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ABSTRACT: Structural  regulation  of  magnetic  nanomaterials  has
been  pivotal  for  enhancing  their  magnetic  properties  and  improving
their  performance  in  biomedical  imaging.  While  numerous  studies
have  focused  on  mesoscopic  tuning  of  these  nanocrystals,  the
desired  level  of  precision  has  not  been  consistently  achieved.  The
advent  of  atomic-level  manipulation  of  nanostructures  presents  a
sophisticated  approach  to  the  precise  modulation  of  magnetism.
However,  a  comprehensive  understanding  of  how  to  modulate
magnetism  at  the  atomic  level  has  remained  elusive,  impeding  the
advancement of this technique. This review aims to bridge this gap by
conducting a thorough examination of  the application of  atomic-level
techniques  in  magnetically  modulating  nanocrystals  for  biomedical
imaging.  It  will  synthesize  current  knowledge,  elucidate  the
fundamental  principles  of  atomic-level  magnetic  modulation,  and
highlight  the  contemporary  biomedical  imaging  applications  of  these
nanocrystals.  The  review  will  also  discuss  the  challenges  currently
encountered  and  provide  insights  into  emerging  trends,  suggesting
potential  directions  for  future  research,  thereby  guiding  the
development of this rapidly evolving field.
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1    Introduction
Structure is universally recognized as the fundamental characteristic
that determines the properties of matter. Through precise control of
structural  parameters  at  different  scales,  remarkable  progress  has
been achieved in  the  advancement  of  high-performance  materials,
evident  in  both  research  and  industrial  settings  [1−4].  In  the
domain of  nanoscale  materials,  key attributes  such as  particle  size,
shape,  and crystalline  structure  are  pivotal  in  dictating  the  optical,
thermoelectric,  and  magnetic  properties  of  inorganic  nanocrystals

[5−9].  These  characteristics  have  proven  invaluable  in  improving
performance across a spectrum of fields, including energy, catalysis,
and nanomedicine [10−12].

As  a  quintessential  example,  the  precise  manipulation  of  the
structure of magnetic nanocrystals has been strategically utilized to
fine-tune  their  magnetic  properties,  which  in  turn  enhances  the
sensitivity  and  specificity  of  biomedical  imaging  techniques
[13−18].  Core  magnetic  properties  such  as  magnetization,
coercivity,  and  magnetic  anisotropy  are  crucial  for  correlating
nanostructure  design  with  the  efficacy  of  biomedical  imaging
[19−21]. There has been a significant investment of research efforts
in  elucidating  the  mechanisms  that  dictate  the  interplay  between
structural  attributes  and  magnetic  behavior  of  nanocrystals,  with
the  aim  of  optimizing  their  magnetic  responses  [22−26].  Despite
the  progress  that  has  yielded  relatively  optimized  nanoprobes  and
consequent  enhancements  in  disease  detection  through  imaging,
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these  methodologies  still  grapple  with  achieving  the  requisite
precision  and  control  in  modulating  the  nanoarchitecture.  For
example,  although  extensive  studies  have  focused  on  augmenting
the T1 relaxivities  of  ultrasmall  iron  oxide  nanoparticles  via  size
optimization,  a  definitive  consensus  on  the  underlying  variation
patterns  or  the  optimal  size  remains  elusive  [15, 17, 27, 28].  This
underscores  the  need  for  a  more  refined  approach  that  provides
exacting  control  over  the  directional  modulation  of  magnetic
properties,  thereby  facilitating  the  creation  of  more  sophisticated
and  responsive  magnetic  nanocrystals  for  the  advancement  of
biomedical imaging.

The coordinated alignment of atomic magnetic moments within
a  nanocrystal,  driven  by  their  complex  interactions,  results  in  the
nanocrystal’s  macroscopic  magnetic  moment  [29−31].  Achieving
atomic-level  precision  in  modulation  allows  researchers  to  control
the spatial arrangement and chemical composition of atoms within
these  nanocrystals,  thereby  fine-tuning  their  magnetic  properties
[32−34].  For  example,  the  doped  inclusion  of  exogenous
gadolinium ions,  renowned for  their  substantial  outmost  unpaired
electrons,  into  the  lattice  of  ferrite  nanocrystals  in  a  site-selective
manner,  significantly  enhances  the  overall  net  magnetic  moment

[35]. This enhancement leads to a decrease in coercive force and an
enhancement  in  super-paramagnetism,  thereby  improving  the
nanocrystals’ properties  for  biomedical  applications.  Beyond  these
internal  atomic  rearrangements,  recent  studies  have  also
emphasized  the  importance  of  interatomic  interaction  between
ligand  and  metal  atoms  [36−38].  Phenomena  such  as  induced
atomic  segregation  and  the  creation  of  permanent  magnetic
moments  on  the  particle  surface  have  a  significant  impact  on  the
modulation of nanocrystals’ magnetism. Despite these insights, the
area  of  ligand-mediated  atomic  regulation  remains  in  its  infancy.
The  emerging  methods  of  atomically  precise  magnetism
modulation  have  attracted  considerable  attention  and  are
increasingly being incorporated into the field of biomedical imaging
[36, 37, 39, 40]. However, the literature lacks systematic reviews that
explore  these  strategies  in  depth.  This  review  aims  to  address  this
gap  by  providing  a  comprehensive  analysis  of  how  atomic-level
techniques are applied in the magnetic modulation of nanocrystals
for  biomedical  imaging.  It  will  synthesize  the  current  body  of
knowledge,  clarify  the  foundational  principles  of  representative
atomic-level  magnetic  modulation,  highlight  the  contemporary
applications  of  these  nanocrystals  within  biomedical  imaging,  and

 

Figure 1    Schematic  illustration  of  the  major  strategies  of  atomic-level  magnetism  modulation.  Current  strategies  mainly  involve  metal  alloying,  metal  ion  doping,
distance-dependent  magnetic  interactions,  and metal-ligand interaction-mediated magnetism modulation.  Parameters  such as  saturation magnetization (Ms),  magnetic
moment (μB), and coercivity can be finely tuned to meet biomedical imaging requirements. The inset images about ligand-induced atomically segregated alloy nanoprobe
is  reproduced  with  permission  from  Ref.  [36],  ©  American  Chemical  Society  2024.  The  inset  images  about  ligand-mediated  magnetism-conversion  nanoprobe  is
reproduced  with  permission  from  Ref.  [37],  ©  Wiley-VCH  GmbH  2024.  The  inset  images  about  the  magnetic  resonance  enhancement  tuning  (MRET)  effect  is
reproduced  with  permission  from  Ref.  [46],  ©  Springer  Nature  Limited  2017.  The  inset  images  about  adjacent  effect  of  the  proximal  cation  ions  is  reproduced  with
permission from Ref. [62], © The Royal Society of Chemistry 2023.
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outline  the  existing  challenges.  Additionally,  it  will  offer
perspectives on emerging trends and potential directions for future
research,  thereby  guiding  the  advancement  of  this  dynamic  field
(Fig. 1). 

