability of the OTAPZ NPs under
irradiation, the NPs were irradiated with 808-nm light
from  0  to  15  min,  and  their  optical  properties  were
compared  with  those  of  ICG (Fig.  S10  in  the ESM).
After irradiation,  the OTAPZ NPs exhibited minimal
changes  in  absorbance  and  size  and  retained  their
colloidal stability over a 7-day storage period at room
temperature  (Figs.  3(c)  and  3(d)).  These  findings
indicate  that  OTAPZ  NPs  possess  excellent  optical
and  colloidal  stability,  making  them  potential
candidates for therapeutic and imaging applications. 

In Vitro PTT performance assessment

To  assess  the  therapeutic  effects  of  various  groups,
flow cytometry was used to evaluate apoptosis in 4T1
cells treated with different nanocomponents, followed
by 5-min exposure to an NIR laser. The OTAPZ NPs
demonstrated  the  highest  apoptosis  ratio  (92.00%)
compared with the other groups (Figs. 4(a) and 4(b)),
including PBS (0.2%), PBS+NIR (0.63%), APZ NPs
(1.43%),  APZ  NPs+NIR  (0.89%),  OT  NPs  (1.25%),
OT NPs+NIR (60.7%), and OTAPZ NPs without NIR
(3.16%),  after  identical  laser  exposure  conditions.

 

Fig. 3 (a)  Representative  dynamic  light  scattering  analysis  and  transmission  electron  microscopy  of  OTAPZ  NPs.  Scale  bar:
100 nm.  (b) Normalized absorbance  and fluorescence  (FL)  of  OTAPZ NPs in  water  (20 μmol/L).  (c) Absorption versus  I/I0 of
OTAPZ NPs (20 μmol/L) in water under 808-nm laser irradiation for 0 min (I0) to 15 min (n = 3). (d) Stability curve of OTAPZ
NPs over a 7-day storage period at room temperature (n = 3).
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These  results  indicate  that  the  OTAPZ  NPs
significantly  enhance  the  proapoptotic  effect.
Specifically,  OTAPZ  NPs  induced  a  higher
percentage  of  apoptosis  than  OT  NPs,  likely  due  to
the  targeted  inhibition  of  HSP70  in  the  stimulated
cells.  In  contrast,  the  other  groups  demonstrated
minimal  apoptosis  under  the  absence  of  NIR
irradiation. In addition, to demonstrate their potential
therapeutic  use,  the  biological  compatibility  and  in
vitro  photothermal  efficacy  of  APZ  NPs,  OT  NPs,
and OTAPZ NPs were evaluated using CCK-8 assays
to  gain  insight  into  their  cytotoxicity  and  cell
viability.

As  shown  in  Fig.  4(c),  even  when  the
concentrations  of  OT  NPs,  APZ  NPs,  and  OTAPZ
NPs  increased  up  to  100  μmol/L,  negligible
cytotoxicity to 4T1 cells was observed in the absence
of  NIR  irradiation,  highlighting  the  excellent
biosafety  of  the  NPs  (Fig.  S12  in  the  ESM).  With
increasing concentrations of OTAPZ NPs under laser
irradiation (808 nm, 1 W/cm2), they exhibited a more
pronounced  performance  than  OT NPs,  especially  in
inducing  cancer  hyperthermia.  Live/dead  cell
experiments  were  conducted  to  confirm  the  cell-
killing  ability  of  the  OTAPZ  NPs  (Fig.  S11  in  the
ESM).  The  4T1  cells  were  grown  in  dishes  and

 

