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Abstract   Magnetic resonance imaging (MRI) is one of the most widely used diagnostic techniques. Iron oxide nanoparticles, as a promising kind
of contrast agents, have attracted intense research interest due to their low toxicity and superparamagnetism. However, it is still  a great chal-
lenge to prepare ideal iron oxide based contrast agents with high uniformity, excellent water solubility and biocompatibility. In this paper, a nov-
el  water-soluble polymer ligand pentaerythritol  tetrakis  3-mercaptopropionate-poly(N-vinyl-2-pyrrolidone) (PTMP-PVP) was used as a capping
reagent to prepare iron oxide nanoparticles MIONs@PTMP-PVP through one-step co-precipitation of iron precursors in aqueous solution at 100
°C. The obtained nanoparticles MIONs@PTMP-PVP had a small size and narrow size distribution, and they were found to be biocompatible as de-
termined through CCK-8 assay and histology analysis. In vivo MRI study demonstrated that the obtained MIONs@PTMP-PVP can be potentially
used as an effective T2-weighted MRI contrast agent.
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INTRODUCTION

Magnetic  resonance  imaging  (MRI)  is  one  of  the  most  widely
used  diagnostic  techniques  in  medical  applications.[1−13] MRI
contrast  agents  are  a  series  of  contrast  media  that  can  greatly
improve the resolution and specificity of MRI by improving the
relaxation rate of  protons in the local  tissues of  the body.[14−18]

There  are  many  kinds  of  contrast  agents,  such  as
gadolinium(Gd)-based  contrast  agents  and  manganese  con-
trast  agents.[19−22] However,  tissue  toxicity  and  neurotoxicity
limit their clinical applications. In terms of low toxicity,[23−26] su-
per paramagnetic iron oxide nanoparticles (MIONs) have proved

to be one of the most promising contrast agents and have been
used clinically.[27−33] Iron oxide nanoparticles synthesized via the
pyrolysis of organometallic iron precursors possess high unifor-
mity and excellent magnetic properties, but the poor water sol-
ubility  hampers  their  further  biomedical  applications.[34−37]

Therefore,  it  is  a  great  challenge  to  prepare  ideal  iron- oxide-
based contrast agents with high uniformity, excellent water sol-
ubility, and biocompatibility.

In  this  study,  we  synthesized  iron  oxide  particles  by  using
co-precipitation  method  which  is  directly  dispersed  in  the
aqueous  phase  and  is  feasible  for  bio-applications.[38] The
conventional  co-precipitation  method  has  some  limitations,
such  as  low  monodispersity  and  low  crystallinity  due  to  the
low reaction temperature and less control over the size of the
particles.  Fortunately,  different types of protective molecules
or  capping  ligands  can  be  used  to  resolve  these  problems.
There  are  several  water-soluble  and  thioether-functionalized
polymer  ligands  for  the  synthesis  of  MIONs  with  promising
performance  in  MRI  performance.  Tan et  al.  prepared  highly

 

* Corresponding authors, E-mail: weitaoyang@tongji.edu.cn (W.T.Y.)
E-mail: xiaocs@ciac.ac.cn (C.S.X.)
E-mail: willieyan2003@hubu.edu.cn (W.Y.)

† These authors contributed equally to this work.
Received October  25,  2025;  Accepted November  30,  2025;  Published
online January 23, 2026

Chinese Journal of
POLYMER SCIENCE RESEARCH ARTICLE 
 

   
© Chinese Chemical Society www.cjps.org
     Institute of Chemistry, Chinese Academy of Sciences link.springer.com

