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 ABSTRACT 

Carbon-protected magnetic nanoparticles exhibit long-term stability in acid or 

alkaline medium, good biocompatibility, and high saturation magnetization. As

a result, they hold great promise for magnetic resonance imaging, photothermal 

therapy, etc. However, since pyrolysis, which is often required to convert the

carbon precursors to carbon, typically leads to coalescence of the nanoparticles,

the obtained carbon-protected magnetic nanoparticles are usually sintered as 

a non-dispersible aggregation. We have successfully synthesized discrete,

dispersible, and uniform carbon-protected magnetic nanoparticles via a precise 

surface/interface nano-engineering approach. Remarkably, the nanoparticles

possess excellent water-dispersibility, biocompatibility, a high T2 relaxivity 

coefficient (384 mM–1·s–1), and a high photothermal heating effect. Furthermore,

they can be used as multifunctional core components suited for future extended

investigation in early diagnosis, detection and therapy, catalysis, separation, 

and magnetism. 
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1 Introduction 

Magnetic nanoparticles have great potential in appli-

cations like bioseparation, magnetic resonance imaging, 

magnetic fluids, and catalysis. [1–6]. Uniform, water 

dispersible, magnetic nanoparticles with excellent 

stability are highly desirable for in vivo clinical imaging 

and other biomedical applications. So far, a number 

of magnetic nanoparticles with different compositions 

and shapes have been developed [7–12]. However, 

naked magnetic nanoparticles tend to aggregate and 

are easily oxidized in air, leading to uncontrolled 

magnetic behavior and losses in magnetism and 

dispersibility [13–16]. Different protection strategies 

have been proposed to overcome these problems, such 

as grafting or coating organic or inorganic materials 

including surfactants or polymers [17–21], silica [22–26], 

carbon [27–29], etc. However, most of them are not 

stable in the application environments (e.g., corrosive 

or basic solutions or organic solvents), especially  

for bio-related applications where dispersibility and 

biocompatibility of the protected nanoparticles cannot 

meet the requirements due to incorrect coating strategies 

or the nature of the coating materials. It is thus crucial 

to develop other protection strategies that not only 

stabilize core magnetic nanoparticles against harsh 

media, but also improve their dispersibility and 

biocompatibility in situ [13, 25, 30]. 

Carbon is an excellent coating material since it is 

biocompatible and stable over the entire pH range 

and is easily functionalized [31, 32]. Carbon has been 

used as a scaffold for nano-architectures including 

hollow structures, core–shell, and sandwich or lamellar 

heterostructures, all aimed at achieving multifunc-

tionality [27–29, 33–35]. A hindrance in using carbon- 

coated nanostructures is to achieve good dispersibility 

by overcoming the nature of carbon, which is to 

coalesce during pyrolysis. In our previous work, a 

confined pyrolysis method [36] was developed to 

prepare discrete hollow carbon spheres, in which an 

inorganic outer silica layer was coated on the carbon 

precursor, creating a confined nanoreactor to prevent 

the coalescence of nanocarbons during the high- 

temperature treatment. 

Inspired by this work, in this study, we have 

demonstrated an accurately controlled surface/interface 

nano-synthesis strategy for the preparation of carbon- 

protected Fe3O4 (Fe3O4@C) magnetic nanoparticles. 

The obtained Fe3O4@C nanoparticles have several 

advantages. First, the nanoparticles are monodis-

persive in water without clustering and aggregation. 

Further, they possess high biocompatibility, which is 

mandatory for their biomedical and magnetic ap-

plications. The second notable characteristic is their 

high magnetization of 90 emu·g–1 (normalized to the 

Fe3O4 content), which enables these nanoparticles for 

magnetic resonance imaging (MRI) contrast enhan-

cement and other biological separations. Remarkably, 

the sample showed a high T2 relaxivity coefficient (r2) 

of 384 mM–1·S–1, demonstrating strong potential for 

applications such as cancer treatment by combining 

the high photothermal heating effect of this material. 

This precise hybridization of monodispersed, uniform 

carbon-coated magnetic nanoparticles as a multifunc-

tional material nanoplatform has great potential for a 

variety of advanced biomedical applications. 

2 Experimental 

2.1 Synthesis of Fe2O3@PF nanoparticles 

Fe(NO3)3·9H2O, N,N-dimethylformamide (DMF), 

ethanol (99.7%), hexamethylenetetramine (HMT), 

tetraethoxysilane (TEOS), phenol, ammonia, and 

cetyltrimethylammoniumbromide (CTAB) of analysis 

grade were purchased from Sinopharm Chemical 

Reagent Co., Ltd. Poly(N-vinyl-2-pyrrolidone) (PVP 

K30) of analysis grade was obtained from Tianjin 

Kermel Chemical Reagent. All chemicals were used 

as received. Quasicubic α-Fe2O3 nanoparticles were 

prepared via a modified solvothermal method [37]. 

