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Metal-Organic Framework as a New Type of
Magnetothermally-Triggered On-Demand Release Carrier

Xueying Ge, Jeotikanta Mohapatra, Enya Silva, Guihua He, Lingshan Gong, Tengteng Lyu,
Richa P. Madhogaria, Xin Zhao, Yuchuan Cheng, Abdullah M. Al-Enizi, Ayman Nafady,
Jian Tian,* J. Ping Liu, Manh-Huong Phan, Francesca Taraballi, Roderic I. Pettigrew,

and Shengqian Ma*

The development of external stimuli-controlled payload systems has been
sought after with increasing interest toward magnetothermally-triggered drug
release (MTDR) carriers due to their non-invasive features. However, current
MTDR carriers present several limitations, such as poor heating efficiency
caused by the aggregation of iron oxide nanoparticles (IONPs) or the
presence of antiferromagnetic phases which affect their efficiency. Herein, a
novel MTDR carrier is developed using a controlled encapsulation method
that fully fixes and confines IONPs of various sizes within the metal-organic
frameworks (MOFs). This novel carrier preserves the MOF’s morphology,
porosity, and IONP segregation, while enhances heating efficiency through
the oxidation of antiferromagnetic phases in IONPs during encapsulation. It
also features a magnetothermally-responsive nanobrush that is stimulated by
an alternating magnetic field to enable on-demand drug release. The novel
carrier shows improved heating, which has potential applications as contrast
agents and for combined chemo and magnetic hyperthermia therapy. It holds
a great promise for magneto-thermally modulated drug dosing at tumor sites,

making it an exciting avenue for cancer treatment.

1. Introduction

Non-invasive drug release technology controlled by an external
stimulus offers the potential to reduce systemic toxicity and im-
prove therapeutic efficacy.l!! Magnetothermally-triggered drug
release (MTDR) systems have sparked a rapidly growing interest

due to the ability to locate targets deeply
inside a bio-system and potentially reduc-
ing off-target adverse effects.l?] It is worth
noting that the MTDR systems require
both a magnetic heating mediator and a
carrier with magnetothermally-responsive
nanocoating to achieve on-demand drug
release control. Iron oxide nanoparticles
(IONPs) owing to their biocompatibility and
availability, have been extensively studied
as localized magnetic heating mediators in
the past 20 years.’] The recent approval
of IONPs as a medical device for hyper-
thermia treatment of glioblastoma multi-
forme brain tumors in Europe, along with
ongoing clinical trials for their use in the
treatment of prostate and pancreatic can-
cers, underscores the promising potential
of IONPs as magnetic heating mediators for
clinical translation in the MTDR system.[*]

The most commonly used MTDR carri-
ers are mesoporous silica nanomaterials,®!
graphene-based nanomaterials, and
polymers.®l  However, their relatively
poor heat transfer efficiency caused by IONP aggregation and
the existence of antiferromagnetic phasel®’] presents trans-
lational challenges for effective drug release. This can result
in inadequate heat to activate the nanocoating for on/off con-
trol of drug release, or require the integration of highly con-
centrated IONPs imposing possible concomitant adverse side
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effects.l®l To circumvent this issue, new types of carriers that
can fix and disperse IONPs are needed to prevent aggregation
and minimize IONP encapsulation thus optimizing the heating
efficiency.®¥ Furthermore, these carriers with enhanced heat-
ing activity should be able to be grafted with magnetothermally-
responsive nanocoating, which would enable on-demand drug
release.

