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ABSTRACT: Several  polyoxometalates  (POMs)  have  been
shown  to  possess  antitumor  activity.  In  this  study,  hydrophilic
POMs  were  combined  with  the  hydrophobic  drug
podophyllotoxin (PPT) to create an amphiphilic anti-cancer drug
PPT-POM-PPT,  which  can  self-assemble  into  hollow  vesicles.
The  properties  of  these  vesicles,  such  as  the  critical
aggregation concentration, were characterized. These vesicles
had  low  hemolytic  activity  and  high  stability.  Cytotoxicity  tests
showed  that  the  PTT-POM-PPT  vesicles  exhibit  strong
antitumor  activity  against  lung  and  liver  cancer  cells  without
significantly  affecting  normal  cells.  Cell  uptake  experiments
confirm  that  the  PPT-POM-PPT  vesicles  can  easily  penetrate
cell  membranes and effectively  enter  tumor  cells,  thus  exerting  anti-tumor  effects.  Furthermore,  these vesicles  co-localized
with lysosomes. Moreover, these PPT-POM-PPT vesicles exhibit synergistic effects of PPT and POMs. They are efficient drug
delivery platforms that act as both the carrier and the active drug, avoiding the potential risks associated with additional carrier
ingredients. In summary, due to their anticancer properties, POMs and PPT facilitate the generation of novel amphiphilic self-
assembling vesicles, providing a theoretical basis and enabling clinical applications of POMs in cancer therapy.
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1    Introduction
Polyoxometalates  (POMs)  comprise  inorganic  metal-oxygen
clusters  that  are  formed when oxygen atoms connect  with various
pre-transition metals, such as Mo, W, V, Nb, and Ta [1]. POMs are
multifunctional  materials  that  have  potential  applications  in  many
fields,  including  catalysis,  environmental  science,  and  medicine
[2–4].  Recent  studies  have  shown  that  POMs  possess  potent
anticancer  properties,  making  them  promising  therapeutic
candidates  [5].  Due  to  their  unique  structures,  they  can  effectively
inhibit various tumor types [6–8]. Although the specific mechanism
by which POMs induce apoptosis in cancer cells is unclear, existing

studies  suggest  that  it  may  trigger  intracellular  oxidative  stress  by
generating  reactive  oxygen  species  (ROS),  creating  a  hypoxic
environment  and  ultimately  leading  to  cell  death  [9–11].  POMs
have  several  advantages  over  traditional  drugs,  including  high
surface  reactivity,  abundant  active  centers,  excellent  catalytic
efficiency,  and  strong  adsorption  capacity  [12–14].  Due  to  these
unique  properties,  POMs  are  attractive  candidates  for  developing
novel metal-based anticancer drugs.

Inorganic POMs are being increasingly researched as antitumor
drugs due to their affordability and good water solubility. However,
their  poor  lipid  solubility  limits  their  cell  membrane  permeability
[15].  Furthermore,  while  small  organic  anticancer  molecules  often
exhibit moderate inhibitory concentrations at the nanomolar level,
higher  concentrations  of  POMs  are  required  to  exert  anti-
proliferative  effects  [16, 17].  Modifying  POMs  by  introducing
hydrophobic  organic  groups  via  covalent  bonds  is  an  innovative
strategy to overcome these limitations [18–20]. These POM-organic
hybrids  are  structurally  well-defined  and  can  trigger  synergistic
effects, imparting the materials with new functional properties and
performance  advantages  [21–23].  A  study  showed  that  the  anti-
tumor effects of amantadine-modified POMs against human breast
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cancer  cells  MCF-7  [24]  were  higher  than  those  of  unmodified
POMs  and  amantadine  alone.  These  POMs  significantly  inhibited
cell  proliferation  at  100  μg·mL−1,  and  the  degree  of  inhibition
increased  with  an  increase  in  the  POM  concentration.  The
antitumor  activity  of  cyclopentadienyl  titanium-modified  POMs
has  also  been  elucidated  [25].  Experiments  using in  vivo models
created by introducing liver cancer cells SSMC-7721, leukemia cells
HL-60, and colon cancer cells HLC into rats by single subcutaneous
inoculation revealed that the modified POMs significantly reduced
the  tumor  burden  of  the  experimental  rats.  Dehydrocholic  acid-
modified  POMs  exhibited  potent  cytotoxicity  in  experiments
targeting  breast  cancer  cells  while  showing  lower  toxicity  toward
non-cancerous  breast  epithelial  cells  [26].  Therefore,  besides
enhancing  the  antitumor  activity  and  selectivity  of  POMs,  these
modifications  improve  their  ability  to  target  tumor  cells  precisely.
Furthermore,  modification  with  organic  compounds  effectively
enhanced  the  lipid  solubility  and  optimized  the  cell  membrane
penetration  ability  of  POMs,  improving  their  anticancer  activity
and bioavailability.

In  the  organic  group-modified  POM complexes,  POMs are  the
hydrophilic  components  that  synergistically  interact  with  the
hydrophobic  organic  groups  and  enhance  their  amphiphilicity
[27–29].  These  structurally  diverse  complexes  enable  the  in-depth
understanding  of  the  aggregate  behavior  of  amphiphilic  organic
group-modified  POMs  formed  in  solution  [30–32].  Amphiphilic
POM-cholic  acid  hybrid  materials  have  been  shown  to
spontaneously  assemble  into  vesicles  in  a  mixed  solvent  system of
methanol/toluene [33]. This self-assembly process is mainly driven
by the van der Waals forces between the cholic acid groups and the
electrostatic  forces  between  the  POM  clusters,  promoting  the
formation of stable vesicles. These vesicles were also prepared using
POM-organoalkoxysilane  hybrids  [34].  Because  of  their
amphiphilic properties, these vesicles can easily enter or bind to the
surface  of  membranes,  enhancing  membrane  fluidity  and
promoting  cell  penetration  and  uptake.  However,  these  studies
mainly  focused  on  the  self-assembly  or  anti-tumor  properties  of
POMs.  The  potential  applicability  of  POMs  combined  with  anti-
cancer drugs to form vesicles has not been elucidated yet.

