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H I G H L I G H T S

• A “one-pot” biomimetic method was
developed to prepare KMnF3 nano-
crystals.

• The KMnF3 nanocrystals can act as T1-
T2 dual-modal contrast agents for
brain glioma imaging.

• Postprocessing of concurrently ob-
tained T1-T2 MRI images leads to an
improved sensitivity.

• The developed biomimetic method is a
general approach to prepare complex
metal fluorides.
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A B S T R A C T

Sensitivity of magnetic resonance imaging (MRI) enhanced by T1 or T2 contrast agents remains an unmet medical
need for accurate diagnosis of gliomas with infiltrative nature. Herein, we report the synthesis of bovine serum
albumin-mediated KMnF3 nanocrystals (KMnF3@BSA NCs) via a simple “one-pot” biomimetic method. The
KMnF3@BSA NCs composed of one paramagnetic component have high relaxivities (r1 = 6.14 mM−1·s−1,
r2 = 149.69 mM−1·s−1) and provide complementary T1-T2 dual-modal MRI images with the same in-plane
geometries in glioma-bearing mice on a 7.0 T MRI scanner. Furthermore, algebra algorithm processing of the T1
and T2 images suppresses the ambiguity and greatly increases the contrast between tumors and the surrounding
tissue, leading to an improved sensitivity. The biomimetic prepared KMnF3@BSA NCs thus have great potential
in accurate MRI detection of gliomas. Moreover, this simple biomimetic method could be applied to prepare
other complex metal fluorides.

1. Introduction

Magnetic resonance imaging (MRI), because of its noninvasive
characteristics and exquisite soft tissue contrast with high spatial-tem-
poral resolution, is one of the most powerful and indispensable imaging
tools for clinical tumor diagnosis and preoperative delineation [1,2].
MRI contrast agents are commonly used to enhance the visibility of the
biological target from healthy tissue [3]. Depending on the magnetic

susceptibility, contrast agents can be classified as positive (T1) or ne-
gative (T2), which respectively change the longitudinal and transverse
relaxation times of protons and result in brighter (T1) and darker (T2)
contrast enhancements [4]. Specifically, T1 contrast agents facilitate
high resolution between tissues [5], whereas T2 contrast agents facil-
itate a high feasibility for detection of a lesion [6]. However, MRI en-
hanced by either T1 or T2 contrast agents may still suffer from possible
artifacts originating from certain endogenous factors, such as
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hemorrhage, calcification, and metal deposits [7]. For accurate diag-
noses and precise delineations of tumors, artifact-free MRI is highly
desirable but remains challenging.

Recently, the T1-T2 dual-modal strategy, which provides com-
plementary diagnostic information in one instrument with the same
penetration depth and spatial/time resolutions almost simultaneously,
has been proposed to suppress the ambiguities and make possible self-
confirmed MRI signals [8]. In this scenario, T1-T2 dual-modal contrast
agents are essential. Generally, T1-T2 dual-modal contrast agents are
formulated either by doping a T1 component (e.g., Gd3+ and Mn2+

ions) into a T2 matrix (e.g., super-paramagnetic iron oxide) [9,10] or by
integrating T1 and T2 contrast agents into a hybrid platform [11,12].
However, interference between two neighboring T1 and T2 components
is inevitable, leading to an unwanted quenching effect of both T1 and T2
signals when using MRI [13,14]. To eliminate this interference, the T1-
T2 contrast agents composed of one single component are preferred
[15].

Although manganese-based contrast agents are usually used as T1
contrast agents [16,17], they have recently attracted renewed interest
because of their ability to serve as T1-T2 dual-modal contrast agents
through careful chemical design and engineering [18]. For instance, the
SiO2-coated and hollow manganese oxide nanoparticles (NPs) have
been synthesized and used in T1-T2 dual-modal MRI [19,20]. Apart
from manganese oxide NPs, KMnF3 NPs were reported as a novel T1
contrast agent with a relatively high r1 relaxivity [21]. To ensure the
designed morphology and crystallinity of KMnF3 NPs, high tempera-
ture, long reaction time, and complicated surface-modified process are
typically involved in the reported methods [21–26]. Alternatively,
biomimetic approach has been shown to be a green and highly efficient
way to prepare NPs under ambient conditions [27]. In particular, al-
bumins have been used because of their excellent biocompatibility and
facile surface conjugation [28]. In addition, it has been reported that
the complexes of albumin with paramagnetic materials enhance T2
relaxation properties due to the intermolecular field coupling effect [8],
which is especially beneficial for obtaining T1-T2 dual-modal MRI
contrast agents to improve the sensitivity of MRI. However, the ap-
plicable of albumin-mediated biomimetic way to fabricate crystalline
KMnF3 NPs and the potential of albumin-templated KMnF3 as T1-T2
dual-modal contrast agents has not been adequately explored.

