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ABSTRACT: As the backbone of tumor therapy, chemotherapy
is  prone  to  tumor  resistance  due  to  its  apoptotic  pathway.
Ferroptosis,  as  an  effective  form  of  non-apoptotic  cell  death,
can  overcome  chemotherapy  apoptosis-induced  resistance.
Therefore, the combination of chemotherapy and ferroptosis is
a  highly  promising  tumor  treatment  strategy.  However,  high
glutathione  (GSH)  and  insufficient  intracellular  iron  content  in
the  tumor  environment  limit  the  efficiency  of  ferroptosis-
mediated  anticancer.  Not  only  that,  simultaneous  intracellular
delivery  of  iron  sources,  ferroptosis  inducers,  and
chemotherapeutic agents remains a major challenge. Here, we
constructed  a  self-assembled  nano  prodrug  system  to  co-
deliver iron sources, ferroptosis inducers, and anti-cancer drugs for combined ferroptosis and chemotherapy. In the tumor
microenvironment, high levels of GSH triggered redox-responsive disulfide bonding, which induced the disassembly of this
nano prodrug system (PFSH@HCPT), releasing hydroxycamptothecin (HCPT), honokiol (HNK) and ferrocene (Fc). HCPT
induced cell death via apoptosis and Fc triggered the Fenton reaction, which induced ferroptosis. HNK inhibited the activity
of  glutathione  peroxidase  4  (GPX4)  to  enhance  ferroptosis,  and  on  the  other  hand,  it  further  induced  cell  death  via
apoptosis. Meanwhile, the combined strategy of HNK-mediated resistance and ferroptosis-induced resistance mechanism
further  overcame  the  resistance  of  HCPT  and  significantly  improved  the  therapeutic  efficacy.  This  nano  prodrug  system
realized the “multi-machine integrated” therapeutic efficacy and showed great therapeutic potential, which may open up a
new way for effective cancer treatment.
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1    Introduction
Colorectal cancer, the third most common cancer in the world, has
a high incidence and mortality rate [1–3]. Although chemotherapy
is still the current pillar of treatment for colorectal cancer due to its
good  tumour  killing  ability  [4],  this  single  chemotherapeutic
approach can only temporarily alleviate the cancer [5] and is prone
to  chemoresistance  and  side  effects  [6, 7].  Therefore,  multiple
therapeutic  combination  strategies  or  avoidance  of  apoptosis-
induced  chemoresistance  are  highly  promising  strategies  for
exploring colorectal cancer treatment.

In recent years, it has been shown that ferroptosis can overcome

chemotherapeutic  apoptosis-induced  resistance  [8–11],  and  thus
the combination of apoptosis and ferroptosis shows great potential
in  addressing  tumor  heterogeneity-induced  drug  resistance.
Ferroptosis, a novel form of iron-regulated programmed cell death,
results  from  iron-dependent  accumulation  of  lipid  peroxides
[12–14].  One of the reasons for its emergence as a potential  target
for cancer therapy is its potency in removing drug-resistant tumour
cells  and  highly  metastatic  tumour  cells  undergoing  epithelial-
mesenchymal  transition  [15–17].  Whereas,  recurrence  and
metastasis  remain  the  leading  causes  of  tumour-related  deaths  in
colorectal  cancer  patients  [18, 19].  Therefore,  the  combination  of
apoptosis and ferroptosis is  expected to be an effective strategy for
the  treatment  of  colorectal  cancer.  However,  high  glutathione
(GSH)  and  insufficient  intracellular  iron  content  in  the  tumor
environment limit the efficiency of ferroptosis-mediated anticancer
[20–23].  On-demand  delivery  of  iron  or  modulation  of  iron
metabolism has emerged as one of the alternative options to induce
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ferroptosis. Even though there has been an ongoing effort to deliver
ferrous iron with different nanocarriers to increase intracellular iron
content  to  improve  ferroptosis  [24, 25].  However,  the in  vivo
delivery  of  ferrous  iron  is  challenging  and  still  suffers  from  easy
oxidation  and  poor  drug-carrying  efficiency  [26, 27].  Therefore,
ferrocene (Fc), as an effective divalent iron supplier coupled with its
good  chemical  stability  and  biocompatibility  [28, 29],  shows  great
potential advantages in ferroptosis studies.

Honokiol (HNK), an ferroptosis inducer, can induce ferroptosis
in colon cancer cells by reducing glutathione peroxidase 4 (GPX4)
activity [30]. In addition, it has been shown that HNK reverses P-gp-
mediated  multidrug  resistance  in  tumors  and  synergistically
sensitizes the antitumor activity of chemotherapeutic agents [31, 32].
Therefore, combination therapy by Fc and HNK has emerged as an
effective strategy to develop iron source and intrastromal Schematic
representation of  nano prodrug micelles  for  eenhanced ferroptosis
and chemotherapy. The amphiphilic polymer of coupled ferrocene
and  disulfide  modified  HNK  (PFSH)  was  self-assembled  into
micelles  loaded  with  the  chemotherapeutic  drug  HCPT.  The
micelles  disintegrated  in  the  high  GSH  tumor  microenvironment,
releasing  iron  catalyst  (Fc),  anticancer  drugs  (HCPT,  HNK),  and
GPX4  inhibitor  (HNK)  to  achieve  the  combination  of  ferroptosis
and  chemotherapy  and  overcoming  chemotherapeutic  drug
resistance  through  a  dual-mechanism  that  significantly  improved
efficacy  ferroptosis.  It  not  only  enhances  the  sensitivity  of  cancer
cells to ferroptosis, but the synergistic mechanisms of HNK reversal
of P-gp-mediated multidrug resistance in tumors and induction of
ferroptosis  to  overcome  chemotherapeutic  apoptosis-induced
resistance  further  overcame chemotherapeutic  drug  resistance  and

enhanced  antitumor  activity.  However,  the  poor  water  solubility
and low targeting ability of these small molecules greatly limit their
in  vivo application  [33, 34].  Effective  delivery  of  drugs  to  tumour
cells  using  nano  prodrug  system  remains  a  favourable  means  to
increase  efficiency  and  reduce  toxicity  [35].  Among  them,  smart-
responsive  prodrug  system  has  become  a  mainstream  research
direction  for  drug  delivery  [36].  Therefore,  designing  a  nano
prodrug system for co-delivery of iron sources, ferroptosis inducers
and chemotherapeutic drugs remains a major challenge.

