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ABSTRACT: Rational  design  of  nanomedicine  can  efficiently
improve the therapeutic activity of anticancer drugs; however,
the current design strategies are to increase the concentration
of  drugs  within  targeted  cells,  which  is  not  applicable  to
extracellular-targeted  drugs.  Herein,  we  report  a
nanoparticular  aggregation  strategy  via  magnetic  actuation
and host–guest interaction for extracellular drug delivery.  The
β-cyclodextrin (βCD)-decorated magnetic nanoparticles (βCD-
MNPs) were first administrated and infiltrated into tumor tissue
under the magnetic actuation, and then generated mild hyperthermia under alternating magnetic field (AMF) to improve the
infiltration of another adamantane (Ad)-decorated NPs (Ad-NPs) into the tumor tissue. Subsequently, the βCD-MNP and Ad-
NP would  form micro-sized aggregation  via  the  host–guest  interaction,  which  could  significantly  enhance the  enrichment
and  retention  of  extracellular-targeted  drugs  and  also  minimize  their  cellular  uptake.  This  nanoparticular  aggregation
strategy remarkably improved the therapeutic activity of batimastat and PD-1/PD-L1 inhibitor 1 (BMS-1), both of which were
extracellular-targeted  drug.  Such  nanoparticular  aggregation  strategy  represents  a  rational  avenue  for  extracellular  drug
delivery.
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1    Introduction
Nanoparticle  (NP)-based  drug  delivery  systems  have  been  widely
developed,  and  hundreds  of  NP-based  drugs  have  been  clinically
approved  for  various  diseases  treatment,  especially  in  cancer
therapy [1−6]. More recently, numerous tumor microenvironment-
responsive  drug  delivery  systems  including  charge  conversion
[7−9],  size  shrinkage  [10−12],  stimuli-responsive  release  [13−15],
and  so  on  [16],  have  been  explored  to  improve  the  delivery

efficiency  in  blood  circulation,  tumor  accumulation,  penetration,
cellular  uptake,  and  intracellular  release  [17−20].  Ultimately,  these
strategies could efficiently elevate the intracellular concentration of
therapeutic  agents  and  consequently  achieve  better  anticancer
efficacy.  This  design  principle  is  derived  from  the  fact  that  drug
delivery  systems  were  originally  developed  mainly  for  the  delivery
of small molecule chemotherapy drugs [21−23].

With the continuous emergence of new cancer treatment drugs,
previous  design  principles  of  delivery  systems  can  no  longer  meet
the  needs  [24−26].  For  instance,  the  matrix  metalloproteinase
(MMP)  inhibitors  [27−29],  which  were  employed  to  suppress  the
activity of MMP to inhibit tumor metastasis, should be retained in
the  extracellular  space  rather  than  in  tumor  cells,  because  these
MMP  functioned  in  the  extracellular  environment  and  degrade
matrix  to facilitate  tumor cells  metastasis  [30, 31].  In addition,  the
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delivery systems of antibodies should minimize the cellular uptake
after  accumulating  into  tumor  tissue  since  their  corresponding
receptors  locate  in  the  cell  membrane  [32, 33].  Thus,  previous
design  principles  were  difficult  to  meet  the  needs  of  these
extracellular-targeted drugs,  and it  is  highly desired to develop the
delivery  system  of  extracellular  and  membrane-targeted  drug
[34−36].

Taken  these  in  mind,  we  report  a  nanoparticular  aggregation
strategy  via  magnetic  actuation  and  host–guest  interaction  for  the
delivery  of  extracellular-targeted  drug  (Fig.  1).  The  β-cyclodextrin
(βCD)-decorated  Fe3O4 magnetic  NPs  (βCD-MNPs)  were  first
administrated and infiltrated into tumor tissue under the magnetic
actuation  [37, 38],  and  then  generated  mild  hyperthermia  under
alternating  magnetic  field  (AMF)  to  improve  nanoparticle
penetration  into  the  tumor  deeper  regions.  Subsequently,  another
nanoparticles,  Ad-NPs,  were  intravenously  injected  and  then
assemble  with  the  pre-administrated  βCD-MNPs  to  form
aggregation via the host–guest interaction, which could significantly
enhance  the  retention  and  accumulation  of  Ad-NPs  and  also
minimize  the  cellular  uptake.  This  nanoparticular  aggregation
strategy efficiently improved the therapeutic activity of batimastat (a
small molecule inhibitor of extracellular MMP) and BMS-1 (a small
molecule inhibitor of membrane programmed death protein 1 (PD-
1)/programmed  cell  death  ligand  1  (PD-L1),  both  of  which  were
extracellular-targeted drug. 

2    Results and discussion
To  achieve  the  nanoparticular  aggregation,  the  βCD-MNPs  were
first  synthesized according to  the  previously  reported method [39,
40].  The  dynamic  light  scattering  (DLS)  and  atomic  force
microscopy (AFM) analysis  demonstrated that  the  obtained βCD-
MNPs  had  a  spherical  shape  with  a  particle  size  of  approximately
105 nm (Figs. 2(a) and 2(b)). And, the weight ratio of β-CD in βCD-

MNPs  was  12.04%  according  to  the  thermogravimetric  analysis
compared to that of Fe3O4 (Fig. S1 in the Electronic Supplementary
Material  (ESM)).  Subsequently,  the  adamantane-terminal
amphiphilic  copolymer  poly(ethylene  glycol)-b-polylactide  (Ad-
PEG-b-PLA)  was  synthesized  (Fig.  S2  in  the  ESM)  and  used  to
prepare  the  polymeric  nanoparticles  Ad-NPs  through  the
nanoprecipitation method. The size of Ad-NPs was approximately
90  nm  (Figs.  2(c) and 2(d)).  And,  both  βCD-MNPs  and  Ad-NPs
displayed  excellent  colloidal  stability  in  fetal  bovine  serum  (FBS)
within 48 h (Fig. S3 in the ESM).