In the present study, we reported a “one-pot” biomimetic method to
prepare the bovine serum albumin-mediated KMnF3 nanocrystals
(KMnF3@BSA NCs) as illustrated in Scheme 1. Specifically, BSA was
used as the template to fabricate KMnF3 and more importantly, it
helped to improve the water dispersibility, biocompatibility, and re-
laxation properties of KMnF3. As such, the KMnF3@BSA NCs composed
of one paramagnetic component exhibited unique high r1 and r2 re-
laxivities, which ensured simultaneous T1-T2 dual-modal MRI of brain
gliomas. By postprocessing the concurrently obtained T1 and T2 MRI
images, an improvement in MRI sensitivity was achieved. In addition,

we examined the feasibility of this simple biomimetic method to pre-
pare other complex metal fluorides such as KCoF3, KGdF4, and KEuF4.

2. Experimental

2.1. Synthesis of KMnF3@BSA NCs

KMnF3@BSA NCs were prepared via a “one-pot” biomimetic pro-
cedure at room temperature. In a typical process, 250 mg of BSA was
dissolved in 8 mL of deionized water with vigorous stirring. Then, 1 mL
of MnCl2·4H2O (1.87 mM) was added. After stirring for 30 min, 1 mL of
KF·2H2O (18.7 mM) was quickly added. It was observed that the
transparent solution gradually turned into white, indicating the for-
mation of KMnF3. After 15 min of reaction, 5 mL of N, N-di-
methylformamide (DMF) was added to terminate the reaction. Fifteen
minutes later, the products were separated by centrifugation
(6000 rpm, 5 min), washed with deionized water and DMF for three
times, and lyophilized to yield the KMnF3@BSA NCs. A variety of
complex metal fluoride compounds, such as KCoF3@BSA, KGdF4@BSA,
and KEuF4@BSA, were synthesized with their corresponding chloride
following the same “one-pot” biomimetic procedure.

2.2. Relaxivity measurement

For relaxivity measurement, the KMnF3@BSA NCs were dispersed in
deionized water with various Mn concentrations (0, 0.025, 0.05, 0.1,
0.2, 0.4 mM) and the relaxation times were obtained on a 7.0 T MRI
scanner (Bruker Pharmascan, Germany) by the RARE-T1+T2-map se-
quence using the previous reported parameters [29] with minor mod-
ification in multiple echo times (TE): TE = 11.00, 33.00, 55.00, 77.00,
99.00 ms. The calculation of the relaxivity values were via the slope of
inverse relaxation times (1/T) versus Mn concentration.

2.3. In vivo MRI

The procedures of animal experiments strictly followed the standard
protocols approved by the ethical committee of Capital Medical
University. The glioma-bearing mice (n = 3) were anesthetized. After
that, 200 μL of KMnF3@BSA NCs was intravenously injected into each
mouse at a dosage of 5 mg Mn/kg. In vivo T1- and T2-weighted MRI
images were obtained on a 7.0 T MRI scanner (Bruker Pharmascan,
Germany) with the multi-slice multi-echo (MSME) and rapid acquisition
with relaxation enhancement (RARE) sequences. MRI images were
collected at pre- and different time post-injection with the parameters
previously reported elsewhere [30] with a slight difference in repetition
times (TR)/TE: TR/TE = 300/8.6 ms (T1), 4000/80 ms (T2). The T1/T2
ratio images were generated according to an algebra algorithm (image
division) reported elsewhere [31,32].