Herein,  as  a  proof  of  concept,  we  developed  a  nano  prodrug
system  to  co-deliver  iron  source  (Fc),  ferroptosis  inducer  (HNK),
and anticancer drug (HNK, 10-hydroxycamptothecin (HCPT)) for
combined ferroptosis and chemotherapy, as shown in Fig. 1. Fc was
linked  to  an  eight-arm  polyethylene  glycol  (NH2-PEG-Fc),  which
was  then  coupled  to  HNK  via  a  GSH-reactive  trigger  (disulfide
bond) to self-assemble to form nanoparticles (PFSH). HCPT was co-
loaded  into  PFSH  to  further  self-assemble  to  form  nanoparticles
(PFSH@HCPT).  High  levels  of  GSH  triggered  disulfide  bonding
and induced disassembly of PFSH@HCPT, releasing HCPT, HNK,
and Fc. HCPT induced cell death via apoptosis and Fc triggered the
Fenton reaction, inducing ferroptosis. HNK inhibited GPX4 activity
to  enhance  ferroptosis  on  the  one  hand,  and  further  induced  cell
death  via  apoptosis  on  the  other  hand.  Meanwhile,  the  combined
strategy  of  HNK-mediated  resistance  and  ferroptosis  induced
resistance  mechanism  further  overcame  the  resistance  of  HCPT
and  significantly  improved  the  therapeutic  efficacy.  This  nano
system  achieved  the  efficacy  of “multi-machine  integrated” and
may  provide  new  insights  into  more  effective  anti-colon  cancer
treatments. 

 

Figure 1    Schematic representation of nano prodrug micelles for eenhanced ferroptosis and chemotherapy. The amphiphilic polymer of coupled ferrocene and disulfide
modified  HNK  (PFSH)  was  self-assembled  into  micelles  loaded  with  the  chemotherapeutic  drug  HCPT.  The  micelles  disintegrated  in  the  high  GSH  tumor
microenvironment, releasing iron catalyst (Fc), anticancer drugs (HCPT, HNK), and GPX4 inhibitor (HNK) to achieve the combination of ferroptosis and chemotherapy
and overcoming chemotherapeutic drug resistance through a dual-mechanism that significantly improved efficacy.
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2    Materials and methods
 

2.1    Materials
8arm-poly(ethylene glycol)-amine (8armPEG-NH2, 40,000 Da) was
sourced  by  Ponsure  Biotechnology  Ltd.  HNK,  N-hydroxy
succinimide (NHS), tris-(2-carboxyethyl)-phosphine hydrochloride
(TCEP-HCl),  sodium  dodecyl  sulfate  (SDS),  oxalyl  chloride,
pyridine, tetrahydrofuran (THF), N,N-dimethylformamide (DMF),
p-phthalic  acid  (TA),  methylene  blue  (MB),  1,10-phenanthroline
and  coumarin  6  (C6)  were  purchased  from  Shanghai  Macklin
Biochemical  Co.,  Ltd.  3,3'-Disulfanediyldipropanoic  acid  (DPA),
ferrocenecarboxylic  acid  (Fc-COOH)  and  hydrogen  peroxide
(H2O2)  were  obtained  from  Shanghai  Aladdin  Biochemical
Technology  Co.,  Ltd.  1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide  (EDC)  was  provided  from  Beijing  Solarbio
Technology Co.,  Ltd.  10-Hydroxycamptothecin (HCPT) was from
Chengdu Pufei De Biotech Co.,  Ltd. All  the other solvents used in
the  study  were  purchased  from  Modern  Oriental  Fine  Chemistry
Technology Co., Ltd.

DMEM medium, RPMI 1640 medium, fetal bovine serum (FBS),
trypsin  (0.25%  in  HBSS)  and  penicillin–streptomycin  were
obtained from Shanghai Da Te Xi Er Biotechnology Co., Ltd. Cell-
Counting  Kit-8  (CCK-8)  was  achieved  from  Beyotime
Biotechnology  Co.,  Ltd.  Hoechst  33258  was  from  Beijing  Solarbio
Technology  Co.,  Ltd.  4%  paraformaldehyde  fix  solution  was
provided  from  Shanghai  yuan  ye  Bio-Technology  Co.,  Ltd.  2’,7’-
Dichlorofluorescin diacetate (DCFH-DA) was purchased from Bide
Pharmatech  Ltd.  Malonaldehyde  (MDA)  detection  assay  kit  and
GSH  detection  assay  kit  were  obtained  from  Beyotime
Biotechnology Co. Ltd. (Shanghai, China). 