According to our design, the host–guest interaction between the
βCD moiety of βCD-MNPs and Ad moiety of Ad-NPs would lead
to  aggregation  of  NPs  (denoted  as  Agg-NPs).  Isothermal  titration
calorimetry  (ITC)  analysis  displayed  a  significant  exothermic  peak
during  the  titration  of  Ad-NPs  into  βCD-MNPs  with  the  binding
constant  (KD)  is  6.182  µM  (Fig.  2(e) and  Fig.  S4(a)  in  the  ESM),
which  was  not  observed  in  the  control  group.  Morever,  the KD
value between Ad-NPs into βCD-MNPs is significantly lower than
that  of  free  Ad/βCD  (15.42  µM,  Fig.  S4(b)  in  the  ESM),  which
could  be  attributed  to  the  nanoparticles  offering  multiple  binding
sites on the surface, resulting in acquired stronger binding affinity.
Furthermore,  we  attached  Ad-NPs  or  NPs  to  atomic  force
microscopy  (AFM) cantilevers,  and  βCD-MNPs  were  placed  on  a
slide  to  measure  their  interaction  force  (Fig.  2(f)).  AFM
measurement demonstrated that the interaction force between βCD-
MNPs  and  Ad-NPs  was  approximately  14  nN  but  negligible
between  βCD-MNPs  and  NPs,  indicating  their  strong  host–guest
interaction.  Apparently,  when  the  βCD-MNPs  and  Ad-NPs  were
mixed, aggregates with an average size of 1200 nm could be found
within  1.0  min,  and  numerous  black  aggregates  were  observed  at
the bottom (Fig. 2(g)). In contrast, no aggregation was observed in
the mixture of the βCD-MNPs and NPs of PEG-b-PLA without Ad
decoration.  The  AFM  analysis  similarly  revealed  the  formation  of
numerous particle aggregates in the Agg-NPs solution, whereas the

 

Figure 1    Schematic illustrating of two nanoparticles (βCD-MNPs and Ad-NPs) undergoing supramolecular assembly to construct drug depots within tumor area. (a)
The Ad-NPs and βCD-MNPs occurred host–guest interaction and formed micro-size aggregation. (b) βCD-MNPs are first effectively enriched at the tumor site under
magnetic field guidance (+M). Subsequently, an alternating magnetic field (+AMF) is applied to the tumor tissue with generating magnetothermal effects that enhance
blood flow and loosen the tumor structure resulted in facilitating the accumulation of Ad-NPs at the tumor site.  Ultimately,  βCD-MNPs and Ad-NPs undergo in situ
supramolecular assembly within the tumor to form micro-size nanoparticle aggregation (Agg-NPs).
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βCD-MNPs+NPs  group  did  not  exhibit  such  prominent  particle
aggregation  (Fig.  2(h)).  In  addition,  after  co-incubation  of  DiD-
labeled  Ad-NPs  with  various  concentrations  of  βCD-MNPs,  the
formed  aggregates  were  separated  using  a  magnet,  and  the
fluorescence  intensity  of  unaggregated  Ad-NPs  in  the  supernatant
was measured. It could be found that unaggregated Ad-NPs in the
supernatant decreased with the increase of βCD-MNPs (Figs. 2(i)),
while the fluorescence intensity of NPs in the supernatant was not
changed after the addition of βCD-MNPs (Fig. 2(j)).

Furthermore,  to  intuitively  monitor  the  nanoparticular
aggregation,  we  used  confocal  laser  scanning  microscopy  (CLSM)
to  observe  the  DiD-labeled  Ad-NPs  and  βCD-MNPs.  Obviously,
micro-size aggregates rapidly emerged, and their size increased with
increasing  co-incubation  time  (Fig.  2(k)),  which  was  not  found in
the  mixture  of  NPs  and  βCD-MNPs.  And,  the  formed  Agg-NPs
were dependent on the concentration of βCD-MNPs (Fig. S5 in the
ESM).  Interestingly,  Ad-NPs  and βCD-MNPs aggregate  into  large

particles  will  decrease  uptake  and endocytosis  by  tumor  cells  (Fig.
S6  in  the  ESM).  Besides,  Ad-NPs and βCD-MNPs exhibited  great
biocompatibility  (Fig.  S7  in  the  ESM).  Collectively,  these  results
demonstrated  the  host–guest  interaction  of  βCD  moiety  of  βCD-
MNPs and Ad moiety  of  Ad-NPs  induced the  rapid  formation of
micro-size aggregates Agg-NPs.