3. Results and discussion

3.1. Formation of KMnF3@BSA NCs

Synthesis of KMnF3 with high crystalline properties mainly relied on
thermal decomposition and hydrothermal methods, which required
high temperature and/or high pressure. Moreover, a follow-up multi-
step modification was needed to render the water dispersibility and
functionality [21–24]. Herein, we developed a “one-pot” biomimetic
method to synthesize highly water-dispersible KMnF3@BSA NCs under
ambient conditions. In this process, BSA acted as a template to co-
ordinate Mn2+ ions, and the subsequent addition of KF triggered the
nucleation and growth of KMnF3. Fifteen minutes later, DMF was added
and the KMnF3@BSA NCs with high crystalline structure were finally
obtained in another 15 min.

Transmission electron microscopy (TEM) images showed that the
as-prepared KMnF3@BSA NCs had a cubic morphology with the

Scheme 1. Schematic illustration of “one-pot” synthesis of KMnF3@BSA NCs
for T1-T2 dual-modal MRI of brain gliomas with improved sensitivity.
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average size of 39 ± 3.63 nm (obtained from 200 measured particles)
(Fig. 1A). The high resolution TEM image (Fig. 1B) indicated a clear
lattice spacing of 4.2 Å, matching with the (1 0 0) lattice planes of
KMnF3. The crystalline nature was also supported by the crystalline
diffraction rings in a selected area of the electron diffraction (SAED)
pattern (Fig. 1C). Moreover, the powder X-ray diffraction pattern (XRD)
(Fig. 1D) was in good agreement with the cubic perovskite KMnF3
(JCPDS 17-0116). In addition, energy dispersive X-ray spectrometer
analysis (Fig. 1E) of individual nanoparticles verified the presence of
Mn, K, and F in an atomic ratio of nearly 1:1.06:2.54, which was close
to the stoichiometric ratio of the molecular formula. X-ray photoelec-
tron spectroscopy (XPS) survey spectrum in Fig. 1F shows characteristic
peaks of F1s, K2s, Mn2p3, C1s, N1s, and O1s, which revealed the
combination of KMnF3 and BSA. High resolution Mn 2p XPS spectrum
in Fig. 1G revealed Mn2p3/2 and Mn2p1/2 peaks at 654.6 eV and
642.6 eV, respectively, corresponding to the presence of Mn2+ in the
KMnF3 NCs. In addition, dynamic light scattering showed a hydro-
dynamic diameter of about 80 nm (Fig. S1A), which was slightly larger
than that measured by TEM images, possibly due to the BSA coating
surface of the NCs [33]. No notable aggregation or precipitate was
found for KMnF3@BSA NCs in deionized water, saline, or fetal bovine
serum (FBS) during a 7-day storage period (Fig. S1B), indicating the
good stability of the NCs.

The albumin mediated formation of the KMnF3 was confirmed by
Fourier transform infrared (FT-IR) and circular dichroism (CD) spectra.
As expected, the well-known characteristic peaks of the albumin tem-
plate such as the O–H stretching vibration at 3290 cm−1, and amide I
and amide II bands at 1640 and 1530 cm−1 could be found in the FT-IR
spectra of both BSA and KMnF3@BSA NCs (Fig. S2), suggesting the
successful binding of KMnF3 to the template albumin. CD spectra are
generally used to examine conformational changes in the secondary
structures of proteins. Fig. 1H shows that the KMnF3 NCs induced a
slight conformational change in BSA, inferring the growth of BSA
mediated KMnF3 and the negligible effect of DMF on BSA conformation.

The magnetic properties of KMnF3@BSA NCs were characterized
using a superconducting quantum interference device at 5 K and 300 K.
As anticipated, the KMnF3@BSA NCs exhibited typical anti-
ferromagnetic properties (Fig. 1I), which agreed with previous reports
regarding KMnF3 [21,24]. In addition, according to the inflexion in the
temperature-dependent magnetization curves (Fig. S3), the Néel tem-
perature (TN) was determined to be 84.9 K. It is known that the anti-
ferromagnetic order of antiferromagnetic materials only exists at suf-
ficiently low temperature, and disappears above the TN. Hence, similar
to other manganese-based nanomaterials, the KMnF3@BSA NCs are
paramagnetic at ambient conditions are suitable for acting as contrast
agents.

