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An artificially engineered “tumor bio-magnet” for
collecting blood-circulating nanoparticles and
magnetic hyperthermia†

Bing Liang, ‡a Kexiao Yu, ‡a Yi Ling,‡a Micheal Kolios, b Agata Exner, c

Zhigang Wang,a Bing Hu,d Guoqing Zuo,*a,e Yu Chen *f and Yuanyi Zheng *a,d

It is a great challenge to directly endow a tumor with specific func-

tions for theranostic treatment. In this study, we report on a novel

approach to transform a tumor into a “bio-magnet”, to be magne-

tized on demand, in order to create an intrinsic tumor magnetic

field that would collect magnetic nanoparticles (MNPs) circulating

in the blood and achieve simultaneous magnetic hyperthermia.

This was achieved by the localized intratumoral injection of liquid

Nd2Fe14B/Fe3O4-PLGA, followed by solvent exchange that induces

a liquid-to-solid transformation. After the magnetism charging

process, the solid Nd2Fe14B/Fe3O4-PLGA implant was endowed

with permanent magnetic properties and in situ created the

magnetic field within the tumor tissue, making the tumor a “bio-

magnet”. After the creation of the bio-magnet, intravenously

injected MNPs accumulated into the tumor tissue due to the

tumor magnetic field. Importantly, both the in vitro and ex vivo

results demonstrated the high efficiency of the implanted bio-

magnet for magnetic hyperthermia. This new approach achieves

magnetic targeting by creating a tumor “bio-magnet”, which

generates a strong magnetic field within the tumor, paving a new

way for the development of an efficient targeting strategy for

tumor therapy.

Introduction

Cancer is now one of the biggest challenges threatening
human health.1,2 Although traditional therapeutic modalities
have found their roles in cancer therapy (e.g., chemotherapy,
surgery, radiotherapy),3–5 patient compliance is relatively low
because of severe side effects.6 The development of new thera-
peutic modalities that minimize normal tissue damage and
target tumor tissue has long been a goal in cancer treat-
ment.7,8 For instance, targeted chemotherapy can realize high
tumor accumulation and therefore enhanced therapeutic
efficiency.9–11 However, targeted drug delivery still has shortcom-
ings that need to be solved.12,13 On one hand, the targeting
efficiency is unfortunately still too low to achieve the desirable
chemotherapeutic outcome.14,15 On the other hand, the targeting
is time-consuming, tedious and expensive, creating significant
barriers to the clinical translation of these targeting
strategies.16–18 The emergence of nanotechnology and nano-
medicine employing various nanoparticles as the nano-based
drug delivery system (DDS) can enhance the drug-delivery
efficiency via enhanced permeability and retention (EPR) effect-
based passively-targeted accumulation.19–23 However, it has been
shown that relying on passive accumulation is not efficient since
the densely packed extra-cellular matrix (ECM) of early-stage
tumors appears to sterically restrict nanoparticle accumulation
based on particle diameter.24 Magnetic nanoparticles (MNPs)
have been explored as the promising DDS for theranostic appli-
cations, including magnetic hyperthermia,25–27 drug delivery,28–30

and diagnostic imaging.31,32 Importantly, these MNPs can be
manipulated by an external magnetic field to achieve active tar-
geting by magnetic field-targeted transportation.33–35

Conjugation of MNPs with drugs in combination with an
external magnetic field to target the MNPs to the target tissues
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(so-called “magnetic drug targeting”, MDT) has emerged as a
promising strategy for targeted drug delivery.36,37 The MNP-
based therapy has been suggested as a non-invasive and rela-
tively non-toxic protocol for cancer treatment.33 However, there
are still some critical issues to be solved for efficient MNP tar-
geted drug delivery. First, magnetic targeting typically requires
an external magnetic field, which is expensive, technologically
complex and for which the field is difficult to focus.38 Second,
relying on the passive accumulation of MNPs is not optimal due
to the lack of control or the particle intratumoral distribution
and normal tissue cytotoxicity.39 Third, current approaches
using MNPs still suffer from low-targeting efficiency under
external magnetic fields because of the limitations of the mag-
netic field strengths and conformity that can be achieved
in vivo.40,41 Therefore, it is highly desirable to develop new mag-
netic-targeting strategies for efficient cancer therapy.