To  investigate  whether  Agg-NPs  would  be  formed in  vivo,
orthotopic  4T1  tumor-bearing  mice  were  intravenously  (i.v.)
administered of βCD-MNPs and followed by DiD-labeled Ad-NPs
or  NPs,  and  then  monitored  using  a  fluorescence in  vivo imaging
system  (IVIS).  It  could  be  found  that  mice  administrated  of  Agg-
NPs exhibited much enhanced fluorescence signals in tumor tissue
compared to that of βCD-MNPs+NPs group (Figs. 3(a) and 3(b)).
In  addition,  when  a  magnet  was  placed  in  the  tumor  regions  to
improve the accumulation of βCD-MNPs, the fluorescence signals
of  DiD-labeled  Ad-NPs  were  further  increased  (Agg-NPs(+M)
group).  More  interesting,  applying  the  AMF  to  generate  more

 

Figure 2    (a)  Average  hydrodynamic  size  and  (b)  representative  morphology  image  of  βCD-MNPs  measured  by  DLS  and  AFM,  respectively.  Scale  bar,  200  nm.  (c)
Average hydrodynamic size and (d) representative morphology image of Ad-NPs measured by DLS and AFM, respectively. Scale bar, 200 nm. (e) ITC measurement of
Agg-NPs or βCD-MNPs+NPs. (f) Supramolecular interaction force between Ad-NPs and βCD-MNPs measured by AFM. (g) DLS measurements of the hydrodynamic
diameters  of  Agg-NPs  or  βCD-MNPs+NPs  after  co-incubation.  (h)  Representative  AFM  image  of  Agg-NPs  and  βCD-MNPs+NPs.  The  fluorescence  intensity  in  the
supernatant of mixed solution of Agg-NPs (i) or βCD-MNPs+NPs (j) after centrifugation with different concentrations of βCD-MNPs. (k) 3D CLSM images of the Agg-
NPs or βCD-MNPs+NPs aqueous solutions after co-incubation for various lengths of time. The Ad-NPs (0.1 mg/mL) or NPs (0.1 mg/mL) was labeled with DiD and the
concentration of βCD-MNPs was fixed in 0.1 mg/mL.
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heating  based  on  aggregation  effect  (Fig.  S8  in  the  ESM),  the
fluorescence signals in tumor regions (Agg-NPs(+M/AMF) group)
reached  highest  among  these  formulations  and  could  be  clearly
detected  even  192  h  post  injection.  And,  this  nanoparticular
aggregation-mediated  tumor  enrichment  and  long-term  retention
were  further  verified  by  the  measuring  of  the  contents  of  Fe  and
DiD  in  the  tumor  tissue  (Figs.  3(c) and 3(d)).  To  investigate  why
the  magnetothermal  treatment  can  further  enhance  tumor
enrichment  and  retention  of  Agg-NPs,  we  employed  the  previous
reported method to determine the tumor tissue [41−45]. It could be
found that the percentage of loose tumor tissue after applying AMF
treatment increased from 4.2% to 32.8% (Fig. S9(a) in the ESM). In
addition,  the small  animal ultrasound revealed that the blood flow
velocity  around  the  tumor  was  significantly  increased  after  mild
hyperthermia treatment (Figs. S9(b) and S9(c) in the ESM).

Furthermore, we used intravital CLSM to visualize the formation
of Agg-NPs in the tumor in real time. Mice bearing an orthotopic
4T1  tumor  with  ear  window  chambers  were  i.v.  injected  βCD-
MNPs  and  subsequently  i.v.  injected  DiD-labeled  Ad-NPs  or  the
control  formulation  NPs,  and  then  the  assembly  process  was
observed by intravital CLSM. As shown in Fig. 3(e) and Movies S1
and S2 in the ESM, the red fluorescence aggregates were observed
in  the  tumor  site  at  50  min  post-injection  in  the  Agg-NPs  group,
which was not the case in the mice treated with βCD-MNPs+NPs
group.  These  results  suggested  that  Agg-NPs  can  achieve  the
formation  of  micro-sized  particle  aggregates in  vivo at  the  tumor
site.

Furthermore, to evaluate the enhanced therapeutic efficacy of the
Agg-NPs  delivery  strategy,  batimastat  (BB94)  [46],  which  is  an
effective broad-spectrum extracellular MMP inhibitor, was selected
as  a  model  drug  and  encapsulated  in  the  Ad-NPs  or  NPs.  Then,
mice bearing 4T1 tumor were randomly divided into seven groups
(n =  5)  (Fig.  4(a)):  G1:  PBS,  G2:  free  BB94,  G3:  NPBB94/βCD-
MNPs(+M),  G4:  NPBB94/βCD-MNPs(+M/AMF),  G5:  Agg-NPBB94,

G6: Agg-NPBB94(+M), and G7: Agg-NPBB94(+M/AMF). βCD-MNPs
were  intravenously  injected  in  groups  G3–G7;  (+M)  represented
fixing a magnet at the tumor site in groups G3, G4, G6, and G7 for
15  min,  and  (+M/AMF)  represented  further  applying  AMF
treatment to heat the tumor to 39–41 °C for 10 min.