Several studies have explored the modification of POMs with the
organic  groups  of  antitumor  drugs  as  a  promising  therapeutic
strategy. In this study, the anti-tumor drug podophyllotoxin (PPT)
was modified with POMs to create an amphiphilic drug PPT-POM-
PPT,  which  was  shown  to  self-assemble  into  vesicles  (Fig.  1).
Furthermore,  the  size,  critical  aggregation  concentration  (CAC),
and  stability  of  these  vesicles  were  characterized.  The  inhibitory
effect  of  the  PPT-POM-PPT  vesicles  was  investigated  using  lung
cancer cells (H1299 and A549), human liver cancer cells (HepG-2),

and  human  embryonic  kidney  cells  (HEK293).  Chemical
modifications of  POMs with anti-tumor drugs enable  the effective
regulation  of  their  biological  properties,  strengthening  their  drug
activity. It also overcomes the limitation of POMs due to poor lipid
solubility  and  potential  toxicity.  Therefore,  this  system  combines
the  dual  anti-tumor  advantages  of  PPT  and  POMs,  achieving
stronger inhibitory effects. Its unique self-assembling ability leads to
the  spontaneous  formation  of  vesicles,  making  it  an  efficient  drug
delivery  system.  In  addition  to  avoiding  any  risks  that  may  be
introduced  by  external  carriers,  it  ensures  the  high  efficiency  and
precision of drug delivery. Therefore, these POM drugs have broad
prospects as potential therapeutic agents for several diseases. 

2    Experimental section
 

2.1    Materials
(TBA)4[α-Mo8O26]  was  synthesized  as  described  previously  [35].
Mn(CH3COO)3·2H2O, tris(hydroxymethyl) aminomethane (TRIS),
succinic  anhydride,  and  2-ethoxy-1-ethoxycarbonyl-1,2-
dihydroquinoline  (EEDQ)  were  purchased  from  Aladdin  Reagent
(China)  and  used  as  received.  Fluorescein  isothiocyanate  (FITC)
and methylthiazoletetrazolium (MTT) were  obtained from Sigma-
Aldrich  Co.  All  other  reagents  and  solvents  were  purchased  from
Sinopharm  Chemical  Reagent  (China)  and  used  without
purification. 

2.2    Synthesis and characterization of PPT-POM-PPT
 

2.2.1    Synthesis of the amino-modified POMs

(TBA)4[α-Mo8O26] (1 g),  Mn(CH3COO)3·2H2O (0.19 g),  and TRIS
(0.2  g)  were  mixed  in  acetonitrile  for  16  h  under  reflux  heating.
After  cooling  down the  reaction  system to  room temperature,  the
insoluble  sediment  was  removed by  filtration [36]  and an orange-
colored  POM  ((TBA)3(MnMo6O18[(OCH2)3CNH2]2)  was  obtained
after  washing  with  cold  acetonitrile  and  cold  ether,  filtration,  and
vacuum drying. 

2.2.2    Synthesis of the carboxyl-modified PPT

After  dissolving  PPT  (1  g)  in  anhydrous  dichloromethane,  4-
dimethylaminopyridine  (0.33  g),  triethylamine  (0.27  g),  and
succinic  anhydride  (0.72  g)  were  added  to  this  mixture.  The
reaction  was  performed  at  room  temperature  for  4  h  and  was
monitored using thin-layer chromatography (TLC) [37, 38]. At the
end  of  the  reaction,  the  solution  was  diluted  with  100  mL  of
dichloromethane  and  washed  thrice  with  0.1  mol·L−1 hydrochloric
acid  solution.  The  organic  phase  was  first  dried  with  anhydrous

 

Figure 1    Schematic diagram of PPT-POM-PPT compound synthesis route and its self-assembly vesicles in cancer therapy.
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sodium  sulfate.  Then,  dichloromethane  was  removed  under
reduced pressure and vacuum-dried to obtain a white powder PPT-
COOH. 

2.2.3    Synthesis of PPT-POM-PPT

EEDQ  (0.29  g)  was  dissolved  in  anhydrous  acetonitrile  under
nitrogen.  Then,  PPT-COOH (0.32  g)  was  added,  and the  reaction
was warmed to reflux for 30 min. Then, POMs (0.5 g) were added
to the reaction solution, and the reaction was refluxed for 20 h. At
the  end  of  the  reaction,  the  solution  was  cooled  to  room
temperature, concentrated by rotary evaporation, and then dropped
into  ethyl  acetate  under  stirring.  After  precipitation,  the  reaction
was  filtered,  dissolved  in  a  small  amount  of  acetonitrile,  and
precipitated  in  an  ether  atmosphere  to  obtain  PPT-POM-PPT
((TBA)3(MnMo6O18[(OCH2)3CNHCOC25H25O9]2)). 

2.2.4    Structural characterization

PPT-POM-PPT was  characterized via  nuclear  magnetic  resonance
spectroscopy  (1H  NMR)  using  the  Bruker  Avance  800  MHz
spectrometer  with  DMSO-d6 as  the  solvent.  Fourier  transform
infrared  spectroscopy  (FTIR)  spectra  were  obtained  on  a  Perkin
Elmer  Spectrum  65  spectrometer  equipped  with  a  DTGS  detector
(32  scans)  at  a  resolution  of  4  cm−1 in  a  KBr  pellet.  The
ultraviolet–visible  (UV–vis)  spectra  of  PPT-POM-PPT  were
obtained  using  the  Shimadzu  UV-2600  spectrophotometer.
Thermal  gravimetric  (TG)  measurements  were  performed  on  a
Q500  Thermal  Analyzer  (Mettler  Toledo)  in  flowing  N2 with  a
heating  rate  of  10  °C·min−1.  X-ray  diffraction  (XRD)  data  were
collected using the D8 Advance diffractometer (Bruker,  Germany)
equipped  with  a  Cu-Kα radiation  source  and  a  graphite
monochromator.  X-ray  photoelectron  spectroscopy  (XPS)  data
were  collected  using  the  EscaLab  250Xi  equipped  with  a
monochromatized Al Kα X-ray source (1486.71 eV). 