Notably, metal-organic frameworks (MOFs) have displayed ad-
vantages for their potential use as carriers in drug delivery field
due to their high surface areas, proper pore size dimensions, and
functionalized walls.”! By pre-designing and/or post-modifying
the linkers and secondary building units (SBUs), MOFs can
be further modified with different controllable nanocoatings.'%!
Given their highly porous nature and ease in functionalization,
MOFs are appealing candidates as MTDR carriers.!'!] Their well-
defined pore structure together with multiple binding sites on the
pore walls offer inherent environments for spatial confinement
and segregation of incorporated nanoparticles,!'? thereby mak-
ing MOFs suitable carriers for fixing and encapsulating IONPs.
Previous studies explored IONPs/MOF composites!'*] for poten-
tial use in drug delivery and hyperthermia treatment,['*] show-
ing the feasibility of these nanocomposite materials. However,
there are still several challenges that need to be addressed for
practical deployment and potential clinical utility. First, the effi-
cient transfer of electromagnetic energy to heat requires the seg-
regation of IONPs to prevent their fusion and agglomeration.
However, in the existing IONPs/MOF composites, agglomera-
tion is frequently observed despite the use of surface functional
groups such as polyvinylpyrrolidone (PVP), mercaptoacetic acid
(MAA), and poly(acrylic acid) (PAA), which are commonly uti-
lized to assist in the construction of the IONPs@MOF nanocom-
posites (@ refers to core-shell structure), due to their low and
reversible ligand exchange process.[**! Second, maintaining the
well-defined pore structure of MOF after fixing the encapsulated
IONPs within the MOF matrix is difficult to achieve because
the existing IONPs/MOF composites that hold the IONPs in
place tend to retain the shape of the pristine IONPs. [122.13214a.b.£16]
Third, existing IONPs/MOF composites make the advantage of
alternating magnetic field (AMF)-triggered drug release over tra-
ditional temperature-triggered ones (i.e., drug-releasing medium
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heated by hotplates) remains elusive.l'*f17] Notably, the tem-
perature at the nanoparticle surface (also known as local tem-
perature) is different from and always higher than the macro-
scopic temperature recorded in the IONP dispersion medium.!8
The existing IONPs/MOF composites are often encapsulated
with highly concentrated IONPs to increase the macroscopic
heating temperature under a magnetic field. However, this
causes the IONPs to heavily aggregate, lose the MOF’s porosity
and morphology, and ultimately reduce their heating efficiency.
This can impede the IONPs/MOF nanocomposites’ biomedi-
cal application. Instead, ideal composites should produce the
maximum heat with minimal loading IONPs,?d even if the
macroscopic temperature is unperceived. Therefore, drug release
should only occur under AMF stimuli, regardless of the lack of a
rise in the macroscopic temperature. Fourth, magnetothermally-
responsive nanocoatings are essential for the MTDR on-demand
system to control the on/off release avoiding drug leach-
ing. This has not been achieved in the existing IONPs/MOF
composites.[14¢17:1]

To address the aforementioned challenges, our strategy fo-
cuses on the spatial distribution of IONPs within a MOF matrix,
creating an intimate contact between IONPs and MOF matrix.
The intimate contact prevents the agglomeration of IONPs and
facilitates heat transfer, resulting in an overall improved heat-
ing efficiency for IONPs/MOF composites. As a proof of con-
cept, IONPs are obtained through the high-temperature ther-
molysis procedures(?’! with oleic acid (OA) grafted on the exte-
rior surface (denoted as IONP-OA), which is subsequently ox-
idized by Lemieux-von Rudloff reagent to become azelaic acid
(COOH)?!I (denoted as IONP-COOH), facilitating the forma-
tion of IONPs@MOF nanocomposites. The MOF, UiO-66-NH,
was selected for fabricating the magnetothermal nanocompos-
ite considering its rapid nucleation, water stability, and the ex-
istence of structure defects.?”l As shown in Figure 1, due to
the presence of azelaic acid, IONPs and ligand can both coordi-
nate with metal ions/clusters to form IONPs@UiO-66-NH, (de-
noted as MFC (magnetic framework composites)) with IONPs
uniformly incorporated and fixed within the UiO-66-NH, ma-
trix (Figure 2a). Such synthesis method provides an intimate
contact between MOF and IONPs, allowing the retention of the
porosity of MOF, segregation of the IONPs, and also the preser-
vation of the superparamagnetic properties of IONPs. More-
over, the impurity and defects in IONP-COOH nanoparticle!?’!
structures can be oxidized to the pure magnetitel?*! during
the MFC nanocomposite synthesis, which affords the increase
in magnetization values therefore facilitating the heat trans-
fer to enhance overall heating efficiency in comparison with
the as-synthesized IONPs. It is worth mentioning, compared
to other IONPs@UiO-66 nanocomposites, 1**>15f] the designed
MEC herein represents the first example of nanocomposite with
MOF morphology preserved and the IONPs fully fixed within the
MOF matrix, thereby making it a promising candidate as MTDR
carrier.