2    Atomic-level magnetism modulation strategies
Principally, atomic-scale engineering of nanocrystals entails precise
control over atomic arrangements the nanocrystal lattice, including
lattice  geometry,  atomic  positioning,  and  interatomic  spacing
[41−45].  In  the  realm  of  atomic-level  magnetism  modulation,
recent  research  has  predominantly  concentrated  on  techniques
such as atomic configuration regulation, atomic distance regulation
and metal-ligand interaction, which are concretely applied as metal
alloying and ion doping, distance-dependent magnetic interactions
and metal-ligand interaction-mediated magnetism modulation [37,
46−49].  By  employing  these  strategies,  key  magnetic  parameters
such as saturation magnetization (Ms), magnetic moment (μB), and
coercivity  can  be  precisely  tuned  to  meet  specific  imaging
requirements  and  improve  the  performance  of  nanocrystals  in
biomedical applications. 

2.1    Metal alloying and metal ion doping
The  crystalline  structure  of  a  nanocrystal  is  fundamental  to  its
magnetic  properties  because  it  dictates  the  atomic  and  electronic
environment  in  which  the  magnetic  moments  exist  and  interact.
The  structural  factors,  such  as  lattice  geometry,  symmetry,  atomic
arrangement,  and  so  forth,  shape  the  electronic  environment  and
atomic interactions, thus affecting magnetization, susceptibility, and
response to magnetic fields. Therefore, using atomic adjustment to
govern  crystalline  structure  is  a  direct  and  effectual  strategy  for
modulating their magnetism, which mainly involves metal alloying
and metal ions doping.

In recent years,  the controlled synthesis of bimetallic nanoalloys
combining  noble  with  base  metals  has  represented  a  promising
approach  for  tailoring  the  magnetic  properties  and  elemental
distribution  within  these  particles  [23, 50, 51].  For  example,
nanoalloys,  such  as  FePt  and  FeCo,  typically  exhibit  higher
magnetic  moments  compared  to  conventional  ferromagnetic
nanocrystals.  This  enhancement  is  due  to  the  exchange  coupling
interactions that align their magnetic spins in parallel to the external
magnetic  field,  thereby  increasing  their  overall  magnetic  response.
When  compared  with  iron  oxide  nanoparticles,  FeCo-based
nanocrystals  displayed  nearly  a  2  times  higher  magnetic  moment
(2.4 μB vs.  ~  1.3 μB)  [52],  which  held  good  promise  in  enhancing
signal  intensity  in  magnetic  imaging,  particularly T2-weighted (T2-
W) magnetic resonance imaging. Despite this, considering that the
intensified T2 decaying effect is always along with rapidly dephased
longitudinal  magnetization  (Mz),  magnetic  nanoalloys  with  higher
magnetic  moments  are  detrimental  to T1 contrast  enhancement.
This puts forward demands to weaken the T2-decaying effects while
enhancing  the  recovery  of  Mz for T1-Weighted  (T1-W)  imaging.
Given  these,  our  group  has  recently  reported  antiferromagnetic
FePt  nanoprobes  (AFNPs)  for  tailored  ultrahigh-field  (UHF) T1
MR  contrast  enhancement,  which  present  antiparallel  magnetic
moments  compared  with  traditional  paramagnetic  nanoprobes
(PMNPs),  and  thus  have  extremely  small  magnetization  than  that
of  PMNPs  (Figs.  2(a)−2(d))  [53].  These  contributed  to  a  much
lower T2 relaxivity (r2) and a better T1 contrast enhancement under
UHF  (Figs.  2(e)−2(g)).  Therefore,  the  rational  design  of  alloyed
magnetic  nanocrystals  with  proper  magnetic  moments  could

selectively  improve the T1 or T2 contrast  ability  for  realizing high-
resolution magnetic resonance imaging (MRI). In addition, doping
with  transition  metal  ions  or  rare  earth  metal  ions  represents
another  effective  way  of  tuning  internal  crystalline  structure  and
magnetic  properties  of  nanocrystals  [39, 40, 54−56].  In  a  typical
magnetic iron oxide with spinel or inverse spinel structure, Fe2+ and
Fe3+ ions are distributed in either octahedral (Oh) or tetrahedral (Td)
sites. In Oh sites, magnetic spins are aligned parallel, whereas in Td
sites,  they  are  oriented  antiparallel  to  an  external  magnetic  field.
Therefore,  the net magnetic moment is  the residual spin magnetic
moment  post  the  antiferromagnetic  interaction.  The  doping  of
external  metal  ions  alters  the  positions  that  metal  cations  occupy
within  the  lattice,  thereby  leading  to  notable  modifications  to  the
number  of  unpaired  outer  electrons  in  the  nanoparticles,  the
crystalline  structure,  and  also  the  magnetic  characteristics
(including  saturation  magnetization,  susceptibility,  and  magnetic
moment, along with coercivity).

For  example,  Cheon and co-workers  first  proposed  a  transition
metal  doping  strategy  for  increasing  the T2 relaxivity  of  ferrite
nanoparticles  by  tuning  their  magnetic  moment  [57].  They
fabricated  a  series  of  ferrite  nanoparticles  termed  MFe2O4,  where
the external  M2+ (M = Mn,  Ni,  and Co) was readily  introduced to
displace  Fe2+.  The  estimated  magnetic  moments  per  unit  of
MnFe2O4,  Fe3O4,  CoFe2O4,  and  NiFe2O4 were  5,  4,  3  and  2 μB,
respectively,  where  the Ms value  of  these  nanoparticles  gradually
decreased from 110 emu·g−1 for MnFe2O4 to 85 emu·g−1 for NiFe2O4.
Therefore,  the MnFe2O4 NPs displayed the highest T2 relaxivity  of
358 mM−1·s−1,  which is  2 times higher than that of iron oxide NPs.
Accordingly,  compared  to  transition  metal  ions,  rare  earth  metal
ions,  such  as  holmium  ions  (Ho3+),  dysprosium  ions  (Dy3+),  and
gadolinium  ions  (Gd3+),  feature  the  largest  number  of  outmost
unpaired  electrons,  and  thus  have  the  potential  to  dramatically
enhance  the  magnetic  moment  of  ferrite  NPs  with  lower  doping
content. For example, Wu and co-workers have synthesized a series
of  low-dose  Gd3+ doped iron oxide  nanoclusters  with  different  Gd
content [35]. The external Gd3+ ions tend to occupy the Fe3+ in the
Oh site  first,  which  thereby  results  in  an  increased  net  magnetic
moment. When higher content of Gd3+ ions was introduced, some
of  them  were  inclined  to  replace  the  Fe3+Td,  thus  leading  to  a
decreased  net  magnetic  moment.  Notably,  to  balance  the  energy
increment  of  single-site  doping,  the  Gd3+ ions  replacement  will
occur  in  the  two  sites  alternately  with  the  increasing  of  Gd3+ ions
content,  thereby  the  net  magnetic  moment  remains  steady  and
fluctuating. These provided an effective approach to finely tune the
Gd3+ ions  content,  reduce  the  coercive  force,  and  obtain  the  best-
performing T2 magnetic resonance (MR) contrast agents. The final
Gd0.072Fe2.928O4 NCs have shown an extremely high r2 value under
7.0  T  MRI,  approximately  4  times  higher  than  that  of  pristine
magnetic iron oxide NPs (MIONPs). Despite these advances, there
are  rarely  research  works  focusing  on  the  structural  regulation  by
atomic  doping  for  enhancing  the T1 contrast  performance  of
nanoprobe,  particularly  under  ultrahigh-field  magnetic  resonance
imaging  (UHF)-MRI,  where  the  longitudinal  relaxation  of  water
proton  is  susceptible  to  strong T2-decaying  effect.  To  address  this
issue,  our  group  has  recently  developed  structural  defect-enabled
magnetic  neutrality  nanoprobes  (MNNs)  comprising  ultrasmall
zinc-doped  ferrite  (ZnxFe3−xO4)  nanoparticles  for  UHF-MRI  [48].
On  the  one  hand,  the  introduction  of  diamagnetic  zinc  atoms
influences the magnitude and orientation of the magnetic moments
within the nanoparticles. On the other hand, the increase in oxygen
vacancies  (OVs),  induced  by  zinc  doping,  intensifies  the  internal
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spin-canting  effect,  which,  in  conjunction  with  the  surface  spin-
canting effect,  results  in a  notable  decrease in magnetization (Figs.
3(a)−3(c)). Moreover, with the Zn content in ZnxFe3−xO4 increasing,
the  longitudinal  relaxivities  (r1)  increased  from  ~  0.36  to  ~  1.86
mm−1·s−1,  while  the  transverse  relaxivities  (r2)  exhibited  a  gradual
decrease from ~ 3.91 to ~ 1.96 mm−1·s−1 aligning with the trend in
maximum  magnetization  (Fig.  3(d)).  Meanwhile,  the r2/r1 values
displayed a significant drop (from ~ 10.96 to ~ 1.06) following the
increase  of  Zn ratio  (Fig.  3(e)).  Conclusively,  this  synergistic  effect
induced  by  Zn doping  presents  a  state  of  magnetic  neutrality  that
minimizes  the T2-decay  effect  and  enhances  the T1 contrast
capability of the MNNs, making them highly sensitive to UHF-MRI
(Fig. 3(f)). 