2.3    Preparation and characterization of the vesicles
The  PPT-POM-PPT  vesicles  were  prepared  using  the  dialysis
method.  Briefly,  1  mg  of  PPT-POM-PPT  was  accurately  weighed
and  dissolved  in  0.5  mL  acetonitrile.  Then,  it  was  slowly  dropped
into a mixed solvent of 4.5 mL acetonitrile and water at a 1:1 ratio
(v/v). The compound was transferred to a dialysis bag and dialyzed
for  72  h  to  obtain  the  PPT-POM-PPT  vesicle  solution.  The
prepared vesicles were used as stock solutions. A series of solutions
with gradient concentrations can be configured.

Determining the CAC: The conductivity of  the PPT-POM-PPT
solution  was  measured  as  a  function  of  the  concentration  at  five
different temperatures using a low-frequency conductivity analyzer.
To  ensure  the  reliability  of  the  outcomes,  triplicate  measurements
were performed at each temperature. The steady-state fluorescence
spectrum  was  obtained  using  the  Hitachi  F-7000  fluorescence
spectrophotometer at five different temperatures (25, 30, 35, 40, and
45 °C). The concentration of pyrene, used as the fluorescent probe,
was  kept  constant  throughout  the  experiment.  The  excitation
wavelength was 335 nm. The excitation and emission slits were set
to 2.5 and 10 nm, respectively. The spectrum between 360 and 550
nm was obtained at a scan rate of 1200 nm·min−1. The temperature
was  controlled  using  a  thermostatic  water  tank  (accuracy  0.1  °C).
All other experiments were conducted at room temperature. 

2.4    Methods to test the stability of the vesicles
Evaluating  the  time  stability  of  the  vesicles:  PPT-POM-PPT  (200
μg·mL−1) was kept at 4 °C and taken out at intervals of 1, 5, 15, and

30 days, respectively. The size and distribution of the vesicles were
measured  with  a  Zetasizer  instrument  (Malvern  Nano  ZS
Zetasizer).  The  scanning  times  were  set  to  3,  and  the  detection
temperature was set to 25 °C.

Evaluating  the  dilution  stability  of  the  vesicles:  PPT-POM-PPT
vesicles obtained by dialysis were diluted by 0, 10, 100, 250, 500, and
1000  times,  respectively.  The  sizes  and  size  distributions  of  the
vesicles  in  these  solutions  were  measured  with  a  Zetasizer
instrument  to  examine  whether  the  vesicles  could  maintain
structural stability under different dilutions.

Evaluating the lyophilized solubility of the vesicles: After dialysis,
8  mL of  the PPT-POM-PPT vesicle  solution was divided into two
parts.  One  part  was  mixed  thoroughly  with  0.2  g  (5%)  mannitol
and placed in a freeze-drying oven. After approximately 2 h of pre-
freezing and vacuum drying for 12 h, a white and fluffy freeze-dried
powder was obtained. This powder was added to 4 mL of deionized
water  for  re-dissolution.  The  size  of  the  vesicles  was  determined
after  redissolving  them  to  assess  whether  vesicles  can  be  formed
after lyophilization and to compare the effect of lyophilization with
and without the lyophilized protective agent (mannitol). 

2.5    Hemolysis assay
Blood  samples  collected  from  mice  were  diluted  with  an  equal
volume  of  saline  and  centrifuged  (4  °C,  1000  r·min−1,  10  min)  to
obtain  the  pellet  containing  red  blood  cells  (RBCs).  The
concentrated  RBCs  were  washed  thrice  and  resuspended  in
phosphate  buffered  saline  (PBS,  pH  7.4)  to  get  a  2%  (v/v)
erythrocyte suspension. To each centrifuge tube, 1 mL of 2% RBC
suspension  was  added,  followed  by  3  mL  of  PPT-POM-PPT
vesicles  at  concentrations ranging from 5–200 μg·mL−1.  Water and
PBS  (pH  7.4)  were  used  as  positive  and  negative  controls,
representing  maximum and minimum hemolysis,  respectively.  All
tests were performed in triplicate. After incubation at 37 °C for 4 h,
the  experimental  and  control  groups  were  centrifuged  (4  °C,
3000 r·min−1,  10 min), and the absorbance values at 578 nm of the
supernatants  were  determined  using  a  microplate
spectrophotometer. 

2.6    Cytotoxicity assay
For the MTT assay, H1299, A549, HepG-2, and HEK293 cells (1 ×
104 cells/well)  were plated in Dulbecco’s  modified Eagle’s  medium
(DMEM)  with  10%  fetal  bovine  serum  in  96-well  plates  for  24  h.
Then,  these  cells  were  treated with the  desired concentrations  (20,
40, 60, 100, and 200 μg·mL−1) of free PPT, POMs, and PPT-POM-
PPT  vesicles  and  cultured  for  24  and  48  h.  The  medium  in  each
well was replaced with fresh medium containing MTT. After 4 h of
incubation,  the  tetrazolium  salts  were  metabolized  to  formazan
crystals  and the medium was removed. DMSO was added to each
well and shaken gently to dissolve the precipitates. The absorbance
of  each  well  at  490  nm  was  determined  using  a  microplate
spectrophotometer. 

2.7    Cell apoptosis
The early and late apoptosis of cells induced by the PPT-POM-PPT
vesicles were assessed using flow cytometry (FCM). A549 cells (1 ×
104 cells/well) were plated in six-well plates and incubated for 24 h.
Then, the cells were stained with Annexin-V and propidium iodide.
An untreated group was used as the control. 

2.8    Cellular uptake and co-localization
Cellular  uptake  and  co-localization  of  the  vesicles  were  observed
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using  confocal  laser  scanning  microscopy  (CLSM).  Cells  (1  ×
104 cells/well)  were seeded in six-well  plates and cultured for 24 h.
Then,  the  medium  in  each  well  was  replaced  by  fresh  medium
containing FITC-labeled PPT-POM-PPT vesicles. After incubation
for  8  h,  the  cells  were  rinsed  with  PBS  and  fixed  with  4%
paraformaldehyde.  The uptake of  cells  treated with 100 μg·mL−1 of
FITC-labeled  PPT-POM-PPT  vesicles  for  1,  3,  6,  and  12  h  was
analyzed using the ImageJ software.

