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ABSTRACT: Resulting  from  harsh  hypoxic  environmental
conditions,  central  cells  in  the  core  of  solid  tumors  are  usually
more  aggressive  and  malignant  with  a  less  stable  genome.
Therefore, therapeutic agents with improved penetration for the
activation  of  immunity  in  tumor  centers  exhibit  promising
potential  in  immunotherapies.  Here,  polydopamine-coated
Escherichia  coli  Nissle  1917  (EcN)  bearing  chlorin  e6  (Ce6)-
loaded  and  polyethyleneimine  (PEI)-coated  hollow  manganese
dioxide  (shorted  as  EP-ChP)  are  applied  for  enhanced
immunotherapy  in  deep  tumors.  After  accumulation  in  tumor
center  through  hypoxia  targeting,  manganese  dioxide  is
degradated  under  the  tumor  microenvironment  with  released
Ce6  and  thus  generates  reactive  oxygen  species  (ROS)  upon
660  nm  laser  irradiation,  which  can  further  lower  thermal-
resistance of cancer cells via HSP90α downregulation. Owing to
that,  heating induced by polydopamine upon 808 nm laser  irradiation can achieve effective tumor ablation.  Phototherapy
upon dual  laser  induces enhanced immunogenic  cell  death,  while  bacterial  infections in  tumor tissues also trigger  innate
immunity.  This  bacteria-based  approach  provides  enhanced  antitumor  immune  responses  in  deep  tumors  with  great
potential in the reshaping of immunosuppression tumor microenvironment.
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1    Introduction
The  past  decades  have  witnessed  astounding  successes  in
immunotherapy [1, 2], however, a majority of patients with tumors
resistant to these therapies have gained minimal clinical benefit [3,
4].  Promoting  antitumor  immunity  in  such  patients  remains  a
challenge  and  requires  an  advanced  understanding  of  the

complexity  of  the  tumor  immune  microenvironment  (TIME),
which is  a  deciding factor of  the response to immunotherapies  [5,
6]. The composition and quality of immune infiltrates into the solid
tumors  play  important  roles  in  tumor  progression  and metastasis,
where  immunosuppressive  TIME  usually  acts  as  the  barrier  to
immune infiltrates and results in insufficient cytotoxic lymphocytes
(CTLs)  in the core of  tumors [7, 8].  Accordingly,  regulating CTLs
infiltration into  solid  tumors  could help  to  remove the  obstacle  to
efficient  antitumor  immunity  and  convert  cold  tumors  to  hot
tumors  [9−11].  Moreover,  phenotypes  of  more  aggressive  and
metastasizing  subclones  are  reported  to  preferentially  originate
from the  core  of  solid  tumors,  with  a  less  stable  genome resulting
from harsh hypoxic  environmental  conditions  with  approximately
less  than  0.7%  O2 [12, 13].  Thus,  eliciting  antitumor  immune
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responses  within  solid  tumors  with  efficient  penetration  into  deep
tumors  is  a  promising  way  to  improve  the  efficacy  of
immunotherapy.

On  the  other  hand,  with  the  rocketing  understanding  of  the
microbiome/cancer partnership [14], bacteria-based cancer therapy
has  received  increasing  attention  in  recent  decades.  Both
facultatively  and  strictly  anaerobic  bacteria  can  target  tumor  by
virtue  of  their  preference  to  colonize  hypoxia  and  necrotic  tumor
cores [15, 16], which makes them ideal candidates for more efficient
drug  delivery  with  less  off-targeted  effect  [17−19].  These  hypoxia-
driven  vectors  provide  a  potent  potential  for  improved
accumulation and penetration of immune adjuvant in the center of
solid  tumors,  resulting  in  boosting  immunotherapy  with  deeper
spatial distributions in solid tumors [20]. Apart from drug carriers,
bacteria  can  work  as  immune  agents  as  well,  where  tumor
microenvironment (TME) becomes potentially more immunogenic
through  the  activation  of  innate  immune  responses  via  bacterial
infection [21, 22].  Compared with the non-living vectors in use to
date, such as liposomes [23, 24] or inorganic nanoparticles [25, 26]
which  mainly  rely  on  enhanced  permeability  and  retention  (EPR)
effect and systemic circulation to target tumor tissues passively [27,
28],  the  remarkable  active  targeting  ability  of  bacteria  shows  great
potential in penetrating solid tumors and fully eliciting antitumoral
immunogenicity.

Phototherapy,  including  photothermal  therapy  (PTT)  and
photodynamic  therapy  (PDT),  induced  immunotherapy  has
emerged  as  a  promising  approach  to  reprogramming  TIME
through its ability to induce the immunogenic cell death (ICD) [29,
30]. However, immune responses caused by PTT or PDT alone are
usually inadequate and short-lived. The combined therapies of PTT
and  PDT  were  proposed  instead,  where  synergistic  immunologic
responses  were  achieved  for  effective  anticancer  treatment,
especially  against  cancer  metastasis  [31, 32].  Furthermore,  two
different  mechanisms  share  some  mutual  promotion.  Reactive
oxygen  species  (ROS)  generated  from  PDT  can  attack  heat  shock
proteins (HSPs) to promote the PTT effect [33, 34], and it has been
reported  that  PTT  could  overcome  hypoxia-related  resistances  via
increased intratumoral blood flow [35]. Therefore, applying bacteria
as  an  agent  with  proper  self-propelling  force  to  penetrate  solid
tumors for targeted co-delivery of both PDT and PTT agents could
reshape  immunosuppression  TME  with  enhanced  antitumor
immune responses and anti-cancer efficacy.