Ad-NPBB94 or NPBB94 was intravenously injected at a BB94 dosage
of 5.0 mg/kg body weight. Lung and tumor tissues were collected at
day  27  to  evaluate  the  inhibition  efficacy  of  tumor  metastasis  and
growth.  As  shown  in Figs.  4(b) and 4(c),  mice  treated  with
NPBB94/βCD-MNPs(+M) or NPBB94/βCD-MNPs(+M/AMF) slightly
decreased lung metastasis inhibition, exhibiting a 31.0% and 44.1%
reduction, respectively. In contrast, treatment with the Agg-NPBB94,
Agg-NPBB94(+M),  or  Agg-NPBB94(+M/AMF)  exhibited  significantly
enhanced  inhibition  efficacies  of  lung  metastasis,  especially  Agg-
NPBB94(+M/AMF)  with  a  78.7%  reduction.  Moreover,  Agg-
NPBB94(+M/AMF)  treatment  also  exhibited  the  highest  efficacy  to
suppress  the  primary  tumor growth (Fig.  4(d) and Fig.  S10  in  the
ESM),  which  should  attribute  to  remarkably  improved  tumor
enrichment and long-term retention via nanoparticular aggregation
(Fig.  3).  Notably,  the  expression  of  MMP-3  and  MMP-9  was
strikingly  declined  in  the  Agg-NPBB94(+M/AMF)  group  (Figs.  4(e)
and 4(f) and  Fig.  S11  in  the  ESM).  In  addition,  Agg-
NPBB94(+M/AMF)  treatment  displayed  good  biosafety  via
monitoring  the  body  weight  changes  (Fig.  S12  in  the  ESM)  and
biochemical analysis (Fig. S13 in the ESM).

It  is  well-known  that  malignant  tumor  cells  usually
overexpressed  the  PD-L1  to  bind  PD-1  of  T  cells,  which  induced
the immune evasion of tumors. And, PD-1/PD-L1 based pathway is
an important immune checkpoint in cancer immunotherapy. Thus,
the  small  molecule  inhibitor  BMS-1  [47, 48],  which  extracellularly
disturbed the interaction between PD-1 and PD-L1, was chosen to
evaluate the efficacy of this nanoparticular aggregation strategy. We
encapsulated  the  BMS-1  into  Ad-NPs  or  NPs  using
nanoprecipitation  method.  Mice  bearing  B16-F10  tumor  were

 

Figure 3    (a) IVIS imaging of 4T1 tumor-bearing mice at different times after i.v. injection of βCD-MNPs and subsequent NPDiD or Ad-NPDiD administration (n = 3).
Red circles indicated tumor sites. (b) The change curves of fluorescence in tumor site after administration of various formulations. Data are presented as the mean ± s.d.
(n = 3). (c) The contents of Fe in tumor tissues measured by ICP-MS and (d) DiD fluorescence intensity statistic in tumor tissues at the 192 h post-administration in (a).
Data are presented as the mean ± s.d. (n = 3). (e) Intravital CLSM real-time visualization of Agg-NPs or βCD-MNPs+NPs in 4T1 tumor-bearing mice. Both Ad-NPs and
NPs were labeled with DiD. Scale bar, 20 μm.
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randomly  divided  into  four  groups  (n =  5):  G1:  PBS,  G2:  NPBMS-

1/βCD-MNPs(+M/AMF),  G3:  Agg-NPBMS-1(+M),  and  G4:  Agg-
NPBMS-1(+M/AMF).  βCD-MNPs  were  first  intravenously  injected
and magnetic-driven enrichment (+M) as described above together
with a second injection of NPBMS-1 or Ad-NPBMS-1 at days 1, 5, and
9. Then, supplementary intravenous injections of NPBMS-1 or Ad-
NPBMS-1  at  a  BMS-1  dosage  of  5.0  mg/kg  were  administered,
followed by the application of an alternating magnetic field (+AMF)
on days  2,  6,  and 10 (Fig.  5(a)).  As  shown in Fig.  5(b),  the  tumor
inhibition rate of NPBMS-1/βCD-MNPs(+M/AMF) was 34.2%, while
it  increased  to  76.3%  after  receiving  the  Agg-NPBMS-1(+M/AMF)
treatment, achieving approximately 2.2-fold increase. And, the best
therapeutic efficacy was further confirmed by collected tumor tissue
at the end of therapy (Figs. 5(c) and 5(d)), and also exhibited good
biosafety in the whole therapy period (Figs. 5(e) and 5(f)).

As  described  above,  the  BMS-1  would  inhibit  the  PD-1/PD-L1
interaction,  which  could  reactivate  T  cell-mediated  antitumor
immune responses.  To demonstrate it,  CD8+ T cells  and its  subset
were determined by flow cytometry. Figure 6(a) indicated that  the
proportions of CD8+ T cells in NPBMS-1/βCD-MNPs(+M/AMF) and
Agg-NPBMS-1(+M)  group  were  elevated  to  16.2%  and  19.8%,
respectively. And, the highest proportion of tumor-infiltrating CD8+

T cells was observed in the Agg-NPBMS-1(+M/AMF) group, reaching
33.3%.  Moreover,  its  subset,  IFN-γ+ CD8+ T  cells  with  the  IFN-γ
secretion  capacity,  were  also  obviously  increased  (Fig.  6(b))  and
more infiltrating CD8+ T cells  were observed by staining of  tumor
sections  (Fig.  6(c))  in  the  Agg-NPBMS-1(+M/AMF)  group.  Finally,
enzyme-linked  immunosorbent  assay  (ELISA)  analysis  indicated
the  increased  secretion  of  cytokines  TNF-α,  IFN-γ,  IL-12p70,  and
IL-6  (Figs.  6(d)−6(g)),  further  demonstrating  that  this
nanoparticular  aggregation  strategy  can  significantly  enhance
antitumor immune responses of extracellular drug BMS-1.