In a typical experiment, 1.212 g of Fe(NO3)3·9H2O and 

1.8 g of PVP K30 were dissolved in 108 mL of DMF. 

The solution was then poured into a Teflon-lined 

stainless steel autoclave and heated at 180 °C for 30 h. 

After the reaction, a red precipitate was collected  

by centrifugation, washed with deionized water and 

ethanol several times, and then redispersed in water. 

Then, the as-prepared Fe2O3 (50 mg) nanoparticles were 

dispersed well in 120 mL of water by ultrasonication 

for 10 min, and subsequently a mixture of 3 mmol 

phenol (99%) and 1.5 mmol HMT aqueous solution 
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was added. After ultrasonication for another 10 min, 

the solution was transferred into a Teflon-lined 

autoclave, heated to 160 °C, and maintained at that 

temperature for 4 h. Orange Fe2O3 coated with a layer 

of phenol-formaldehyde resin (Fe2O3@PF) was collected 

by centrifugation, and washed with deionized water 

several times. The Fe2O3@PF was then dispersed in 

water for later use. 

2.2 Synthesis of Fe2O3@PF@mSiO2 nanoparticles 

Silica shells were grown on the Fe2O3@PF sphere 

surfaces by a modified Stöber process in the presence 

of CTAB at 30 °C. Typically, 0.16 g of CTAB was 

stirred with 5 mL of deionized water for 1 h with a 

magnetic stir bar. This solution was then added to   

a mixture of 50 mg Fe2O3@PF, 25 mL deionized  

water, 10 mL ethanol, and 0.4 mL ammonia solution 

(28%–30%). The mixture was stirred for 30 min before 

the dropwise addition of 0.28 mL TEOS over a short 

period. The reaction was left to proceed at 30 °C   

for 16 h. Finally, Fe2O3@PF@mSiO2 was collected by 

centrifugation, sequentially washed with deionized 

water and ethanol, and dried in air at 50 °C for 24 h. 

2.3 Synthesis of Fe3O4@C nanoparticles 

The synthesis of Fe3O4@C nanoparticles involves two 

steps: pyrolysis and removal of the silica shell. First, the 

Fe2O3@PF@mSiO2 was heated at 5 °C·min–1 to 150  °C, 

and held at this temperature for 1 h. The temperature 

was then increased to 600 °C at a heating rate of 

5 °C·min–1 and maintained at that temperature for 2 h. 

Dissolution of the silica shell was then performed 

using an NaOH–alcohol–water solution (1.875 M) at 

50 °C for 24 h to generate the Fe3O4@C nanospheres. 

2.4 Characterization 

Transmission electron microscope (TEM) images were 

obtained with a Tecnai G220 S-Twin microscope at  

an acceleration voltage of 200 kV. Scanning electron 

microscope (SEM) images were obtained with a FEI 

Nova NanoSEM 450 instrument. X-ray diffraction (XRD) 

patterns were obtained with a Rigaku D/MAX-2400 

diffractometer using Cu Kα radiation (40 kV, 100 mA, 

λ = 1.54056 Å). Mössbauer measurements were per-

formed to determine the phase composition in the 

Fe3O4@C sample using an electrodynamic spectrometer 

with a 57Co/Rh γ-ray source. The spectra were 

obtained at room temperature and fitted using the 

MossWinn fitting package. Thermogravimetric and 

differential scanning calorimetry analyses (TG-DSC) 

were conducted on a thermogravimetric analyzer 

STA 449 F3 Jupiter (NETZSCH), in air with a heating 

rate of 10 °C·min–1. Nitrogen sorption isotherms were 

measured with an ASAP 2020 adsorption analyzer 

(Micromeritics) at the temperature of liquid nitrogen. 

A vibrating magnetometer (MPMS (SQUID) XL-7, 

Quantum Design) was used to study the magnetic 

properties, with an applied magnetic field of –2.0–2.0 T 

at 298 K. The powdered sample was immobilized in a 

hard gelatin capsule during the measurement.  