From  what  has  been  illustrated  above,  we  aim  to  harness  the
specific  tumor-targeting  ability  of  facultatively  anaerobic  bacteria
Escherichia  coli  Nissle 1917  (EcN)  to  co-deliver  PDT  and  PTT
agents  to  the  hypoxia  core  within  solid  tumors  (Scheme  1).  The
synergistic  nano-phototherpy  platform  is  designed  by  loading
photosensitizer chlorin e6 (Ce6) in polyethyleneimine (PEI)-coated

 

Scheme 1    Schematic illustration showing the design of the EcN-assisted PDT/PTT co-delivery and synergistic phototherapy-induced immunotherapy in the deep tumor.
(a)  The  process  for  synthesis  of  ChP.  (b)  The  process  for  synthesis  of  EP-ChP.  (c)  Schematic  illustration  of  phototherapy-induced  immunotherapy  via  photothermal
probiotics within hypoxia center of solid tumors.

Luo et al. Nano Research | Vol. 18, No. 1

Nano Research, 2025, 18, 94907081 94907081 (2 of 11)

https://www.sciopen.com/article/10.26599/NR.2025.94907081
https://www.sciopen.com/article/10.26599/NR.2025.94907081
https://www.sciopen.com/article/10.26599/NR.2025.94907081
https://www.sciopen.com/article/10.26599/NR.2025.94907081
https://www.sciopen.com/article/10.26599/NR.2025.94907081
https://www.sciopen.com/article/10.26599/NR.2025.94907081
https://www.sciopen.com/article/10.26599/NR.2025.94907081
https://www.sciopen.com/article/10.26599/NR.2025.94907081


hollow  manganese  dioxide  (shorted  as  hMnO2),  a  TME-specific
responsive  carrier  [36],  which  is  covalently  binding  to
polydopamine  (pDA)-coated  EcN  (shorted  as  EP)  afterward.  Ce6
and  pDA  work  as  PDT  and  PTT  agents  respectively,  and  the
resulting  coordination  immune  mechanism  shows  enhanced  local
ICD in  vivo,  which  is  carefully  examined  via  the  elimination  of
primary tumors.  Moreover,  the immunogenicity of  EcN is  also an
assistant  to  anti-tumor  immune  response  as  well  as  the
reprogramming of immunosuppression TME. 

2    Experimental
 

2.1    Materials
All  chemical  reagents  were  of  analytical  grade  and  used  directly
without  further  purification  unless  otherwise  noted.  Potassium
permanganate  (KMnO4),  sodium hydroxide  (NaOH),  ammonium
hydroxide,  and  hydrogen  peroxide  (H2O2)  were  purchased  from
Sinopharm  Chemical  Reagent  CO.,  Ltd.  (Shanghai,  China).  Ce6
and  2',7'-dichlorodihydrofluorescein  diacetate  (DCFH-DA)  were
purchased  from  Sigma-Aldrich.  Dopamine  hydrochloride  (DA),
tris(hydroxymethyl)methyl  aminomethane  (Tris),  treaethyl
orthosilicate  (TEOS),  resorcinol,  PEI,  N,N-dimethylformamide
(DMF),  and  1,3-diphenylisobenzofuran  (DPBF)  were  purchased
from  Aladdin  Chemical  Co.  Ltd  (Shanghai,  China).  LB  broth
powder,  LB  broth  agar  powder,  agarose,  anti-GAPDH  rabbit
polyclonal  antibody,  horseradish  peroxidase  (HRP)-conjugated
Goat  Anti-Rabbit  IgG  and  HRP-conjugated  Rabbit  Anti-Mouse
IgG  were  purchased  from  Sangon  Biotech  Co.  Ltd  (Shanghai,
China).  Normal  fetal  bovine  serum  (FBS)  was  purchased  from
ExCell  Bio  (Shanghai,  China).  HOECHST,  Cell  Counting  Kit-8
(CCK-8) assay kit,  and live/dead staining kit  were purchased from
Beyotime Chemical  Reagent  Co.  Ltd  (Jiangsu,  China).  Anti-E.  coli
lipopolysaccharide  (LPS)  antibody  (ab35654)  and  anti-HSP90α
antibody (ab79849)  were  purchased from Abcam plc  (Cambridge,
UK). 

2.2    Preparation and characterization of ChP
hMnO2 was  dispersed  at  a  concentration  of  500  μg·mL–1,  and  was
stirred with various concentrations of Ce6 (125, 250, 500 and 1000
μg·mL–1) in dark for 24 h for Ce6 loading. After that, Ce6@hMnO2
(Ch)  was  collected  by  centrifugation  (13,000  rpm,  5  min)  and
dispersed  in  H2O.  Drug  loading  efficiency/content  was  measured
via free Ce6 which was removed by centrifugation at 12,000 rpm for
10 min and washed 3 times with DMF. As for the coating of PEI,
PEI  solution  (50  μg·mL–1)  was  added  into  Ch  solution  and  stirred
for  30  min  to  obtain  the  positively  charged  nanoparticles  after
washed  with  H2O.  Morphologies  of  hMnO2,  Ch,  and  ChP  were
characterized  using  transmission  electron  microscopy  (TEM)  and
their ζ potentials were measured on an Anton Paar Litesizer 500. 