2.2    Distance-dependent magnetic interactions
In  addition  to  magnetism  modulation  through  atomic
hybridization  within  the  crystalline  structure,  the  distance-
dependent  magnetic  interaction  has  been  established  as  another

potent method for adjusting magnetic properties. A prime example
of  this  is  the  magnetic  resonance  enhancement  tuning  (MRET)
effect.  The  MRET  effect  was  first  reported  by  Cheon  and  co-
workers  in  2016,  which  is  a  nanoscale  distance-dependent T1 MR
phenomenon  occurring  between  a  superparamagnetic  quencher
and  a  paramagnetic  enhancer  [46, 58].  Unlike  typical T1 contrast
agents featuring constant signal, an MRET nanoprobe is composed
of  a  quencher-like  superparamagnetic  ferrite  nanoparticle  and  a
paramagnetic metal ion as an enhancer, both of which are linked by
a specific chemical bond, where the T1 MR signal state could be well
controlled  through  the  structural  change  of  this  nanoprobe.  In
principle,  the  action  mechanism  of T1 contrast  agents  highly
depends  on  the  electron  spin  fluctuation-accelerated  water  proton
relaxation,  which  then  results  in  an  enhanced T1 MR  signal.  This
process will take effect when the distance between the enhancer and
the quencher is greater than a critical value (dc), where the quencher
can scarcely exert influence over the distant enhancer (Fig. 4(a)). As
the  enhancer  and  the  quencher  get  closer  to  each  other,  the  spin

 

Figure 2    Metal  alloying-mediated magnetism modulation of  nanocrystals  for biomedical  imaging.  (a)  The imaging mechanism of PMNPs and AFNPs at  UHF-MRI.
Transmission electron microscopy (TEM) images of (b) PMNPs and (c) AFNPs, scale bars: 20 nm. (d) Schematic diagram of the spin directions of AFNPs and PMNPs at
an external magnetic field, as well as the magnetic moments and magnetization. (e) T1- and T2-W images of AFNPs and PMNPs. (f) 1/T1 and (g) 1/T2 values of AFNPs
and PMNPs. Reproduced with permission from Ref [53], © Liang, Z. et al. 2021.
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fluctuation  will  be  slowed  and  thus  unable  to  accelerate  the  water
proton  relaxation.  According  to  this  mechanism,  the  key  to
controlling  the  MR  signal  state  is  the  separation  distance.  In  this
pioneering work, Cheon and co-workers have initially synthesized a
series of MRET probes comprising Zn0.4Fe2.6O4 NPs and Gd-DOTA
for  proof  of  concept,  where  the  silicon  dioxide  served  as  the
separating  layer  to  control  the  distance.  It  was  found  that  as  the
separating distance decreased from 18 to 2 nm, the T1 relaxivity of
this  MRET  nanoprobe  reduced  from  1.58  to  0.13  mM−1·s−1

(Figs. 4(b) and 4(c)). Notably, when the practical distance was set to
7  nm,  the T1 MRI  quenching  efficiency  was  50%,  therefore  this
value  was  determined  as  dc (Fig.  4(d)).  Besides,  by  delicately
designing nanoarchitecture with proper chemical or biologic linker

bridging  the  enhancer  and  the  quencher,  numerous in  vivo
physiological  or  pathological  biomarkers  could be  precisely  sensed
qualitatively  and  quantificationally  with  MRET  probe-based
molecular  MR imaging technology through the responsive  change
of molecular conformation or breaking of chemical bond, which is
crucial  for  understanding  microscopic  biological  process  and
realizing  high-sensitivity  disease  diagnosis  [59, 60].  Based  on  this
work, Li and co-workers have presented the development of a novel
two-way magnetic resonance tuning (TMRET) nanotechnology for
enhanced  and  non-invasive  biological  imaging  [61].  This  TMRET
nanoprobe  represents  an  innovative  approach  to  enhancing  MRI
contrast  through  a  distance-dependent  interaction  between  a T1
contrast agent (P-Mn) and a T2 contrast agent (SPIO) encapsulated

 