To study the co-localization of the FITC-labeled PPT-POM-PPT
vesicles, A549 cells were incubated with Lyso-Tracker Red. The cell
uptake  was  detected  qualitatively  using  CLSM.  The  excitation
wavelengths of FITC and Lyso-Tracker Red were 488 and 543 nm,
respectively. 

3    Results and discussion
 

3.1    Characterization of PPT-POM-PPT
The 1H  NMR  spectrum  of  the  prepared  PPT-POM-PPT  revealed
peak  ratios  at  the  TBA  signal  (from  0.8  to  1.7,  1.9,  and  3.2  ppm)
and the TRIS CH2 signal (around 64 ppm), validating the structure
of the PPT-POM-PPT. The signals at 5.89–7.00 ppm were assigned
to the phenyl groups of PPT. In addition to showing the successful
synthesis  of  PPT-POM-PPT,  the 1H  NMR  results  demonstrated
that the POMs maintained their structural integrity before and after
the reaction (Fig. 2(a)). The 1H NMR spectra of PPT and POMs are
shown in Figs. S1 and S2 in the Electronic Supplementary Material

(ESM).  The  characteristic  peaks  associated  with  PPT  and  POMs
have been marked on the figures, highlighting the unique chemical
signatures.

The characteristic  stretching and vibrating bands  were  correctly
localized in the FTIR spectra (Fig. 2(b)).  The characteristic peak at
664 cm−1 belonged to the vibration of the Mo–O–Mo group, while
those  at  940  and  918  cm−1 represented  the  terminal  Mo=O  units.
The  other  reference  bands  associated  with  the  TBA  residues  were
located  around  2900  cm−1.  The  C–H  stretch  of  the  methyl  group
was located at 2934 cm−1. The bend of the methyl group was located
at 1380 cm−1 [39]. The FTIR spectrum of PPT-POM-PPT showed a
characteristic  peak  at  around  1735  cm−1 from  the  ester  bond.  The
peaks at 3291, 1669, 1542, and 1253 cm−1 indicate N–H stretching,
C=O  stretching,  N–H  bending,  and  C–N  stretching  vibrations,
respectively.  These  results  also  demonstrated  the  introduction  of
PPT into PPT-POM-PPT.

Due  to  the  charge  transfer  transition  of  the  pπ(Ot)→dπ*(Mo)
ligand to the metal in the POMs, an absorption peak and a shoulder
peak were obtained at approximately 210 and 240 nm, respectively
[40].  Using  acetonitrile  as  the  solvent  and  blank  background,  the
UV  absorption  spectrum  of  the  POMs  was  obtained  by  scanning
between  200  and  400  nm.  The  strongest  absorption  and  shoulder
peaks  were  obtained  at  215  and  240  nm,  respectively,  consistent
with previous studies (Fig. 2(c)).

In the TG curves of POMs, PPT and PPT-POM-PPT displayed
one  major  weight  loss  stage  from  30  to  600  °C  (Fig.  2(d)).  The
POM  curve  showed  weight  loss  values  mainly  due  to  the  loss  of

 

Figure 2    (a) 1H NMR spectrum of PPT-POM-PPT in DMSO-d6. (b) FT-IR spectra of PPT, POMs and PPT-POM-PPT. (c) UV–vis spectra of POMs, PPT and PPT-
POM-PPT. (d) TG curves of POMs, PPT and PPT-POM-PPT.
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water molecules and the decomposition of organic ligands [41]. At
approximately  190  °C,  the  PPT-POM-PPT  curve  showed  a
significant  weight  loss,  probably  due  to  the  dissociation  of  the
POMs  from  PPT.  As  the  temperature  increased,  the  weight  loss
became more pronounced. When the temperature reached 300 °C,
the  rate  of  weight  loss  slowed  down  and  was  very  close  to  the
proportion of POMs, indicating that most of the PPT was lost from
PPT-POM-PPT.  The  electrospray  ionization  mass  spectrometry
(EMI-MS) spectra of POMs and PPT-POM-PPT are shown in Figs.
S3 and S4 in the ESM. The molecular weight of POMs is 1881 Da
and  the  molecular  weight  of  PPT-POM-PPT  is  2633  Da.  Because
TBA  in  the  molecular  structure  is  prone  to  fracture  during
ionization, the complete molecular weight is not shown.

The crystallinity and structure of all samples were tested by X-ray
powder  diffraction  (Fig.  3).  The  simulated  XRD  results  of  the
POMs were fitted with the crystallographic information file CCDC-
189392  provided  by  the  Cambridge  Crystallographic  Data  Center
(CCDC)  as  the  initial  model  using  the  Mercury  software  [36].  As

shown in Fig. 3(a), the simulated and experimental XRD patterns of
the  POMs  have  similar  characteristic  diffraction  peaks,  indicating
that  the  structure  of  POMs  is  maintained.  The  curves  for  POMs
had  several  peaks  at  2θ of  8°–9°  and  11°–12°,  which  were
characteristic  of  an Anderson-type polyoxometalate  structure  [42].
The  XRD  results  showed  that  the  diffraction  peaks  of  PPT  and
POMs  were  not  simply  superimposed  but  wide  and  weak,
indicating that the interaction of PPT and the POM polyanion led
to the amorphous shape of the POMs and reduced crystallinity.

