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One-pot solvothermal synthesis of biocompatible
magnetic nanoparticles mediated by
cucurbit[n]urils†

Xi-Long Qiu,ab Yue Zhou,b Xiao-Yu Jin,b Ai-Di Qi*a and Ying-Wei Yang*b

We present a facile one-step procedure for the solvothermal

synthesis of highly water-dispersible magnetic Fe3O4 nanoparticles

mediated by cucurbit[n]urils (CB[n]s). A layer of CB[n]s was coated

on the MNP surface via the portal carbonyl groups to avoid MNP

agglomeration, and served as a stabilizer to impart the nanoparticles with

exceptional dispersibility and stability. Significantly, the nanoparticle sizes

can be controlled and fine-tuned by varying the molar ratios of

CB[n]s and FeCl3 in solution. The biocompatibility of the materials

was investigated by MTT assay using normal human embryonic

kidney 293T cells. The synergetic effects of combining supramolecular

chemistry with magnetic nanoparticles are promising for clinical

diagnosis and transportation of drugs, proteins, viruses, bacteria, etc.,

which offer important advantageous features for their real applications.

Magnetic Fe3O4 nanoparticles (MNPs) have recently received
tremendous attention,1 in particular from the fields of magnetic
resonance imaging (MRI),1a,b immunoassays,1c hyperthermal ther-
apies,1d targeted drug delivery,1b,d bioseparation,1e biosensors,1f

etc., owing to their controllable size and shape, biocompatibility,
superparamagnetism, stability under physiological conditions
and low cytotoxicity.2 Since Sugimoto and Matijević reported the
preparation of magnetite particles with a narrow size distribution
in the early 1980s,3 various conventional chemistry-based synthetic
methods have been developed and commonly used to fabricate
magnetic iron oxide nanoparticles, such as solvothermal reaction,
co-precipitation reaction, microwave plasma synthesis, ultrasound
irradiation, and high-temperature decomposition of organometallic
and coordination compounds.1b,f,4 Compared with metal–organic
compounds, biocompatible and functionalizable MNPs are highly

desirable.2 Zhao and coworkers reported the convenient synthesis
of hydrophilic magnetite microspheres through a solvothermal
reaction by reducing FeCl3 with ethylene glycol in the presence of
an alkali source, i.e., sodium acetate, and a biocompatible electro-
static stabilizer, i.e., trisodium citrate.2a Yin et al. directly fabricated
water-dispersible superparamagnetic nanocrystal clusters, by a
high-temperature reduction method with poly(acrylic acid) as
a stabilizer, FeCl3 as a precursor, and diethylene glycol as a
reductant.2b Using a microemulsion of oil droplets in water as
confined templates, Li and coworkers synthesized magnetic micro-
spheres that are assembled by the evaporation of low-boiling-point
solvents.2c A series of small ligands, such as vitamin C,5a citrate,5b

and dopamine,5c have been employed to stabilize MNPs by serving
as capping agents on the oxidized form of MNPs to afford them
exceptional solubility and stability in the solution system. However,
these stabilizers attached onto the surfaces of magnetic clusters
limited the functionality and application of MNPs, due to the lack of
possibility of further functionalization and self-assembly.

Surface modification of MNPs with supramolecular synthetic
macrocycles is an effective strategy for enhancing the functionality
of many types of nanoparticles. We recently prepared,6a via post
synthetic modification, hybrid materials based on MNPs and a
new type of synthetic macrocyclic receptor named carboxylate-
pillar[5]arene,6 as a magnetic solid phase extraction adsorbent
coupled with high performance liquid chromatography for the
determination of trace pesticides in beverage samples. Trabolsi
and coworkers reported the design and microwave-assisted
synthesis of robust cucurbit[7]uril (CB[7])–iron oxide nanoparticle
conjugates that possess magnetic properties originating from
their cores and carrier capability deriving from a monolayer of
adsorbed CB[7] macrocycles.7 However, these methods are based
on complex multi-step reactions with relatively low efficiency
and yield. Herein, we envision that the cucurbit[n]uirl (CB[n])
family, ranging from CB[5] to CB[8] with different ring sizes, can
constitute prime components for the preparation and stabilization
of highly water-dispersible superparamagnetic Fe3O4 colloidal
nanocrystal clusters by means of one-step solvothermal synthesis
(Scheme 1).
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CB[n]s are a family of supramolecular synthetic macrocycles
that are synthesized by the condensation of 5, 6, 7, 8, 10 or 14
glycouril subunits with formaldehyde under acidic conditions.8