To achieve MTDR, a thermo-responsive polymer (or
nanobrush), Poly(N-isopropylacrylamide) (PNIPAM),/%] which
undergoes a conformational change at the phase transition
temperature,!®®! and collapses from an extended brush/?’!
when the temperature is higher than the phase transition
temperature.l?®) We aim to covalently anchor this polymer to
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Figure 1. Proof-of-concept design. Spatial incorporation of IONPs in the UiO-66-NH, matrix and PNIPAM is grafted on the exterior surface of UiO-66-
NH, through an ATRP method. The drug is released at the PNIPAM’s collapsing state under AMF, whereas the drug is retained within MOF pore at the

PNIPAM’s hydrated state at RT.

the MFC support (denoted as MFP, magnetic framework poly-
mer) through atom transfer radical polymerization (ATRP),?’!
a useful modification method®® that is only restricted to the
surface of MFC. Hence, there are no free polymers formed in
solution to clog the MOF pores, as compared to the polymer
“grafting-to” approach.®!l At room temperature (RT) without
AMF, the polymer is extended and hydrated, exhibiting a gate-
closing behavior, and preventing the drug release, whereas at

A

an external AMF (or high temperature) it becomes collapsed,
showing a gate-opening behavior thus allowing the release of
the drug. Therefore, with the application of AMF, the heat
generated by the IONPs well-dispersed in the MOF matrix will
then be efficiently and evenly transferred onto the surface of
IONPs@MOF. This renders a conformational change of the
nanobrush thus opening the passage to achieve the on-demand
drug release. The performance of the IONPs@MOF has been
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Figure 2. a) SEM and b) TEM images of MFC nanoparticles; Insert TEM images (a) and SEM images (b) of a single MFC nanostructure; c) PXRD pattern
of MFC; d) a magnified TEM image and high-resolution TEM (HR-TEM) image (insert) of MFC; e) a scanning TEM (STEM) image and the corresponding
element mapping of MFC; f) XPS spectra of O 1s XPS for UiO-66-NH, and MFC.
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demonstrated in an in vitro imaging experiment and chemo-
hyperthermia therapy in cell studies. Interestingly, PNIPAM
functionalization can improve magnetothermal response, which
may be related to the decreased inter-particle interaction, thus
leading to enhanced susceptibility loss due to the Brownian
relaxation.l’><32] The enhanced heating efficiencies for MFC
and MFP nanocomposites highlight the superiority of MOF as
a carrier to fix IONPs as compared with other carriers (Table
S1, Supporting Information), thus satisfying the criterion for
maximizing the specific absorption rate (SAR) with the minimal
amount of IONPs.[*%]