 

https://doi.org/10.1007/s10118-025-3522-4
https://doi.org/10.1007/s10118-025-3522-4
https://doi.org/10.1007/s10118-025-3522-4
https://doi.org/10.1007/s10118-025-3522-4
https://doi.org/10.1007/s10118-025-3522-4
https://doi.org/10.1007/s10118-025-3522-4
https://doi.org/10.1007/s10118-025-3522-4
mailto:weitaoyang@tongji.edu.cn
mailto:xiaocs@ciac.ac.cn
mailto:willieyan2003@hubu.edu.cn
http://www.cjps.org
http://link.springer.com


water-soluble magnetic iron oxide nanoparticles protected by
dodecanethiol–polymethacrylic  acid  (DDT-PMAA),  which
were  optimized  to  produce  ultrasmall  ((4.6±0.7)  nm)  MIONs
with high magnetization (50 em·g–1).[39] The obtained results
indicated  that  these  multifunctional  MIONs  with  rich  surface
chemistry  exhibit  admirable  potential  in  biomedical  applica-
tions,  including  using  as  MRI  contrast  agents.  They  also  re-
ported the preparation of MIONs coated with a water-soluble
thioether  end-functionalized  polymer  ligand  pentaerythritol
tetrakis  3-mercaptopropionate-poly(methacrylic  acid)  (PTMP-
PMAA).[40] The saturation magnetization of nanoparticles with
TEM diameter 4.6 nm was found to be 45 em·g–1. Li et al. also
synthesized  ultrasmall  water-soluble  and  biocompatible
MIONs  modified  with  PTMP-PMAA  as  positive  and  negative
dual  contrast  agents  with  very  small  size  ((3.3±0.5)  nm)  and
highlighted  their  potential  as  dual T1–T2 or T1 contrast
agents.[41] Although  these  systems  enable  the  formation  of
MIONs  with  favorable  dispersibility,  they  typically  yielded
nanoparticles with relatively small core sizes and limited mag-
netization,  which  restricts  their  effectiveness  as T2-weighted
contrast agents, particularly for organ-specific imaging. More-
over, the lack of organ-targeting capability further limits their
practical  applicability.  Therefore,  it  is  essential  to  develop
more  suitable  polymer  ligands  for  regulating  the  nanoparti-
cle  size  within  a  more  appropriate  size  range,  thereby  en-
hancing  both  their  magnetic  properties  and  organ-specific
imaging performance.

Among  a  series  of  polymer  ligand,  poly(N-vinyl-2-pyrroli-
done)  (PVP)  is  an  important  water-soluble  polymer  ligand
that  has  been widely  used as  stabilizer  for  synthesis  of  mag-
netic  iron  oxide  nanoparticles.[42−45] PVP  has  2-pyrrolidone
unit in its polymer chain backbone, which can effectively co-
ordinate with iron oxide nanoparticles due to its high polarity.

In this study, we used a novel trithiol and thioether end-func-
tionalized  water-soluble  polymer,  pentaerythritol  tetrakis  3-
mercaptopropionate-poly(N-vinyl-2-pyrrolidone)  (PTMP-PVP),
as a capping ligand for the preparation of iron oxide nanopar-
ticles MIONs@PTMP-PVP through one-step co-precipitation of
iron precursors in an aqueous solution at 100 °C (Scheme 1a).
The  obtained  iron  oxide  nanoparticles  had  a  small  size  and
narrow  size  distribution,  as  observed  by  DLS  and  TEM,  and
they were found to be biocompatible, as determined through
CCK-8 assay and histology analysis. In vivo MRI study (Scheme
1b)  demonstrated  that  the  obtained  MIONs@PTMP-PVP  can
be  potentially  used  as  effective T2-weighted  MRI  contrast
agents.

EXPERIMENTAL

The details of the materials, instruments, and experimental pro-
cedures can be found in the electronic supplementary informa-
tion (ESI).

All  animal  procedures  were  approved  by  the  Institutional
Animal Care and Use Committee (IACUC) of Tongji University
(Ethics Approval Number: TJAA08124402).

RESULTS AND DISCUSSION

Synthesis and Characterization of MIONs@PTMP-PVP
Using  the  high-temperature  co-precipitation  method  devel-
oped by Li et al.,[41] MIONs were synthesized by the co-precipita-
tion of an aqueous iron precursor solution containing Fe3+ and
Fe2+ (molar ratio 2:1) by ammonia in the presence of PTMP-PVP.
The synthesis protocol is shown in Scheme 1(a).