2.2    Synthesis of copolymer
 

2.2.1    Synthesis of NH2-PEG-Fc

NH2-PEG-Fc was synthesized by reference to the typical amidation
method  (Scheme  S1  in  the  Electronic  Supplementary  Material
(ESM)). Ferrocenecarboxylic acid (4.6 mg, 20 μmol), EDC (4.8 mg,
25  μmol)  and  NHS  (4.4  mg,  37.5  μmol)  reacted  in  anhydrous
dimethyl sulfoxide (DMSO) at room temperature for 4 h to activate
the  carboxyl  groups.  Then,  8armPEG-NH2 (200  mg,  5  μmol)  in
anhydrous DMSO was added dropwise  in the mixture for  stirring
48  h  at  room  temperature.  The  mixture  was  purified  by  dialysis
(MWCO 20,000 Da) with ethanol for 24 h, followed by spin-drying
(yield: 84.5%). The products were characterized by a Bruker Avance
III  HD 500MHz proton nuclear  magnetic  resonance spectrometer
(1H  NMR),  an  ALPHA  Fourier  transform  infrared  spectrometer
(KBr method) and an N 5000 ultraviolet–visible spectrometer. 

2.2.2    Synthesis of HNK-SS-COOH

The synthesis of HNK-SS-COOH was carried out according to the
reported  method  (Scheme  S1  in  the  ESM)  [37].  DPA  (210.3  mg,
1  mmol)  and  catalyst  amount  of  DMF  (40  μL)  were  mixed  in
10  mL  anhydrous  THF.  The  reaction  was  maintained  at  0  °C,
followed by adding oxalyl chloride (105 μL, 1.23 mmol) dropwise at
0  °C  to  react  at  room  temperature  for  3  h.  HNK  (266.4  mg,
1 mmol) and anhydrous pyridine (0.81 mL, 10 mmol) were mixed
in  10  mL  anhydrous  THF.  Next,  DPA  was  attached  to  HNK  by
mixing and reacting at room temperature with light protection for
5  h.  After  the  solvent  of  the  mixture  solution  was  removed,  the
product  to  be  purified  was  dissolved  in  dichloromethane  (DCM)

and  extracted  3  times  with  0.1  mM  hydrochloric  acid  solution.
Afterwards,  the  organic  phase  was  collected  and  DCM  was
removed  by  rotary  evaporation.  Then,  HNK-SS-COOH  was
purified  by  silica  gel  column  chromatography  eluted  with
DCM/methanol (100:1, v/v), followed by spin-drying (yield: 40.8%).
The  products  were  also  analyzed  using  the  same  characterization
methods described above. In addition, the structure of the products
was  performed  by  triple  quadrupole  mass  spectrometry  (Agilent
1290-6470). 

2.2.3    Synthesis of copolymer PEG-Fc-SS-HNK

The  conjugation  of  HNK-SS-COOH  to  the  polymer  backbone
(NH2-PEG-Fc)  was  achieved  by  the  classical  amidation  reaction
(Scheme  S1  in  the  ESM).  Briefly,  HNK-SS-COOH  (105.8  mg,
0.2  mmol),  EDC  (76.7  mg,  0.2  mmol)  and  NHS  (69.1  mg,
0.3 mmol) were mixed in anhydrous DMSO and the reaction was
maintained  at  room  temperature  for  4  h.  Next,  NH2-PEG-Fc
(100 mg, 25 μmol) in anhydrous DMSO was added dropwise to the
mixture  for  stirring  48  h  at  room temperature.  Then,  the  mixture
was  purified  by  dialysis  (MWCO  20,000  Da)  with  DMSO  and
ethanol  for  48  h,  followed  by  spin-drying  (yield:  89.1%).  The
products  were  also  analyzed  using  the  same  characterization
methods as in Section 2.2.1. 

2.3    Micelles manufacture and characterization
The  self-assembly  of  amphiphilic  PEG-Fc-SS-HNK  conjugates
employed  the  nanoprecipitation  method  [10].  PEG-Fc-SS-HNK
(20  mg)  in  1  mL  DMSO  was  added  to  10  mL  deionized  water
dropwise,  followed  by  stirring  3  h.  Next,  DMSO  was  removed  by
dialysis  (MWCO 20,000 Da) and the micelles of PEG-Fc-SS-HNK
(PFSH)  were  obtained  through  freeze-drying.  The  HCPT-loaded
micelles  were manufactured by the same method.  Excess amounts
of  HCPT  and  PEG-Fc-SS-HNK  were  dissolved  in  DMSO  and
dialyzed  with  water,  followed  by  centrifugation  and  freeze-drying,
and the micelles of PEG-Fc-SS-HNK@HCPT (PFSH@HCPT) were
obtained.

The  hydrodynamic  size  and  zeta  potential  of  PFSH  and
PFSH@HCPT  micelles  (both  1  mg/mL)  were  characterized  by
Anton Paar Litesizer 500 (Anton Paar (Shanghai) Trading Co. Ltd).
The  kinetic  stability  of  PFSH  and  PFSH@HCPT  in  phosphate
buffered  saline  (PBS)  was  evaluated  by  monitoring  the
hydrodynamic  particle  size.  The  morphology  of  samples  was
determined  by  transmission  electron  microscope  (HITACHI  H-
7650).  Meanwhile,  the  content  of  micelle-loaded  HCPT  was
determined  using  high-performance  liquid  chromatography
(HPLC, Agilent 1200). 

2.4    In vitro drug release
TCEP can rapidly break disulfide bonds and monitor the release of
disulfide-bound drugs [38].  Therefore,  the in vitro release of HNK
and  HCPT  was  evaluated  by  dialysis  using  PBS  buffer  containing
4%  SDS  with  10  mM  TCEP  as  the  release  medium,  which
mimicked  the  tumor  microenvironment  [39].  The  solution  of
PFSH@HCPT  was  placed  in  a  dialysis  bag  (MWCO  3500  Da)
immersed  in  the  release  medium,  followed by  shaking  for  72  h  at
37 °C. At specified time intervals, a quantity of sample solution was
taken and an equal amount of the corresponding buffer was added.
The  content  of  HNK-SH  and  HCPT  was  detected  by  the  HPLC
method  and  the  cumulative  release  rate  was  calculated.  Fc  can  be
transformed  from  hydrophobic  to  hydrophilic  in  an  oxidizing

Nano Research | Vol. 18, No. 4 Zhang et al.