Each CB[n] ring has two identical carbonyl-rimmed portals, a
hydrophobic cavity that can hold neutral or cationic guest
molecules, and an overall pumpkin-like shape.9 A very attractive
application of macrocyclic host molecules is their combination
with nanoparticles, since they can be used to enhance the colloidal
stability and expand their functions.6b,10 Herein, magnetic nano-
particles were synthesized via a solvothermal reaction at 200 1C by
the reduction of FeCl3 with ethylene glycol in the presence of
sodium acetate as an alkali source and, for the first time, CB[n]s as
stabilizers. The excess ethylene glycol acts both as the solvent and
reductant.2a CB[n]s were chosen because the abundant carbonyl
groups have strong coordination affinity to Fe3O4 nanoparticles,5

which favors the attachment of CB[n] rings on the surfaces of
magnetic nanocrystals and prevents them from aggregating into
large single crystals as occurred previously. Significantly, they
could be further functionalized when needed, which renders them
superior entities for the preparation of biomimetic self-sorting
systems and functional materials.11

The size and shape of the obtained nanocomposites were
examined by transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). Fig. 1 shows the representative
images of the Fe3O4 nanoparticles surface-functionalized with
CB[6], which have spherical shapes and nearly uniform sizes.
The diameter of the nanospheres dramatically increases from
150 � 14 nm to 520 � 37 nm with different ratios of FeCl3 and
CB[6] in solution. Considering the strong interactions of CB[6]
rings with Fe3O4 nanoparticle cores, the carbonyl groups could
anchor on the nanoparticle surfaces during the solvothermal
reaction, and thus enhance the dispersibility of the magnetic
particles in water.

In a typical solvothermal process, the diameters of the
CB[6]–MNPs were influenced and controlled by reaction tem-
perature, and reaction time. Without the addition of CB[n], the

resulting product was crystal magnetite spheres, which easily
aggregated together, similar to that reported by Zhao and Li.2a,c

In the presence of CB[6], the products obtained at a series of
temperatures ranging from 190 to 230 1C were investigated (Fig. S1,
ESI†). The products obtained at 190 1C did not exhibit magnetic
response and those obtained at 200–230 1C showed good magnetic
response, indicating that 200 1C is the threshold temperature for
forming magnetite using ethylene glycol as a reductant.2a At a fixed
reaction temperature of 200 1C, reaction time over a range of 6–12 h
turns out to have little effect on the mean diameters of the
obtained nanoparticles (Fig. S2, ESI†). In addition, SEM images
(Fig. S3, ESI†) show that, when the concentration of CB[n]
(n = 5–8) is 0.2 mmol, all of the magnetite nanoparticles obtained
have spherical shapes and nearly uniform sizes, suggesting that
the ring-size of CB[n]s does not affect the particle sizes of CB[n]–
MNPs in the synthesis.

CB[n]–MNP growth agrees with the well-established two-
stage growth model, that is, primary magnetic nanocrystals
nucleate in a supersaturated solution followed by aggregation
into larger secondary nanoparticles.2b High-resolution TEM
(HRTEM) analysis provided more detailed structural informa-
tion on the nanoparticles. A representative TEM image of the
CB[8]–MNP is shown in Fig. 2a, and isolated clusters composed
of small primary crystals with a size of approximately 6–8 nm
and the same crystal orientations were clearly observed in the
HRTEM image (cycle areas), and the continuous layer of CB[8]–
MNPs is more likely to be amorphous iron-containing complexes,
e.g. iron acetate or iron glycolate. Measuring the distance between
two adjacent planes in a specific direction gives a value of 0.481 nm
(Fig. 2b). Interestingly, the surfaces of CB[8]–MNP had a continuous
brighter layer (Fig. 2a) that can be attributed to a monolayer of
CB[8] rings. Similar phenomena were also found for the samples of
CB[5,6,7]–MNPs (Fig. S4, ESI†).

The nanoparticles obtained with the employment of different
sizes of CB[n] analogues showed typical X-ray diffraction (XRD)
patterns of MNPs (Fig. 3a). The broad diffraction peaks suggest
the nanocrystalline structure of the MNPs. Moreover, along with
the increase of the reaction time, these nanoparticles exhibited
similar diffraction patterns (Fig. S5, ESI†), and all the diffraction
peaks correspond to the face centered cubic structures of

Scheme 1 Schematic representation of cucurbit[n]uril-functionalized
magnetic Fe3O4 nanoparticles (CB[n]–MNPs, n = 5, 6, 7, and 8).