2. Results and Discussion

2.1. Fabrication of the Magnetothermal Nanocomposites

IONPs were synthesized using a thermal decomposition method,
since high temperature of the chemical reaction favors the for-
mation of monodisperse magnetic nanocrystals with high heat-
ing efficiency.’¥?°! The resulting nanoparticles, capped with hy-
drophobic organic ligand (OA), were synthesized, followed by
conversion into carboxylic acid-functionalized IONPs using the
Lemieux-von Rudloff reagent!?!) (Figure S1, Supporting Infor-
mation shows the approach of converting IONP-OA to IONP-
COOH), which can provide coordination groups to assist the
assembly with MOFs. As shown in Figure S2a (Supporting In-
formation), IONP-COOH nanoparticles showed a highly uni-
form and well-defined spherical morphology with a diameter of
9.4+0.9 nm (Figure S2b, Supporting Information). The powder
X-ray diffraction (PXRD) patterns (Figure S2¢, Supporting Infor-
mation) of IONP-COOH showed that the synthesized nanopar-
ticles are not pure phase magnetite, which caused the reduc-
tion of the magnetization value. After being treated by the syn-
thesized solution of MFC nanocomposites, the recorded PXRD
confirms that they are completely converted to magnetite phase.
The preparation of pure magnetite phase in MFC sample could
lead to a high magnetic moment, which is desirable for their
use in MTDR. The carboxylic acid coating layer was confirmed
by Fourier transform infrared (FTIR)* (Figure S3, Support-
ing Information). Table S2 (Supporting Information) shows the
dynamic light scattering and zeta potential for IONP-COOH
and IONP-OA. As shown in Figure S4 (Supporting Informa-
tion), the IONP-COOH nanoparticles repel against each other
due to the presence of negatively charged carboxylic groups on
their surfaces,**] which become well-dispersed in the DMF so-
lution containing the precursors of UiO-66-NH,. The IONP-
COOH nanoparticles can assist the growth of MOFs since car-
boxylic groups on their surface coordinate with the Zr ions in
the solution as the organic linkers. As can be seen from the
transmission electron microscopy (TEM) and scanning electron
microscope (SEM) images in Figure 2ab, the as-synthesized
MFC nanocomposites have an octahedral geometry with a side
length of 256439 nm (Figure S5, Supporting Information), and
the IONP-COOH nanoparticles are homogeneously incorporated
and fixed within UiO-66-NH, framework as evidenced by TEM
(Figure 2a,d) along with energy-dispersive X-ray (EDX) analysis
(Figure S6, Supporting Information), and the elemental map-
ping analysis (Figure 2e). The shift in X-ray photoelectron spec-
troscopy (XPS) spectra of O 1s further confirmed the presence of
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IONPs and the functionalized group, azelaic acid, within MFC
structure when compared with UiO-66-NH, (Figure 2f). A de-
tailed analysis of the cores within the MOF structure by HRTEM
showed that the lattice fringe was ~0.26 nm (Figure 2d insert
graph), corresponding to the (311) plane of the magnetite (Figure
S2a, Supporting Information). Large-scale SEM image (Figure
S5, Supporting Information) and STEM (Figure 2e) were also
taken, which proves that there are no IONP-COOH nanoparti-
cles on the exterior surface of UiO-66-NH,. To trace the forma-
tion process of the MFC, the reaction vials were taken out at
the interval time and then analyzed by TEM and PXRD (Figures
S7,S8, Supporting Information). Within 30 min, UiO-66-NH,
was formed as confirmed by PXRD, with only one IONP-COOH
nanoparticle incorporated into a MOF morphology, whereas the
other nanoparticles were observed on the TEM copper grid. As
the reaction proceeded, more IONP-COOH nanoparticles were
encapsulated into MOFs. Finally, the MFC nanocomposites were
formed, with all IONP-COOH nanoparticles uniformly incor-
porated and fixed within the MOF frameworks. These results
indicate that the confinement process of IONPs does not de-
pend on heterogeneous nucleation. Nevertheless, it relies on
the continuous adsorbing of IONPs onto the gradually grow-
ing surfaces of the MOF crystal, as compared to the previously
reported synthesis method of growing MOF crystal around the
pre-synthesized IONPs,[132.14b.152.16¢).36] [ntrigued by these find-
ings, different amounts of IONP-COOH nanoparticles were cho-
sen for incorporation within UiO-66-NH, matrix, which were
characterized by SEM (Figure S9, Supporting Information) and
inductively coupled plasma-optical emission spectrometry (ICP-
OES) (Figure S10 and Table S3, Supporting Information). As
the amount of IONP-COOH nanoparticles increases, the IONP-
COOH nanoparticles will be gradually attached to the exte-
rior surface of UiO-66-NH,, given that only a certain number
of IONP-COOH nanoparticles could be incorporated and fixed
within the MFC nanocomposites. According to ICP-OES (Table
S3, Supporting Information), the maximum incorporation ratio
of Feis »#1.71 wt.%. The PXRD patterns (Figure 2c) reveal that the
confinement method of IONPs could retain the structure of MOF
even as the mass of IONPs increased (Figure S11, Supporting In-
formation). Interestingly, the final MFC nanocomposites’ pattern
matched well with the calculated UiO-66 without the observation
of any broadened peaks of IONP-COOH nanoparticles, indicat-
ing that the final product maintains the MOF’s morphology. N,
sorption isotherms of MFC at 77K revealed that as compared with
pristine UiO-66-NH, (Figure S12, Supporting Information, Szt
is 1202 m? g7), the Brunauer-Emmett-Teller surface area (Sygr)
reduced to 780 m? g~! (Figure 4a) due to the incorporation of non-
porous IONP-COOH nanoparticles; with the increasing amount
of IONP-COOH nanoparticles, the Sy of IONPs@ UiO-66-NH,
gradually decreased as shown in Figure S12 (Supporting Infor-
mation).

2.2. Magnetization Curves
The magnetization versus magnetic field (M—H) curves of MFC,
IONP-COOH, and treated IONP-COOH nanoparticles were

measured by a Vibrating Sample Magnetometer (VSM) equipped
with the Physical Property Measurement System from Quantum
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Figure3. M-H curves taken ata) 300 Kand b) 10 K. Insert graphs are the low field enlargement at 300 K (a) and 10 K (b) to evaluate the superparamagnetic
characteristics and exchange bias for IONP-COOH, treated IONP-COOH, and MFC nanoparticles.