To overcome the above limitations, our proposed new
approach relies on an injectable and chargeable bio-magnet
that is based on a smart phase-transition organic/inorganic
hybrid implant, which can be injected in liquid form in tissue
before solidifying. Upon the magnetization of the bio-magnet,
MNPs in the circulation would accumulate at the location of the
intratumoral injection to facilitate magnetic-hyperthermia of the
tumor. This unique bio-magnet could be directly injected into
the center of the tumor in a minimally invasive manner under
real-time ultrasound-imaging guidance based on its high fluid-
ity and syringeability. It is noted that neodymium iron boron
(Nd2Fe14B)

42,43 and intratumoral injections have been exten-
sively used clinically (e.g., IntraDose, Cisplatin/Epinephrine
Injectable Gel, an FDA approved drug) and in basic research,
which are suitable for the chemotherapy of tumors at the last
stage or tumors without abundant blood supply. After contact-
ing water, the liquid bio-magnet transforms into a solid form
based on a specific solvent-exchange process. The solidifica-
tion of the gel firmly confines the implant within the tumor to
avoid material/drug leakage and minimize the exposure to the
normal tissue. An additional magnetizing process on the post-
formed solid implant endowed the bio-magnet with strong
magnetic properties to create an intrinsic magnetic field
within the tumor for absorbing the circulating MNPs. The bio-
magnet within the tumor could also respond to external alter-
nating current (a. c.) magnetic fields to achieve localized mag-
netic hyperthermia. It is highly expected that the dual func-
tions of the implanted bio-magnet within the tumor (i.e.
aiding in the targeting of MNPs and providing material for
magnetic hyperthermia) provide a new efficient strategy for
cancer therapy based on the delivery of magnetic biomaterials.

Results and discussion

A unique artificial bio-magnet for implantation within the
tumor tissue has been developed to create an intrinsically
magnetic field within a tumor for realizing concurrent target-
ing of the blood-circulating MNPs and localized magnetic
hyperthermia. As shown in Fig. 1a, hydrophobic organic poly-

lactic-co-glycolic acid (PLGA) molecule is capable of dissolving
into N-methyl pyrrolidone (NMP) solvent to form a homo-
genous solution.44 Although NMP has low toxicity, as a con-
stituent in medical devices, it has been widely used and
approved by the Food and Drug Administration.45 Concise
International Chemical Assessment Document (No. 35, 2006)
from World Health Organization was reported that NMP
repeated daily doses of 450 mg per kg body weight administered
to the skin could cause painful haemorrhage and eschar for-
mation in rabbits. However, in our study, the locally injected
NMP was only 75 μL (net content 0.005 mg kg−1) in each mouse,
which is far below the toxic dose. As Video S1† shows, Nd2Fe14B
and Fe3O4 particles before being charged could easily be dis-
persed into the above solution by mechanical vibration (Fig. 1a
Step 1),44,46 the magnetic hysteresis loop of the initial Nd2Fe14B
and Fe3O4 particles is shown in Fig. S2 and S3,† respectively.
After injecting into the aqueous solution, the NMP solvent
quickly exchanges with surrounding water, causing the precipi-
tation of hydrophobic PLGA containing Nd2Fe14B and Fe3O4 par-
ticles and forming a solid implant (Step 2). After establishing a
tumor xenograft (Fig. S1a and e†), the as-formed Nd2Fe14B/
Fe3O4-PLGA bio-injection could easily be injected into the center
of the tumor tissue (Fig. S1b and f†). Because of the aqueous
tumor microenvironment, the solvent-exchanging process
occured, leaving the solid implant firmly confined within the
tumor tissue. The following magnetism-charging process directly
transforms the magnetic implant into a bio-magnet (Fig. S1c
and S1g†), which is capable of collecting the blood-circulating
MNPs for intrinsic magnetic field-guided tumor targeting
((Fig. S1d and h†) and magnetic hyperthermia (Fig. 1b).