To  further  demonstrate  the  mechanism  of  elicited  potent
anticancer immune response in Agg-NPBMS-1(+M/AMF) group, the

collected tumor tissues were employed for transcriptome analysis. A
total  of  14,379  transcripts  were  measured,  of  which  1578  up-
regulated  and  54  down-regulated  genes  (fold  change  ≥  2  and P <
0.05)  were  determined  between  PBS  and  Agg-NPBMS-1(+M/AMF)
groups (Fig. 6(h)). More importantly, T cell activation-related genes
(Fig.  6(i))  were  clearly  upregulated  in  the  Agg-NPBMS-1(+M/AMF)
group. 

3    Conclusions
In summary, we developed nanoparticular aggregation strategy for
extracellular  targeted  drug  delivery  and  cancer  immunotherapy.
The pre-administrated βCD-MNPs were efficiently accumulated in
tumor tissue under magnetic actuation, and then further improved
the infiltration of another nanoparticle Ad-NPs and achieved their
micro-sized  aggregation  via  the  host–guest  interaction.  This
aggregation strategy significantly enhanced the tumor accumulation
and  retention  of  drug  delivery  systems  in  tumor  tissue  for
remarkably  improving  the  therapeutic  activity  of  extracellular-
targeted  drugs  batimastat  and  BMS-1.  Moreover,  this
nanoparticular  aggregation  strategy  is  also  applicable  for  the
delivery  of  other  drugs,  which  do  not  require  intracellular  uptake
and  including  those  that  are  easily  taken  up  by  cells,  such  as
doxorubicin  and  the  photothermal  agent  IR780.  By  utilizing  this
aggregation  approach,  large  particle  clusters  are  formed  at  the
tumor site, creating an “extracellular drug depot”, enabled sustained
drug  release  at  the  tumor  location.  This  work  offered  a  facile  and
rationally designed delivery strategy for extracellular drugs delivery. 

4    Experimental
 

4.1    Materials
Iron(II)  chloride tetrahydrate (FeCl2·4H2O) (MFCD00149709) and

 

Figure 4    (a)  Schematic  illustrating  of  the  experimental  protocol  for  treatment  in  the  4T1  breast  tumor  model.  (b)  Images  of  lung  tissues  presented  from  mice  after
various treatments (n = 5). (c) Statistics of nodule numbers in lung tissues of in situ 4T1 tumor-bearing mice on day 27. Data are presented as the mean ± s.d. (n = 5). (d)
The tumor growth curve of different mice groups with different treatments. Data are presented as the mean ± s.d. (n = 5). (e) Western blot analysis and (f) representative
immunofluorescence staining images of MMP-3 and MMP-9 in mouse tumor tissues at the end of treatment. Scale bar, 60 μm.
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carboxymethyl-β-cyclodextrin  (MFCD00285608)  were  purchased
from Macklin Biochemical Technology Co., Ltd. (Shanghai, China).
Iron(III)  chloride  tetrahydrate  (FeCl3·6H2O)  (10011918)  was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).  Amantadine  hydrochloride  (A1260)  was  purchased  from
Merck  (Shanghai,  China).  Fluorescein  isothiocyanate  (FITC)
(F4274),  collagenase  type  IV,  hyaluronidase  (C4-BIOC),  DNase  I
(11284932001), and DiD dye (468495) were purchased from Sigma-
Aldrich (Missouri, USA). Dimethyl sulfoxide (DMSO) (300724008)
was  purchased  from  Sinopharm  Chemical  Reagent  Co.,  Ltd.
(Shanghai,  China).  BMS-1 was purchased from Apeptide Co.,  Ltd.
(Shanghai,  China).  Batimastat  (BB94)  was  purchased  from  Bide
Pharmatech Ltd. (Shanghai, China). Hematoxylin and Eosin (H&E)
(C0105S)  staining  kit  was  purchased  from  Beyotime  (Shanghai,
China). Bovine serum albumin (BSA) (4240GR025) was purchased
from Suzhou Renold Biotechnology Co., Ltd. (Suzhou, China). FBS
(209111) and centrifuge tubes (601001) were purchased from NEST
Biotechnology  Co.  Ltd.  (Wuxi,  China).  4',6-Diamidino-2-
phenylindole  (DAPI)  (62248)  was  purchased from Thermo Fisher

Scientific  (Shanghai,  China).  RPMI-1640  medium  (10-040-CM),
penicillin-streptomycin  solution  (100×)  (30-002-CI),  and  trypsin
(2.5%) (25-050-CI) were purchased from Corning Life Sciences Co.,
Ltd.  (Suzhou,  China).  Anti-CD31  Rabbit  pAb  (GB11063-2-100)
was  purchased  from  Servicebio  (Wuhan,  China).  HyperFluor™
488 Goat Anti-Rabbit IgG (H+L) Antibody (K1206) was purchased
from  APExBIO  (Houston,  USA).  TNF-α  ELISA  kit  (JLW10484),
IFN-γELISA  kit  (JLW10967)  and  IL-6  ELISA  kit  (JL20268)  were
purchased  from  Jianglai  biology  (Shanghai,  China).  IL-12p70
ELISA  kit  was  purchased  from  Dakewe  (Shenzhen,  China).  Flow
cytometry antibodies and 10× red blood cell lysis solution (422401)
were purchased from BioLegend (San Diego, USA). 