XPS  spectroscopy  analysis  of  the  elemental  composition  and
chemical  states  of  the  POMs  and  PPT-POM-PPT  (Fig.  3(b))
confirmed the presence of Mo, Mn, C, and O elements, which are
the  skeleton  components  of  POMs and  PPT-POM-PPT.  In  the  C
1s  spectrum of  POMs,  the  peaks  at  285.29,  284.59,  and 284.16  eV
corresponded  to  the  C–O,  C–N,  and  C–C  bonds,  respectively.
Similarly,  the peaks in PPT-POM-PPT were very close in value to
these. Likewise, the Mn 2p spectra for both POMs and PPT-POM-
PPT matched the characteristic  peaks indicative of  Mn2+.  The XPS

 

Figure 3    (a) The XRD spectrum of POMs, the simulated XRD spectrum of POMs created using Mercury software, and the XRD spectrum of PPT-POM-PPT. (b) XPS
spectra of POMs and PPT-POM-PPT. (c) XPS spectra of C 1s signals for POMs and PPT-POM-PPT. (d) XPS spectra of Mn 2p signals for POMs and PPT-POM-PPT.
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spectra of the POMs and PPT-POM-PPT were consistent in terms
of the element type and binding energy, which further verified the
structural stability of the POMs in PPT-POM-PPT. 

3.2    Determination of the CAC
CAC  refers  to  the  concentration  at  which  amphiphilic  molecules
begin  to  self-assemble  to  form  aggregates  [43].  CAC  can  be
measured  using  several  approaches,  including  physicochemical
methods,  such  as  electrical  conductivity  measurements  and
fluorescence  methods.  These  methods  utilize  alterations  in  the
macroscopic  parameters  to  measure  the  CAC  [44].  CAC  is
primarily  used  to  assess  the  capability  of  a  compound  to  form
aggregates,  indicating  it’s in  vivo stability  upon  dilution  [45].  The
CAC  of  the  PPT-POM-PPT  solution  with  varying  concentrations
at  five  distinct  temperatures  was  determined through conductivity
measurements and fluorescence spectrometry. 

3.2.1    Conductivity measurement

The  CAC  of  the  PPT-POM-PPT  solution  was  assessed  using  the
conductivity  method (Fig.  4(a)).  Electrical  conductivity,  a  measure
of  the  ability  of  a  system  to  conduct  an  electric  current,  increases
with increasing molecular  concentrations  as  more number of  ions
are  present  per  unit  volume  [46].  The  electrical  conductivity  of
amphiphilic  molecules,  which  exist  as  ions,  increased  almost
linearly  with  increasing  concentrations.  However,  when  the
solution concentration reached the CAC, the molecules conducted
electricity  in  the  form  of  aggregates,  and  the  conductivity  still
increased with concentration, but the change became smaller [47].
When the concentration of PPT-POM-PPT reached 24 μg·mL−1, the
linear  relationship  deviated,  and  the  slope  approached  a  plateau.
Therefore,  the  concentration  at  this  point  was  the  CAC  of  PPT-
POM-PPT.  With  an  increase  in  temperature,  the  CAC  decreased
from  24  to  21  μg·mL−1,  indicating  that  increasing  the  temperature
can  help  reduce  the  concentration  required  to  form aggregates  by
indirectly  accelerating  aggregate  formation.  Specifically,  high
temperatures  stimulated  more  intense  thermal  motion  between
molecules,  effectively  weakening  the  repulsive  effect  between
molecules.  This  enables  these  molecules  to  attract  and  aggregate
more efficiently, ultimately promoting aggregate formation. 

3.2.2    Fluorescence spectroscopy measurements

Pyrene is frequently employed as a fluorescent probe to investigate
the  microdomain  formation  of  amphiphilic  molecules  in  solution.
Their  unique  fluorescence  properties,  especially  the  intensity  ratio
of the first and third emission peaks (I1/I3), are used to evaluate the

degree  of  polarity  of  the  microenvironment  [48].  The I1/I3 ratio
changed  with  varying  PPT-POM-PPT  concentrations  (Fig.  4(b)).
At  low  concentration  ranges,  the I1/I3 value  remained  at
approximately  1.8,  similar  to  the  hydrophobic  index  of  pyrene  in
pure water environments. This suggests that no apparent aggregates
were  formed  within  this  concentration  range.  When  the
concentration  exceeded  10  μg·mL−1,  the I1/I3 value  decreased
sharply,  indicating that  PPT-POM-PPT started to form aggregates
and  dissolve  the  pyrene.  After  the  second  turning  point,  the I1/I3
value  remained  stable,  indicating  the  formation  of  almost  stable
aggregates  containing  a  large  number  of  pyrene  molecules.  When
the  concentration  exceeded  20  μg·mL−1,  the I1/I3 values  gradually
approached the equal state.  This confirmed that the CAC of PPT-
POM-PPT is 20 μg·mL−1,  consistent with the value obtained in the
conductivity measurement. The I1/I3 values decreased from 1.38 to
1.31 with the increase in temperature, indicating that the aggregates
were  more  closely  arranged  with  the  increase  in  temperature.
Increasing  the  temperature  caused  the  molecules  to  pack  closer
together,  crowding  out  more  water  molecules  and  reducing  the
amount  of  water  in  the  aggregate.  Therefore,  the I1/I3 value  of  the
pyrene molecules decreased in a more hydrophobic environment. 

3.3    Characterization of the PPT-POM-PPT vesicles
 

3.3.1    Morphology of the PPT-POM-PPT vesicles

Aggregates  are  formed when the  concentration of  the  PPT-POM-
PPT  solution  exceeds  their  CAC.  Dynamic  light  scattering  (DLS)
analysis showed that the PPT-POM-PPT vesicles (200 μg·mL−1) had
an average size of 126 nm and a size distribution or polydispersity
index (PDI) of 0.254 (Fig. 5(a)), indicating good dispersibility and a
narrow  distribution  range.  Transmission  electron  microscopy
(TEM) images showed that the aggregates were spherical (Figs. 5(c)
and 5(d))  with  a  significant  contrast  between  the  center  and  the
periphery,  which  is  characteristic  of  vesicles  [49].  PPT-POM-PPT
can  self-assemble  into  hollow  spherical  vesicles  with  an  average
diameter  of  approximately  100  nm.  However,  the  size  obtained
from DLS  measurements  was  slightly  larger  than  that  from TEM.
This might be due to the loss of  solvent during the preparation of
the samples for TEM. The self-assembling capability of PPT-POM-
PPT  containing  hydrophilic  and  hydrophobic  domains  can  be
attributed  to  the  hydrophobic  interactions  between  the  molecules
and electrostatic interactions between the POMs [50, 51].