2.3    Preparation and characterization of EP
To prepare EP, we suspended 3000 μg of dopamine hydrochloride
in  3  mL of  10  mM Tris-HCl  buffer  (pH = 8.5)  solution  and then
added  300  μL  of  the  bacterial  suspension.  After  gentle  stirring  at
room  temperature  for  30  min,  EP  was  easily  obtained  by
centrifugation at 5000 rpm for 5 min, and then suspended in PBS.
Bare EcN was used as a blank reference. Morphologies of bare EcN
and EP were characterized using TEM. ζ potentials of bare EcN and
EP  prepared  at  1000  μg·mL–1 dopamine  were  measured  on  an
Anton Paar Litesizer 500. 

2.4    Preparation and characterization of EP-ChP
To prepare EP-ChP, various amounts of  ChP were added into EP
suspensions. After gentle stirring at room temperature for 4 h, EP-
ChP was easily  obtained by centrifugation at  5000 rpm for  5  min,
and  then  suspended  in  phosphate  buffer  saline  (PBS).
Morphologies  of  EP-ChP  were  characterized  using  TEM  and ζ
potentials  of  EP-ChP  were  measured  on  an  Anton  Paar  Litesizer
500. 

2.5    Degradation and drug release studies
hMnO2 and  ChP  with  or  without  H2O2 added  were  incubated
30 min under room temperature,  where the remaining MnO2 was
measured every 10 min by ultraviolet–visible (UV–vis) spectra.  As
for  drug  release,  ChP  was  incubated  with  different  concentrations
of  H2O2 solutions  (0,  1,  10,  100,  and  200  mM)  for  20  min  under
room temperature, where the fluorescence spectra of each solution
were  recorded on a  Molecular  Devices  SpectraMax i3x  microplate
reader. 

2.6    Detection of ROS in vitro
Free  Ce6  and  ChP  with  or  without  H2O2 added  were  incubated
with DPBF, and then irradiated under 660-nm light for 10 min in
dark  at  a  density  of  32.2  mW·cm–2.  And  H2O  was  applied  as  a
negative control. The amounts of ROS generation at different time
points were measured by UV–vis spectra. 

2.7    Confocal fluorescence imaging
CT26  cells  were  seeded  on  10  mm2 glass  coverslips  placed  in  six-
well plates and incubated with EP-ChP for various time periods (2,
4,  and  8  h)  in  the  absence  of  any  antibiotics  in  the  dark.  After
washing  with  PBS  for  three  times,  cells  were  labeled  with
HOECHST  and  imaged  by  a  confocal  laser  scanning  microscopy
(CLSM). 

2.8    ROS generation in CT26 cells
Singlet oxygen generation after PDT was determined by the DCFH-
DA  assay.  Briefly,  CT26  cells  were  seeded  on  10  mm2 glass
coverslips placed in six-well plates and incubated with ChP, EP, or
EP-ChP  before  they  were  irradiated  by  a  660  nm  laser  at  a  light
dose of 32.2 mW·cm–2 for 10 min. Cells were stained by DCFH-DA
assay kit and HOECHST before they were examined by CLSM. 

2.9    Cytotoxicity and phototherapeutic toxicity in vitro
Cell viability was quantitatively evaluated by both CCK-8 assay and
live/dead  staining.  CT26  cells  were  incubated  for  24  h  in  96-well
plates  at  37  °C  under  5%  CO2,  and  then  were  exposed  for  4  h  to
ChP,  EP,  or  EP-ChP  in  the  absence  of  any  antibiotics.  CCK-8
solution (10 μL) was added to each well,  and the culture plate was
incubated  another  2  h  before  OD450 values  of  each  well  were
measured.

To evaluate the potential synergistic phototherapy of EP-ChP on
tumor  cells,  CT26  cells  were  first  seeded  into  96-well  plates  and
incubated  with  EP-ChP  for  4  h  in  the  absence  of  any  antibiotics.
For PDT, the cells were illuminated by a 660 nm laser for different
periods  of  time  (0,  1,  3,  5,  and  10  min)  at  various  densities  (32.2,
54.1, and 64.0 mW·cm–2). For PTT, the cells were illuminated by an
808 nm laser for different periods of time (0, 1, 3, 5, and 10 min) at
various  densities  (31.8,  63.6,  and  95.4  mW·cm–2).  For  PDT/PTT
combination therapy, the cells were exposed to the 660 nm laser at
the  power  density  of  32.2  mW·cm–2 and  the  808  nm  laser  at
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31.8  mW·cm–2 for  5  min  sequentially.  After  the  treatments,  cell
viabilities were evaluated by CCK-8 assay as described previously.

The  live/dead  assay  was  implemented  similarly  following  with
the  manufacturer’s  protocol  and  analyzed  with  a  fluorescence
microscopy. 

2.10    In vivo biodistribution of EP and EP-ChP
BALB/c  mice  were  intravenously  injected  with  100  μL  of  PBS
containing 105 colony-forming unit (CFU) of EP or EP-ChP when
tumor  volumes  were  close  to  150  mm3,  while  mice  intravenously
injected with 100 μL of PBS were used as a negative control.  Mice
were sacrificed 24 h after injection, and their hearts, livers, spleens,
lungs,  kidneys,  and tumors were collected and analyzed.  All  organ
tissues  were  homogenized  and  serially  diluted  in  sterile  PBS,  and
then  plated  onto  solid  LB  agar  plates.  The  colonies  on  the  plates
were recorded after 12 h at 37 °C. 