To show the high syringeability and fluidity of the as-pre-
pared Nd2Fe14B/Fe3O4-PLGA bio-injection facilitating mini-
mally invasive localized injection, Nd2Fe14B/Fe3O4-PLGA was
loaded into a standard syringe (Fig. 2a). It has been found that
the Nd2Fe14B/Fe3O4-PLGA bio-injection could easily and freely
pass through the syringe based on the low viscosity of the
NMP solvent (Fig. 2b and Video S2†). The phase transform-
ation took place immediately after contacting with water
(Fig. 2c–e and Video S2†) because of the fast solvent exchange
process between NMP and water. Such a quick phase-changing
process was further monitored both in vitro (Fig. 2f–i and
Fig. S4†) and in vivo (Fig. 2j and k) by ultrasound imaging. An
obvious contrast enhancement of ultrasound imaging was
observed after liquid-to-solid phase transformation (Fig. 2f–i).
Importantly, the post-formed solid implant was confined in
the interior of the tumor tissue, as confirmed by ultrasound
imaging (Fig. 2k), facilitating the subsequent magnetism-char-
ging process, MNP collection and magnetic hyperthermia. An
SEM image shows the rough surface of the post-formed solid
Nd2Fe14B/Fe3O4-PLGA implant (Fig. 2l). The presence of
Nd2Fe14B and Fe3O4 was further demonstrated by EDS and
corresponding element mapping (Fig. S5†). The uniform distri-
bution of the elements Nb, Fe and B indicates the homo-
geneous dispersity of Nd2Fe14B and Fe3O4 within the matrix of
the post-formed composite implant (Fig. 2m–q) after the
liquid–solid phase transformation.
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It has been preliminarily demonstrated that external mag-
netic targeting can enhance the accumulation of MNPs in a
tumor.31,47 Herein, it was expected that the magnetic targeting
efficiency could be significantly enhanced if the tumor could
intrinsically become the magnet to collect the circulating
MNPs. To achieve this, a novel magnetism-charging technique
was developed to directly transform the implanted Nd2Fe14B/
Fe3O4-PLGA magnetic composites into a bio-magnet for the
generation of a unique artificial tumor bio-magnet with intrin-
sic magnetic field for collecting the circulating MNPs.

The Nd2Fe14B component of the solid Nd2Fe14B/Fe3O4-
PLGA implant could be directly transformed into a permanent
magnet after magnetization. It has been demonstrated that the
efficient magnetic targeting is based on two primary factors:
magnetic field strength and the properties of the magnetic-
responsive blood-circulating MNPs.48,49 Its morphology and
elementary composition are shown in Fig. S6.† As a prelimi-

nary experiment, MNPs were directly injected into a simulated
blood vessel, followed by the introduction of the artificial bio-
magnet into the center (Fig. 3a–f ). The fluorescent MNPs were
quickly immobilized by the magnetic field originating from
the bio-magnet, possibly caused by the aggregation-induced
fluorescent quenching50 (Fig. 3e and f). Importantly, the
Nd2Fe14B/Fe3O4-PLGA bio-magnet exhibited the expected mag-
netic field lines (Fig. 3g) and the bio-magnet is able to collect
the surrounding MNPs easily (Fig. 3h and i), indicating that it
could also potentially attract circulating MNPs in blood
vessels. The magnetism of the as-formed bio-magnet was sys-
tematically characterized using bio-magnets with different
Nd2Fe14B percentages and adopted volumes (Fig. 3j).
Furthermore, after adopting higher quality Nd2Fe14B, the mag-
netism could be further improved. For example, the magnet-
ism for 100 μL of 65% Nd2Fe14B-bio-magnet was increased to
over 1000 Gs (Videos S3, S4 and S5†). The increase in the

Fig. 1 Schematic of the in vitro and in vivo application of artificial bio-magnet and its applications in collecting MNPs from the blood-vessel circula-
tion. (a) The preparation of the Nd2Fe14B/Fe3O4-PLGA bio-injection and its further transformation into the bio-magnet. (b) The scheme of the artifi-
cial tumor bio-magnet with dual functions, including collecting the blood-circulating MNPs and magnetic hyperthermia.