4.2    Characterization
NMR spectra were recorded in deuterated reagent (such as DMSO-
d6)  with  an  NMR  Bruker  AVANCE  III  400  MHz  spectrometer
(Bruker  Scientific  Corporation  Ltd.,  Switzerland).  The  size
measurement was carried out in aqueous solution using a Malvern
ZS90  dynamic  light  scattering  instrument  (Malvern  Instruments

 

Figure 5    (a) Schematic illustrating of the experimental protocol for treatment in the B16-F10 melanoma tumor model. (b) The tumor growth curves of different mice
groups with different treatments. Data are presented as the mean ± s.d. (n = 5). (c) The photograph and (d) weight of tumor tissues from different groups at the end of
treatment.  (e)  The  weight  changes  curve  of  mice  at  the  therapy  period  from  different  groups.  (f)  H&E  staining  of  main  organs  from  treated-group  mice.  Scale  bar,
50 μm.
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Ltd.,  England)  with  a  He  Ne  laser  (633  nm)  and  90°  collecting
optics.  The  data  were  analyzed  using  Malvern  Dispersion
Technology Software 5.10. The fluorescence spectra were measured
on  a  fluorescence  spectrophotometer  (Shimadzu  RF  6000,  Japan).
The properties of the interaction between Ad-NPs and βCD-MNP
were  tested  by  isothermal  titration  calorimetry  (nano  ITC,  USA)
and  atomic  force  microscopy  (NanoWizard®  4  XP  BioScience,
USA). 

4.3    Cell lines and animals
Murine breast cancer (4T1 cells) and mouse melanoma cells (B16-
F10)  were  obtained  from  the  American  Type  Culture  Collection
(ATCC). 4T1 cells  and B16-F10 cells  were cultured in RPMI-1640
medium  supplemented  with  10%  FBS  and  1%  penicillin/
streptomycin  at  37  °C  using  a  humidified  5%  CO2 incubator.
Female  BALB/c  mice  (6  weeks)  were  purchased  from  the  Hunan
SJA Laboratory Animal Co. Ltd. (Hunan, China). Mice were raised
in Model Animal Center of South China University of Technology
in a specific pathogen free (SPF) environment. All animals received
care in compliance with the guidelines outlined in the Guide for the
Care  and  Use  of  Laboratory  Animals  with  free  access  to  the  feed
and  water.  The  animal  study  protocol  was  approved  by  the
Institutional  Animal  Care  and  Use  Committee  at  South  China
University  of  Technology  with  the  assigned  accreditation  number
2022040. 

4.4    Preparation of βCD-MNPs and Ad-NPs
FeCl₂·4H₂O (0.8 g) and FeCl₃·6H₂O (1.38 g) were mixed dissolved

in  100  mL  ultrapure  water  and  stirred  under  vacuum
circumstances.  Subsequently,  carboxymethyl-β-cyclodextrin  (0.5  g)
and  NaOH  (0.1  g/mL,  15  mL)  were  added  and  continuous
mechanically  stirred  at  90  °C  for  1  h.  After  cooling,  the  product
solution  was  centrifuged  (9000  rpm,  10  min)  and  washed  three
times  with  ultrapure  water  to  obtain  the  magnetic  nanoparticles,
denoted  as  βCD-MNPs.  The  drug-encapsulated  Ad-NPs  were
prepared  according  to  a  nanoprecipitation  method.  Simply,  Ad-
PEG-b-PLA (10 mg)  and 1  mg batimastat  (BB94)  or  BMS-1 were
dissolved  in  1  mL  DMSO.  After  vortex,  the  mixed  materials
solution was dripped into 10 mL ultrapure water and kept stirring
for 2 h at R.T. The obtained nanoparticles solution was transferred
into  a  dialysis  bag  (MWCO  =  14,000  Da)  and  put  into  ultrapure
water for dialysis overnight. Then, the solution was collected inside
the  dialysis  bag  and  concentrated  by  a  YM  30  ultrafiltration
centrifuge  tube  (Millipore,  MWCO  5000  Da),  and  the  obtained
nanoparticles  were  denoted  as  Ad-NPBB94 or  Ad-NPBMS-1.  The
control drug-loaded nanoparticles NPBB94 or NPBMS-1 were prepared
according  to  similar  method  with  PEG-b-PLA  polymer.
Furthermore,  the  drug  loading  capacity  was  determined  by  high
performance  liquid  chromatography.  The  DiD-labeled  Ad-NPs  or
NPs were prepared according to similar method with incorporating
1 wt.% DiD dye. 

4.5    Aggregation of βCD-MNPs and Ad-NPs
In order to observe the crosslinking aggregate effect between βCD-
MNPs  and  Ad-NPs,  Ad-NPDiD (DiD  dye-labeled,  1  mg/mL)  and
βCD-MNPs  were  mixed  and  co-incubated  for  different  times.  At
different  preset  times,  a  magnet  was  placed  at  the  bottom  of  the

 