Fig. 4 (a) Apoptosis rates and (b) statistics of 4T1 cells after treatment with different groups, as determined via flow cytometric
analysis  (n = 3), ***p < 0.001. (c) The viabilities of 4T1 cancer cells  treated with different  NPs under NIR irradiation (n = 3),
****p < 0.0001. (d) Western blotting analysis of HSP70 expression after treatment with different formulations (n = 3). All data
are presented as the mean ± standard deviation. P values were calculated using two-way analysis of variance.
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cultivated for 6 h with PBS, 50 μmol/L OT NPs, APZ
NPs,  and  OTAPZ NPs, with  and  without  irradiation.
The  cells  were  then  divided  into  eight  groups  and
stained  for  20  min  using  PI/calcein.  After  staining,
the OTAPZ NPs+NIR group exhibited prominent red
fluorescence  due  to  PI,  whereas  the  control  groups
treated with PBS, APZ NPs (with and without  NIR),
and  OT  NPs  (without  NIR)  displayed  weaker
fluorescence.  These  results  aligned  with  the  data
obtained  from  the  CCK-8  assays,  further  confirming
the  biocompatibility  and  efficacy  of  OTAPZ  NPs
without irradiation. The expression of HSP70 in 4T1
cells  was  subsequently  investigated  under  MTPTT
conditions.  Upon  irradiation,  a  considerable  increase
in  HSP70  expression  was  observed  in  cells  treated
with OT NPs, suggesting that MTPTT caused HSP70
induction  (Fig.  4(d)).  In  contrast,  the  expression  of
HSP70  was  notably  reduced  in  cells  treated  with
OTAPZ  NPs+NIR.  This  reduction  indicates  that  the
HSP70  inhibitor  APZ  effectively  suppressed  HSP70
expression  during  MTPTT treatment,  confirming  the
ability of APZ to inhibit HSP70 expression during the
MTPTT  process.  Finally,  treatment  of  MC38  and
HeLa  cell  models  with  OTAPZ  NPs  confirmed  the
universality  of  OTAPZ NPs.  In  a  CCK8 experiment,
with increasing concentration of OTAPZ NPs from 0
to 100 μmol/L, MC38 and Hela cells showed obvious
apoptosis (Fig. S16 in the ESM). 

NIR-II imaging in vivo

The  impressive  brightness  and  PCE  of  OTAPZ  NPs

in the NIR-II window from 1 000 to 1 400 nm in vitro
prompted  us  to  investigate  their  feasibility  in  vivo.
NIR-II  imaging  was  conducted  in  a  murine
subcutaneous  breast  tumor  model.  After  intravenous
injection  of  OTAPZ  NPs  via  the  tail  vein,  the  FLI
performance  of  OTAPZ  NPs  was  evaluated  using  a
commercial  imaging  system  under  808-nm  laser
irradiation.  Fluorescence  images  of  4T1  tumor-
bearing mice were recorded at 0, 0.5, 1, 2, 8, 12, and
48  h  after  injection  (Fig.  5(a)).  At  the  initial  time
point  (0  h),  the  NIR-II  FLI  intensity  was  very  weak
when  using  a  long-pass  filter  of  1  000  nm,
minimizing  the  background  interference.  Two  hours
after  injection,  clear  fluorescence  signals  were
observed  at  the  site  of  the  subcutaneous  4T1  tumor.
The  fluorescence  intensity  gradually  increased  and
peaked  at  8  h,  indicating  that  this  was  the  optimal
time point for subsequent in vivo phototherapy. After
8  h,  the  fluorescence  intensity  remained  at  a  high
level  at  the  tumor  site  for  up  to  24  h  (Fig.  5(b)  and
Fig.  S13 in  the ESM).  At  the  end of  the  experiment,
the  vital  organs  (heart,  spleen,  liver,  lungs,  and
kidneys)  and  the  tumor  were  harvested  for  ex  vivo
FLI.  Biodistribution  analysis  (Figs.  5(c)  and  5(d))
revealed  that  the  OTAPZ  NPs  predominantly
accumulated  at  the  tumor  site,  although  the  majority
of  the  NPs  were  retained  in  the  mononuclear
phagocyte  system  (liver  and  spleen).  This  confirms
that  the  OTAPZ  NPs  exhibit  favorable  tumor-
targeting  properties  and  remain  at  the  tumor  site  for

 

Fig. 5 (a) NIR-II  fluorescence  imaging  of  4T1  tumor-bearing  mice  treated  with  OTAPZ NPs  from 0  to  48  h  (200  μL, OTAPZ
concentration = 200 μmol/L). (b) Changes in NIR-II fluorescence intensity with time (n = 3). (c) NIR-II fluorescence images of
the vital organs and tumor removed from the mice at 8 h. (d) Fluorescence intensity of the removed organs and tumor (n = 3).

Nano Biomed. Eng., 2025, 17(2) 257

https://www.sciopen.com/journal/2150-5578

https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578


an  extended  duration,  suggesting  their  potential  for
imaging and therapeutic applications. 