2.11    Flow cytometry analysis
Spleens obtained from mice were ground and washed by Red Blood
Cell Lysis Buffer (Sangon) and filtered through 70 μm cell filters to
obtain  the  single-cell  suspensions.  The  cells  were  counted  and
stained  with  different  panels  of  antibodies.  For  T  cells  activation
analysis, cell suspensions were stained with anti-CD3 and anti-CD8
antibodies.  For  DC  maturation  analysis,  cell  suspensions  were
stained  with  anti-CD11c,  anti-CD80,  and  anti-CD86  antibodies.
Finally,  cells  were  collected  and  analyzed  by  flow  cytometry.  All
antibodies were listed in Table S1 in the Electronic Supplementary
Material (ESM). 

2.12    Statistical analysis and reproducibility
All  experiments  presented in the main manuscript  and ESM were
repeated at least three times. Unless clearly stated in the manuscript
text,  all  replicate  experiments  were  successful  and  confirm  the
presented data.  For all  experiments performed in BALB/c mice,  at
least  5  mice  were  randomly  selected  in  each  group.  Unless  clearly
stated in the manuscript text, all mice showed consistent results and
confirmed  the  presented  data.  From  these  five  mice,  one  was
selected for immunoassays.

All  statistical  analyses  were  conducted  in  Origin  9.8.0.  And  all
data were obtained in triplicate and were presented as mean ± s.d.
unless  otherwise  mentioned.  Statistical  analyses  were  performed
using  the t-test.  *p <  0.05,  **p <  0.01,  ***p <  0.001,  and  ****p <
0.0001 were considered statistically significant. 

3    Results and discussion
 

3.1    Synthesis and characterization of EP-ChP
A  probiotic  bacterium  EcN  was  chosen  in  this  bacteria-based
therapy,  and  pDA  coating  was  easily  prepared  via  dopamine  self-
polymerization  [37, 38].  hMnO2 was  prepared  by  previously
reported methods [36], and Ce6 was loaded to its hollow structure
through  physical  adsorption  (shorted  as  Ch).  To  improve  its
hydrophilicity and extend its blood circulation, a cationic coating of
PEI  to  the  aforementioned  nanoparticles  was  made  through
electrostatic  interaction (shorted  as  ChP),  which  could  act  as  both
gatekeeper  for  Ce6  release  from  the  carriers  and  bridge  to  EP,
yielding EP-ChP, and the strategy for synthesis is illustrated in Fig.
1(a).  The  procedure  for  the  synthesis  of  ChP  is  illustrated  in  Fig.
S1(a) in the ESM and TEM images for corresponding nanoparticles
with an average size of ~ 100 nm were shown in Figs. S1(b)–S1(e)

in  the  ESM.  Cell  viabilities  of  bacteria  with  different  treatments
were examined via CCK-8 assay since only live bacteria show active
tumor  targeting  and  penetrating  abilities,  and  as  expected,  both
pDA coating  and ChP attachment  showed negligible  influence  on
bacterial  viability  of  EcN  (Fig.  1(b)).  EP  showed  a  little  more
negative  surface  charge  (–29.6  mV)  than  that  of  bare  EcN
(–26.6  mV),  which  was  consistent  with  previously  reported  result
[39].  And  the ζ potential  of  EP-ChP  increased  to –22.2  mV  after
ChP attachment (Fig. 1(c)). TEM images showed native EcN with a
clear  edge  (Fig.  1(d))  and  EP  with  a  rough  layer  (Fig.  1(e)),
indicating  a  successful  pDA  coating  upon  bacteria.  The  special
hollow  nanostructures  of  ChP  (Fig.  1(g))  on  the  surface  of  EP
indicated its successful attachment (Fig. 1(f)). The surface area and
average  pore  diameter  of  hMnO2 were  determined  to  be  170.308
m2·g–1 and  5.565  nm  respectively  by  Brunauer–Emmett–Teller
(BET) measurement (Fig. 1(h)). The porous structure makes it ideal
for drug loading, hence a PDT nanoplatform could be proposed by
loading  photosensitizer  into  it.  The  successful  loading  of  Ce6  was
confirmed  by  UV–vis  spectra  absorbance  at  660  nm,  which  is
regarded  as  a  characteristic  peak  for  Ce6  (Fig.  1(i) and  Figs.  S3(a)
and  S3(b)  in  the  ESM).  The  loading  capacity  increased  with  the
increase  of  the  Ce6  feeding  amount  while  the  loading  efficiency
went  the  opposite  (Fig.  1(j)).  And  the ζ potentials  of  ChP  with
different  feeding  ratio  were  also  measured.  hMnO2 itself  had  an
average ζ potential  of –40  mV.  In  contrast,  as  the  loading  of  Ce6
and the coating of PEI, both Ch and ChP showed more positive ζ
potentials, which was also a proof of successful modification of ChP
(Fig.  1(k)).  Considering  both  loading  capacity  and  loading
efficiency, a final feeding weight ratio (Ce6:hMnO2) of 1:1 for ChP
was determined for further experiments.  Since ChP was fabricated
through both the reactivity of  pDA to primary amines of  PEI and
electrostatic  adsorption,  the  exact  amount  of  hMnO2 in  each  feed
ratio  was  measured  by  inductively  coupled  plasma  mass
spectrometry (ICP-MS) measurement (Fig. 1(l)). The exact amount
of Ce6 in each feed ratio was calculated via both loading efficiency
of Ce6 to hMnO2 and that of ChP to EP-ChP (Fig. 1(m)). Various
feed ratios  of  ChP to  EP were  also  tested  individually,  where  only
limited  influence  on  bacterial  viabilities  or ζ potentials  of  EP-ChP
was  found  (Figs.  S2(a)–S2(d)  in  the  ESM).  Considering  both
binding capacity of ChP and bacterial viability, a ratio of EP to ChP
at  2:2  was  chosen  for  the  preparation  of  EP-ChP  in  subsequent
experiments. 