94907298 (3 of 11) Nano Research, 2025, 18, 94907298

https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298


environment.  In order to evaluate the effect  of  Fc on drug release,
we examined the drug release behavior of micelles in the presence
of 10 mM H2O2. The operation was performed as above. 

2.5    The release of Fe2+ and ·OH generation
The  absorption  peak  at  510  nm  of  the  complex  formed  by  the
reaction  of  o-phenanthroline  with  Fe2+ was  commonly  used  to
indicate  the  concentration  of  Fe2+.  Fc-COOH  (2  mM)  and  an
equivalent amount of PFSH micelles were dispersed in acetic acid-
sodium  acetate  buffer  (0.2  M,  pH  5.0)  containing  1  mM  H2O2,
respectively.  At  the  specified  time,  400  µL  reaction  solution  and
400  µL  0.15%  o-phenanthroline  solution  were  added  to  3.6  mL
acetic  acid-sodium  acetate  buffer,  and  the  absorbance  at  510  nm
was measured.

The ·OH generation of different samples was detected using the
methylene blue photometric method, terephthalic acid fluorescence
detection  and  electron  spin  resonance  (ESR)  analysis.  Fc-COOH
(0.1  mg/mL)  and  an  equivalent  amount  of  PFSH  micelles  were
dispersed  into  the  acetic  acid-sodium  acetate  solution  (9  mL)
containing MB (15 μg/mL) respectively, followed by the addition of
H2O2 (10 mM, 1 mL). The absorption spectra were recorded in the
range of 500−750 nm. Fc-COOH (0.025 mg/mL) and an equivalent
amount  of  PFSH  micelles  were  added  to  10  mL  of  acetic  acid-
sodium acetate solution containing TA (6 mM) and H2O2 (1 mM),
and  subsequently  fluorescence  emission  spectra  were  recorded
(Ex/Em:  310  nm/435  nm).  ESR  experiments  were  performed  to
determine  hydroxyl  radical  production  using  5,5-dimethyl-1-
pyrroline  N-oxide  (DMPO)  as  a  spin  trap  on  an  ESR  instrument
(Bruker  EMXplus-6/1).  To  detect  the  DMPO-·OH  signal,  PFSH
and  PFSH@HCPT  were  dissolved  in  an  aqueous  solution  of
DMPO with a PFSH concentration of 1 mg/mL. The ESR spectra of
the samples were recorded at room temperature. 

2.6    Depletion of GSH
PFSH (7 mg/mL), DTNB (2 mM) and GSH (1 mM) were mixed in
the acetic acid-sodium acetate solution and absorbance at 412 nm was
recorded.  The assay  of  micelle-free  samples  was  used as  a  control. 

2.7    In vitro cytotoxicity assay
L929  (NCTC  clone  929)  and  CT26.WT  (mouse  colorectal
carcinoma cells) were provided by Shanghai Jinyuan Biotechnology
Co.,  Lt.  The  cells  were  inoculated  in  DMEM  and  RPMI  medium
1640  containing  10%  fetal  bovine  serum  and  1%  penicillin-
streptomycin,  respectively,  and  were  kept  at  37  °C  with  5%  CO2.
The cytotoxicity of samples was assessed using the standard CCK-8
assay. The corresponding cells (5 × 103 cells/well) were seeded in 96-
well  plates  for  24  h,  followed  by  incubating  with  different
concentrations  of  the  drugs  for  24  h.  Cell  viability  was  then
determined  by  recording  the  absorbance  at  450  nm  using  an
enzyme labeling instrument (Bio Tek Epoch). 

2.8    Cellular uptake of micelles
C6  was  loaded  in  micelles  to  confer  fluorescent  properties  to  the
micelles for observing cellular uptake. CT26 cells (8 × 104 cells/well)
were  inoculated  in  15  mm  confocal  dishes  and  incubated  in
1640 medium at 37 °C for 24 h. Then the cells were incubated with
fluorescent  micelles  (C6-equivalent  concentration  5  μg/mL)  for
another  4  h.  Next,  the  cells  were  washed  with  PBS,  fixed  with
paraformaldehyde,  washed  with  PBS  and  stained  for  nuclei  by
Hoechst  33342.  The  inverted  fluorescence  microscope  (TE2000-S,

Nikon) was utilized to observe cellular uptake.
To  perform  quantitative  analysis,  we  adopted  a  flow  cytometer

(BD  Accuri  C6  Plus)  to  analyze  cellular  uptake.  Cells  were
incubated  with  the  samples,  washed  and  resuspended  in  PBS  for
assay analysis. 

2.9    Analysis of intracellular ROS levels
The  intracellular  ROS  levels  were  analyzed  with  the  fluorescent
probe  2’,7’-gichlorofluorescin  diacetate  (DCFH-DA).  CT26  cells
(8 × 104 cells/well)  were incubated in confocal  dishes for 24 h and
treated  with  different  samples  for  4  h  at  the  equivalent
concentration on the next day. Subsequently, the cells were washed
with PBS. The 20 μM DCFH-DA probe was added and incubated
for 30 min away from light. Afterwards, the cells were washed with
PBS  and  fixed  by  adding  4%  paraformaldehyde,  and  the
fluorescence  was  observed  under  an  inverted  fluorescence
microscope. 

2.10    Intracellular  GSH  levels  and  lipid  peroxidation
detection
The intracellular GSH levels and lipid hydroperoxides (LPOs) were
evaluated  by  the  GSH  assay  kit  (Beijing  Solarbio  Science  &
Technology  Co.,  Ltd,  BC1175)  and  Lipid  Peroxidation  (MDA)
assay kit (Beijing Solarbio Science & Technology Co., Ltd, BC0025),
respectively.  CT26 cells  (5 × 104 cells/well)  were inoculated into 6-
well plates and cultured for 24 h. Then, equivalent concentrations of
different  samples  were  added  and  cultured  for  24  h.  Cells  were
collected  and  lysed  with  lysis  buffer,  and  the  supernatants  were
assayed for quantification of GSH and MDA using the appropriate
kits. 