The zeta  potential  of  the  PPT-POM-PPT vesicles  (200 μg·mL−1)
was −30.6  mV.  The  negative  charge  indicates  that  the  hydrophilic
POMs  are  located  on  the  outer  side  of  the  vesicles,  while  the

 

Figure 4    (a) The plots of electrical  conductivity, κ,  against concentration of PPT-POM-PPT. (b) The fluorescence intensity ratio I1/I3 of  pyrene as a function of PPT-
POM-PPT concentration.
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hydrophobic  PPT  face  inwards  (Fig.  5(b)).  The  advantage  of  a
negatively  charged  structure  is  that  it  has  low interaction  with  the
proteins  in  the  blood  after  intravenous  injection,  so  it  can  avoid
being  cleared  by  macrophages  or  the  reticuloendothelial  system.
This,  in  turn,  indicates  good  stability  of  the  vesicles  in  the  blood
circulation [52, 53]. 

3.3.2    Stability of the PPT-POM-PPT vesicles

Maintaining  a  stable  size  is  a  key  prerequisite  for  an  effective
delivery  system  [54].  Therefore,  the in  vitro stability  of  the  PPT-
POM-PPT  vesicles  was  evaluated  by  monitoring  the  size  changes.
The PPT-POM-PPT vesicles were stored at a constant temperature
of 4 °C in the dark for 1, 5, 15, and 30 days. As shown in Figs. 6(a)
and 6(b), the sizes of the vesicles remained almost unchanged after
30 days of storage, confirming the remarkable stability of the vesicle
system  under in  vitro conditions.  Moreover,  the  low  CAC  of  the
vesicles ensures that they maintain their stability and efficiency once
they  are  diluted  in  the  blood  after  injection.  After  being  diluted
1000 times, the size of the PPT-POM-PPT vesicles remained almost
unchanged, maintaining a stable size distribution, with only a slight
increase in the PDI value (Fig. 6(c)). These results showed that the
PPT-POM-PPT vesicles retain their structure after being diluted to
a  large  extent.  In  particular,  the  low  concentration  at  which  the
vesicles  were  diluted  was  not  equal  to  the  concentration  required
for them to self-assemble. In summary, the PPT-POM-PPT vesicles
had good dilution stability.

The  feasibility  of  formulating  solid  preparations  using  the
synthesized vesicles was evaluated using the size and distribution of
the lyophilized vesicles as the key performance indicators [55]. The
size and PDI of the PPT-POM-PPT vesicles increased slightly after

lyophilization,  indicating  that  these  vesicles  maintain  their
structural  stability  upon  lyophilization  (Figs.  6(d) and 6(e)).
Previous  studies  have  shown  that  the  incorporation  of  specific
amounts  of  cryoprotectants,  such  as  sucrose  and  mannitol,  can
significantly  enhance  the  efficacy  of  lyophilization  [56, 57].  Upon
adding  the  cryoprotectant  mannitol,  the  size  of  the  vesicles  was
almost  unchanged,  without  any  increase  in  PDI.  Consequently,
adding an appropriate quantity of cryoprotectant to the PPT-POM-
PPT  vesicles  improves  their  freeze-drying  and  reconstitution
properties, enabling their formulation into solid preparations. These
solid  preparations  exhibited  enhanced  storage  stability  over
extended periods. 

3.3.3    Hemolysis assay of the PPT-POM-PPT vesicles

The  hemolysis  experiments  revealed  a  gradual  increase  in  the
hemolysis  rate  with  an  increase  in  the  vesicle  concentration
(Fig.  6(f)).  At  the  maximum  concentration  of  the  vesicle  solution
(200 μg·mL−1), the hemolysis rate was 2.66%, which was within the
safe range required by national standards (not exceeding 5%). This
indicated  that  the  vesicles  had  low  hemolytic  activity  and  good
biocompatibility,  making  them  suitable  for  intravenous
administration  without  causing  adverse  effects  on  the  body.
Furthermore,  the  PPT-POM-PPT  vesicle  solutions  exhibited  good
plasma stability in vitro (Fig. S5 in the ESM). 

3.4    Cytotoxicity assay of PPT-POM-PPT
The  cytotoxicity  of  PPT-POM-PPT  vesicles  on  the  tumor  cells
H1299,  A549,  and Hep-G2,  and normal  hepatocytes  HEK293 was
evaluated  using  the  MTT  assay  (Fig.  7).  Free  PPT  showed
significant  dose-dependent  cytotoxicity  against  all  tumor  cells  and

 

Figure 5    (a) Size distribution of PPT-POM-PPT vesicles measured by DLS (200 μg·mL−1). (b) Zeta potential of PPT-POM-PPT vesicles measured by DLS (200 μg·mL−1).
The TEM images of the PPT-POM-PPT vesicles: (c) 200 and (d) 25 μg·mL−1.
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normal  HEK293  cell,  whereas  free  POMs  were  more  cytotoxic
toward the three cancer cells compared with PPT, with the highest
safety against normal HEK293 cells. Notably, the anticancer activity
of  the  PPT-POM-PPT  vesicles  was  significantly  enhanced  at
equivalent PPT and POM concentrations. At 200 μg·mL−1, the PPT-

POM-PPT  vesicles  reduced  the  activity  of  A549,  Hep-G2,  and
H1299  cells  by  66%,  63%,  and  76%  respectively.  These  findings
showed the potent inhibitory effects of PPT-POM-PPT vesicles on
lung  and  liver  tumor  cells,  particularly  on  H1299  tumor  cells,
whereas the inhibitory effect on normal HEK293 cells was relatively

 

Figure 6    (a) Size distribution of the PPT-POM-PPT vesicle solution at days 1, 15, and 30. (b) Trends in size of PPT-POM-PPT vesicle solutions over a period of 30 days.
(c)  Comparison  of  size  distribution  of  PPT-POM-PPT  vesicles  at  different  dilutions.  (d)  TEM  images  of  PPT-POM-PPT  vesicles  after  freeze-dried  redissolution.  (e)
Comparison of freeze-dried redissolution of PPT-POM-PPT vesicles. (f) Hemolysis rates of PPT-POM-PPT at the range of 5 to 200 μg·mL−1. Data presented as mean ±
SD, n = 3.