Figure 3    Metal  ion  doping-mediated  magnetism  modulation  of  nanocrystals  for  biomedical  imaging.  (a)  Schematic  illustration  of  OVs  levels  in  the  nanoprobe  that
regulated by precise stoichiometric control of zinc ions into the ferrite. (b) The UHF-MRI T1 contrast enhancement mechanism of ZnxFe3−xO4 MNPs. (c) Magnetization
curves (M–H) of ZnxFe3−xO4 MNPs at 300 K. The inset image shows the maximum magnetization of ZnxFe3−xO4 MNPs at 7 T. (d) r1, r2 values and (e) r2/r1 values of W-
ZnxFe3−xO4 MNPs  at  300  K.  (f)  The  effect  of  changes  in  zinc  atoms  modulation-induced  magnetic  moment  arrangement  and  spin-canting  effects  on  the  magnetic
properties of ZnxFe3−xO4 MNPs. Reproduced with permission from Ref. [48], © Wiley-VCH GmbH 2024.
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within the same micelle.  In the initial  state,  the proximity of  these
agents  leads  to  a “quenching” effect,  reducing  both T1 and T2
relaxation  rates  and  thus  the  MRI  signal.  This  interaction  is
governed  by  the  magnetic  fields  of  the  agents,  where  the  SPIO’s
strong  magnetic  field  can  slow  the  electron  spin  relaxation  of  the
Mn2+ ions  in  P-Mn  for T1 quenching,  and  disrupt  the  magnetic
environment  for  water  protons  in  the  case  of T2 quenching.
However,  the  system  is  designed  to  be  responsive  to  biological
stimuli,  such  as  the  elevated  levels  of  glutathione  (GSH)  found  in
tumor environments. Upon encountering such stimuli,  the micelle
disassembles,  increasing  the  distance  between  the  agents  and
reducing their magnetic interaction (Figs. 4(e)−4(h)). This leads to a
recovery of the agents’ normal relaxation properties, enhancing the
MRI  signal  (Figs.  4(i)−4(l)).  The  TMRET  system’s  ability  to  tune
the  MRI  signal  by  controlling  the  distance  between  the  agents
allows  for  precise  control  over  MRI  contrast,  enabling  the
development  of  smart  contrast  agents  capable  of  high-resolution,
functional imaging with minimal background noise, and providing
a  significant  advancement  in  diagnostic  imaging  capabilities.  In
addition, incorporating two paramagnetic cations, particularly Gd3+

and Cu2+, into a nanostructure emerges as an efficacious strategy for
harnessing atomic-scale magnetic interactions [62]. The pioneering
research  by  Xu  and  colleagues  has  unveiled  that  the  proximity  of
these  cations  engenders  a  synergistic  magnetic  effect,  namely  an

adjacent  effect.  This  effect  notably  amplifies  the  relaxation  rate  of
surrounding water protons, culminating in an enhanced T1-W MRI
signal. 

2.3    Ligand-mediated magnetism modulation
Surface  ligand  plays  an  important  role  in  the  synthesis  and
application  of  nanocrystals  [63−67].  Early  practice  on  ligand
engineering  of  biomedical  nanoparticles  mainly  focused  on  shape
controlling  in  synthetic  processes,  structure  stabilizing  for in  vivo
circulation,  and  functional  targeting  in  therapy  and  diagnosis
[68−71]. However, there is rare research considering the atom-atom
interaction between magnetic nanocrystals and the ligand itself and
its  structure-function  relationship,  particularly  for  biomedical
imaging.  Varela  and co-workers  have  systemically  investigated  the
underlying  mechanism  by  which  ligands  tune  the  magnetism  of
nanoparticles  involves  atomic  modulation  at  the  surface  of  metal-
oxide  nanoparticles  [38].  Typically,  iron  oxide  NPs  have  a
magnetically  inactive  surface  layer  due to  structural  and electronic
differences compared to the bulk material. However, the application
of organic acid ligands during high-temperature synthesis induces a
significant change. The oxygen atoms from the organic acid cap the
nanoparticle surface, forming O−Fe bonds. This atomic interaction
effectively recreates the bulk-like environment on the surface, with
the Fe ions bonded to the organic acid having a coordination and

 

Figure 4    Distance-dependent magnetic interactions for biomedical imaging. (a) Schematic illustration of an MRET sensor. Reproduced with permission from Ref. [58],
© Shin, T.-H. et al. under exclusive licence to Springer Nature Limited 2018. (b) A plot of the T1 relaxivity coefficient (r1) versus separation distance of MRET probe. (c)
The r1 values of the enhancer with a separation distance of 2 nm (blue), 7 nm (green) and 12 nm (red) at various proton Larmor frequencies of 128 MHz (3 T), 400 MHz
(9.4 T) and 648 MHz (15.2 T). (d) A plot of T1e versus the separation distance at 15 K. Decrease in the separation distance elongates T1e. Reproduced with permission from
Ref.  [46],  ©  Springer  Nature  Limited  2017.  (e)  Diameter  distributions  measured  by  dynamic  light  scattering  and  (f)  TEM  micrograph  of  DCM@P–Mn–SPIO.  (g)
Diameter distributions and (h) TEM micrograph of disassembled DCM@PMn–SPIO treated with 20 mM GSH and 3 mg·mL−1 sodium dodecyl sulfate (SDS) for 24 h. (i)
T1-W and the color-coded T1 map and (j) T2-W and the color-coded T2 map of DCM@P–Mn–SPIO before and after the payload release (triggered by GSH). The changes
in (k) 1/T1 values (Δ1/T1) and (l) 1/T2 values (Δ1/T2) of DCM@P–Mn–SPIO at different concentrations before and after incubation with GSH (0, 5, 10 and 20 mM) and
SDS. Reproduced with permission from Ref. [61], © Wang, Z. et al. under exclusive licence to Springer Nature Limited 2020.
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distance  from  oxygen  atoms  that  closely  match  those  in  the  bulk
[72, 73]. As a result, the density of states and occupancy of the iron’s
d orbitals at the surface become similar to those in the bulk, leading
to  a  restoration  of  the  surface  magnetization.  This  atomic
modulation by ligands not only preserves the high magnetization of
the  nanoparticles  at  room  temperature  but  also  enhances  their
potential  for  various  applications,  such  as  magnetic  drug  delivery

and  hyperthermia  treatments.  These  findings  underscore  the
importance of ligand design in tailoring the magnetic properties of
nanoparticles through atomic-level surface engineering. Despite this
interesting  finding,  the  practical  magnetism  of  nanocrystals  is
expected to be tuned toward enhancing biomedical applications.

To settle this dilemma, our group has recently developed a ligand-
induced  atomically  segregation-tunable  alloy  nanoprobe  (STAN)

 