2.11    Hemolysis assay
In  vitro determination  of  hemolytic  properties  is  an  important
method  for  evaluating  the  hemocompatibility  of  drugs,  which  is
measured by a standard hemolysis test. The erythrocyte suspension
(0.5  mL)  was  mixed  with  PFSH  micelles  (HNK  25  μg/mL),
PFSH@HCPT micelles (HCPT 25 μg/mL), saline (negative control)
and ultrapure  water  (positive  control)  (0.5  mL),  respectively.  They
were  incubated  at  37  °C  for  3  h,  then  centrifuged  and  the
absorbance of the supernatant at 540 nm was recorded. 

2.12    In vivo efficacy assessment
All  animal  experiments  were  conducted  in  accordance  with  the
relevant  policies  of  the  Experimental  Animal  Welfare  and  Ethics
Committee  of  Beijing.  BALB/c  female  mice  (4–6  weeks,  18–20  g)
were  obtained  from  Beijing  Vital  River  Laboratory  Animal
Technology  Co.,  Ltd.  CT26  cell  suspension  (100  μL,  1  ×  106

cells/each,  PBS)  was  subcutaneously  inoculated  into  mice  on  the
right side to establish a tumor-bearing model. After 6 days, the mice
were randomly divided into 5 groups (n = 5). HNK, HCPT, PFSH,
PFSH@HCPT  and  PBS  (10  mg/kg  for  HNK  and  HCPT  dose  per
mouse)  were  injected  intravenously  every  three  days  during  the
whole  treatment.  Tumor  volumes  and  mouse  body  weights  were
recorded  every  two  days  after  administration.  At  the  end  of  the
efficacy study, the mice in each group were euthanized and the tumor
tissues were collected for histological analysis by H&E staining. 

2.13    In vivo bio-distribution
DiR-labeled  micelles  were  first  prepared  as  in Section  2.3.  The
tumor-bearing  mice  were  divided  into  two  groups  (n =  3)  and
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given free DiR and DiR-loaded micelles (DiR dose of 0.5 mg/kg) by
intravenous  injection,  respectively.  The  mice  were  anesthetized  at
different  time  points  and  DiR  imaging  was  recorded  with
fluorescence imaging (IVIS Lumina). 

2.14    Statistical analysis
Data  were  expressed  as  mean  ±  standard  deviation.  Significant
differences  were  compared  by  one-way  analysis  of  variance
(ANOVA) or Student’s  t-test.  Threshold P-values were considered
significant at *P < 0.05, **P < 0.01, ***P < 0.001. 

3    Results and discussion
 

3.1    Synthesis and characterization of copolymer
The  synthetic  route  of  NH2-PEG-Fc  and  PEG-Fc-SS-HNK  were
illustrated in Scheme S1 in the ESM. The Fc-COOH was covalently
linked  to  the  partial  amino  group  of  PEG-NH2 by  controlling  the
feeding  ratio  to  obtain  the  product  of  NH2-PEG-Fc.  Disulfide-
bonded  modified  HNK  was  synthesized  by  the  oxalyl  chloride
method  and  covalently  linked  to  NH2-PEG-Fc  to  get  PEG-Fc-SS-
HNK.  The 1H  NMR  spectra  of  Fc-COOH,  8armPEG-NH2,  and
NH2-PEG-Fc  were  shown  in  Fig.  S1  in  the  ESM.  The  signals  at
4.79  and  4.4  ppm  were  attributed  to  the  protons  of  Fc,  and  the
appearance of this characteristic peak in the spectra of NH2-PEG-Fc
suggested the successful linkage of Fc-COOH with 8armPEG-NH2,
that  is  NH2-PEG-Fc.  Figure  S2  in  the  ESM  showed  the 1H-NMR
characterization  of  HNK,  DPA  and  HNK-SS-COOH.  The
resonances  at  6.85–7.25,  6.89–6.02  and  4.95–5.15  ppm  were
ascribed to the protons of HNK, indicating the successful linkage of
HNK with DPA. The signals of the methylene peak adjacent to the
disulfide  bond  appeared  at  2.48  and  2.84  ppm.  The 1H  NMR
spectra  of  PEG-Fc-SS-HNK  (PFSH)  were  illustrated  in  Fig.  S3  in
the  ESM.  The  characteristic  absorption  peaks  of  HNK  and  Fc
demonstrated the successful linkage of NH2-PEG-FC with HNK-SS-
COOH.  FT-IR  analysis  was  further  performed  to  verify  the
structure  of  the  copolymer.  As  shown  in  Fig.  S4  in  the  ESM,  the
peak at 1652 cm−1 belonged to the characteristic absorption peak of
Fc-COOH.  The  peak  at  1652  cm−1 in  the  infrared  absorption
spectrum of NH2-PEG-Fc was the peak from Fc-COOH and amide
carbonyl  stretching  vibration,  indicating  its  successful  preparation.
Similarly, as shown in Fig. S5 in the ESM, the peak at 1747 cm−1 in
the infrared absorption spectrum of PEG-Fc-SS-HNK belonged to
the  characteristic  absorption  peak  of  HNK-SS-COOH,  which
proved  the  successful  linkage  of  NH2-PEG-FC  with  HNK-SS-
COOH.  The  ultraviolet–visible  (UV–Vis)  spectroscopy  and  mass
spectrometry  results  in  the  Figs.  S6  and  S7  in  the  ESM  further
confirmed the successful  preparation of  the samples.  According to
the 1H  NMR  spectrum  and  UV  spectrophotometry,  the  grafting
rate of Fc was about 42.1%, and the rest of the branched chain was
connected to the disulfide-modified HNK.