Fig. 1. Characterizations of KMnF3@BSA NCs. (A) TEM image, (B) high resolution TEM image, (C) SAED pattern, (D) XRD pattern, (E) EDS spectrum, (F) XPS survey,
(G) Mn 2p XPS spectra, (H) CD spectra, and (I) M-H curves.
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During the preparation of KMnF3, it was found that the nanoclusters
of KMnF3 were formed at 1 min, and the spherical NPs of KMnF3 were
obtained with the average size of about 100 nm (Fig. 2A) thirty minutes
later. Moreover, with the increasing of reaction time, the size of KMnF3
kept increasing (Fig. 2C), indicating that the formation of KMnF3 was
fast and uncontrollable. However, it is worthwhile to note that the
proper particles size for medical applications should be< 100 nm
[34–36]. Therefore, a timely termination of the growth of KMnF3 is
demanded. It is reported that an appropriate non-aqueous medium (e.g.
alcohol) could stabilize the size of fluorides [37]. Therefore, we at-
tempted to introduce organic solvent into the biomimetic reaction
system to control the growth of KMnF3. After screening of a number of
potential non-aqueous solvents (e.g. ethanol, acetone, DMF, and
DMSO), we found that addition of DMF could effectively cease the re-
action without notable BSA denaturation. Encouraged by this, the effect
of DMF on KMnF3@BSA growth was further examined. As presented in
Fig. 2B, addition of DMF led to the formation of smaller sized particles
around 40 nm, which was independent of the reaction time (Fig. 2C).
Interestingly, a notable morphologic change from sphere to cube was
evidenced. Further studies showed that the increasing feeding rate of
DMF also resulted in smaller particle sizes (Fig. 2D and E). Thus, DMF
was one of the key factors in the biomimetic formation of KMnF3@BSA
NCs with desired size and morphology. Although further investigation
is needed to elucidate the underlying mechanism of DMF, it is likely
that the formation of cubic KMnF3@BSA NCs is due to the specific
adsorption of DMF on the surface of crystal nuclei, which not only al-
tered the reaction conditions (e.g. polarity) but also affected the crys-
tallization rate and mechanisms in the biomimetic process [37–40].

Complex metal fluorides have been intensively investigated as
bioactive probes for magnetic resonance and luminescence in cancer
detection [41,42]. Beside KMnF3, several complex metal fluorides in-
cluding KCoF3, KGdF4, and KEuF4 were synthesized by the biomimetic
method to demonstrate the generality of this approach. TEM images of
KCoF3@BSA, KGdF4@BSA, and KEuF4@BSA prepared without DMF are
presented in Fig. 3A–C. As can be seen, the NPs exhibited an aggregated
state with diameters of 79.83 ± 11.71, 74.54 ± 3.93, and
44.67 ± 5.12 nm, respectively. Their corresponding XRD patterns are

presented in Fig. S4B–D, which showed a cubic perovskite phase of
KCoF3 (JCPDS 18-1006), and a pure cubic phase of KGdF4 and KEuF4
(CaF2 type, space group: Fm-3m) [41]. In contrast, when DMF was
involved in the reaction, the KCoF3@BSA, KGdF4@BSA, and KEuF4@
BSA appeared to be more dispersible with smaller sizes of
26.52 ± 2.08, 19.22 ± 1.75, and 22.45 ± 2.62 nm, respectively
(Fig. 3D–F). In addition, their XRD patterns in Fig. 3G-I showed no
obvious difference with NPs prepared without DMF, indicating the
successful preparation of the KCoF3@BSA, KGdF4@BSA, and KEuF4@
BSA NCs. The regulatory role of DMF in this biomimetic process has
again been proven and this simple “one-pot” method has the versatility
to prepare nano-sized, water-dispersible complex metal fluorides with
high crystallinity in ambient conditions, which will facilitate the ap-
plication of these nanomaterials in a broad spectrum of fields.