Figure 5    Ligand-mediated magnetism modulation for biomedical imaging. (a) Schematic illustration of design principle of STAN for MRI contrast enhancement.  (b)
TEM images  of  STANs,  scale  bar  = 20 nm.  Inset:  HRTEM images  of  STANs,  scale  bar  = 5  nm.  (c)  Surface  Fe  contents  of  STANs calculated by X-ray  photoelectron
spectroscopy  (XPS).  (d)  Surface  Fe3+/Fe2+ ratios  of  STANs  calculated  by  XPS.  (e)  M−H  curves  at  300  K  for  STANs.  Reproduced  with  permission  from  Ref.  [36],  ©
American Chemical  Society 2024.  (f)  TEM image of  MCNPs, demonstrating their  well-defined morphology (scale bar = 20 nm).  Inset:  size distribution analysis  using
dynamic light scattering (DLS), confirming the uniform size distribution of MCNPs. (g) M−H curves illustrating the magnetic behavior of MCNPs. (h) The underlying
mechanism of pH-activatable MCNPs for UHF MRI. Reproduced with permission from Ref. [37], © Wiley-VCH GmbH 2024.
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composed  of  bimetallic  iron-gold  nanoparticles  for  enhanced T1
MR contrast (Fig.  5(a)) [36].  A series of ligand-induced atomically
segregated alloy nanoprobes (namely STAN1, STAN2, STAN3, and
STAN4) were synthesized by co-deposition of gold acetate and iron
acetylacetonate in the presence of varying molar ratios of oleic acid
(OA)  to  oleylamine  (OAm)  (Fig.  5(b)).  Ligands  with  oxygenated
groups were used to control the surface energy of iron in iron-gold
nanoparticles.  By adjusting the molar ratio of OA to OAm during
synthesis, we were able to manipulate the oxidation state of iron on
the particle surface. Detailly, a high ratio of OA to OAm created an
oxophilic  surface  environment,  which  led  to  the  oxidation  of  Fe
from Fe2+ to Fe3+. This process resulted in a strong driving force for
Fe atoms to remain on the surface due to the relatively low surface
energy  of  Fe3+ (Fig.  5(c)).  Consequently,  an  increase  in  surface  Fe
content and the Fe3+/Fe2+ ratio enhanced the surface magnetization
and improved T1 relaxivity, making the nanoparticles more effective
for  MRI  contrast  enhancement  without  the  constraints  of  small
particle  size  requirements  (Figs.  5(d) and 5(e)).  Besides  the
interactions  between  the  ligand  atoms  and  the  nanoparticle,  the
reactive chemical properties of ligands also endow it with reactivity
with specific substrates in lesions, which could realize a responsive
magnetism  switch  for  enhancing  the  sensitivity  of  MRI.  For
example,  our  group  has  recently  reported  a  ligand-coated  silver-
gadolinium  bimetallic  nanoparticle,  which  can  exhibit  a  switch
from  ferromagnetic  to  diamagnetic  behavior  in  response  to  pH
changes  (Figs.  5(f) and 5(g))  [37].  At  a  neutral  pH,  the  strong
binding  affinity  between  the  silver  atoms  on  the  surface  of  the
nanoparticle  and  the  thiolate  (−S−)  ligands  results  in  a
ferromagnetic state with substantial magnetization (Fig. 5(h)). This
interaction also leads to weak hydrogen bonds between the ligands
and water  molecules,  shortening  the  residency  time  (τ’m)  of  water
molecules  in  the  second  sphere  and  contributing  to  the
nanoparticles’ magnetic  properties.  In  contrast,  under  acidic
conditions  typical  of  the  tumor  microenvironment,  the  thiolate
ligands are protonated, transforming into thiol (−SH) ligands. This
transformation  significantly  weakens  the  Ag−S  binding  affinity,
reducing  the  nanoparticle’s  magnetization.  Simultaneously,  the
protonation  induces  strong  hydrogen  bonds  between  the  thiol
groups and water molecules, thereby lengthening the τ’m. This pH-
responsive  modulation  of  the  ligand’s  binding  affinity  and
hydrogen bonding interactions allows for the precise tuning of the
nanoparticle’s  magnetic  properties,  enabling  activatable  MRI
contrast enhancement at ultra-high field strengths. 

3    Magnetism-modulated  nanocrystals  for
biomedical imaging
The  atomic-level  structural  design  of  nanocrystals  embodies  a
sophisticated  and  targeted  approach  to  modulating  magnetic
properties. This method stands apart from traditional macroscopic
adjustment  techniques,  not  only  affording  enhanced  precision  in
structural tuning but also elucidating the intricate mechanisms that
govern  the  relationship  between  structure  and  function.  Such
advancements hold immense promise for the development of high-
performance  nanoscale  agents  within  the  biomedical  field,
particularly  in  the  realm  of  diagnostic  imaging.  Recent  research
work  has  compellingly  showcased  remarkable  progress  in  the
crafting  of  nanoprobes  for  medical  diagnostics,  with  a  keen
emphasis  on  malignant  tumor  imaging,  angiography,  and
neurological disease imaging [37, 48, 60, 74−76]. 

3.1    Tumor imaging
The  application  of  atomically  precise  structural  design  of
nanoprobes  in  tumor  imaging  covers  the  vast  majority  of
biomedical  use  [77, 78].  Recently,  our  group  has  reported  an
antiferromagnetic  nanoprobe  (AFNP)  capable  of  detecting
microscopic  primary  hepatic  tumors  and  micrometastases  with
high sensitivity (Fig. 6(a)) [53]. Ex vivo assessments, including GFP
fluorescence  imaging,  hematoxylin  and eosin  (H&E)  staining,  and
additional  fluorescence  microscopy,  have  confirmed  the  detection
of  microscopic  primary  liver  tumors,  measuring  approximately
0.60  mm in  diameter,  through UHF-MRI (Figs.  6(b)−6(e)).  These
tumors were demarcated from surrounding healthy liver tissue with
significantly  increased  ΔSNR  (approximately  130.6%)  observed  at
the 5 h post-injection of AFNP-RGD (Fig.  6(f)).  Our investigation
delved  further  to  evaluate  the  nanoprobe’s  capabilities  in  a  mouse
model  characterized  by  liver  metastases.  Even  micrometastases,  as
diminutive  as  0.20  mm and validated  through both  H&E staining
and  fluorescence  imaging,  were  discernible  via  AFNP-RGD-
enhanced UHF-MRI (Figs. 6(g)−6(j)). This achievement signifies an
expansion  of  the  detection  capabilities  for  metastatic  lesions.
Notably,  the  UHF-MRI  enhanced  by  AFNP-RGD  was  capable  of
identifying approximately 90.2% of metastases measuring less than
5 mm in diameter (Figs. 6(k) and 6(l)).

In  a  subsequent  study,  our  group  introduced  a  magnetic
neutrality  nanoprobe  (MNN)  enhanced  by  a  doping-induced
structural defect strategy, facilitating high-resolution UHF-MRI for
the  detection  of  previously  undetectable  minute  lesions,  such  as
isolated  tumor  cells  (ITCs),  in  living  mice  (Fig.  7(a))  [48].  These
MNNs  exhibited  an  exceptionally  low  relaxivity  ratio  (r2/r1)  of
approximately 1.06 under 9 T MRI, setting a new benchmark for T1
contrast  agents  in  UHF-MRI.  Utilizing  a  triple-negative  breast
cancer  (TNBC)  model,  we  administered  intravenous  injections  of
MNNs conjugated with a cyclic arginyl-glycyl-aspartic acid (RGD)
peptide  for  targeted  imaging.  The  MNN-RGD  nanoprobes
demonstrated significantly enhanced T1 contrast in vivo, surpassing
conventional T1 contrast  agents  (Figs.  7(b) and 7(c)).  The  peak
signal  enhancement  was  observed  at  the  tumor  site  1.5  h  post-
injection (Fig. 7(d)). For the imaging of lung metastasis model, the
MNN-RGD  nanoprobes  enable  the  noninvasive  visualization  of
ITCs  with  a  detection  threshold  of  approximately  0.16  mm
(Figs.  7(e)−7(h)).  The  capacity  to  detect  ITCs  at  this  early  stage
using  MNNs  has  the  potential  to  transform  early  diagnosis  and
treatment  of  metastatic  diseases,  thereby  improving  patient
outcomes  through  more  precise  and  timely  therapeutic
interventions.