2.5 In vitro biocompatibility assays 

Cell viability was determined using a Cell Counting 

Kit-8 (CCK-8, Dojindo Laboratories in Japan). First, 

8000 MCF-7 (human breast adenocarcinoma) cells 

were seeded into 96-well microplates (Costar, Corning, 

NY) and grown in a medium containing 1640/RIPM 

medium, fetal bovine serum (FBS, 10% (v/v)), 

penicillin (100 U·mL–1), streptomycin (100 μg·mL–1), 

and L-glutamine (2 mM) at 37 °C for 24 h. Different 

concentrations of Fe3O4@C were added to the complete 

medium to test their influence on the viability of the 

MCF-7 cells after exposure for 24 h. Cell viability was 

calculated as the ratio of the absorbance of test cells 

to that of untreated cells. Absorbance was measured 

at 450 nm with a reference at 600 nm using an Infinite 

M200 microplate reader (Tecan, Durham, NC, USA). 

2.6 MRI in vitro 

The relaxivity measurements were performed on a 

7.0 T clinical MRI instrument (Bruker BioSpec 70/20 

USR). An extremity coil was used for the data acquisition, 

and the pulse sequence used was a T2-weighted turbo 

spin-echo sequence with the following parameters: 

repetition time (TR) = 3,000 ms, echo time (TE) = 20 ms, 

slice thickness = 1 mm, field of view (FOV) = 30 × 30 mm, 

number of acquisitions = 1. 

2.7 MRI in vivo 

In vivo T2-weighted MRI images were recorded on a 
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GE HDxt 3.0 T MRI scanner before and at different 

times after injection of the magnetic samples. Sprague 

Dawley (SD) rats were anesthetized with chloral 

hydrate, and then contrast agents were administered 

by tail vein injection after the rats stabilized. Typically, 

nanoparticles suspended in 5% (w/v) glucose injection 

(~1 mL) were administered to SD rats (6–8 weeks of 

age, body mass ~275 ± 25 mg) through tail vein injec-

tion at a dose of 0.84 mg Fe per kg body weight. The 

dosage was calculated based on the metal concentration. 

MRI was performed immediately after injection at 1.5, 

3, 5, 12, and 30 h (n = 6 rats per group). The scanning 

parameters used were similar to those used for the in 

vitro MRI imaging except for different TE and TR. The 

TE and TR of the T2-weighted images were 86.1 and 

2,620 ms, respectively. All animal operations were 

conducted in accordance with the People’s Republic of 

China (PRC) national standards for laboratory animal 

quality, and the Chinese guideline for the care and use 

of laboratory animals. No abnormalities were observed 

after the injection of any rats. 

2.8 Laser irradiation 

To obtain the temperature curve, the Fe3O4@C solution 

was added to a 96-well microplate and then irradiated 

by laser with a power density of 6.5 W·cm–2 at regular 

intervals. Meanwhile, a thermocouple detector was 

immersed in the solution and left to measure the 

temperature. MCF-7 cells were seeded into 60 mm 

petri dishes and incubated with Fe3O4@C (100 μg·mL–1) 

in complete medium for 24 h. The cells were detached 

from the dishes with trypsin containing EDTA and 

collected as a pellet (about 1 × 106 cells/pellet within 

0.5 mL complete medium) at the bottom of an EP vial. 

Cells were placed in an incubator at 37 °C throughout 

the entire irradiation procedure. The femtosecond 

pulsed laser (at 750 nm) had a spot of 2 mm diameter, 

and the power could be tuned to attain the desired 

power density (laser power/spot area) (Spectra Physics).  

2.9 Live-dead assay 

Under different concentrations of Fe3O4@C, MCF-7 

cells were irradiated by a laser and the Live-dead 

assay was used to assess the influence of culture time 

on cell death. Cells in live or dead states were stained 

different colors. Live cells show green fluorescence 

due to staining with calcein, and dead cells exhibit 

red fluorescence because ethidium homodimer can 

penetrate the impaired membrane and stain the 

nucleus. The ratio of dead to live cells was then 

analyzed to assess the thermal effects. 

3 Results and discussion 

The synthesis of carbon-protected magnetic nano-

particles is illustrated in Fig. 1. As a proof of concept, 

colloidal Fe2O3 nanoparticles of 40 nm (Fig. 1(b)) were 

chosen as core materials, and were produced through 

a facile solvothermal method [37]. The zeta potential 

analysis (see Fig. S1 in Electronic Supplementary 

 

Figure 1 Synthesis and TEM analyses of the products obtained from each step. (a) Schematic illustration of the sequentially designed
surface by the nano-engineering process: I, polymer encapsulation; II, silica coating; III, confined nanospace pyrolysis; IV, silica
removal. TEM analyses of (b) Fe2O3, (c) Fe2O3@PF, (d) Fe2O3@PF@SiO2, (e) Fe3O4@C@SiO2, and (f) Fe3O4@C. 
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Material (ESM)) indicates that the Fe2O3 nanoparticles 

can form homogeneous suspensions in an aqueous 

solution (pH ~ 7.5) consisting of phenol and HMT. 