Biomaterials Science Communication

This journal is © The Royal Society of Chemistry 2019 Biomater. Sci., 2019, 7, 1815–1824 | 1817

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

T
or

on
to

 o
n 

9/
28

/2
02

1 
7:

30
:1

9 
PM

. 
View Article Online

https://doi.org/10.1039/c8bm01658e


Nd2Fe14B content within the composite implant could enhance
the bio-magnet field strength, which is believed to be strong
enough for the in vivo absorption of the circulating MNPs within
the blood vessel. The magnetic hysteresis loop of the 65%
Nd2Fe14B-bio-magnet clearly shows that this bio-magnet had a
saturation magnetization as high as 126.0 emu g−1 (Fig. 3k).

In order to evaluate magnetism of the bio-magnet in vivo,
we further chose fluorescent MNPs to show the in vivo mag-
netic-targeting performance assisted by the implanted bio-
magnet in nude mice bearing SMMC-7721 human HCC xeno-
graft. As shown in Fig. 4a–d, the intravenously administered
fluorescent MNPs gradually accumulated into the tumor with
the extension of the circulating duration, demonstrating the
high collecting performance of the implanted bio-magnet.
Comparatively, the control group (A), the PLGA group (B), and
Nd2Fe14B/Fe3O4-PLGA without charging group (C) have no
obvious MNP accumulation. The efficient magnetic-targeting
of the implanted bio-magnet was further demonstrated by the
quantitative determination of the tumor fluorescent intensity,

which originated from the accumulated MNPs (Fig. 4j). The
fluorescent intensity increased significantly ((11.36 ± 2.46) ×
108) compared to the group without magnetic targeting
((1.94 ± 0.86) × 108) after 48 h. In addition, the prussian-blue
staining of the tumor before (Fig. 4e) and after the intravenous
administration of MNPs (24 h, 48 h and 72 h) shows the sub-
stantially enhanced prussian blue-stained tumor tissues could
be identified because of the high accumulation of MNPs into
the tumor (Fig. 4f–h), further demonstrating the high
magnetic-collecting efficacy of MNPs for tumor targeting. The
elaborately introduced artificial bio-magnet formed a perma-
nent magnetic field intrinsically within the tumor tissue
(Fig. 4i). Therefore, the blood-circulating MNPs in the tumor
vasculature could be targeted to the tumor, causing the high
accumulation of the fluorescent MNPs. This result is very intri-
guing as it can effectively realize the nanoparticle targeting
simply by creating the elaborately designed magnetic field
within the tumor based on the artificial tumor bio-magnet.
The contradictory findings for the in vivo and in vitro fluo-

Fig. 2 Characterization of the solid bio-magnet. (a) Digital photos of the injectable Nd2Fe14B/Fe3O4-PLGA though the standard 1 ml syringe and
(b–e) the corresponding phase-change process after contacting the water. Real-time monitoring of the liquid-to-solid phase transition by ultra-
sound imaging both (f–i) in vitro and ( j: before injection; k: after injection) in vivo in tumor xenograft. (l) SEM image of post-formed Nd2Fe14B/
Fe3O4-PLGA solid implant and corresponding element mappings (m: Fe, n: C, o: Nd, p: B and q: O).
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rescence phenomenon have been confirmed in this study,
which is very interesting, while the detailed mechanism is
unknown, which needs to be further studied in future. It was
reported that the in vitro magnetic quenching of fluorescence
might be caused by a large amount of fluorescent superpara-
magnetic nanoparticles at a high density.50 The mechanism of
magnetic quenching is only explored in the gas phase. The
reason of magnetic quenching is the excited state
particle interactions.51 The possible reason for no quenching
phenomenon in vivo, we think, might be the following: in vivo
study, the concentrated particles dispersed inside the tissue,
the tissue might have effect on the fluorescence, while it needs
to be disclosed in future how the tissue affects the
fluorescence.