3.2. Relaxation properties

To evaluate the potential of KMnF3@BSA NCs as MRI contrast
agents, magnetic relaxation property measurements were performed on
a 7.0 T MRI scanner (Fig. 4). The r1 and r2 relaxivities calculated via the
slopes of inverse relaxation times (1/T) versus Mn concentration plots
were 6.14 and 149.68 mM−1·s−1, respectively. Both of the relaxivity
values were considerably higher than those of the MnO2@BSA NPs
using the similar BSA-templated biomimetic method (1.60 mM−1·s−1

for r1 and 19.09 mM−1·s−1 for r2) (Fig. S5). The higher r1 relaxivity of
KMnF3@BSA compared to that of MnO2@BSA could be ascribed to the
covalent-ionic behavior of KMnF3 [43], which makes Mn2+ ions in
KMnF3 more accessible to surrounding water molecules than that in
MnO2 (known as a classic covalent compound). The exceptional r2 re-
laxivity of KMnF3@BSA might result from the intermolecular field
coupling effect caused by binding with BSA [44,45]. Generally, the
intermolecular field coupling of magnetic centers (Mn2+) would lead to
the augment of local field inhomogeneity, resulting in an increase of r2
relaxivity [8]. Due to the covalent-ionic behavior of KMnF3 NCs, the
intermolecular field effect appears more pronounced for KMnF3@BSA.
Nonetheless, the exact mechanism of the r2 enhancement of KMnF3@
BSA NCs requires further investigation. Apart from the relaxation

Fig. 2. Formation of KMnF3@BSA NCs. (A) TEM images of KMnF3@BSA NCs in the absence of DMF, (B) KMnF3@BSA NCs prepared in the presence of DMF, (C) size
evolution of KMnF3@BSA NCs prepared in the absence of DMF as function of reaction time, (D) TEM images of KMnF3@BSA NCs prepared with different DMF
feeding speeds, and (E) average size of KMnF3@BSA NCs prepared with different DMF feeding speeds.
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Fig. 3. TEM images of (A) and (D) KCoF3@BSA, (B) and (E) KGdF4@BSA, and (C) and (F) KEuF4@BSA in the absence and presence of DMF, and (G-I) the
corresponding XRD patterns of the NPs fabricated in the presence of DMF.

Fig. 4. Relaxation properties of KMnF3@BSA NCs. (A) T1 and (B) T2 relaxation properties and corresponding phantom images.
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values, the r2/r1 ratios are widely used for ascertaining the classifica-
tion of contrast agents. It is generally accepted that when the r2/r1 ratio
is higher than 10, the magnetic nanomaterials are referred as T2 con-
trast agents. However, the high accessibility of Mn2+ ions to water
molecules caused by the unique structure of KMnF3@BSA NCs resulted
in a strong positive contrast enhancement even with an r2/r1 ratio of
24.4.

3.3. In vitro biocompatibility

Because cytotoxicity is a major concern for nanoparticle-based
contrast agents, the cell viability assay was carried out to determine the
toxicity profiles of the KMnF3@BSA NCs against human umbilical vein
endothelial cells (HUVEC) and C6 glioma cells. Upon incubation with
KMnF3@BSA NCs for 12 and 24 h, the cell viability of HUVEC and C6
glioma cells remained > 80% at Mn concentrations as high as 100 μM
(Fig. 5A and B). In addition, the morphologies and cell densities of
HUVEC and C6 cells were observed by microscopy (Fig. S6). There was
no obvious difference between the control cells and the cells treated
with KMnF3@BSA NCs in the microscopic images of both cell types.
Together, these results implied that the low cytotoxicity of KMnF3@
BSA NCs made them valuable in bio-related studies. Moreover, the
hemolysis assays were conducted to evaluate the toxicity of KMnF3@
BSA NCs to blood cells. The hemolysis ratio is an essential parameter to
evaluate blood compatibility. Fig. 5C shows that after 2 h of incubation
with erythrocytes, all KMnF3@BSA NC dispersions at the test con-
centrations were non-hemolytic. The hemolysis was lower than 1% at
the maximum experimental concentration, indicating the good hemo-
compatibility of KMnF3@BSA NCs. Taken together, all the above results

showed the non-cytotoxic character of the formulated KMnF3@BSA
NCs, allowing them to be administered intravenously for bio-applica-
tions.