Design. It should be noted that the synthesis of “treated IONP-
COOH” follows the same conditions used for IONP-COOH
nanoparticles encapsulation into MOF structure, but notably ex-
cludes the addition of the metal and ligand components. This
distinction aids in elucidating the encapsulation mechanism.
A detailed procedure can be found in the Supporting Informa-
tion. As shown in Figure 3a, the M—H curves at 300 K show
no magnetic hysteresis, indicating that all three samples are
superparamagnetic.[’’! The treated IONP-COOH nanoparticles
showed the highest saturation magnetization (Ms) values (~74.6
emu/gonps) compared with IONP-COOH (=45 emu/g;onps) and
the MFC (~58 emu/goyps)- As suggested by the PXRD analysis
(Figure S2, Supporting Information), the increased magnetiza-
tion in treated IONP-COOH and MFC is related to the formation
of the pure magnetite phase in these two samples. To further un-
derstand their magnetic properties, the field-cooled magnetiza-
tion curves at 10 K were collected, as depicted in Figure 3b. An ex-
change bias (Hgz~275 Oe) and coercivity (H.~411 Oe) were pre-
sented in the hysteresis loop of IONP-COOH. In contrast, no Hyy
and H, reduced to 75 Oe were observed for MFC, which can be
ascribed to the formation of the pure magnetite phase. The pro-
nounced exchange bias in IONP-COOH is related to the antifer-
romagnetic/ferrimagnetic exchange interactions.*®! It was sug-
gested that the high Ms value causes the high hyperthermia re-
sponse. From the M—H curve in Figure 3, Ms values of MFC are
lower than the treated IONP-COOH nanoparticles, but higher
than the original IONP-COOH nanoparticles. The reduction of
MEFC’s Ms value in comparison with the treated samples is likely
due to the surface-spin canting effect.*!

2.3. Encapsulation of Different-Sized IONPs

To maximize the benefit of this encapsulating strategy, different-
sized IONP-COOH nanoparticles (10.7+0.5 nm and 14+0.8 nm)
were encapsulated into MOFs as shown in Figure S13a,b (Sup-
porting Information). The synthesis of those nanoparticles was
similar to the 9.4+0.9 nm one, except for the use of a different
amount of iron oleate. As shown in Figure S13c,d (Supporting
Information), different-sized IONP-COOH nanoparticles uni-
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formly dispersed and fixed with MOF frameworks were obtained.
Interestingly, all the MFC nanocomposites showed higher Msval-
ues compared with IONP-COOH itself (Figure S13e,f, Support-
ing Information), indicating that the MOF synthesis solution can
be used to oxidize the impurity and defect phase in different-
sized IONPs to the magnetite phase. Therefore, this encapsula-
tion method holds great promise for fixing different hydrophobic
nanoparticles within MOF matrix in a non-agglomerated man-
ner, possibly with enhanced or new properties compared to the
parent MOF and nanoparticles.

2.4. Grafting Thermally-Responsive Polymer

The AMF-responsive features of the MFC nanocomposites
are rendered by grafting the PNIPAM polymer on the ex-
terior surface of MFCs through ATRP methods. Initially, a-
bromoisobutyryl bromide (BIBB) was grafted onto the surface
of UiO-66-NH, as the initiator for the ATRP-mediated pro-
cess (Figure S14, Supporting Information). Subsequently, the
polymer growth was conducted by immersing the MFC in a
mixed solution containing both NIPAM (N-isopropylacrylamide)
monomer and an appropriate catalyst for 2 h. The grafting con-
tent of PNIPAM moiety monitored by elemental analysis and
ICP-OES was ~21.9% (Tables S4,S5, Supporting Information).
Figure S15a (Supporting Information) shows the XPS spectra of
MFC and MFP with the observation of a new peak ~70 eV in
MFP which is associated with Br 3d,/¥ indicative of the suc-
cessful grafting of the PNIPAM polymer on the exterior surface
of MFC. The TGA profile of MFP suggested a constant weight
loss compared with MFC due to the presence of PNIPAM (Figure
S16, Supporting Information). N, sorption isotherm of MFP at
77K shows a reduction in Sypr to 480 m? g~ (Figure 4a) due
to the mass of PNIPAM, indicating that most of the MOF pore
remained intact after functionalized with PNIPAM. There was
no noticeable change in the pore size distribution (Figure S17,
Supporting Information). The MOF crystal structure and the
IONPs fixed within MFP remained unaltered after functionalized
with PNIPAM, as suggested by the combined studies of PXRD
(Figure 4b), XPS (Figure S15b, Supporting Information) and
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TEM (Figure S18, Supporting Information). As shown in Figure
S19 (Supporting Information), the C-H stretching at 2910 and
2952 cm™!, originating from PNIPAM structure!®! can be clearly
observed in MFP. The spectra for MFC clearly exhibit the N-H
bending at 1656 cm™! associated with the primary amine and C—~
N stretching at 1336 cm™! for the aromatic primary amines.*"]
However, these characteristic peaks are noticeably absent in the
spectra for MFP, demonstrating successful grafting of PNIPAM
onto the surface of MFC.