In addition to the intriguing property of the implanted bio-
magnet for collecting the circulating MNPs, the approach can

also be used to enhance magnetic hyperthermia due to the
bio-magnet’s magnetic properties. It has been found that the
presence of a bio-magnet could effectively and quickly increase
the temperature of the surrounding microenvironment
(Fig. 5a–c). Pure PLGA without magnetic materials showed no
significant temperature variations (32.3 ± 0.5 °C and 35 ±
1.3 °C). The 65% Nd2Fe14B-bio-magnet achieved the highest
temperature by the exposure to ac magnetic field only for three
minutes. The temperatures of 50 μL, 75 μL, and 100 μL of 65%
Nd2Fe14B-bio-magnet after three-minutes exposure were deter-
mined to be 87.3 ± 1.8 °C, 104.4 ± 2.2 °C and 125.9 ± 7.1 °C,
respectively, based on the near infrared thermal measure-
ments (Fig. 5c). It is noted that this hyperthermia temperature
could easily reach over 45 °C, which is over the temperature
threshold for potential tissue ablation and the temperature of
the bio-magnet is controllable. The increase in the Nd2Fe14B

Fig. 3 In vitro magnetic property and magnetic-guidance performance of the solid bio-magnet. (a–c) Photographs and (d–f ) the corresponding
fluorescent images of simulated blood vessels containing fluorescent superparamagnetic nanoparticles before and after the introduction of a mag-
netic field from the solid bio-magnet (a, d: before magnetic guidance; b, e: after magnetic guidance; c, f: bio-magnet removal after magnetic gui-
dance). (g–i) Magnetic-induction line and magnetic absorption range of a 65% Nd2Fe14B-bio-magnet (75 μL liquid-transformed solid implant fol-
lowed by magnetism charging). ( j) The histogram of the magnetic-flux density of 75 μL bio-magnet with different Nd2Fe14B contents and volume. (k)
Magnetic hysteresis loop of 65% Nd2Fe14B-bio-magnet.
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content could also enhance the hyperthermia ablation
outcome of the bio-magnet (Fig. 5b).

To further demonstrate the therapeutic efficiency of the
bio-magnet for magnetic hyperthermia, bovine liver was
initially chosen for an ex vivo evaluation. The temperature of
the bovine liver after implanting 75 µL 65%-bio-magnet exhibi-
ted a quick increase after exposure to ac magnetic field
(Fig. 5e). The bovine liver without the bio-magnet implant
(Fig. 5d), however, showed no significant temperature increase
after the magnetic-field exposure (Fig. 5f). The high tempera-
tures caused significant tissue ablation. The ablation efficiency
strongly depends on the exposure duration and the adopted
content of the bio-magnet (Fig. 5g). Therefore, it is also
expected that the implantation of the bio-magnet is potentially

capable of hyperthermia ablation of the tumor based on its
high magnetic-heat conversion efficiency, or in assisting the
magnetic-targeting chemotherapy based on the bio-magnet
magnetic field-guided MNP. After establishing the
SMMC-7721 human HCC xenograft in nude mice, followed by
the in situ formation of the bio-magnet, the external ac mag-
netic field was directly adopted for magnetic hyperthermia.
The tumor could almost completely be treated after the mag-
netic hyperthermia without obvious reoccurrence (Fig. 6a and
b), showing the high magnetic-hyperthermia performance of
the implanted bio-magnet for tumor treatment. Most of the
current approaches for magnetic hyperthermia using MNPs
still suffer from low-targeting efficiency,41 and the generated
temperature is relatively low, up to 40–42 °C,52 which is not