3.4. Biodistribution

To further verify the biocompatibility, the biodistribution of
KMnF3@BSA NCs was measured using a dosage of 5 mg Mn/kg in
healthy ICR mice. As presented in Fig. 5D, the NCs predominantly ac-
cumulated in the kidney and liver within 2 h, with a low accumulation
in the heart and brain. This implied that the KMnF3@BSA NCs rapidly
circulated in blood after intravenous injection and could be retained in
organs with high levels of blood flow plus processing (e.g., liver). At
24 h after injection, KMnF3@BSA NCs exhibited a higher distribution in
the kidneys, inferring that the KMnF3@BSA NCs could be excreted by
urine. Meanwhile, the amount of Mn decreased in other organs, which
basically returned to pre-injection levels. Together, these results
showed that KMnF3@BSA NCs could be eliminated from organs, and
were mainly excreted via the renal clearance route, which was in a good
agreement with the previously reported manganese-based NPs.

3.5. In vivo dual-modal MRI

The capability of KMnF3@BSA NCs to cross the brain–blood barrier
(BBB) was first evaluated on a 7.0 T MRI scanner with healthy ICR
mice. As demonstrated in Fig. S7, after the intravenous administration
of KMnF3@BSA NCs, the T1 contrast enhancement effects could been
observed in the CA3 region of the hippocampus of healthy mice brains
[46], indicating the permeability of the KMnF3@BSA NCs through the

Fig. 5. In vitro biocompatibility and biodistribution of KMnF3@BSA NCs. Cell viability of (A) C6 cells and (B) HUVEC upon incubation with the KMnF3@BSA NCs at
various concentrations for 12 and 24 h, (C) hemolysis analysis, and (D) biodistribution of KMnF3@BSA NCs at 2 and 24 h post-injection.
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BBB, which might be attributed to their conjugation of BSA. Overall,
these results suggested the potential use of KMnF3@BSA NCs in brain
diagnoses.

Next, T1-T2 dual-modal MRI was investigated in glioma-bearing
mice with a dosage of 5 mg Mn/kg (n= 3). At 30 min intravenous post-
injection of the KMnF3@BSA NCs, a brightening contrast (Fig. 6A) was
observed in T1-weighted and a darkening contrast (Fig. 6B) in T2-
weighted MRI within the brain glioma. Moreover, these brightening
and darkening contrast effects lasted at least 2 h, which was sufficient
to obtain comprehensive diagnostic information. Consequently, not

only the contrast but also the boundary between tumor and normal
tissue became much clearer in both T1- and T2-weighted MRI. Note that
at 24 h, the positive contrasts of the glioma became diffuse and blurred
in the T1-weighted images, while for the T2-weighted MRI, the negative
contrast effects appeared as pseudo-positive ones. These phenomena
were due to the sharply decrease of contrast agents in the tumor regions
[6,28], which could be attributed to the metabolization of the KMnF3@
BSA NCs.

We used the signal-to-noise ratio (SNR) to further quantify the
signal enhancement in the glioma area by using the following formula:

Fig. 6. T1-T2 MRI of glioma bearing mouse before and after intravenous injection of KMnF3@BSA NCs at different time points (red arrows point to gliomas,
dose = 5 mg Mn/kg), (A) T1- and (B) and T2-weighted images, (C) and (D) pseudo-colored images, (E) and (F) SNR analyses.
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SNRglioma = SIglioma/SDnoise (where SI means signal intensity and SD
means standard deviation). As presented in Fig. 6E, for the T1-weighted
MRI, the SNR value significantly increased to 33.98 ± 0.68 at 30 min
post-injection of the KMnF3@BSA NCs, which was about 1.63-fold
higher compared to the pre-injection level. Meanwhile, the SNR de-
creased from 19.86 ± 2.10 to 17.94 ± 1.49 at 30 min post-injection
in the T2-weighted MRI. This thus validated that KMnF3@BSA NCs
shortened the T1 and T2 relaxation times simultaneously and thereby
could be applied as an effective dual-modal MRI contrast agent to
provide complementary diagnostic information in one machine with
same penetration depth and resolutions nearly simultaneously, which
could hardly be achieved by the conventional clinical approved Gd3+

contrast agents.
Furthermore, the T1-T2 dual-modal MRI is benefited from the self-