Fig. 1 Representative TEM images (a–d) and SEM images (e–h) of Fe3O4

particles synthesized from different molar ratios of CB[6] and FeCl3: 2 : 1
(a and e); 5 : 1 (b and f); 10 : 1 (c and g); and 20 : 1 (d and h), where the insets
show the histograms of the CB[6]–MNP sizes based on 200 individual
nanoparticles (x-axis, diameter/nm; y-axis, number counts).
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magnetite (JCPDS no. 19-0629).12 The diffraction peak broadening
indicated that the CB[n]–MNP products were composed of small
sized grains. CB[6]–MNPs were analysed by Fourier transform
infrared (FT-IR) spectra, and compared with pure CB[6] and
bare Fe3O4 nanoparticles (Fig. 3b). A vibrational absorption
band at 595 cm�1 (Fig. 3b-i and iii) is characteristic of iron
oxide nanoparticles, corresponding to the Fe–O bond stretching.
The band at 966 cm�1 in the spectrum of CB[6] (Fig. 3b-ii) and
that at 970 cm�1 in the spectrum of CB[6]–MNPs (Fig. 3b-iii) can
be assigned to the mixed vibrations involving C–C and C–N
bonds of the CB[6] ring, serving as a spectroscopic signature for
CB[6] modification on the MNP surface. The CQO bonds on the
two portals of the free CB[6] macrocycle are symmetrically
disposed, showing a single vibrational band at 1733 cm�1 in
the spectrum. In contrast, the spectrum of CB[6]–MNPs shows
two prominent CQO stretching bands at 1739 and 1627 cm�1,
further indicating the existence of carboxyl groups on MNP

surfaces (Fig. 3b, Fig. S6 and S7, ESI†). The X-ray photoelectron
spectrum (XPS) exhibited two peaks at 711.1 and 725.0 eV,
respectively, which is in good agreement with the known values
of Fe 2p3/2 and Fe 2p1/2 in Fe3O4 (Fig. 3d). Moreover, peaks at
530.3, 400.2 and 284.7 eV, corresponding to the peaks of O 1s,
N 1s, and C 1s, were observed (Fig. S8, ESI†). The results further
confirmed that the magnetic nanoparticles have been success-
fully synthesized and surface-functionalized with a layer of
CB[6] macrocycles.

Owing to the electrostatic repulsion effect, the representative
CB[6]–MNPs can be easily dispersed in water, phosphate buffer
solution and cell culture medium to form a stable dispersion that
can stand for more than two days without visible sedimentation
(Fig. S9, ESI†). When a magnet (4000 Oe) is applied, the magnetic
nanoparticles can be separated from their dispersion rapidly
within only 15 s (Video S1, ESI†). By adjusting the position of
the magnet, the typical macroscopic chain-like structure related to
the superparamagnetic behavior of the magnetic nanoparticles
can be observed. Once the magnet is withdrawn, the nano-
particles can be re-dispersed into the solution immediately by
slight shaking (inset of Fig. 3c). The magnetic properties of all the
magnetic nanoparticles synthesized in the presence of CB[6]
macrocycles indicate that the MNPs have no remanence or
coercivity at 298 K, and their magnetization saturation (Ms) value
increases with the prolongation of the reaction time from 6 to 12 h,
which can increase the magnetization from 62.8 to 83.2 emu g�1

(Fig. 3c). Thermogravimetric analysis (TGA) in a nitrogen atmo-
sphere (Fig. S10, ESI†) shows a large weight loss of about 17.0 wt%
in the range of 100–800 1C for the CB[6]–MNP samples. In contrast,
a weight loss of 12 wt% is observed for the MNPs uncoated with
CB[6], implying that a considerable amount of organic species is
hybridized with MNPs in the former sample. Nanoparticle
diameters and zeta potential plots of CB[n]–MNPs were recorded
by dynamic light scattering (DLS), as shown in Table S1 (ESI†).
Zeta potential values of CB[n]–MNPs (n = 5–8) are +10.1, +19.2,
+10.5, and +14.8 mV at pH 6.4, respectively, turning to positive
charges as compared with bare MNPs (�25.4 mV).‡ These data
are consistent with the fact that CB[n]–MNPs were stabilized by
positive surface charges.