As  we  know,  rapid  injection  of  precursors  can  lead  to  the
supersaturation  of  reactants  in  the  chemical  mixture,  which
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Scheme 1    (a) Graphical representation of the synthesis of polymer ligand PTMP-PVP and subsequent PTMP-PVP@MIONs preparation; (b) The
synthesis protocol of MIONs@PTMP-PVP and its liver MR imaging application.
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causes  an  initial  burst  of  nucleation  at  once  followed  by  the
growth  of  nuclei,  leading  to  the  formation  of  monodisperse
inorganic  NPs.  What's  more,  the  presence  of  HCl  in  the  pre-
cursors  can  avoid  hydrolysis  and  condensation  prior  to  the
addition of precipitation agents. The size, shape and magnet-
ic properties of the MIONs were controlled by using different
concentration of polymer ligand during their preparation.

In order to determine the actual size of MIONs, TEM analy-
sis was performed. As shown in Figs. 1(a) and 1(b), MIONs pre-
pared with PTMP-PVP had a very small  size of (11.7±1.5) nm.
Fig.  1(c)  shows  the  DLS  of  MIONs  prepared  with  PTMP-PVP.
The  hydrodynamic  size  is  approximately  44  nm.  The  actual
size  of  the  MIONs  determined  by  TEM  was  smaller  than  that
obtained  by  DLS,  which  is  attributed  to  the  presence  of  the
extended  layer  of  the  hydrated  polymer  ligand  around
nanoparticles in aqueous media.[46]

The FTIR spectrum is shown in Fig. 1(d), where the band at
1662  cm–1 corresponds  to  the  carbonyl  groups  (―CO―)  of
the pyrrolidone group of the polymer ligand, which shifted to
1627 cm–1 in the FTIR spectrum of MIONs@PTMP-PVP, indicat-
ing the interaction of the ―CO― groups to the NPs surface.
The  band  at  1294  cm–1 is  due  to  the  C―N  stretching  vibra-
tion of the pyrrolidone group of the polymer ligand. The char-
acteristic  absorption  bands  at  590  and  584  cm–1 in  the  FTIR
spectrum  of  MIONs@PTMP-PVP  belong  to  the  stretching  vi-
bration mode of the Fe―O bonds in iron oxide NPs.[40] Over-
all, these FTIR spectra suggest the incorporation of PTMP-PVP
into the MIONs.

To  further  verify  the  attachment  of  PTMP-PVP  to  MIONs
and  investigate  the  thermal  stability  of  the  MIONs@PTMP-
PVP, thermogravimetric analysis (TGA) was performed using a
TGA  Q500  (Fig.  1e).  MIONs@PTMP-PVP  was  reduced  by  ap-
proximately 90% at 460 °C, while bare MIONs showed no ob-

vious change. It was concluded that the MIONs accounted for
10% of the weight of MIONs@PTMP-PVP.

The  crystalline  structure  and  phase  of  the  iron  oxide  in
MIONs@PTMP-PVP were determined by XRD analysis (Fig. 1f).
It  can  be  clearly  seen  that  the  peaks  present  at  2θ=32.9°,
35.7°,  40.5°,  47.0°,  52.9°,  58.5°,  68.5°,  and 78.2° corresponding
to the (220), (311), (222), (400), (422), (511), (440), and (533) re-
flections  of  magnetite,  respectively,  indicating  the  presence
of  crystalline  spinel  structured  magnetite  (Fe3O4)  phase  of
iron oxide.

Salt  stability  tests  were  performed  with  aqueous  disper-
sions of MIONs@PTMP-PVP and were found to be stable up to
a  high salt  (NaCl)  concentration (2.5  mol/L)  (Fig.  2a).  The hy-
drodynamic diameters in different concentrations of NaCl so-
lution  after  24  h  and  the  relaxivity  time  (T1 and T2)  in  RPMI
Medium 1640 (10% FBS) in different times did not change sig-
nificantly (Figs. 2b and 2c).