2.5. Magnetothermal Performance

To evaluate the magnetothermal performance of these nanocom-
posites, their SAR*! values were determined from calorimetric
measurements using an Ambrell Easyheat LI 3542 system that
provides AMFs at 310 kHz with field amplitudes up to 800 Oe.
Figure 5a—c show the typical heating curves of the a) IONP-
COOH, b) MFEC, c¢) MFP nanoparticles at different alternating
current (AC) magnetic fields. It can be observed in these figures
that the heating rates progressively increase with the enhance-
ment of AC magnetic fields. It is worth mentioning that upon
the application of an 800 Oe field, the temperature of MFP could
easily reach 40-45 °C, at which the cancer cells are more sen-
sitive than healthy ones,*?] thus resulting in selective thermal
destruction.[¥] The SAR values were calculated by considering
the slopes of the heating curves from Figure 5a—c using the
method described in the Calculation part in Supporting Infor-
mation. It is interesting to note that among the samples inves-
tigated, the MFP nanocomposites show the highest value for all
applied AC fields (Figure 5d). This can be ascribed to that the
intimate contact between MOF and IONPs together with the
PNIPAM functionalization restricts the diffusion and aggrega-
tion of IONPs as well as the high Ms value of the IONP-COOH
nanoparticles within the MOF framework, thereby leading to an
enhanced magnetothermal response. In order to explore the fur-
ther application in the cell condition, MFC under an AC magnetic
field (221 kHz, 400 Oe) was found to have a higher SAR value (850
emu/gr.) than that of IONP-COOH at the same Fe concentration
(Figure S20, Supporting Information).
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2.6. Drug Loading and Release

The porous feature and enhanced SAR values prompted us to in-
vestigate MFP for use in MTDR systems. 5-Fluorouracil (5-FU),
an anti-cancer drug,[** was selected to be loaded into the MFP
nanocomposites considering its suitable size (5.3 A x 4.9 A)l4]
fitting into MFP cavities (Figure S17, Supporting Information).
A loading efficiency of 13.1 wt.% for 5-FU was determined from
UV-vis spectrum measurement (Figure S22, Supporting Infor-
mation). PXRD and SEM (Figure S23, Supporting Information)
studies on 5-FU@MFP revealed the intactness for the structure
of MFP after 5-FU was loaded into MFP’s pore, which led to
a decrease in Sypp to 350 m? g7! as estimated by N, sorption
isotherms at 77 K (Figure S24, Supporting Information). 5-FU
can be readily released from MFP’s pores through the conforma-
tional change of PNIPAM induced by the heat that is generated
from IONPs under AMF. AMF (310 kHz and 800 Oe) and UV-vis
absorption spectrometer were used to monitor the release profile
of 5-FU from the MFP. As shown in Figure 6a, 80% of 5-FU was
observed to release from MFP nanocomposites within 40 min
when applying AMF. On the contrary, just 16% of 5-FU was re-
leased at RT in the absence of an AMF. Interestingly, only 20%
of 5-FU was released when the release medium was heated up to
50 °C using the oil bath, although the solution temperature was
kept the same with that under the AMF. This important finding
implies that local heating at the MFP nanocomposite’s surface is
vital to improve the release efficiency of 5-FU.['8] The 5-FU re-
leased from MFP over a longer period at RT and 50 °C is also
monitored from Figure S25a (Supporting Information), showing
only 32% of 5-FU was released for over 4 h at 50°C. This indi-
cates that AMF could dramatically enhance the drug release rate,
as compared to the temperature-controlled drug release. Interest-
ingly, as shown in Figure S25b (Supporting Information), within
200 min, over 50% of 5-FU was released from MFC carriers at RT,
suggesting that PNIPAM could inhibit drug release when grafted
on the exterior surface of MFC. This further proved that PNI-
PAM could be used as magnetothermally-responsive nanobrush
for AMF-triggered drug release. The collected PXRD patterns
showed that MFP did not decompose after 5-FU release subject
to AMF or the oil bath (Figure S26, Supporting Information),
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Figure 5. Heating curves of 1 mg mL~" nanoparticle water dispersion: a) IONP-COOH (353.3 ug Fe/mL), b) MFC (17.1 ug Fe/mL), c) MFP (13.4 pg
Fe/mL) under different AC magnetic fields at a constant frequency, f = 310 kHz; d) SAR value, which is expressed in watt per gram of Fe (W/g.), of
IONP-COOH, MFC and MFP nanoparticles obtained from (a), (b), and (c). Data are expressed as means + SD (n = 3).

suggesting 5-FU could be substantially released from MFP’s pore
under AMF and temperature.