In  addition,  with  the  emergence  and  the  rapid  progress  of
molecular  imaging  technology,  the  MRET  nanoprobe  has  been
considered  a  powerful  tool  for  monitoring  abnormally  varied
biomarkers, such as metal ions, enzymes, and nucleic acid, and thus
diagnosing  related  diseases.  These  offered  us  more  detailed
information  about  the  physiological  and  pathological  process
invasively,  particularly  the  occurrence  and  progress  of  disease,
which is highly crucial for treatment decisions and prognosis.

For example, Zhang and coworkers have introduced Fe3O4@Gd-
DOTA  NPs  (called  FFG  NPs)  for  the  noninvasive  detection  and
differential diagnosis of malignant breast cancers, which presents a
groundbreaking  advancement  in  medical  imaging  [79].  These
nanoprobes,  integrating  structural  and  molecular  MRI
functionalities, are designed to provide detailed visualization of both
tumor structure and molecular changes associated with malignancy.
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The  unique  response  of  FFG  NPs  to  furin,  an  enzyme
overexpressed in cancer tissues, allows for enhanced T1-W imaging,
differentiating  tumors  based  on  furin  levels. In  vitro and in  vivo
studies  have  demonstrated  the  nanoprobes’ high  sensitivity,
minimal toxicity, and rapid tumor accumulation, offering real-time,
multidimensional  imaging  (Figs.  8(a)−8(d)).  The  dual-modality
imaging  capability  of  these  nanoprobes  is  set  to  revolutionize
personalized  medicine  in  breast  cancer  treatment,  enhancing
diagnostic  accuracy  and  potentially  improving  patient  outcomes.
Further,  Song  and co-workers  have  recently  designed an  activated
afterglow/MRI  probe  as  a  companion  diagnostics  tool  for
dynamically  assessing  biomarker  apurinic/apyrimidinic
endonuclease  1  (APE1)  during  radiotherapy in  vivo [80].  The
authors developed a novel imaging strategy known as longitudinally
and  transversely  subtraction-enhanced  imaging  (L&T-SEI),  which
significantly amplifies the contrast in MRI and enhances the signal-
to-noise  ratio  between  tumor  and  normal  tissues  in  living  mice
(Figs.  8(e)−8(h)).  This  advanced  technique,  combined  with
afterglow imaging, provides a dual-modality approach that enables
both anatomical and functional visualization of APE1 activity. The
probe  correlates  afterglow  and  MRI  signals  with  the  expression
levels of APE1, radiation dosage, intratumor reactive oxygen species
(ROS),  and  DNA  damage.  This  capability  allows  for  the  early

prediction of radiotherapy outcomes, which can be detected as soon
as  3  h  post-treatment,  a  significant  advancement  over  the
traditional  6-day  wait  for  observable  tumor  size  reduction.
Additionally,  by  monitoring  APE1  levels,  the  probe  facilitates  the
early  and  sensitive  detection  of  liver  organ  injury,  demonstrating
superior  performance  compared  to  histopathological  analysis  (Fig.
8(i)).  Moreover,  the  MRI  component  of  this  probe  assesses  APE1
expression  in  radiation-induced  abscopal  effects,  offering  valuable
insights  into  the  underlying  biological  mechanisms.  This
comprehensive  imaging  capability  aids  in  the  optimization  of
treatment  protocols,  marking  a  significant  advancement  in
companion diagnostics for radiotherapy.

For  externally  ligand-mediated  magnetism  modulation,  our
group  has  presented  a  ligand-mediated  magnetism-conversion
nanoprobe  (MCNP),  which  consisted  of  silver-gadolinium
bimetallic  nanoparticles  coated  with  a  3-mercaptopropionic  acid
ligand  [37].  Notably,  the  MCNP’s  pH-activatable  relaxometric
performance  underscores  the  efficacy  of  this  innovative  approach.
A pronounced enhancement in the r1 relaxivity value of the MCNP
was  observed  at  an  acidic  pH,  reaching  10.6  mM−1·s−1,  which  is  a
remarkable 10-fold increase compared to its value at neutral pH, as
measured  under  a  9  T  MR  scanner  (Figs.  9(a)−9(c)).  Then,  the
RGD  functionalized  MNCP  (MCNP-RGD)  was  intravenously

 

Figure 6    Metal  alloying nanoprobes for  tumor MRI.  (a)  Schematic  diagram of  targeted UHF MRI of  microscopic  primary tumors using AFNP-RGD. (b) T1-W MR
image of the mice-bearing microscopic primary hepatic tumor at 5 h post-injection (scale bar = 2 mm). (c) Ex vivo GFP fluorescence image of the dissected liver tissue at
5 h post-injection (scale bar = 5 mm). (d) H&E staining, and (e) fluorescence image of the microscopic primary tumor after the injection of AFNP-RGD (scale bar =
100 μm). (f) Quantitative analysis of ΔSNRs at various time points after intravenous injection. (g) T1-W MR images, (h) fluorescence images (nuclei in blue and GFP in
green) and (i) H&E-stained images of hepatic metastases-bearing mice at 5 h after the administration of AFNP1-RGD (scale bar = 2 mm for MRI; scale bar = 1000 μm for
H&E-stained  images  and  fluorescence  images).  (j)  Quantification  of  ΔSNRs  of  MRI  at  5  h  after  administration  of  AFNP1-RGD  and  PMNP-RGD.  (k)  The  sizes  of
micrometastases (< 1 mm) detected by AFNP1-RGD enhanced MRI correlate well with those from H&E staining (y = 1.0228x + 0.0004; R2 = 0.989) and fluorescence
imaging (y = 1.0284x − 0.0131; R2 = 0.977). (l) Sensitivity of AFNP1-RGD-enhanced MRI in detecting metastases (< 5 mm), based on the sizes of 4T1 metastatic tumors
analyzed. Reproduced with permission from Ref. [53], © Liang, Z. et al. 2021.
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injected  into  mice  bearing  primary  hepatic  tumor  to  evaluate  the
pH  activatable  MRI  performance in  vivo,  which  realized  clear
differentiation of the primary tumor from the surrounding normal
liver tissue (Figs.  9(d)−9(f)).  To our knowledge, this represents the
pioneering  demonstration  of  manipulating  the  binding  affinities
between  the  surface  atoms  and  the  ligand  anchoring  groups,
thereby  artificially  modulating  the  intrinsic  magnetism  of  nano
contrast agents in response to specific stimuli. 