 

Figure 7    The cell viability of (a) H1299, (b) A549, (c) Hep-G2, and (d) HEK293 cells treated with different concentrations of PPT, POMs, and PPT-POM-PPT for 24 h.
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low.  The  PPT-POM-PPT  vesicles  were  specifically  able  to  inhibit
tumor  cell  proliferation  and  were  considered  safer  than  free  PPT.
PPT and POMs also exhibited cytotoxicity toward cancer cells.

After  48 h of  incubation,  the IC50 values of  the PPT-POM-PPT
vesicles on H1299, A549, and Hep-G2 tumor cells were 60.5, 61.4,
and 66.9  μg·mL−1,  respectively,  which were  lower  than that  for  the
normal  human  hepatocytes  HEK293  (115.5  μg·mL−1)  (Fig.  8 and
Table 1). The PPT-POM-PPT vesicles showed dose-dependent and
time-dependent  cytotoxicity.  At  24  h,  PPT-POM-PPT  showed
slightly  less  cytotoxicity  than  free  PPT  on  cancer  cells.  However,
when  treatment  was  extended  to  48  h,  the  cytotoxicity  of  PPT-
POM-PPT was significantly more than that of free PPT on cancer
cells.  Notably,  the  toxicity  of  PPT-POM-PPT  and  free  POMs
against normal cells decreased slightly when the time was extended
from  24  to  48  h,  indicating  that  free  POMs  and  PPT-POM-PPT
vesicles  were  safe  for  normal  cells.  The  enhanced  cytotoxicity  of
PPT-POM-PPT  vesicles  emphasized  their  efficacy  as  an  effective
intracellular drug delivery carrier for hydrophobic PPT.

These  results  were  confirmed  using  the  Annexin  V-488/PI  cell
apoptosis assay. Apoptosis-mediated cell death is assessed based on
distinct morphological alterations, such as chromatin condensation
and  DNA  fragmentation.  The  impact  of  PPT-POM-PPT  vesicles

on apoptosis was explored using flow cytometry after staining with
Annexin V and PI. The quadrants Q1 and Q2 in the upper region
indicate necrotic cells (positive for PI) and late-stage apoptotic cells
(positive for both PI and Annexin V), respectively, while Q3 in the
lower  right  represents  apoptotic  cells  (positive  for  annexin).  As
shown in Fig. 9(b), A549 cells exposed to 100 μg·mL−1 of PPT-POM-
PPT  for  24  h  demonstrated  an  apoptotic  rate  of  57.19%,
significantly  higher  than  that  of  the  untreated  control  group.
Therefore, the PPT-POM-PPT vesicles effectively induce apoptosis
in cancer cells. 

3.5    Cellular uptake of PPT-POM-PPT
After  incubation  with  PPT-POM-PPT  for  1,  3,  6,  and  12  h,  the
green  fluorescence  intensity  increased  with  time,  indicating  an
increase in the cellular internalization of the vesicles (Figs. 9(c) and
9(d)),  which  was  confirmed  by  quantitatively  analyzing  the
fluorescence  intensity.  The  green  fluorescence  signal  of  the  FITC-
labeled  PPT-POM-PPT  vesicle-treated  group  was  significantly
higher than that of the control group, irrespective of the incubation
time (1, 3, 6, and 12 h). The cellular uptake rate of PPT-POM-PPT
by A549 cells was 28.7%. The time-dependent internalization of the
vesicles observed using fluorescence microscopy suggested that PPT-

 

Figure 8    The cell viability of (a) H1299, (b) A549, (c) Hep-G2, and (d) HEK293 cells treated with different concentrations of PPT, POMs, and PPT-POM-PPT for 48 h.
 

Table 1    IC50 values of PPT, POMs and PPT-POM-PPT on H1299, A549, Hep-G2 and HEK293 cells (μg·mL−1)

Cell
PPT POMs PPT-POM-PPT

24 h 48 h 24 h 48 h 24 h 48 h

H1299 311.6 229.3 155.9 78.58 71.5 52.74
A549 266.5 196.2 159.0 126.3 92.41 58.23

Hep-G2 413.4 347.3 199.2 157.1 116.7 66.87
HEK293 273.8 112.7 571.2 447.97 503.5 497.8
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POM-PPT possesses enhanced in vitro antitumor efficacy.
Fluorescence  microscopy  was  used  to  observe  the  PPT-POM-

PPT-treated  A549  cells.  In Fig.  10(a),  the  experimental  groups  are
shown from left to right: bright-field A549 cells, FITC-labeled PPT-
POM-PPT  vesicles-treated  A549  cells,  and  the  merged  images  of
both.  Control  A549  cells  were  non-fluorescent.  After  incubation
with FITC-labeled PPT-POM-PPT vesicles, the A549 cells exhibited
green  fluorescence,  indicating  the  successful  loading  of  FITC  into
the PPT-POM-PPT vesicles.

The cellular uptake of FITC-labeled PPT-POM-PPT vesicles was
observed with CLSM using A549 cells  cultured with Lyso-Tracker
Red, a red dye used to label lysozymes, for 8 h (Fig. 10(b)). CLSM
images showed that the A549 cells incubated with the FITC-labeled
PPT-POM-PPT vesicles for 8 h exhibited green fluorescence. In the
merged  images,  the  red  fluorescence  of  the  lysosomes  overlapped
with  the  green  fluorescence  of  the  PPT-POM-PPT  vesicles,
presenting  mixed  colors  of  red  and  green.  This  indicated  that  the
FITC  signals  were  co-localized  with  the  tumor  cells.  Moreover,  as
shown  by  the  numerical  results  of  the  fluorescence  intensity,  the
uptake  of  the  PPT-POM-PPT  vesicles  by  A549  cells  was  higher
than  that  of  the  control.  Moreover,  the  FITC-labeled  PPT-POM-
PPT localized in the lysosomes within the A549 cells, indicated that
these  vesicles  might  exert  their  inhibitory  effect  via  the  lysosomal
pathway,  making  them  promising  candidates  for  anticancer  drug
applications.