In vivo PTT

The capability of OTAPZ NPs for animal therapy was
further  assessed  in  4T1  tumor-bearing  mice.  These
mice  were  randomly  divided  into  eight  groups  after
subcutaneous inoculation of 4T1 cells. At the start of
the experiment, PBS, APZ NPs, OT NPs, and OTAPZ
NPs  were  intravenously  injected  into  the
corresponding  groups  (Fig.  6(a)).  After  8  h,  the
PBS+NIR,  APZ  NPs+NIR,  OT  NPs+NIR,  and
OTAPZ  NPs+NIR  groups  were  subjected  to
irradiation  (808  nm,  0.5  W/cm²)  for  5  min  at  the
tumor site. Infrared thermal images of the living mice
were  recorded  at  different  time  intervals  to  monitor
the  temperature  changes  (Fig.  6(b)).  The  tumors
treated  with  PBS+NIR  and  APZ  NPs+NIR  showed
little  temperature  increase,  indicating  that  NIR  light
alone  had  little  effect  on  tumor  growth,  which  is
consistent with the results of in vitro CCK8 assay. In
contrast, a clear temperature increase was observed in
the tumor regions of mice injected with OT NPs and

OTAPZ  NPs  after  laser  irradiation,  with  the
temperature reaching approximately 42 °C after 1 min
of  exposure.  This  moderate  temperature  is  ideal  for
tumor  inhibition  while  protecting  the  surrounding
tissues.  These  results  confirm  the  significant
photothermal response of the OTAPZ NPs under NIR-
II  irradiation.  Next,  the  therapeutic  efficacy  of  the
three  types  of  NPs  was  evaluated  by  continuously
monitoring  the  tumor  volume  for  14  days  after
MTPTT. As displayed in Fig. 6(c), the tumor volumes
in  the  PBS+NIR,  APZ  NPs,  and  APZ  NPs+NIR
groups  were  similar  to  those  in  the  PBS  group,
confirming  that  these  treatments  had  negligible
effects on tumor growth. In contrast, OTAPZ NPs and
OT NPs significantly slowed tumor growth during the
first  4  days  after  laser  irradiation.  However,  only
treatment  with  OTAPZ  NPs  demonstrated  sustained
tumor  suppression  over  the  14-day  period,  whereas
the effectiveness of OT NP treatment decreased with
time.  These  results  suggest  that  OTAPZ  NPs
outperform  OT  NPs  in  terms  of  durability  of
antitumor efficacy and therapeutic effect.

The  body  weight  of  each  mouse  was  monitored
 

Fig. 6 (a) Mild-temperature  photothermal  therapy  (MTPTT)  procedure.  (b)  Infrared  images  of  tumor-bearing  mice  treated  with
OTAPZ NPs + NIR captured during 4 min of irradiation. (c) Tumor volume after respective treatments (n = 4). (d) Body weight
changes in tumor-bearing mice subjected to the indicated treatments (n = 4), ***p < 0.001. (e) Tumors removed from the mouse
on day 14 after treatment. (f) HSP70 dyeing analysis. Scale bar: 100 μm. (g) Hematoxylin and eosin staining of removed tumor
tissue after treatment (n = 3). (h) HSP 70 level of tumor tissues from different groups on day 14 after treatment (n = 3). All data
are presented as the mean ± standard deviation. p values were calculated using two-way analysis of variance.
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every 2 days for 14 consecutive days to examine the
potential  side  effects  of  the  treatments.  As  shown  in
Fig.  6(d),  no  significant  weight  reduction  was
observed  in  any  group,  indicating  that  the  three  NP
formulations  (OTAPZ NPs, OT  NPs,  and  APZ NPs)
had minimal impact on the overall health of the mice.
This  suggests  that  these  NPs  are  biocompatible  and
do  not  induce  significant  toxicity  during  the
experiment.  After  the  14-day  observation  period,  all
mice  were  euthanized,  and  their  organs  and  tumors
were  removed  for  further  analysis  (Fig.  6(e)).  To
investigate  the  therapeutic  efficacy  of  MTPTT,  IHC
analyses of tumor tissues were conducted using H&E,
Ki67,  and  HSP70  staining.  H&E  staining  of  tumor
tissue sections from the OTAPZ NPs group showed a
reduction  in  tumor  cells,  indicating  that  MTPTT
effectively  reduced  tumor  growth.  In  contrast,  the
other  groups exhibited minimal  histological  changes,
suggesting  less  therapeutic  impact.  IHC  staining  for
HSP70  revealed  an  increase  in  HSP70  expression
with increasing temperature due to irradiation, with a
marked reduction in HSP70 expression in the OTAPZ
NPs+NIR  group  due  to  the  effect  of  APZ.  Ki67
staining, a marker of cell proliferation, showed higher
Ki67 expression in the PBS, PBS+NIR, OT NPs, OT
NPs+NIR,  APZ  NPs,  and  APZ  NPs+NIR  groups
compared  with  the  OTAPZ  NPs+NIR  group  (Figs.
6(f)  and  6(g)  and  Fig.  S15  in  the  ESM).  This
indicated  that  MTPTT  with  OTAPZ  NPs  effectively
inhibited  tumor  cell  proliferation.  In  addition,
statistical  analysis  was  conducted  after  the  tumor
tissue  was  ground,  and  high  levels  of  HSP70  were
detected  in  the  OT  NPs  +  NIR  group,  whereas  the
other  groups  exhibited  lower  levels  due  to  the  effect
of  APZ  or  the  absence  of  NIR  irradiation.  These
results  were  consistent  with  the  western  blotting
experiment,  confirming  the  mechanism  of  action  of
OTAPZ NPs in MTPTT (Fig. 6(h)). 