3.2    TME-responsive  nanoparticle  decomposition  and
drug release behaviors
hMnO2 was  reported  to  be  stable  under  neutral  environment,  but
specific decomposable in TME [36, 40], which is usually featured by
hypoxia, low pH values, high glutathione (GSH) levels, and matrix
metalloproteinases  (MMPs)  levels  [41, 42].  The  TME-responsive
degradation  was  first  confirmed  by  UV–vis  spectra  absorbance  at
350  nm,  which  could  be  regarded  as  a  characteristic  peak  for
hMnO2 in  low  concentration  (Figs.  S3(c)  and  S3(d)  in  the  ESM).
Quick degradation was observed within 1 h under H2O2 condition,
which  was  applied  as  a  TME  stimulator  (Fig.  1(n)).  And  as  the
carriers  decomposed  into  Mn2+,  the  release  of  loaded  Ce6  was
expected.  Similar  to  the  result  above,  a  quick  drug  release  was
confirmed within 20 min via the fluorescence spectrum of Ce6 and
the releasing rate came in a concentration-dependent manner (Fig.
1(o) and Fig. S3(e) in the ESM). Furthermore, MnO2 is well known
as  a  catalyst  to  the  decomposition  of  H2O2 and  the  generation  of
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oxygen. This ability was also tested, where visible bubbles could be
observed  under  H2O2 solutions  (100  μM)  (Fig.  S3(f)  in  the  ESM).
The fast production of oxygen could further enhance PDT efficacy
in hypoxic tumors. 

3.3    In vitro PDT efficacy in CT26 cells
Encouraged  by  the  as-mentioned  results,  the  ROS-induced
apoptosis  under  660  nm  light  irradiation  as  the  decomposition  of
ChP was tested (Fig. 2(a)). First,  the ROS generated from free Ce6
and  ChP  under  660  nm  light  irradiation  with  or  without  the
presence of H2O2 (100 μM) was monitored by a ROS sensor probe
(DPBF)  (Fig.  2(b) and  Fig.  S4  in  the  ESM).  As  expected,  no
apparent  ROS  production  was  observed  in  the  absence  of  H2O2
regardless of light irradiation, indicating ChP could be an effective
PDT  agent  under  TME  conditions.  To  further  access  the  PDT
effects  of  EP-ChP in  vitro,  murine  colon  carcinoma  cells  (CT26)
were  co-incubated  with  EP,  ChP,  or  EP-ChP,  and  their

cytotoxicities  in  the  dark  were  tested  first  (Fig.  2(e) and Fig.  S5  in
the  ESM).  The  CCK-8  assay  indicated  that  EP-ChP  exhibited
limited toxicity to CT26 cells at a concentration of 108 CFU·mL–1 or
lower.  Based  on  that,  the  biodistribution  of  EP-ChP  in  cells  was
examined.  After  co-incubation  with  EP-ChP  with  the
aforementioned  concentration  for  various  periods,  fluorescence
signals of Ce6 could be observed in cytoplasm in a time-dependent
manner  (Fig.  2(c) and  Fig.  S6(a)  in  the  ESM),  indicating  an
intracellular  drug  release  from  EP-ChP  as  the  decomposition  of
TME-responsive  carriers.  The  ROS  generation  in  CT26  cells  was
evaluated  via  the  DCFH-DA  assay,  and  the  fluorescence  of  DCF
could  only  be  observed  within  cells  treated  with  ChP  or  EP-ChP
under  660  nm  light  irradiation  (Fig.  2(d) and  Fig.  S6(b)  in  the
ESM).  Moreover,  the  cell  viability  decreases  with  the  prolongation
of irradiation time and the increase of 660 nm laser working power,
which both confirm the PDT therapeutic effect in cancer cells (Fig.
2(f)). 

 

Figure 1    Design, preparation, and characterization of EP-ChP. (a) Schematic diagram of EP-ChP. (b) CCK-8 assay for EcN, EP, and EP-ChP. (c) The ζ potential of EcN,
EP, and EP-ChP. TEM images of (d) EcN, (e) EP, and (f) EP-ChP. Scale bar, 200 nm. (g) TEM image of ChP. Scale bar, 100 nm. (h) N2 adsorption–desorption isotherms
of the hMnO2 sample. (i) UV–vis spectra of free Ce6, hMnO2, and ChP. (j) Ce6-loading efficiency/content in ChP under various weight ratios (Ce6:hMnO2). (k) The ζ
potential  of  Ch  and  ChP under  various  weight  ratios  (Ce6:hMnO2).  (l)  hMnO2-loading  efficiency  in  EP-ChP under  various  weight  ratios  (EP:ChP).  (m)  Ce6-loading
efficiency  in  EP-ChP  under  various  weight  ratios  (EP:ChP).  (n)  Percentages  of  remaining  hMnO2 with  or  without  the  present  of  H2O2 solutions  (100  μM).  (o)
Fluorescence spectra of released Ce6 from ChP under various concentrations of H2O2 solutions.
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3.4    Enhanced PTT efficacy in vitro
Absorbing  broadly  over  the  range  of  300–1000  nm,  the  pDA-
coated  bacteria  was  reported  for  its  excellent  photothermal
properties  [37, 38].  To  ascertain  this  PDT/PTT  combined
nanoplatform,  temperature  changes  (ΔT)  under  808  nm  light
irradiation  for  EP  suspensions  with  or  without  ChP  decoration
were recorded within 10 min, and ΔT of both suspensions reached
~  15  °C  with  only  negligible  differences,  confirming  that  the
fabrication  of  ChP  had  little  effect  on  its  photothermal  property
(Fig. 3(a)). Furthermore, by recording ΔT of EP-ChP suspensions at
various  concentrations,  it  was  found  that  its  photothermal
performance  showed  a  concentration-dependent  manner  (Fig.
3(b)).  The photothermal  stability  was also confirmed where ΔT of
EP-ChP could  still  reach its  maximum level  of  ~  14  °C even after
5  cycles  (Figs.  3(c) and 3(d)).  As  illustrated  in Fig.  3(e),  generated
ROS under  660  nm light  irradiation could  efficiently  attack  HSPs,