2.7. Extended Application of the Nanocomposites in Imaging
and Cells

The successful fixing and dispersing of IONPs within a MOF
matrix offers opportunities for its use as a contrast agent. The
transverse relaxivity (r,) of MFC is determined to be ~507.35
mm~! s7! (Figure 6¢), which is higher than those of recently re-
ported porous material-based T,-weighted contrast agents,[14¢-4¢]
such as Fe;0, @Ui0-66 (255.87 mm~! s71),[1*] Fe,0, @ C@MIL-
101(Fe) 16 (352.45 mm~! s71), y-SD/PLL (269.3 mu~! s~1)(14]
and Fe;0, @C@ZIF-8 (331.79 mm~! s71),177] suggesting its po-
tential as a magnetic resonance imaging (MRI) contrast agent.[*’]
The observed r, is nearly eleven times higher than the syn-
thesized IONP-COOH nanoparticles (~44.2 mm~' s~! (Figure
S27, Supporting Information)) and five times higher than the
ferumoxytol,[*8] which is related to the high saturation magne-
tization value and large outer-sphere effect together with the inti-
mate contact of incorporated IONP-COOH nanoparticles within
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the MOF matrix, highlighting the great potential of MFC in T,-
weighted MRI.

Our nanocomposites also have the potential to promote cancer
cell toxicity when stimulated by an AMF. The experiments toward
the in vitro cell viability of MFC with three different cell lines: fi-
broblast cells (L-929), colorectal cancer cells (CT-26), and breast
cancer cells (4T-1), were conducted to evaluate its biocompatibil-
ity. In Figure 6b, the as-synthesized MFC had minimal cytotoxi-
city to 4T-1, L-929, and CT-26 cell lines, with almost 85%, 78%,
and 93% cell viability even at 200 ug mL~1. The cell viability of
4T-1 cells for long incubation time with IONP-COOH and MFC
nanoparticles (48 and 72 h) was also investigated (Figure S28a,
Supporting Information). The structure for MFC is still intact
after immersing into cell culture solution for over 48 h (Figure
S28b, Supporting Information). This demonstrates that fixing
IONPs within the UiO-66-NH, matrix can enhance the stability
of Ui0-66-NH, due to their intimate contact!*l. Therefore, MFC
could be a promising MTDR system with good biocompatibility.
The magnetic hyperthermia treatment effect for the 4T-1 cell is
shown in Figure S29 (Supporting Information). It can be seen
that the MFC significantly reduced the cell viability from 92% to
72% as the AC magnetic field increased from 400 to 800 Oe for a
treatment time of 5 min. Furthermore, the cell viability markedly
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Figure 6. a) Time-dependent 5-FU release profile with and without the application of AMF (310 kHz and 800 Oe); b) cell viability of L-929, CT-26, and
4T-1 cells incubated with MFC. Data are expressed as means + SD (n = 5); c) r, of MFC with different concentrations of [Fe] and bottom insert image
shows corresponding T,-weighted MRI (The concentration of [Fe] from left to right is 0.0049, 0.0097, 0.0195, 0.039, 0.078 mw); d) cell viability of 4T-1
cell treated with MFP and 5-FU@MFP with and without application of AMF (221 kHz and 245 Oe) for 20 min. The black bar represents cells that were
incubated with MFP nanoparticles for 24 h; the red bar represents cells that were incubated with 5-FU@MFP for 24 h; The blue bar is related to cells
that were incubated with 5-FU@MFP for 20 h and subjected to AMF for 20 min. Data are expressed as means + SD (n = 4) and are compared by means
of an unpaired students’ t-test. (“p < 0.05, ““p < 0.01, and **p < 0.0010).

decreased from 92% to 81% under 400 Oe magnetic field with an
increase in treatment time from 5 to 10 min. This lays a founda-
tion to develop the following hyperthermia fields for our system.