Histological analysis and blood biochemistry/
routine examination

To  further  evaluate  the  safety  of  the  NPs,  the  PBS,
APZ NPs, OT NPs, and OTAPZ NPs groups of mice
were  subjected  to  blood  and  serum  analysis  (Fig.
7(a)).  The  results  indicated  negligible  differences  in
the  blood  and  serum  markers  among  all  groups,
suggesting  that  none  of  the  treatments  caused
significant  alterations  in  the  blood  biochemistry.
Finally,  histological  analyses  of  normal  tissues,
including  the  spleen,  kidneys,  lung,  heart,  and  liver,

were  performed  using  H&E  staining.  As  shown  in
Fig.  7(b),  no  obvious  damage  was  detected  in  these
organs  across  all  groups,  further  indicating  that
OTAPZ  NPs,  OT  NPs,  and  APZ  NPs  did  not  cause
significant  toxicity  or  damage  to  normal  organs,
demonstrating their safety for therapeutic use.

In  general,  PTT  faces  certain  application
limitations,  including the restricted penetration depth
of  infrared  lasers  (5–7  mm),  which  prevents  the
effective  treatment  of  deep-seated  tumors.
Additionally, high-power  laser  irradiation  may cause
damage to normal skin tissues. Moreover, challenges
in  the  delivery  and conversion  of  photosensitizers  as
well  as  safety  concerns  remain  critical  issues  in
clinical  applications.  Furthermore,  PTT  requires
exogenous laser devices that meet specific standards,
imposing additional demands with regard to treatment
facilities and equipment.  To circumvent these issues,
the development and optimization of materials offers
a  promising  approach.  In  the  field  of  AIE,  research
can  focus  on  enhancing  biocompatibility,  stability,
and targeted in vivo conversion efficiency. Moreover,
as  the  synthesis  techniques  improve,  the  production
cost  of  the  materials  is  expected  to  decrease.  The
combination  of  reported  photosensitizer  materials
with  chemotherapy  drugs  also  offers  a  promising
direction for future development. 

Conclusions

IT-OTPA  featuring  a  D–A–D  structure  was
successfully  designed  with  furan-modified
thiadiazolo-quinoxaline  as  a  novel  photothermal
agent. This design enables a balanced enhancement of
the PCE and FQY in the NIR-II region. The D–A–D
structure  optimizes  the  electronic  properties  of  the
dye,  endowing  it  with  efficient  light  absorption  and
photothermal  conversion  ability,  and  the
incorporation  of  furan  and  thiophene  groups
considerably  enhances  the  PCE  without
compromising  the  strong  fluorescence  emission
between  1000  and  1400  nm.  This  dual  enhancement
provides  not  only  an  effective  tumor  treatment
approach  via  MTPTT  but  also  real-time  imaging,
making  it  ideal  for  integrated  cancer  therapy.  By
encapsulating  IT-OTPA into  NPs  and  combining  the
resulting  OT  NPs  with  the  HSP70  inhibitor  APZ  to
form OTAPZ NPs, an effective platform for PTT and
FLI  was  established.  The  results  highlight  the
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potential  of  this  D–A–D  structured  dye,  which
combines high PCE for efficient tumor treatment and
high  FQY  for  precise  FLI,  for  improving  the
efficiency of cancer therapy. 
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Fig. 7 (a)  Blood  biochemistry  and  blood  routine  of  mice.  The  orange  area  indicates  the  normal  physiological  range  for  each
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