3.2    Microvessel imaging
Generally, high-resolution microvessel imaging with angiography is
essential  for  diagnosing  and  treating  diseases  affecting  the  brain,
heart,  and  other  areas  [81−86].  For  example,  cerebral  artery
blockages,  often  a  cause  of  ischemic  strokes,  and  peripheral  vessel
obstructions,  which  can  lead  to  limb  loss  or  death,  highlight  the
urgency [87−90]. Coronary artery imaging is identically vital due to
its link with global mortality [91, 92]. However, achieving this level
of  detail  remains  a  challenge  with  current  MRI  technology.
Recently,  Fan  and  coworkers  have  reported  the  synthesis  and
modification  of  Zn0.4Fe2.6O4 nanoparticles  with  different  surface
potentials  using  ligands  such  as  DA  (dopamine),  DHCA
(dehydrocholic  acid),  and  PO-mPEG  (polyethylene  glycol)

(Fig. 10(a)) [76]. These modifications were explored to enhance the
T1 MRI characteristics of the nanoparticles in the context of rabbit
carotid atherosclerotic plaques (Figs. 10(b) and 10(c)). The findings
from  both in  vivo and in  vitro experiments  demonstrate  that  by
altering  the  surface  potential  of  Zn0.4Fe2.6O4,  the  nanoparticles’
affinity  for  macrophages  within  the  plaque  can  be  precisely
adjusted.  This  tailoring  significantly  improves  the  diagnostic
capabilities  of  MRI  for  atherosclerosis.  Furthermore,  the  study
introduced  an  optimized  method  for  creating  rabbit  carotid
atherosclerotic  plaque  models,  which  allows  for  the  precise
colocalization  of  plaque  positions  on  both  MRI  images  and
pathology  slides,  thereby  facilitating  more  accurate  diagnosis  and
treatment planning. 

3.3    Neurological diseases imaging
Neurological disorders, such as epilepsy, Alzheimer's disease (AD),
and  Parkinson's  disease  (PD),  impose  severe  limitations  and  are
fatal  to  millions  annually  [93, 94].  These  conditions  often  lead  to
driving  and  employment  restrictions,  social  isolation,  and
psychological distress for those affected. Diagnostic brain imaging is
crucial  for  identifying  neurological  diseases  at  an  early  stage,
facilitating  timely  treatment.  In  clinical  settings,  computed

 

Figure 7    Metal ion doped nanocrystals for tumor MRI. (a) Schematic illustration of identification of ITCs based on MNN-enhanced UHF T1 imaging. The color-coded
T1-W MR images of 4T1-Luc tumor-bearing BALB/c mice before and after intravenous administration of (b) Fe3O4-RGD and (c) MNN-RGD nanoprobes (5 mg·kg−1

[Fe]) at 1.5 h post-injection. Scale bar = 4 mm. (d) The quantification analysis of signal changes in tumors at different time points after treatment with MNN-RGD and
Fe3O4-RGD nanoprobes. (e) T1-W and and the color-coded MR images at 1 h post-injection with MNN-RGD nanoprobes (slice orientation: coronal, [Fe] = 5.0 mg·kg−1,
scale bar = 4 mm), and (g) bioluminescence imaging (BLI) images of lung metastases (scale bar = 4 mm), ex vivo images (scale bar = 2 mm), and (h) H&E staining images
(scale bar = 1 mm) of the lung. Inset: (i) H&E-stained image and (ii) CD31-stained image of ITCs in lung (scale bar = 400 µm). Reproduced with permission from Ref.
[48], © Wiley-VCH GmbH 2024.
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tomography (CT), positron emission computed tomography (PET),
and  MRI  are  primary  imaging  techniques  for  neurological
conditions  [95, 96].  While  CT  and  PET  potentially  leading  to
radiation  damage,  MRI  utilizes  strong  magnetic  fields  and
radiofrequency pulses to generate high-resolution soft tissue images
[97, 98].  This  makes  MRI  a  safer  and  more  effective  option  for
diagnosing disorders affecting the brain, spinal cord, and joints [99].
However,  MRI’s  inherent  limited  sensitivity  and  prolonged  scan
times  can  hinder  the  early  detection  of  neurological  diseases.  To
overcome these challenges, the burgeoning field of nanotechnology
has  led  to  the  development  of  various  magnetic  nanoprobes  as
contrast  agents,  which  significantly  enhance  image  contrast  by
reducing the relaxation times of  water protons,  thereby improving

diagnostic  accuracy  [100−102].  For  example,  Li  et  al.  have
developed a T1-W contrast agent, termed the electrically responsive
hybrid micelle (EM), predicated on the magnetic resonance tuning
(MRET)  effect,  leveraging  a  superparamagnetic  iron  oxide  cluster
encased in a paramagnetic polymer coating (Figs. 11(a) and 11(b))
[74].  This  agent  transcends  the  blood-brain  barrier,  affording
heightened  sensitivity  and  a  pronounced  target-to-background
ratio.  It  is  responsive  to  the  electric-field  changes  in  the  brain
associated with seizures, which triggers the breakdown of the agent
and restores the T1-W MRI signal. This allows for the detection of
seizure foci  that may be undetectable with conventional MRI.  The
MR phantom study demonstrated that the T1-W MR signals from
both  the  blank  micelles  (BMs)  without  encapsulated  ultrasmall

 

Figure 8    MRET nanoprobes for tumor MRI. T1-W and the color-coded MRI images of FFG NPs supernatant (magnetic separation) (a) with the increase in the enzyme
activity of furin and (b) with the increase in the furin catalysis time. (c) T1-W (top) and the color-coded (bottom) MR images for the MDA-MB-231 (left) and MCF-7
(right)  tumors.  (d) Quantitative measurement of T1 MR images for the MDA-MB-231 and MCF-7 tumors.  Reproduced with permission from Ref.  [79],  © American
Chemical Society 2024. (e) T1 and T2 MRI signal intensity of APE1-probe treated with various concentrations of APE1. (f) Relaxation time mapping images of different
concentrations of APE1-probe before and after APE1 (10 U·mL−1) incubation. (g) MRI signal range (ΔT1, ΔT2, and ΔT1 − ΔT2 value) of APE1-probe treated with various
concentrations of APE1. (h) Scheme illustration and L&T-SEI images of mice with 6 Gray radiation treatment and APE1-probe injection. (i) L&T-ESI images of tumor
with various radiation dose treatment (left) and with 6 Gray of radiation dose treatment at different time points (right). Reproduced with permission from Ref. [80], ©
Yue, R. et al. 2024.
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superparamagnetic iron oxide (USPIO) and Gd-DTPA increased in
direct proportion to the Gd3+ concentration, ranging from 0.008 to
0.2  mM.  In  contrast,  the  MR  signal  enhancement  for  EM  was
negligible (Fig. 11(c)). When an external electric field (with 100–500
μA) was applied, the structure of EM was disintegrated and the T1
signal  was  dramatically  recovered,  while  no  MR  signal  variations
were  detected  for  the  CMs  or  Gd3+-DTPA  (Fig.  11(d)).  The  study
demonstrates  the  effectiveness  of  this  agent  in  mouse  models  of
acute  and  chronic  seizure  (Figs.  11(e) and 11(f)),  suggesting  its
potential  to  improve  the  diagnosis  and  surgical  planning  for
epilepsy in patients with non-distinctive MRI lesions. The contrast
agent’s ability to convert excessive neuronal discharge into a visual
T1-W MRI  signal  could  significantly  increase  the  probability  of
detecting  seizure  foci  and  facilitate  the  study  of  brain  diseases
associated with epilepsy. 