Due to its advantage as an MTDR carrier for loading and re-
leasing a drug, as well as its potential as a hyperthermia agent,
the combination for chemo and thermo therapies could achieve
a synergistic functionality for cancer cell toxicity. To make it more
clinically applicable,>*°! the equipment is modified as shown
in Figure S30c (Supporting Information) with an AC magnetic
field value of 245 Oe at 221 kHz. 4T-1 cells were incubated for
20 h in the presence of MFP and 5-FU@MFP, and then sub-
jected to AMF for 20 min. From Figure 6d with the real time
in vitro IR thermal imaging (Figure S31, Supporting Informa-
tion), it is observed that AMF had negligible cytotoxicity to 4T-
1 cell lines. The as-prepared MFP had cell viability toward 4T-
1 with 74% at the concentration of 100 ug mL~!. After 24 h of
culture with 5-FU@MFP, the relative cell viability showed a de-
crease to 58% at the concentration of 100 pg mL™", suggesting
that 5-FU released from MFP caused more cancer cell death.>!]
Furthermore, with the application of AMF for 20 min, it shows
a significant decrease of cell viability to 31% at the concentration
of 100 pg mL™, as compared to MFP under AMF for 20 min
with the cell viability decreasing to ~40% at the concentration
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of 100 g mL™! (Figure S32, Supporting Information). It sug-
gests that 5S-FU@MFP with application of an AC magnetic field
value of 245 Oe at 221 kHz could induce more cancer cell death
since the local temperature at 5-FU@MFP surface is higher than
the macroscopic temperature (Figure S30d, Supporting Informa-
tion), resulting in both 5-FU release and hyperthermia effect. In-
terestingly, after 4T-1 cell treated with 5-FU for 24 h, it is observed
that the cell viability was 31% at the concentration of 9.6 pg mL™"
(Figure S33, Supporting Information) that is equivalent to the
amount of 5-FU in 100 ug mL™! of 5S-FU@MFP (which is de-
termined by 5-FU loading efficiency of 13.1 wt.% in Figure S22,
Supporting Information), suggesting the same percentage of cell
viability as compared with 5-FU@MFP under AMF. This demon-
strates that the on-demand release carrier with application of
AMF could promote cancer cell death within a much shorter time
as compared with the pure drug. Furthermore, the cell viability
of IONP-COOH (equal amount of IONP-COOH encapsulated
into MOF framework) with the application of AMF (221 kHz,
245 Oe, 20 min) was found to be almost 100%, showing the heat
generated by this amount of IONP-COOH nanoparticles does
not cause cell death (Figure S34, Supporting Information). The
combined chemo and hyperthermia therapy effects for the on-
demand carrier were also proved by the live and dead cell staining
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experiment. Live and dead cells were stained by calcein-AM
(green fluorescence) and propidium iodide (PI, red fluorescence),
respectively. Confocal laser scanning microscopy (CLSM) was
used to observe the trend in cancer cell death, showing that more
cancer cells were dead when treated with 5-FU@MFP with the
application of AMF (Figure S35, Supporting Information). Our
materials successfully showed in vitro treatment by combining
on-demand drug release and hyperthermia, as confirmed by a
proof-of-concept cell study.

3. Conclusion

We successfully developed a novel MTDR nanocarrier with im-
proved heating efficiency through implementing an innovative
technique to spatially distribute and fix IONPs within a MOF
matrix in a non-agglomerated manner. By grafting the MOF
crystal surface with the AMF-responsive agent PNIPAM, it ex-
hibits burst-release under AMF at the PNIPAM’s collapsing state
and slow-release under RT at hydrated states of the polymer.
Such drug-loaded core-shell MTDR nanocomposite, with their
improved heating activity, is a promising multimodal therapeu-
tic nanoplatform for combined AMF-controlled drug delivery and
hyperthermia functionalities through triggering localized heat
remotely by AMF, leading to cancer cell toxicity. In addition, the
MTDR carrier features high transverse relaxivity (507.35 mm~!
s71), holding promise for precision hyperthermia therapy that
can be guided by MR thermal imaging. Moreover, our design
technique is versatile, as different sizes of IONPs can be encapsu-
lated and fixed into the MOF matrix, paving the way for its appli-
cation in different magnetic nanoparticles (e.g., Zn, ,Fe, ;O,, and
exchange-coupled core/shell CoFe,0,@MnFe,0,). Our tech-
nique also offers the opportunity to modify the surface group of
the magnetic nanoparticle to the coordination group of MOFs,
allowing for potential assembly with various MOFs, such as
MIL-101. This extension of our technique holds great promise
for elevating the magneto-thermal efficiency and drug-carrying
capacityl®], enabling viscous-independent SAR behaviors and
drug dosing that is magneto-thermally modulated upon their
delivery to tumor site through intravenous injection. These at-
tributes make it an exciting avenue for potentially primary or ad-
juvant cancer treatment.

4. Experimental Section

Detailed Experimental section can be found in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or from
the author.
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