To examine the feasibility of the obtained magnetic nano-
particles in bio-related fields, their cytotoxicity was investigated.
The effect of CB[7]13 and CB[7]–MNPs on cell proliferation was
assessed with normal human embryonic kidney (HEK) 293T cells
by MTT (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay (Fig. 4), which revealed that the cell viability was
not hindered in the presence of CB[7]–MNPs up to a concen-
tration of 25 mg mL�1. With the increase of concentration of the
two materials, cell viability showed a slight toxicity to normal
human cells as deduced from the fact that the cell viability still
remains higher than 70%. This is in good agreement with the
cell micrographs (Fig. S11, ESI†) taken when they were incubated
with different materials for 48 h. These results clearly indicate
that our synthesized CB[n] functionalized/stabilized MNPs
possess negligible cytotoxicity at low concentrations, allowing
them to be used as nanocarriers for controlled drug delivery
and on-demand release.

Fig. 2 (a) Representative TEM image of the CB[8]–MNP sample; (b) HRTEM
image of one of the rings’ regions of (a). Cycle areas represent the isolated
clusters composed of small primary crystals with a size of approximately 6–8 nm
and the area marked with a box is a layer of iron-containing complexes.

Fig. 3 (a) XRD patterns of (i) CB[5]–MNPs, (ii) CB[6]–MNPs, (iii) CB[7]–MNPs,
and (iv) CB[8]–MNPs; (b) FT-IR spectra of (i) bare Fe3O4 nanoparticles,
(ii) CB[6], and (iii) CB[6]–MNPs; (c) hysteresis loops of CB[6]–MNPs at
different times of (i) 6, (ii) 8, (iii) 10, and (iv) 12 h; and (d) XPS spectrum of the
CB[6]–MNPs.
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Conclusions

In summary, the newly developed solvothermal reduction method
has been used to successfully produce highly water-dispersible
MNPs with appreciably uniform size by using CB[n] as a stabilizer,
for the first time, during the hydrolysis and reduction reactions of
FeCl3 in the presence of sodium acetate in ethylene glycol. This
approach provides a one-step, facile, and general method for the
preparation of magnetic microspheres with a tunable diameter by
varying the concentration/molar ratios of FeCl3 and CB[n]s, and the
results showed that the size uniformity and colloidal stability were
strongly dependent on the molar ratios of CB[n] and FeCl3. We
believe that these surface-hydrophilic and biocompatible micro-
spheres will have important applications not only in advanced
magnetic materials and ferrofluid technology, but also in bio-
medical fields such as biomolecular separations, targeted drug
delivery, cancer diagnosis and treatment, and MRI.
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Notes and references
‡ Typically, FeCl3 (0.65 g, 4.0 mmol) and CB[n]s (n = 5, 6, 7 and 8,
respectively, 0.2 mmol) were first dissolved in ethylene glycol (20 mL),
and sodium acetate (1.20 g, 14.6 mmol) was added under stirring. The
mixture was stirred vigorously for another 30 min and then sealed in a
Teflon-lined stainless-steel autoclave (50 mL capacity). The autoclave
was heated at 200 1C and maintained for 10 h, and afterward allowed to
cool to room temperature. The black products were washed with
ethanol and deionized water several times. The cytotoxicity study was
carried out using MTT assay with normal HEK 293T cells. Cells during
the logarithmic phase of growth were seeded into a 96-well cell-culture
plate at 1 � 104 per well. The cells were incubated for 24 h at 37 1C
under 5% CO2. For cytotoxicity studies, pure CB[7] and CB[7]–MNPs
were added into 96-well plates in dulbecco’s modified eagle medium
(DMEM) at different gradient concentrations, i.e., 0, 3.125, 6.25, 12.5,
and 25 mg mL�1, and cells were allowed to grow for 44 h. Then, MTT
solution was added to each well (20 mL per well, 5 mg mL�1) and cells

were incubated for 4 h. The resulting formazone crystals were solubi-
lized by adding DMSO (150 mL) to each well. The extent of cell survival
was determined at 490 nm using an automated microplate reader. The
following formula was used to calculate the viability of cell growth:
viability (%) = (mean of absorbance value of treatment group/mean
absorbance value of control) � 100. The results were expressed as an
average over three nominally identical measurements.
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