4    Conclusions and perspectives
Overall,  atomic-level  magnetism  modulation  of  inorganic
nanocrystals  offers  unprecedented  precision  for  optimizing  their
performance  in  biomedical  imaging.  The  strategies  of  metal
alloying, ion doping, distance-dependent magnetic interactions, and
ligand-mediated  superficial  magnetism  modulation  with  atomical
precision  have  proven  to  be  potent  in  crafting  nanoparticles  with

tailored  magnetic  responses.  The  meticulous  engineering  of  these
nanocrystals, as discussed in the preceding sections, has unveiled a
plethora  of  opportunities  for  advancing  diagnostic  capabilities,
particularly  in  the  early  detection  and  precise  visualization  of
malignant tumors, and other biomedical applications. Nevertheless,
while  significant  progress  has  been  made  in  the  development  of
nanocrystals with atomically controlled magnetic properties, several
challenges  remain,  including,  but  not  limited  to  the  restricted
enhancement  in  performance,  inefficient  screening  methods,
scalable  production  methods,  and  the  potential  toxicity  associated
with  their  use.  Addressing  these  challenges  is  crucial  for  the
successful translation of this technology into clinical practice.

(1)  Although  atomic-level  magnetic  modulation  offers  greater
precision  compared  to  traditional  mesoscopic-level  regulation,  the
extent  of  its  enhancement  in  the  imaging  performance  of
nanocrystals  is  limited.  Generally,  a  single  nanoparticle  possesses
hundreds  or  thousands  of  atoms  in  the  bulk  phase,  where  merely
bits  of  external  atoms  could  be  doped  into  the  proper  site  for
stabilizing  the  total  energy,  thus  giving  rise  to  inapparent
interactions  with  the  whole  system.  Similarly,  the  ligand-mediated
transfer  of  electrons  mainly  occurred  in  the  surface  layer  of
nanocrystals,  while  the  structure  of  the  bulk  phase  was  subject  to
minimal  impact,  which  means  constrained  magnetism  variation.
Accordingly, these necessitate the development of nanoprobes that

 

Figure 9    Ligand-mediated  magnetism-conversion  nanoprobes  for  tumor  MRI.  (a) T1-W (top),  and T2-W (bottom)  MR  images  of  MCNPs  at  pH  7.4  and  5.0.  The
corresponding (b) T1 relaxation rate (1/T1, s−1) and (c) T2 relaxation rate (1/T2, s−1) plotted against Gd concentration (mM) for MCNPs at pH 7.4 and 5.0. (d) Schematic
illustration  depicting  the  MR imaging  using  MCNP-RGD.  Transverse T1-W MR images  and  H&E staining  image  of  primary  hepatic  tumor-bearing  nude  mice  after
intravenous injection of (e) MCNP-RGD or (f) NMCNP-RGD (0.2 mmol·kg−1 [Gd]) at a 9 T MRI scanner (scale bar = 2 mm). (g) Quantitative analysis of SNR at the
corresponding time points after administration of MCNP-RGD or NMCNP-RGD. Reproduced with permission from Ref. [37], © Wiley-VCH GmbH 2024.
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are  smaller  in  size  than  their  current  counterparts.  Metal
nanoclusters  assembled  with  nearly  dozens  or  hundreds  of  metal
atoms fill the gap between discrete atoms and bigger nanoparticles,
providing  unique  opportunities  for  investigating  the  quantum
effects  and  precise  structure-property  correlations  at  the  atomic
level [103]. Considering their extremely small size, subtle changes in
structure  or  surface  ligands  can  cause  significant  variations  of
physiochemical  properties,  thus  offering  the  potential  to  construct
high-performance probes.

(2)  The  existing  literature  has  illustrated  the  effective  utilization
of  specific  external  atoms in enhancing the magnetic  properties  of
exemplary  nanocrystals.  However,  a  clear  methodology  for
determining the  optimal  combination of  these  external  atoms and
nanocrystal  configurations  to  achieve  superior  material
performance  is  yet  to  be  established.  While  traditional  material
screening  has  relied  heavily  on  trial-and-error  approaches,  recent
advancements  in  artificial  intelligence  (AI),  particularly  machine
learning, are revolutionizing the field [104, 105].  Machine learning
employs data-driven strategies to uncover patterns within extensive
datasets,  integrating  theoretical  knowledge  with  empirical  data  to
bridge  the  divide  between  theoretical  models  and  practical

applications [106, 107]. This approach could elucidate the structure-
function  relationships  by  constructing  surrogate  models  based  on
existing  features  and  further  predict  the  properties  of  arbitrary
nanoprobe  configurations,  thereby  expediting  the  identification  of
high-performance  nanoprobes  [106, 108, 109].  These  innovations
are  expected  to  greatly  accelerate  the  discovery  of  innovative
nanoprobes  and  to  efficiently  identify  material  and  parameter
combinations  that  enhance  imaging  contrast  for  advanced
biomedical  imaging,  thereby  marking  a  new  era  in  the  precision
and efficiency of nanoprobe development.

(3) Reproducibility and the ability to scale up the production of
nanocrystals  continue  to  pose  significant  challenges  within  the
realm  of  materials  science  [110−113].  While  atomically  precise
nanoprobes,  characterized  by  their  nanoscale  dimensions,  can  be
successfully  synthesized  at  the  laboratory  scale,  several  factors
hinder their large-scale production. These include the complexity of
the manufacturing processes, the time-intensive nature of screening
procedures,  the  necessity  for  specialized  equipment,  and  the
variability  between  different  batches.  Furthermore,  ensuring  the
colloidal  stability  and  maintaining  the  physicochemical  robustness
of  these  nanoprobes  are  critical  for  their  transportation  and  long-

 

Figure 10    Metal  ion  doped  nano  contrast  agents  for  microvessel  MRI.  (a)  TEM  images  Zn0.4Fe2.6O4 with  different  surface  coating.  (b)  Schematic  diagram  of
administration process for MRI of rabbit carotid atherosclerosis models. (c) T1-W images of right carotid artery after injection of Zn0.4Fe2.6O4–NH2, Zn0.4Fe2.6O4–COOH,
and Zn0.4Fe2.6O4–PEG at 10 min; corresponding photographs of plaques were stained by RAM11 and Prussian blue. Scale bars = 500 μm. Reproduced with permission
from Ref. [76], © American Chemical Society 2024.
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term storage, which are essential for their practical application and
commercial viability.

(4)  The  incorporation  of  dopant  atoms  into  recognized
nanocrystals  has  the  potential  to  enhance  their  performance  in
bioimaging  applications.  However,  the  potential  leakage  of  these
inorganic  metallic  atoms  poses  an  unpredictable  risk  to  living
organisms,  which  may  have  serious  implications  for  their
biocompatibility  [49].  Conversely,  the  newly  reported  ligand-
mediated magnetism modulation presents  a  promising alternative.
This method not only holds the potential to optimize performance
but  also  addresses  concerns  related to  biosafety,  thereby offering a
more viable strategy for the development of  nanocrystals  intended
for biological applications [114]. Therefore, further exploration into
this area is warranted to fully harness its potential.

All  in  all,  the  advancement  of  methods  for  the  precise  atomic
control of nanocrystals’ magnetism can yield profound insights into

the  correlation  between  the  structural  attributes  and  functional
performance  of  magnetic  nanomaterials.  This  development  may
facilitate a paradigm shift in the diagnostic applications for various
diseases. 
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