Magnetic Properties Characterization and In vitro MRI
The  magnetic  curves  of  the  MIONs@PTMP-PVP  were  obtained
by  cycling  the  magnetic  field  between –10  and  +10  kOe.  As
shown  in Fig.  3(a),  MIONs@PTMP-PVP  have  a  high  saturation
magnetization of 58 emu/g without any evident remanence or
coercivity  at  300  K,  which  is  lower  than  the  bare  MIONs  (70
emu/g).[47] It  should  be  noted  that,  for  MIONs@PTMP-PVP,  the
saturation  magnetization  has  been  corrected  for  the  contribu-
tion from the magnetically dead polymer layer around the NPs,
as determined by TGA (Fig. 1e).

To  determine  the  relaxivity  of  MIONs@PTMP-PVP  in  water
solution,  longitudinal  (T1)  and  transverse  proton  relaxation
times  (T2)  were  measured  at  various  Fe3+ concentrations  us-
ing a minispec mq 60 NMR analyzer (Bruker,  Germany) oper-
ating  at  1.41  T  and  37  °C.  Different  concentrations  of
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Fig. 1    (a) TEM image of MIONs@PTMP-PVP; (b) Particle size distribution histograms of MIONs@PTMP-PVP; (c) DLS data of MIONs@PTMP-PVP in
water;  (d)  FTIR  spectra  of  PTMP-PVP  and  MIONs@PTMP-PVP;  (e)  TGA  curves  of  bare  MIONs  and  MIONs@PTMP-PVP;  (f)  XRD  pattern  of
MIONs@PTMP-PVP.
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MIONs@PTMP-PVP  for  relaxivity  characterization  were  ob-

tained by diluting with deionized water. As shown in Fig. 3(b),

the r2 relaxivity is 231.06 L·mmol–1·s–1, such a high r2 relaxivity

makes  MIONs@PTMP-PVP  capable  of  being  a  kind  of T2 con-

trast. Fig.  3(c)  shows T2-weighted  images  of  MIONs@PTMP-

PVP in  vitro with decreasing  Fe  concentrations  (from  left  to
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Fig.  2    (a)  Images and (b)  hydrodynamic diameters of  MIONs@PTMP-PVP at  different concentrations of  NaCl  solution after  24 h;  (c)  Relaxivity
time (T1 and T2) of MIONs@PTMP-PVP in RPMI Medium 1640 (10% FBS) with different time.
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Fig.  3    (a)  Magnetization  curves  of  bare  MIONs  and  MIONs@PTMP-PVP;  (b) T1 relaxation  rates  (1/T1)  and T2 relaxation  rates  (1/T2)  of
MIONs@PTMP-PVP; (c) Corresponding relative signal intensities under different Fe concentrations; (d) T2-weighted images of MIONs@PTMP-PVP
under different Fe concentrations.
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right). Correspondingly, the signal brightness increases as the
Fe concentration decreases. This trend is further demonstrat-
ed in Fig. 3(d).

It  is  therefore  concluded  that  owing  to  its  high  relaxivity,
MIONs@PTMP-PVP  can  be  a  potential  candidate  as  an  MRI
contrast agent.

Cytotoxicity Study of MIONs@PTMP-PVP
The biocompatibility of the MIONs@PTMP-PVP was determined
through  an in  vitro cytotoxicity  analysis  performed  on  DC  2.4
(dendritic  cells). Fig.  4(a)  shows  the  percent  cell  viability  of  DC
2.4, which was determined by the CCK-8 assay, after incubation
of cells with different concentrations of MIONs for 24 and 48 h.
Cell  viability  determined  at  zero  concentration  of  MIONs  was
taken as  100%.  MIONs@PTMP-PVP exhibited negligible  toxicity
for DC 2.4. As a result, cell viability was maintained at a high lev-
el  (>80%),  even  when  incubated  with  concentrated  Fe  (200
μmol/L).  The  cytotoxicity  study  of  MCF-7  cells  was  similar,  and
cell  viability  was  higher  (Fig.  4b).  These  cytotoxicity  data  indi-
cate  the  great  potential  of  the  MIONs@PTMP-PVP  for in  vivo
imaging.