which  would  compromise  the  heat  damage  during  PTT  and
discount  its  effect.  Thus,  enhanced  PTT  efficacy  was  expected  in
this  synergistic  nanoplatform.  A  same  concentration  of  EP-ChP
was applied and co-incubated with CT26 cells under 808 nm light
irradiation,  and CCK-8 assay showed that  cell  viabilities  decreased
in  working  power  density- and  irradiation  time-dependent
manners  (Fig.  3(f)).  And  as  expected,  synergistic  therapy  of
PDT/PTT  showed  a  better  therapeutic  effect  than  PDT  or  PTT
therapy alone. The cell viability dropped dramatically to ~ 11% after
dual irradiation of both lasers, which was in sharp contrast to that of
~ 60% and ~ 40% after single irradiation of a 660 and an 808 nm
laser respectively for even the same amount of irradiation time (Fig.
3(g)).  The  down-regulation  of  HSP90α  was  also  confirmed  via
western blot assay, and an apparent decrease of HSP90α at protein
levels could be observed after corresponding treatments, confirming
improved  PTT  efficacy  via  PDT  mechanisms  (Figs.  3(h) and 3(i)
and Fig. S7 in the ESM). Similar results were also observed in live-

 

Figure 2    PDT efficacy of EP-ChP in CT26 cells. (a) Schematic diagram of the PDT efficacy of EP-ChP. (b) UV–vis absorbance at 410 nm of DPBF upon treatments with
H2O, Ce6,  or  ChP under  a  660  nm light  irradiation with  or  without  the  present  of  H2O2 solutions  (100  μM).  (c)  The  representative  LSCM images  of  CT26 cells  co-
incubated with EP-ChP for various time periods. The blue and red channels indicate HOECHST and Ce6, respectively.  Scale bar,  5 μm. (d) The representative LSCM
images detecting intracellular ROS of CT26 cells co-incubated with PBS, EP, ChP, or EP-ChP under a 660 nm light irradiation. The blue, green, and red channels indicate
HOECHST, DCF, and Ce6, respectively. Scale bar, 5 μm. (e) CCK-8 assay for CT26 cells co-incubated with EP-ChP of various concentrations. (f) CCK-8 assay for CT26
cells co-incubated with EP-ChP under a 660 nm light irradiation at various power densities for various time periods.
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dead  cell  staining  assay,  where  dual  irradiation  caused  more
cytotoxicity to CT26 cells compared to mono irradiation along (Fig.
3(j)). These conclusions above proved the enhanced PTT efficacy as
well as the synergistic efficacy against cancer cells.
 

3.5    In  vivo  biodistribution  and  temperature  change  in
tumor tissues
Encouraged by the favorable results in vitro, the in vivo anti-tumor

effect  of  the  synergistic  therapy  was  subsequently  evaluated  using
BALB/c mice bearing CT26 allografts. Since EcN had been proved
with  preferential  accumulation  in  the  hypoxia  core  of  tumors  by
aerotaxis  and  chemotaxis,  the  biodistribution  of  bacteria  after
intravenous  injection  through  the  tail  vein  was  examined  first  via
serial  dilution  plating  on  solid  Luria–Bertani  (LB)  plates  (Figs.
4(h)−4(j)).  Little  bacteria  colonies  could  be  observed  in  major
organs  (including  heart,  liver,  spleen,  lung,  and  kidney),  which
might  be  the  result  of  immune  elimination  in  non-

 