Subsequently,  we employed a nanoprecipitation method to self-
assemble  amphiphilic  PEG-Fc-SS-HNK  to  form  nano  micelles
(PFSH) and obtained HCPT-loaded micelles, designating PEG-Fc-
SS-HNK@HCPT  (PFSH@HCPT).  The  hydrodynamic  sizes  of
PFSH  and  PFSH@HCPT  micelles  were  83.1  ±  2.5  and  126.5  ±
2.1 nm, revealed by dynamic light scattering analysis (Fig. 2(a)). In
addition,  both  micelles  were  negatively  charged  (Fig.  2(b)),  giving
them good cyclic stability. And PFSH and PFSH@HCPT exhibited
good  stability  in  PBS,  which  was  shown  in  Fig.  S8  in  the  ESM.
Transmission  electron  microscopy  (TEM)  showed  that  the

morphology of the two micelles was spherical (Figs. 2(d) and 2(e)),
which  indicated  their  self-assembly  into  stable  nanoparticles.  To
investigate  the  redox-responsive  behavior  of  PFSH,  we  examined
the changes in particle size and morphology of nanoparticles under
the  action  of  10  mM  TCEP.  The  results,  which  were  displayed  in
Figs.  2(c) and 2(f),  showed that  the PFSH was dissociated and the
size  became  larger.  The  results  were  consistent  with  the  literature
description [40]. The drug loading of HCPT was determined to be
13.7%  ±  0.2%  by  high-performance  liquid  chromatography
(HPLC). 

3.2    In vitro drug release
TCEP,  as  an  alternative  reducing  agent  to  DTT,  has  an  efficient
disulfide  bond-reducing  power.  Therefore,  we  chose  TCEP  as  a
reducing agent to evaluate the drug release behavior of micelles in a
reducing  environment.  The  concentration  of  the  reducing  agent
was set at 10 mM to mimic the intracellular GSH concentration. As
shown in Fig. 2(g), the comparison of the 1H NMR spectra of HNK-
SH  and  HNK-SS-COOH  illustrated  successful  breakage  of  the
disulfide  bond.  The  characteristic  peaks  at  2.8  and  3.0  ppm  were
attributed  to  the  characteristic  methylene  peak  adjacent  to  the
unreacted carboxyl terminus on the DPA. The characteristic peaks
at 1.4 ppm were assigned to that of –SH. The disappearance of the
characteristic  peaks  at  2.8  and 3.0  ppm and the  appearance  of  the
characteristic  peaks  at  1.4  ppm indicated  the  breakage  of  disulfide
bonds.  The  structure  of  HNK-SH  was  further  verified  using  mass
spectrometry  (Fig.  S9  in  the  ESM).  The  release  curve  of  HNK-SH
(Fig. 2(h)) suggested that disulfide bonds were rapidly broken in the
reducing  environment.  The  release  behavior  of  PFSH@HCPT  in
the  reducing  environment  was  faster  than  in  the  physiological
environment, releasing approximately 94% of the drug. This release
behavior was attributed to the fact that the disulfide-bonded HNK
was connected to part of the branch chain and the other part of the
branch  chain  was  Fc,  so  the  reducing  environment  was  not
sufficient  to  rapidly  crack  the  nanoparticles.  With  the  breakage  of
disulfide  bonds,  the  equilibrium  between  hydrophilicity  and
hydrophobicity  of  nanoparticles  was  gradually  broken,  the  particle
size  became  larger,  and  the  drug  release  was  accelerated  and
increased. Due to the same reason, the shift from hydrophobicity to
hydrophilicity  of  Fc  due  to  oxidizing  environment  resulted  in  a
slightly higher drug release,  but there was no significant difference
in the release curve from that of acidic conditions. 

3.3    Extracellular ferroptosis efficacy
In addition to the release of  HNK and HCPT in response to high
levels of GSH, PFSH also released Fe2+ simultaneously in the tumor
environment.  Fe2+,  as  an  important  iron  source  for  inducing
ferroptosis,  accelerates  the  Fenton  reaction  to  generate  ·OH  and
induce  ferroptosis.  To  explore  this  phenomenon,  we  assessed  Fe2+

release  and  ·OH  generation.  The  release  of  Fe2+ of  PFSH  micelles
was determined by o-phenanthroline spectrophotometry. As shown
in Fig.  3(a),  PFSH  could  release  Fe2+ in  the  presence  of  H2O2 to
form  complexes  with  phenanthroline  and  produce  an  absorption
band at 510 nm. The slow release of Fe2+ was similar to the behavior
of  Fc-COOH.  The  rate  of  Fe2+ release  from  PFSH  was  slower
compared  to  Fc-COOH  (Fig.  3(b)).  Similarly,  TA  and  MB  were
used  as  probes  to  study  the  generation  of  ·OH.  As  shown  in
Fig.  3(c),  both  PFSH  and  Fc-COOH  could  degrade  MB  by
generating  ·OH  through  the  Fenton  reaction  and  Fc-COOH
degraded  MB  better  than  PFSH,  which  was  consistent  with  the
result  of  Fe2+ release.  By  comparing  the  results  shown  in
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Figure 2    Characterization  of  PFSH  and  PFSH@HCPT  nanodrugs.  (a)  Hydrodynamic  size  and  polydispersity  index  (PDI),  and  (b)  zeta  potential  of  PFSH  and
PFSH@HCPT micelles. (c) DLS analysis of PFSH micelles with TCEP (10 mM). (d)–(f) TEM image of PFSH, PFSH@HCPT micelles and PFSH micelles with TCEP (10
mM). (g) 1H NMR spectra of HNK-SS-COOH and HNK-SH. (h) In vitro release profile of HNK-SH from PFSH micelles with TCEP (10 mM) determined by HPLC. (i)
In vitro release profiles of HCPT from PFSH micelles with different conditions for 72 h determined by HPLC.