Figure 6    Representative flow cytometry images (left) and relative quantification (right) of (a) CD8+ T cells and (b) IFN-γ+ CD8+ T cells (n = 5). (c) Images of infiltrating
CD8+ T cells  staining in tumor section from various treatment groups.  Scale  bar,  50 μm. Levels  of  secreted (d) TNF-α,  (e)  IFN-γ,  (f)  IL-12p70,  and (g)  IL-6 in tumor
tissues  at  the  end  of  treatment  (n =  5).  (h)  Distribution  of  upregulated  (1578)  and  downregulated  expression  of  genes  (54)  in  the  Agg-NPsBMS-1(+M/AMF)  group
compared with the PBS group in a volcano plot. (i) Heat map of the T cell activation-related genes in the Agg-NPsBMS-1(+M/AMF) group versus PBS group.
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tube to enrich the βCD-MNPs and the supernatant was collected to
measure  the  fluorescence  intensity  of  the  supernatant  by  using  a
fluorescence  spectrometer.  After  similar  treatment  based  on  DiD-
labeled Ad-NPs (0.1 mg/mL) or NPs (0.1 mg/mL) and βCD-MNPs
(0.1 mg/mL), the aggregates morphology of Agg-NPs was observed
by  three-dimensional  (3D)  CLSM.  Moreover,  βCD-MNPs
(1 mg/mL) was co-incubated with Ad-NPs (1 mg/mL) or NPs for
1  min,  respectively.  The  mixtures  were  then  drop-cast  onto
adhesive glass slides and allowed to air dry naturally. The resulting
morphology was subsequently examined using AFM. 

4.6    Subject-object  interaction  force  between  βCD-MNPs
and Ad-NPs or NPs
Ad-NPs (1 mg/mL) was loaded into the titration syringe, and βCD-
MNPs  (10  mg/mL)  was  placed  in  the  sample  cell.  The  thermal
effects  of  Ad-NPs  titration  into  βCD-MNPs  were  measured  using
an  ITC.  Additionally,  βCD-MNPs  were  drop-cast  onto  adhesive
glass slides, while the probe was immersed in Ad-NPs. After drying,
the adhesive forces between particles were measured using AFM. 

4.7    In  vivo  accumulation  and  crosslinking  aggregate  in
tumor tissue of Agg-NPs
Mice  were  anesthetized  and  4T1  cells  (30  μL,  500,000  cells)  were
implanted  into  a  vascular-rich  region  in  the  middle  of  the  mouse
ear.  Tumor  growth  was  monitored,  and  once  the  tumor  reached
approximately  50  mm3,  βCD-MNPs  (10  mg/kg)  were  i.v.
administered via tail in two groups of mice. After anesthetizing the
mice,  a  magnet  was  placed  over  the  ear  tumor  for  15  min.
Subsequently,  DiD-labeled  Ad-NPs  or  NPs  (1  mg/kg)  were  i.v.
injected  via  tail  vein,  and  particle  accumulation  was  continuously
observed for 110 min using CLSM (ZEISS990).

Furthermore,  βCD-MNPs  (10  mg/kg)  were  i.v.  administered  in
each group of mice (n = 3), followed by the placement of a magnet
at the tumor site for 15 min. Subsequently, DiD-labeled Ad-NPs or
NPs (1 mg/kg) were i.v. injected, and the mice were subjected to an
alternating magnetic  field.  The fluorescence intensity in the tumor
regions  was  continuously  monitored  at  4,  12,  48,  96,  144,  and
192  h  by  using  an  IVIS  imaging  system.  Following  IVIS  imaging,
tumor tissues  were harvested and thoroughly ground using a  steel
mesh, and the resulting mixture was filtered through a nylon mesh
to  remove  tissue  debris.  Finally,  the  residual  fluorescence  intensity
of  DiD  in  the  tumor  was  quantified  using  a  fluorescence
spectrophotometer,  and  the  concentration  of  residual  Fe  in  the
tumor  tissue  was  analyzed  using  inductively  coupled  plasma mass
spectrometry (ICP-MS). 

4.8    Magnetothermal  enhanced  particles  accumulation  in
tumor
To  investigate  the  mechanism  of  magnetothermal-enhanced
particle aggregation, the βCD-MNPs (10 mg/kg) were i.v. injection
via  tail  into  each  mouse  (n =  7  per  group),  followed  by  the
placement of a magnet at the tumor site for 15 min. Subsequently,
Ad-NPs  (1  mg/kg)  were  i.v.  injected.  To  simulate  the  heat  effects
induced by magnetothermal processes, βCD-MNPs were used as a
photothermal  agent,  and  an  808  nm laser  was  applied  to  irradiate
the  tumor  site.  Blood  flow  velocity  in  the  tumor-surrounding
vasculature was measured using a small animal ultrasound imaging
system  (VisualSonics  Vevo®  2100  Imaging  System).  Additionally,
tumor  tissues,  both  subjected  to  magnetothermal  treatment  and

untreated,  were  harvested  and  stained  with  H&E.  The  extent  of
tissue  loosening  within  the  tumor  was  analyzed  using  ImageJ
software. 