Figure 3    Enhanced PTT efficacy of EP-ChP in CT26 cells.  (a) Temperature change (ΔT) in EP or EP-ChP at a concentration of 0.5 × 108 CFU·mL–1 as a function of
irradiation time with an 808 nm laser at a power density was 31.8 mW·cm–2. (b) ΔT in PBS or different concentrations of EP-ChP as a function of irradiation time with an
808 nm laser at a power density was 31.8 mW·cm–2. (c) Photothermal conversion curves of EP-ChP at a concentration of 0.5 × 108 CFU·mL–1 under 5 cycles of irradiation
with an 808 nm laser at a power density was 31.8 mW·cm–2.  (d) Photothermal conversion curves of EP-ChP at a concentration of 0.5 × 108 CFU·mL–1 irradiated by an
808 nm laser at a power density was 31.8 mW·cm–2 for 8 min. (e) Schematic diagram of enhanced PTT efficacy of EP-ChP. (f) CCK-8 assay for CT26 cells co-incubated
with EP-ChP of various concentrations under an 808 nm light irradiation at various power densities for various time periods. (g) CCK-8 assay for CT26 cells co-incubated
with PBS, EP, ChP, or EP-ChP under the absence, single, or dual light irradiations. (h) Western blot analysis of the HSP90α protein expression in CT26 cells co-incubated
with  EP-ChP  under  different  laser  irradiation.  (i)  Western  blot  analysis  of  the  HSP90α  protein  expression  in  CT26  cells  co-incubated  with  ChP  under  660  nm  laser
irradiation for various time periods. (j) The representative fluorescence images of tumor cells under treatment of EP-ChP with different light irradiations. Green, Calcein
AM. Red, PI. Scale bar, 200 µm.
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immunosuppressive  areas,  while  a  significantly  higher  amount  of
colonies  could  be  observed  in  tumor  tissues.  Besides,  the
immunofluorescence  staining  of  anti-E.  coli in  major  organs
showed the same results.  Moreover,  the viability  of  EcN colonized
in  tumor  dropped  dramatically  under  dual  laser  irradiations,

eliminating the suspicion of possible sepsis. Next, the ability of EP-
ChP  to  heat  tumor  tissue  under  an  808  nm  laser  irradiation  was
recorded.  As  shown in  Fig.  S8  in  the  ESM,  temperature  in  tumor
tissues rose in time- and dose-dependent manners and could easily
reach up to 42.0 °C within 5 min.
 

 

Figure 4    In vivo study of EP-ChP for tumor synergistic combination therapy. (a) Schematic illustration of the treatment process in BALB/c mice bearing CT26 tumors.
(b) The administration of mouse body weights changes in different treatment groups. (c) and (d) The tumor volumes change and weights under different treatments. (e)
The  physical  images  of  tumors  under  different  treatments  on  day  10.  (f)  Quantification  analysis  of  CD80+CD86+ DCs  (gated  on  CD11c+ cells)  in  spleen  tissues  after
different treatments. (g) Quantification analysis of CD8+ T cells (gated on CD3+ T cells) in spleen tissues after different treatments. (h) Homogenates of heart, liver, spleen,
lung, kidney and tumor tissues from mice with the treatment of EP-ChP with or without dual light irradiations were cultured on solid LB agar at 37 °C. And sections from
corresponding  organs  were  stained  with  anti-E.  coli LPS  antibody  and  Cy3-labeled  secondary  antibodies.  Scale  bar,  100  μm.  (i)  Anti-E.  coli LPS,  anti-CD8,  Ki67  and
TUNEL staining in transverse tumor sections at 2, 3, 4, and 5 mm. Scale bar, 100 μm. (j) Bacteria growth of EP-ChP in tumor tissues and major organs. (G1) PBS; (G2)
EP; (G3) EP + 808 nm irradiation; (G4) ChP; (G5) ChP + 660 nm irradiation; (G6) EP-ChP; (G7) EP-ChP + 808 nm irradiation; (G8) EP-ChP + 660 nm irradiation; (G9)
EP-ChP + dual irradiations. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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3.6    Penetration of immune adjuvant and the activation of
immune responses in deep tumors
To prove the hypoxia-targeted delivery of PDT/PTT system to the
necrosis  cores  within  solid  tumors  based  on  the  active  tumor
penetrating  ability  of  EcN,  the  immunofluorescence  staining  of E.
coli was shown in 4 transverse sections passing through the center
of the tumor, which were 2, 3, 4, and 5 mm in length respectively.
More  bacteria  were  detected  in  slices  of  4  and  5  mm,  confirming
EcN  homing  to  the  center  of  solid  tumors.  Moreover,  T  cell
infiltration  within  solid  tumors  was  also  evaluated  via  the
immunofluorescence  staining  of  anti-CD8  in  corresponding
transverse sections,  and enhanced infiltrations within deep tumors
were  observed  through  the  upregulation  of  effector  T  cells,
indicating  an  enhanced  penetration  of  immune  adjuvant  and
activation of immune responses in the center of solid tumors (Fig.
4(i)).  Next,  the  immunomodulation  ability  of  the  synergistic
therapy on dendritic cells (DCs) and CD8+ T cells was tested, which
play  an  important  role  in  immunity  initiation  and  protective
immunity  respectively.  Briefly,  immature  DCs  are  first  recruited
and stimulated to mature DCs,  followed by naïve T cells  activated
to effector T cells. To further investigate the antitumor mechanism,
we  analyzed  the  major  immune  cells  in  the  spleens  of  mice  in  all
groups.  And  as  shown  in Fig.  4(f) and  Fig.  S9  in  the  ESM,  flow
cytometry  analysis  revealed  that  the  percentage  of  matured  DCs
(gated on CD11c+ and featured by CD80+CD86+) reached ~ 41.8%
in the synergistic  treated group in G9, which was 4.7 times higher
than that of the control group of G1 (~ 8.75%). And the percentage
of CD8+ T cells (gated on CD3+ and featured by CD8+) grew from
~ 3.34% to ~ 36.1% in corresponding groups (Fig. 4(g) and Fig. S10
in the ESM),  indicating a  strong activation of  anti-tumor immune
responses.  Notably,  the  differentiation  of  naïve  T  cells  to  CD8+ T
cells  seemed  to  be  in  a  bacteria-dependent  instead  of  a
phototherapy-dependent manner where all  bacteria-treated groups
showed  relatively  comparable  rates,  especially  compared  with  G1
and G4. But the maturation of DCs showed a stronger relationship
between  phototherapy-dependent  ICD  than  bacteria-based
infection,  where  laser  irradiation-treated  groups  showed  a  higher
rate of maturity of DCs and dual laser irradiation-treated groups of
G9  showed  the  highest  maturity  rate.  Moreover,  cell  survival  in
different  areas  of  the  tumor  was  measured  and  a  decreased  cell
proliferation  was  observed  in  deep  tumor,  indicating  sufficient
synergistic  therapeutic  effect  due  to  the  penetration  depth  of
bacteria.  In  summary,  the  bacteria-based  phototherapy
nanoplatform  demonstrated  great  potential  for  the  combined
therapy  of  PDT  and  PTT  to  activate  the  immune  responses  and
eliminate tumors in vivo. 