 

Figure 3    Extracellular ferroptosis efficacy of PFSH micelles. (a) UV–Vis absorption spectra of Fe2+ forming complexes with phenanthroline. (b) Release of Fe2+ from Fc-
COOH and PFSH micelles. (c) Evaluation of the production of ·OH from methylene blue. (d)–(g) Assessment of ·OH production by terephthalic acid. (h) Depletion of GSH.
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Figs.  3(d)−3(g),  the  Fe2+ released  from  PFSH  and  Fc-COOH
catalyzed  the  Fenton  reaction  to  promote  the  generation  of  ·OH.
The production of ·OH was further verified by ESR (Fig. S10 in the
ESM),  which  suggested  that  PFSH  micelles  and  PFSH@HCPT
micelles  could  induce  the  Fenton  reaction  to  produce  ·OH.  The
generation  of  ·OH  and  the  breaking  of  disulfide  bonds  could
consume  more  GSH  (Fig.  3(h)),  further  inhibiting  GPX4  activity
and enhancing ferroptosis. 

3.4    In vitro cytotoxicity
To  evaluate  the  therapeutic  effect  of  micelles in  vitro,  cell  viability
was  investigated using the  CCK-8 method.  As  shown in Fig.  4(a),
after  co-culture  of  different  concentrations  of  HCPT  and
PFSH@HCPT  with  CT26  cells,  the  cell  viability  decreased
significantly  with  the  increase  of  the  administered  concentration,
indicating that all of them had obvious killing effects on tumor cells.
After different concentrations of HNK and PFSH were co-cultured
with CT26 cells (Fig. 4(b)), the cell survival rate also decreased with
the  increase  of  the  administered concentration,  indicating  that  the
HNK-containing  group  also  had  a  certain  killing  effect  on  tumor
cells.  Notably,  the  toxic  activity  of  PFSH@HCPT on  L929  normal
cells  was  reduced  compared  with  that  of  free  HCPT  (Fig.  4(c)),
which  may  be  attributed  to  the  fact  that  PFSH@HCPT  had  a
certain  passive  targeting  ability  on  tumor  cells.  The  results  were
consistent  with  those  reported  in  the  literature  [41].  As  shown  in
Fig. 4(d), there was no significant difference in the toxic activity of
different concentrations of HNK and PFSH on L929 normal cells. 

3.5    Cellular uptake assay
To study the uptake behavior of CT26 cells towards nano micelles,
we  prepared  C6-loaded  nano  micelles  and  observed  their  cellular
uptake by inverted fluorescence microscopy. As shown in Fig. 5(a),

there  was  no  green  fluorescence  in  the  cells  of  the  PFSH  group
alone, while the cells of the free C6 group and the PFSH@C6 group
had obvious green fluorescence.  The fluorescent  micelles  taken up
by the cells were quantified by flow cytometry and the results were
shown  in Figs.  5(b) and 5(c).  Th  results  indicated  that  PFSH@C6
could be effectively taken up by CT26 cells. 

3.6    Intracellular ferroptosis efficacy
Inspired by the favorable properties of the nano micelles to generate
·OH in vitro ,  we further validated the generation of ·OH by NH2-
PEG-Fc  (PEG-Fc)  and  PFSH in  cancer  cells  using  DCFH-DA.  As
shown  in Figs.  6(a) and 6(b),  the  negligible  green  fluorescence  of
ROS  was  observed  in  the  control  group,  whereas  the  strongest
green fluorescence was observed in the PFSH group, suggesting that
PFSH  could  generate  high  levels  of  ·OH.  And  the  PFSH  group
exhibited  a  slightly  higher  fluorescence  signal  than  the  PEG-Fc
group. Reducing GSH levels and downregulating GPX4 expression
can  induce  ferroptosis.  Therefore,  we  evaluated  intracellular  GSH
levels after co-incubation of different drugs with cells. As shown in
Fig.  6(c),  HNK inhibited GPX4 expression,  thereby reducing GSH
levels. The Fc-containing nano micelles decreased GSH levels, with
a more significant decrease in PFSH. This was owed to the fact that
disulfide  bonding  could  promote  the  oxidation  of  GSH  to
glutathione  disulfide  GSSG,  which  further  down-regulated  GPX4
expression.  Meanwhile,  the  accumulation  of  intracellular  LPOs
induces  ferroptosis.  To  assess  the  level  of  intracellular  LPOs,  we
measured  the  content  of  their  degradation  product
malondialdehyde  (MDA),  as  shown  in Fig.  6(d).  The  results
indicated  that  Fc-containing  nano  micelles  produced  abundant
LPOs,  which  effectively  induced  ferroptosis.  These  results  were
consistent  with  those  of  ROS  generation,  indicating  that  PFSH
induced ferroptosis in cancer cells via LPOs. 

 

Figure 4    In vitro cytotoxicity analysis of nano-prodrugs. (a) and (b) Cell viability of CT26 cells with different formulations. (c) and (d) Cell viability of L929 cells with
different formulations.

Nano Research | Vol. 18, No. 4 Zhang et al.

94907298 (7 of 11) Nano Research, 2025, 18, 94907298

https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298
https://www.sciopen.com/article/10.26599/NR.2025.94907298


3.7    Hemocompatibility analysis
The hemolysis assay was further investigated to assess the biosafety
of PFSH micelles and PFSH@HCPT micelles (Fig. S11 in the ESM).
The  hemolysis  rates  of  the  samples  incubated  with  erythrocytes
were  less  than  1.0%,  suggesting  that  PFSH  micelles  and
PFSH@HCPT micelles had high biosafety. 