confirmed ability to filter various artifacts. To show the feasibility of
dual-modal KMnF3@BSA NCs for ambiguity suppression, a T1/T2 ratio
processing of the corresponding T1 (Fig. 7A) and T2 (Fig. 7B) images
was conducted. In the acquired T1/T2 ratio image (Fig. 7C), the brain
glioma appeared to be much brighter while the signal of the sur-
rounding brain tissue was greatly suppressed, validating the self-con-
firmed ability of T1-T2 dual modal imaging. Consistently, the difference
of SNR values between the glioma region and the surrounding brain
tissue was significantly enhanced in the T1/T2 ratio image
(17.27 ± 1.90), compared to those in the corresponding T1-weighted
image (11.70 ± 0.81) and T2-weighted image (2.45 ± 1.32)
(Fig. 7D–F). Collectively, the postprocessing of the concurrently ob-
tained T1 and T2 MRI effectively eliminated the possible artifacts and
greatly improved the MRI sensitivity, benefiting to accurate detection
of brain gliomas with infiltrative nature.

3.6. In vivo biocompatibility

To assay the biocompatibility of the KMnF3@BSA NCs in vivo, the
hematological analyses were first performed. After intravenous injec-
tion with KMnF3@BSA NCs, no obvious abnormal behavior and weight

loss were found in the mice for 14 days, suggesting that there was no
significant acute toxicity of the injected NCs. The blood was collected
for blood routine analyses and biochemistry tests at 14 days after in-
jection. As illustrated in Fig. 8A and B, the important hepatic and renal
function indices, including aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alanine albumin (ALB), creatinine (CRE), and
blood urea nitrogen (BUN), were within the normal range with no
observable differences from the control mice, verifying minimal side
effects on kidney and liver. At the same time, routine blood analyses
(Fig. 8B) including erythrocytes (RBC), hemameba (WBC), hemoglobin
(HGB), platelets (PLT), hematocrit (HCT), mean corpuscular he-
moglobin (MCH), mean corpuscular volume (MCV), mean corpuscular
hemoglobin concentration (MCHC), mean platelet volume (MPV) and
lymphocyte (Lymph) counts also showed no distinct changes in blood
parameters in the experimental group when compared with the control
group, demonstrating the good hemocompatibility of KMnF3@BSA
NCs.

Besides blood analyses, histopathological analyses were conducted
to evaluate the potential toxicity of the KMnF3@BSA NCs to the major
organs by hematoxylin and eosin (H&E) staining. As shown in Fig. 8C,
no evident tissue damage, inflammation, or lesions can be seen in the
major organs from mice administered with KMnF3@BSA NCs. The
histological analyses further revealed that KMnF3@BSA NCs at the
given dose had no/very low toxicity in vivo and showed good biosafety.
This together with the hematological analyses results provided a pre-
liminary validation the biocompatibility of KMnF3@BSA NCs for in vivo
biomedical applications.

4. Conclusion

Albumin-mediated KMnF3@BSA NCs, which showed good bio-
compatibility and colloidal stability, were successfully synthesized
through a simple “one-pot” biomimetic method. We found that the
introduction of DMF in the reaction process strongly influenced the size
and morphology of formed KMnF3@BSA NCs. The discovery opens new

Fig. 7. Postprocessing of T1- and T2-weighted images of glioma bearing mice after the injection of KMnF3@BSA NCs to improve MRI sensitivity: (A) T1- and (B) T2-
weighted images, (C) T1/T2 ratio images (acquired by dividing the intensity of T1-weighted images by the intensity of T2-weighted images in each corresponding
pixel), (D-F) SNR analyses in glioma regions (indicated by red arrows) and surrounding brain tissue.
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opportunities for the synthesis of highly water-dispersible, size-tuned
complex metal fluorides. The as-prepared KMnF3@BSA NCs exhibited
an r1 value of 6.14 mM−1s−1 and an r2 value of 149.69 mM−1s−1 and
led to brightening contrast in T1 images and darkening contrast in T2
images in a brain glioma-bearing mouse model. Further correlation
calculations based on the concurrently obtained T1 and T2 images by
taking T1/T2 ratio greatly improved the MRI sensitivity by eliminating
the possible artifacts. The dual-modal KMnF3@BSA NCs with enhanced
MRI sensitivity therefore have great promise in accurate and early de-
tection of brain gliomas.
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