As shown in the TEM images, the synthesized amphiphilic drug

PPT-POM-PPT  could  self-assemble  into  hollow  spherical  vesicles
in aqueous solutions. Intermolecular hydrophobic and electrostatic
interactions  between  POMs  were  the  main  driving  forces  for  the
self-assembly  of  the  PPT-POM-PPT  vesicles.  The  zeta  potential
confirmed  the  presence  of  a  negative  charge,  indicating  the
structural  characteristics  of  the  vesicles.  Based  on  this,  the
hydrophilic POM ends are oriented toward the periphery, while the
hydrophobic PPT ends are preferentially located within the interior
of  the  vesicles.  The  relatively  low  CAC  value  shows  the  high
stability  of  PPT-POM-PPT  in  aqueous  solutions.  Although  the
hemolysis  rate  was  shown to  rise  gradually  with  increasing  vesicle
concentrations,  this  rate  remained  within  the  acceptable  safety
limits. These results prove that the vesicles are highly safe, with low
hemolytic  toxicity  and  good  biocompatibility.  The  MTT  assay
showed  that  the  PPT-POM-PPT  vesicles  showed  stronger
anticancer  activity  against  H1299,  A549,  and  Hep-G2  tumor  cells
but  showed  relatively  lower  cytotoxicity  against  HEK293  normal
cells.  Compared with free PPT, PPT-POM-PPT vesicles were safer
toward  normal  cells  while  showing  significantly  higher  inhibitory
effects  on  cancer  cells.  The  CLSM  observations  confirmed  the
effective uptake of  the PPT-POM-PPT vesicles  by tumor cells  and
their  co-localization  with  lysosomes.  Therefore,  the  vesicles  were
successfully  transported  within  the  cell  and  could  be  effectively
released.  Existing studies  suggest  that  POMs exert  their  anticancer
effects  by  inhibiting  adenosine  triphosphate  synthesis,  interfering
with  electron  transfer,  increasing  ROS,  accelerating  glutathione

 

Figure 9    Cell  apoptosis  and  necrosis  of  A549  cells  by  flow  cytometry:  (a)  control  group  and  (b)  PPT-POM-PPT  group.  (c)  CLSM  images  of  the  A549  cells  after
treatment with FITC-labelled PPT-POM-PPT vesicles for 1, 3 , 6, and 12 h. Scale bars: 20 μm. (d) PPT-POM-PPT vesicles fluorescence intensity of the A549 cells treated
as described in (c) determined by Image J software.
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consumption,  directly  inducing DNA damage,  and promoting cell
apoptosis  [58, 59].  These  current  results  suggested  that  the
enhanced anti-cancer efficacy of the PPT-POM-PPT vesicles can be
attributed to a mechanism similar to that of POMs. The synthesis of
PPT-POM-PPT vesicles highlighted the potential and application of
POMs drugs in antitumor therapy,  providing a  novel  approach to
cancer treatment. 

4    Conclusion
POMs  can  inhibit  the  growth  of  various  tumors,  but  their
applications as anti-tumor agents are limited due to their low lipid
solubility  and  higher  dose  requirements.  To  overcome  these
drawbacks,  the  hydrophobic  anticancer  drug  PPT  was  covalently
modified  with  hydrophilic  POMs  in  organic  groups,  significantly
enhancing  its  anticancer  activity.  The  prepared  amphiphilic  drug
PPT-POM-PPT  can  self-assemble  into  vesicles  in  aqueous
solutions.  TEM  and  zeta  potential  analyses  revealed  that  these
vesicles were negatively charged hollow spherical structures, with a
hydrophilic  POM  terminal  on  the  periphery  and  a  hydrophobic
PPT  terminal  on  the  interior.  Their  low  CAC  values  attested  to
their  high  stability,  while  the  hemolysis  test  results  showed  good
compatibility with blood. MTT assays revealed that the PPT-POM-
PPT  vesicles  had  good  anti-cancer  activity  against  H1299,  A549,
and  Hep-G2  tumor  cells  while  exhibiting  lower  toxicity  toward
HEK293 normal cells. Therefore, these PPT-POM-PPT vesicles can
significantly  enhance  cancer  cell  inhibition  while  ensuring  safety
toward  normal  cells,  achieving  a  synergistic  effect.  CLSM imaging
revealed their effective intracellular uptake and co-localization with
lysosomes,  suggesting  a  potential  lysosomal  drug  delivery  and
release  pathway.  Our  findings  provide  valuable  insights  for  the
application of these vesicles in anti-tumor therapy.

These  novel  PPT-POM-PPT  vesicles  effectively  deliver  drugs

without requiring additional carrier materials, which improves drug
stability  and  biocompatibility.  Moreover,  they  integrate  the  anti-
tumor effects of PPT and POMs. These vesicles are effectively taken
up by tumor cells, inhibiting their growth. This dual mechanism of
action makes these POMs promising candidates for tumor therapy,
laying a theoretical  foundation for their future clinical  applications
and  uncovering  new  therapeutic  avenues.  Furthermore,  the
successful development of the PPT-POM-PPT vesicles underscores
the  potential  and  broad  application  prospects  of  POM  drugs  in
treating multiple diseases. 

Electronic  Supplementary  Material: Supplementary  material  (1H
NMR  spectra  of  PPT  and  POMs;  EMI-MS  spectra  of  POMs  and
PPT-POM-PPT;  plasma  stability  of  PPT-POM-PPT  vesicles)  is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/POM.2025.9140085. 
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Figure 10    (a) Fluorescence microscope observation of A549 cells  after treatment with PPT-POM-PPT vesicles.  (b) CLSM images of the A549 cells  treated with PPT-
POM-PPT  vesicles  for  8  h.  Scale  bars:  20  μm.  (c)  PPT-POM-PPT  vesicles  fluorescence  intensity  of  the  A549  cells  treated  as  described  in  (a)  determined  by  Image  J
software.
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