Fig. 4 In vivo targeting of the circulating MNPs by the charged bio-magnet. In vivo fluorescent imaging of the tumor-bearing mice after the
implantation with (B) 75 μL PLGA, (C) 75 μL 65% Nd2Fe14B/Fe3O4-PLGA without charging, (D) 75 μL Nd2Fe14B-bio-magnet followed by intravenous
the administration of MNPs for (b) 24 h, (c) 48 h and (d) 72 h (a: before administration, A: control blank). Prussian-blue staining of the tumors (e)
before injecting MNPs and after the intravenous injection for (f ) 24 h, (g) 48 h and (h) 72 h (scar bar: 200 μm). ( j) The fluorescent intensities corres-
ponding to images a–d. (i) Schematic of the introduction of the artificial bio-magnet within the tumor tissue for collecting blood-circulating MNPs.
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high enough to ablate the tumors. Thus, some researchers are
studying the method of using external magnets to concentrate
the MNPs, while the external magnet is limited to shallow
depth and suffers from the side effects to the skin because of a
higher magnetic field in the skin close to the external magnet.
The bio-magnet developed in this study was endowed with per-
manent magnetism within the tumor to highly improve the
targeting efficiency, to avoid the side effects to the skin.
Moreover, as we know, some tumor receptors might vary after
treatment, which affects the targeting efficiency for many tar-
geting therapeutic drugs, while it should not be affected if the
bio-magnet is used. In addition, the whole procedure is con-

venient, which endows the bio-magnet with a strong possibility
for future clinical translation.

The implanted bio-magnet possesses high biocompatibility
because either the PLGA component or magnetic materials
have been extensively demonstrated to be biocompatible.53,54

In addition, the localized and confined implantation of the
bio-magnet is intrinsically featured with high biosafety
because the implanted bio-magnet is only present within the
tumor rather than other normal tissues/organs. Importantly,
the implanted bio-magnet was biodegradable as it was meta-
bolized after the implantation for two months in mice
(Fig. 6c–e). The prussian-blue staining results showed that the

Fig. 5 Therapeutic performance of the artificial bio-magnet for magnetic hyperthermia. (a) The thermal images of the bio-magnet at different
volumes and mass fractions of Nd2Fe14B after being exposed to ac magnetic field for extended durations (pure PLGA implant as the control group).
The corresponding temperature-exposure duration curve at different (b, 75 μL) Nd2Fe14B content and (c, 65% Nd2Fe14B-bio-magnet) adopted
volume. The thermal images of bovine liver after exposure to ac magnetic field (d) without and (e) with implanted 75 µL 65%-bio-magnet for
different intervals, and (f ) corresponding temperature-exposed duration curves. (g) The ablated tissue volume of bovine liver after being exposed to
ac magnetic field for various intervals.
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degraded products were found in the liver and spleen of the
mice (Fig. 6g). Importantly, the histocompatibility evaluation
results based on hematoxylin–eosin (H&E) staining exhibited
no obvious pathological changes in the main organs after two
months feeding (Fig. 6f), the metabolic mechanism of this
artificial bio-magnet will be explored in our next study.
Together with the fact that the toxicity of Nd2Fe14B is low
because it has been widely used in basic medical research and
clinical applications for a variety of purposes,42 it is highly
expected that the developed implanted bio-magnet possesses
high biocompatibility for potential clinical translation.

Conclusion

In summary, for the first time, we have successfully engineered
a new artificial “tumor bio-magnet” for efficiently targeting the
circulating MNPs within the blood vessel and achieve simul-
taneous magnetic hyperthermia. This bio-magnet could be
easily implanted by the localized injection of Nd2Fe14B/Fe3O4-
PLGA, followed by the solvent exchange process for liquid-to-
solid transformation. After the magnetization, the solid

Nd2Fe14B/Fe3O4-PLGA implant exhibited stable magnetic pro-
perties and created the intrinsic magnetic field within the
tumor tissue, making the tumor an artificial bio-magnet.
Intravenously administered MNPs could be effectively attracted
and therefore accumulated into the tumor tissue to realize the
intrinsic magnetic targeting assisted by the bio-magnet in the
tumor. Furthermore, both in vitro and ex vivo results demon-
strated the high efficiency of the implanted bio-magnet for
tumor ablation using magnetic hyperthermia. This study pre-
sents a new approach for magnetic targeting by creating a
unique bio-magnet within the target region. This bio-magnet
creates magnetic fields within the target, paving a new way for
developing efficient targeting and therapeutic strategies for
tumor therapy based on the elaborate design and engineering
of the functional biomaterials.
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