In vivo MRI Study and Biodistribution of
MIONs@PTMP-PVP
To evaluate in vivo biodistribution, ICR female mice were inject-
ed with 2.5 mg Fe per kg body weight of MIONs@PTMP-PVP via
the  tail  vein.  At  different  time  points  post-injection,  mice  were
anesthetized and sacrificed. The main organs were removed for
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis of Fe (Fig. 5). ICP analysis shows uptake and reten-
tion of MIONs@PTMP-PVP primarily in the liver.  The concentra-
tion of Fe in the liver gradually decreased.

Iron oxide nanoparticles  have been extensively developed
for the diagnosis of liver diseases because they are highly tak-
en  up  by  the  hepatic  Kupffer  cells.  Thus,  we  focused  on  the
liver as the target region to evaluate the in vivo MRI effects of
MIONs@PTMP-PVP. Liver T2-weighted MRI was obtained in vi-
vo before  and  after  the  intravenous  injections  of
MIONs@PTMP-PVP  at  the  dosage  of  2.5  mg  Fe  per  kg  body
weight.  As  shown  in Fig.  6,  hypointensities  induced  by
MIONs@PTMP-PVP  can  be  readily  observed  in  the  liver  at  10
min  after  injection.  The  contrast  in  the  liver  began  to  de-
crease 8 h after injection because of liver clearance. To quanti-

fy  the  contrast  enhancement,  we  calculated  the  signal-to-
noise  ratio  (SNR)  by  finely  analyzing  the  regions  of  interest
(ROIs)  of  the transverse  images and defined the contrast  en-
hancement  as  the  decrease  of  the  SNR  (ΔSNR  =  (SNRpost-
SNRpre)/SNRpre).  Contrast  enhancement indicated the accu-
mulation  of  MIONs@PTMP-PVP  in  the  liver,  demonstrating
that  MIONs@PTMP-PVP  can  potentially  be  used  as  an  effec-
tive T2-weighted MRI contrast agent.

Histological Analysis
To further study the toxicity of MIONs@PTMP-PVP in vivo, histo-
logical  assessment  of  tissues  was  conducted  to  determine  tis-
sue damage,  inflammation,  or  lesions from toxic  exposure.  Tis-
sues obtained from the harvested organs were analyzed to as-
sess signs of  potential  toxicity.  Histological  analysis  can be car-
ried out  by administration of  MIONs@PTMP-PVP into mice in a
subsequent 14 days period.

The  liver,  heart,  spleen,  hung,  kidney,  and  intestines  were
chosen for the in vivo test because they retained most of the
injected  nanoparticles.  All  investigated  organs  of  the  experi-
mental  mice were normal,  preserving the same structures as
those of the control group, as shown in Fig. 7. Hepatocytes in
the  liver  and  spleen  samples  appeared  normal,  and  there
were  no  inflammatory  infiltrates.  The  glomerulus  structure
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proliferation assay.
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could  be  easily  distinguished  in  the  kidney  samples.  No
necrosis  was  found  in  any  group.  The  observed  biocompati-
bility is attributable to green chemical synthesis.

CONCLUSIONS

In summary, we have successfully prepared novel magnetic iron
oxide  nanoparticles  coated  with  PTMP-PVP.  The  obtained
MIONs@PTMP-PVP exhibited excellent water solubility and high
stability in NaCl solutions across a concentration range of 0–2.5
mol/L. In  vivo MRI  results  demonstrate  the promising potential
of  MIONs@PTMP-PVP  as  a  liver-specific  magnetic  resonance
imaging  agent.  Biodistribution  analysis  further  indicated  that
these nanoparticles were primarily taken up and retained in the
liver. Both the in vitro CCK-8 assay and in vivo histological analy-
sis  confirmed  the  very  low  toxicity.  These  MIONs  also  showed

high  relaxivity  and  improved  MRI  contrast  performance.  Based
on the comprehensive experimental results, MIONs@PTMP-PVP
demonstrated  great  potential  for  liver-specific  magnetic  reso-
nance imaging.
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Fig. 6    In vivo MR imaging guidance in tumor-bearing mice. (a) Time-dependent in vivo MR of tumor before and after intravenous injection of
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