3.7    In vivo anti-tumor effect
Drawing  on  the  experimental  results  mentioned  above,  mice
bearing  CT26  allografts  were  randomly  divided  into  9  groups  for
different  treatments:  (G1)  PBS;  (G2)  EP;  (G3)  EP  +  808  nm
irradiation;  (G4)  ChP;  (G5)  ChP  +  660  nm  irradiation;  (G6)  EP-
ChP; (G7) EP-ChP + 808 nm irradiation; (G8) EP-ChP + 660 nm
irradiation;  (G9)  EP-ChP  +  dual  irradiations.  All  mice  were
irradiated  via  corresponding  laser  following  intravenous  injection
(Fig.  4(a)),  and  the  tumor  inhibition  study  was  carried  out  by
assessing  body  weights  and  tumor  volumes  under  different
treatments in 10 days (Figs.  4(b) and 4(c)).  The tumor volumes of

all  groups  treated  with  EP-ChP  with  irradiation  (660  nm  laser  or
808  nm  laser  along,  or  dual  lasers)  showed  a  visible  inhibition  of
tumor growth while a rapid growth trend could be found in other
groups, especially in the PBS group and groups without bacteria or
irradiation.  Notably,  xenografts  are  mostly  eliminated  in  mice
treated with EP-ChP upon dual laser irradiations, which indicates a
better therapeutic effect for the combined therapy of PDT and PTT.
On day 10,  all  mice  were  sacrificed and all  tumors  were  collected,
weighed,  and photographed for  further  confirmation of  combined
antitumor  efficacy  (Figs.  4(d) and 4(e)).  In  addition,  the
hematoxylin  and  eosin  (H&E)  staining  of  major  organs  (hearts,
livers,  spleens,  lungs,  and  kidneys)  of  mice  in  all  groups  were
observed and no appreciable abnormality is found (Fig. S11 in the
ESM).  Further  analyses  of  anti-CD8,  TUNEL,  Ki67  and  H&E
staining of  tumor tissues of  mice in all  groups were shown in Fig.
S12 in the ESM, where a decreased cell density and proliferation in
G9 similarly showed the synergistic therapeutic effect and indicated
stronger  immune  responses  in  tumor  areas.  Moreover,  both  the
biodistribution  of  bacteria  and  routine  blood  biochemical  indexes
on  day  10  were  monitored  (Figs.  S13  and  S14  in  the  ESM).  The
clearance  of in  vivo bacteria  and  the  limited  damages  to  the  liver
and  kidney  indicated  minimal  toxicity  of  the  bacteria-based
administrations. 

4    Conclusions
In  summary,  we  proposed  a  bacteria-based  nanoplatform  of  EP-
ChP  for  the  co-delivery  of  combined  phototherapy  triggered  by
dual  laser  irradiations  and  studied  its  synergistic  immunologic
responses  on  primary  tumors.  This  therapeutic  strategy  heavily
relied  on  the  ability  of  the  tumor-targeting  preference  of  EcN  to
hypoxia cores of tumor tissues, which worked as the carrier of both
PDT and PTT agents. PDA-coating improved biocompatibility and
provided it with efficient photothermal properties. Ce6 was loaded
in the TME-responsive nanoparticles of hMnO2 and a PEI-coating
enabled  its  fabrication  to  pDA-coated  bacteria.  Upon  dual
irradiations  of  both  660  and  808  nm  lasers,  combined  therapy  of
PDT  and  PTT  with  an  ideal  tumor  targeting  efficiency  was
performed and stronger activation of ICD was realized, which was
featured  by  an  increase  of  anti-tumor  immune  cells in  vivo.
Moreover,  EcN  also  worked  as  an  immune  agent  and  potentially
enhanced  TME  immunogenicity.  As  a  result,  a  strengthened  and
synergetic  antitumor  immune  response  was  elicited  in  the
immunosuppressive  tumor  areas,  compared  to  a  relatively  weak
response  in  a  single  therapy.  Collectively,  this  therapeutic  strategy
offered a promising option for immunotherapy within deep tumors
for the elimination of primary tumors. 

Electronic  Supplementary  Material: Supplementary  material
(further  details  of  growth  of  bacteria  and  cells,  preparation  and
characterization of hollow MnO2, photothermal performance of EP
and EP-ChP in vitro, cell viabilities of EP-ChP in vitro, and western
blot  assay)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907081. 

Data availability
All  data  needed  to  support  the  conclusions  in  the  paper  are
presented  in  the  manuscript  and  the  Electronic  Supplementary
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