4.9    In vivo antitumor efficacy of Agg-NPs delivers BB94
Female  BALB/c  mice  bearing  4T1  tumors  (~  50  mm3)  were
randomly  divided  into  7  groups  (n =  5  per  group):  G1:  PBS,  G2:
free  BB94,  G3:  NPBB94/βCD-MNPs(+M),  G4:  NPBB94/βCD-
MNPs(+M/AMF), G5: Agg-NPBB94,  G6:  Agg-NPBB94(+M), and G7:
Agg-NPBB94(+M/AMF). On days 1 and 8, the following treatments
were  administered  via  intravenous  injection:  G1:  PBS,  G2:  free
BB94,  and  for  groups  G3,  G4,  G6,  and  G7,  βCD-MNPs  were
injected  followed  by  placing  a  magnet  at  the  tumor  site  for
15 min, after which Ad-NPBB94 or NPBB94 was i.v.  injected. G4 and
G7 were additionally subjected to an alternating magnetic field. G5
was  administrated  similar  as  G7  but  without  placed  magnet  and
alternating magnetic  field.  On days 3  and 10,  the same treatments
were  repeated  as  abovementioned.  The  dosage  of  BB94  was
5  mg/kg.  Tumor  size  and  body  weight  were  measured  every  two
days.  Tumor volume (mm3)  was calculated using the formula V =
L × W2 ×  1/2,  where L is  the  longest  dimension  and W is  the
shortest  dimension.  At  the  end  of  the  treatment,  the  mice  were
sacrificed, tumor and lung tissues were collected from each group.
The number of lung nodules was quantified, and lung tissues were
subjected  to  H&E  staining  for  histological  analysis.
Immunofluorescence  staining  was  performed  to  assess  the
expression  of  MMP-3  and  MMP-9  proteins  in  the  tumor  tissues.
Additionally, tumor tissues were homogenized, and the expression
levels  of  MMP-3  and  MMP-9  proteins  were  further  analyzed  by
western blot. 

4.10    In vivo antitumor efficacy of Agg-NPs delivers BMS-1
Female  C57BL/6j  mice  bearing  B16-F10  tumors  (~  50  mm3)  were
randomly  divided  into  4  groups  (n =  5  per  group):  On  days  1,  5,
and  9,  the  following  treatments  were  administered:  G1:  PBS,  G2:
NPBMS-1/βCD-MNPs(+M/AMF),  G3:  Agg-NPBMS-1(+M),  G4:  Agg-
NPBMS-1(+M/AMF). Groups G2, G3, and G4 were i.v. injected with
βCD-MNPs,  followed by placement of  a  magnet  at  the tumor site
for 15 min at days 1, 5, and 9. Subsequently, NPBMS-1 or Ad-NPBMS-1
was  i.v.  injected  and  following  application  of  an  alternating
magnetic  field  at  days  2,  6,  and  10.  The  dosage  of  BMS-1  was  5
mg/kg  mice  weight.  Tumor  size  and  body  weight  were  recorded
every  two  days.  Tumor  volume  (mm3)  was  calculated  using  the
formula V = L × W2 × 1/2, where L is the longest dimension and W
is  the  shortest  dimension.  Tumor  tissues  were  harvested  and
homogenized  for  flow  cytometric  analysis  of  immune  cell  levels,
and  tumor  samples  from  G1  and  G4  groups  were  sent  for
transcriptomic  analysis.  Finally,  major  organs  from  each  group
were collected and subjected to H&E staining for safety evaluation. 

4.11    Analysis of immune effects
Tumors  excised  from  mice  were  minced  and  incubated  in  a
digestion  solution  at  37  °C  for  15  min,  and  then  cell  suspensions
were  passed through a  200-mesh steel  mesh,  centrifuged and 40%
percoll was added to isolate lymphocytes by gradient centrifugation.
Next, red blood cell lysis buffer was added at room temperature for
10  min.  Then,  the  samples  were  centrifuged  and  resuspended  in
PBS  containing  0.2%  bovine  serum  albumin.  The  extracted
lymphocytes  were  collected  and  stained  with  Brilliant  Violet  510™
anti-mouse  CD45  (clone:  104),  FITC  anti-mouse  CD3  (clone:

Li et al. Nano Research | Vol. 18, No. 7

Nano Research, 2025, 18, 94907164 94907164 (8 of 10)

https://www.sciopen.com/article/10.26599/NR.2025.94907164
https://www.sciopen.com/article/10.26599/NR.2025.94907164
https://www.sciopen.com/article/10.26599/NR.2025.94907164
https://www.sciopen.com/article/10.26599/NR.2025.94907164
https://www.sciopen.com/article/10.26599/NR.2025.94907164
https://www.sciopen.com/article/10.26599/NR.2025.94907164
https://www.sciopen.com/article/10.26599/NR.2025.94907164
https://www.sciopen.com/article/10.26599/NR.2025.94907164


17A2),  APC/Cyanine7  anti-mouse  CD4  (clone:  GK1.5),  PE  anti-
mouse  CD8a  (clone:  56-6.7),  and  APC  anti-mouse  IFN-γ  (clone:
XMG1.2) for flow cytometry analysis. 

4.12    Statistical analysis
All  data  were  presented  as  the  mean  ±  s.d.  The  results  were
analyzed using one-way ANOVA or unpaired two-sided Student’s t-
test with GraphPad Prism 8.0 (GraphPad Software).  Values of p <
0.05 were considered to be statistically significant (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, ns: no significance). 

Data availability
All  data  needed  to  support  the  conclusions  in  the  paper  are
presented  in  the  manuscript  and  the  Electronic  Supplementary
Material.  Additional  data  related  to  this  paper  may  be  requested
from the corresponding author upon request. 

Electronic  Supplementary  Material: Supplementary  material
(characterization of βCD-MNPs and Ad-PEG-b-PLA, CLSM image
of Agg-NSs, analysis of loose area and blood flow, image of tumor
tissues,  graph  of  weight  changes  and  biochemical  criterion)  is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/NR.2025.94907164. 
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