3.8    In  vivo  biodistribution  and  anticancer  effects
evaluation
Effective  accumulation  of  nanoparticles  at  the  tumor  site  is
necessary  to  inhibit  tumor  proliferation  and  metastasis.  To
investigate  the  tumor  accumulation  behavior  of  PFSH  in  tumor-
bearing  mice,  PFSH  loaded  with  DiR  (PFSH@DiR),  was  used  to
label  the  nanoparticles.  As  shown  in Fig.  7(b),  the  PFSH@DiR
group exhibited  a  strong  fluorescence  signal  after  4  h  of  injection,
indicating its effective accumulation and retention in tumor tissues,
and obvious  nanoparticle  accumulation  was  still  visible  after  24  h,
showing  a  long-lasting  anti-tumor  potential.  In  contrast,  the  free
DiR group showed no obvious fluorescence signal at the tumor site.
These  results  suggested  that  PFSH  could  be  passively  targeted  to
tumors and thus enriched in tumors.

As to investigate the anti-tumor effect  of  PFSH@HCPT in vivo,

we  established  the  CT26  tumor-bearing  model.  Mice  were
randomly  divided  into  five  groups  (n =  5)  and  injected  with  PBS,
HNK,  HCPT,  PFSH  and  PFSH@HCPT  every  3  days,  and  the
tumor  volume  and  body  weight  of  the  mice  were  monitored
throughout the treatment period (Figs. 7(c) and 7(d)). As shown in
Fig.  7(c),  compared  with  the  control  group  (PBS  group),  the  free
HNK  group  showed  some  therapeutic  efficacy  whereas  the  PFSH
group significantly suppressed tumors. The most significant tumor
suppression  effect  was  observed  in  the  PFSH@HCPT  group,
suggesting  that  the  ferroptosis  treatment  together  with
chemotherapy enhanced the anticancer effect. In addition, the body
weights  of  mice  in  all  groups  displayed  no  significant  changes
during the treatment period (Fig. 7(d)), indicating that HNK, PFSH
and PFSH@HCPT used during the  treatment  period showed little
toxicity,  whereas  the  HCPT  group  exhibited  body  weight  loss,
which  illustrated  its  slight  adverse  effects in  vivo.  In  addition,
histopathological  analysis  of  tumors  in  each group was  performed
by  H&E  staining  to  assess  the  antitumor  effect  (Fig.  7(e)).  The
PFSH@HCPT group exhibited greater histologic damage compared
to  the  other  groups.  The  above  results  confirmed  that
PFSH@HCPT  nanoparticles  enhanced  the  effects  of  ferroptosis
therapy  and  chemotherapeutic  action,  demonstrating  a  stronger
anti-tumor therapeutic potential. 

 

Figure 5    Cell uptake of nano-prodrugs in CT26 cells. (a) Representative inverted fluorescence microscopy images of CT26 cells incubated with the samples for 4 h. The
scale bar represented 100 μm. (b) and (c) Fluorescence quantification by flow cytometry assay.
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Figure 6    Intracellular ferroptosis efficacy of nano-prodrugs. (a) and (b) ROS imaging and quantification by DCFH-DA probe. (c) and (d) Relative GSH and MDA levels
of CT26 cells incubated with different formulations. Scale bar: 200 μm.

 

Figure 7    In vivo antitumor efficacy of nano prodrugs in CT26 tumor-bearing mice against different formulations (n = 5). (a) Schematic demonstration of mice tumor
model  establishment  and  treatment.  (b) In  vivo fluorescence  images  of  tumor-bearing  mice  at  different  times  after  intravenous  injection  of  DiR  and  PFSH@DiR.
(c) Relative tumor volume changes during treatment. (d) Body weight changes during treatment. (e) H&E staining of tumor at the end of efficacy experiment. Scale bar:
50 µm.
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4    Conclusion
Ferroptosis  has  emerged  as  a  promising  strategy  for  tumor
treatment  in  combination  with  chemotherapy  due  to  its  ability  to
overcome chemotherapy-induced resistance. However, its action is
still  limited  by  high  glutathione  and  ferroptosis  inducer  delivery
efficiency. In this study, we successfully developed a self-assembled
nano  prodrug  system  to  enhance  the  synergistic  efficacy  of
ferroptosis  and  chemotherapy  by  co-delivery  of  disulfide  bonds,
HNK, Fc, and HCPT for the treatment of colon cancer. The nano
prodrug  system  endowed  the  drug  carriers  with  ferroptosis-
inducing  and  chemotherapeutic  efficacy  and  loaded  with  the
chemotherapeutic agent, constructing a dual-mechanism induction
of  ferroptosis  and a  dual-mechanism reduction of  drug resistance.
The  prodrug  system  showed  good  anti-tumor  effects  in  a  tumor-
bearing  mice  model  and  no  significant  side  effects  were  observed
during  treatment.  This  study  realized  the  efficacy  of “multi-
mechanism”,  which  may  provide  a  new  way  for  the  treatment  of
colon cancer. 

Electronic  Supplementary  Material: Supplementary  material
(synthetic  route of  PEG-Fc-SS-HNK (PFSH) copolymer; 1H NMR
spectra of NH2-PEG-Fc, HNK-SS-COOH and PFSH; FT-IR spectra
of  NH2-PEG-Fc,  HNK-SS-COOH  and  PFSH;  UV−Vis  spectra  of
NH2-PEG-Fc,  HNK-SS-COOH and PFSH; mass spectra of  HNK-
SS-COOH and HNK-SH; hemolysis rate of the PFSH micelles and
PFSH@HCPT  micelles)  is  available  in  the  online  version  of  this
article at https://doi.org/10.26599/NR.2025.94907298. 
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