This allows the formation of a uniform polymer 

coating (which later serves as the carbon precursor) 

on individual Fe2O3 nanoparticles (denoted Fe2O3@PF, 

diameter ~100 nm, Fig. 1(c)) by a hydrothermal 

reaction. Direct thermal annealing would result in 

coalescence of the polymer shells, and therefore a 

uniform protecting silica shell, thus creating a con-

fined space for pyrolysis. The shell is coated onto 

the Fe2O3@PF by using a modified Stöber method to 

obtain Fe2O3@PF@SiO2 nanospheres (Fig. 1(d)). After 

pyrolysis, the polymer shell is carbonized, and the 

Fe2O3 core is carbothermally reduced to Fe3O4; thus, a 

single-core, double-shell nanostructure, Fe3O4@C@SiO2, 

is obtained (Fig. 1(e)).  
Finally, the silica is leached and individual Fe3O4 

nanocubes are present in a porous carbon shell in the 

form of Fe3O4@C nanoparticles with a mean size of 

~90 nm, as indicated in the TEM images (Fig. 1(f)). 

Such nanoparticles can form a colloidal suspension in 

water without the need for surfactants. Furthermore, 

the nanoparticles can be attracted by an external 

magnet (see Fig. S2 in the ESM). It should be noted 

that the silica coating is an indispensable step to achieve 

discrete carbon-protected magnetic nanoparticles; 

otherwise, the sticky polymer shells agglomerate 

during thermal treatment. The intact silica shell creates 

a nanoreactor in which the phenolic resin is confined 

and converted into carbon [36]. Furthermore, the 

thickness of the polymer shell can be tuned from 

around 4 to 80 nm, depending on the amount of 

polymer precursor used (see Fig. S3 in the ESM). This 

in turn means that the thickness of the carbon shell 

and the overall size of the carbon-protected magnetic 

nanoparticles are adjustable and can be tailored to 

the requirements of a specific application. It is also 

important to note that the carbon shell efficiently 

prevents sintering of the nanosized metal core and 

simultaneously renders them functional for photo-

thermal effects and loading with drug molecules [38]. 

As observed from the SEM images in Fig. 2(a) and 

Fig. S4 (in the ESM), the obtained Fe3O4@C sample  

is composed of uniform nanoparticles with a size of 

~90 nm. The dynamic light scattering (DLS) measure-

ment in Fig. 2(b) confirms a uniform particle size of 

140 nm (hydrodynamic diameter) with a polydispersity 

 

Figure 2 Characterization of carbon-protected magnetic nanoparticles. (a) SEM image. (b) DLS measurement. (c) XRD pattern. (d) TEM
image. (e) HRTEM image of the selected area in (d). (f) Mössbauer spectrum of carbon-protected magnetic nanoparticles. 
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index (PDI) of 0.033, suggesting that the nanoparticles 

are monodisperse in water without clustering or 

aggregation. 

The XRD pattern of the sample (Fig. 2(c)) matches 

well with that of the magnetite Fe3O4 phase (JCPDS 

No. 19-0629). In Fig. 2(d), the TEM image of Fe3O4@C 

shows that the iron oxide nanoparticle is tightly 

encapsulated by an amorphous carbon shell. Uniform 

lattice fringes with a spacing corresponding to Fe3O4 

(311) are observed in the high-resolution TEM (HRTEM) 

image of the selected area (Fig. 2(e)). Using the Scherrer 

equation, the average crystallite size of Fe3O4 is 

estimated, from the peak width of Fe3O4 (311) and 

Fe3O4 (440), to be 18.6 ± 1.4 nm, i.e., much smaller 

than the particle sizes observed by TEM. Obviously, 

this synthesis leads to fragmentation of the iron oxide 

nanoparticles into smaller crystalline domains due to 

the carbothermal reduction of α-Fe2O3 to Fe3O4 by 

partially eliminating lattice oxygen during the phase 

transformation. Further, the phase composition of the 

iron oxide core is confirmed by Mössbauer spectro-

scopy (Fig. 2(f) and Table S1 in the ESM). It can be 

deduced from the hyperfine parameters that the iron 

oxide core is predominantly composed of Fe3O4 nano-

particles with a relaxing component that displays a 

superparamagnetic relaxation at room temperature 

[39]. The Brunauer-Emmett-Teller (BET) equivalent 

specific surface area of Fe3O4@C, as analyzed by N2 

sorption (see Fig. S5 in the ESM), is 502 m2·g–1. The 

oxidation resistance of Fe3O4@C was monitored by 

TG analysis in air (see Fig. S5 in the ESM). The mass 

of Fe3O4@C remains constant up to 400 °C, indicating 

that below that temperature the carbon coating is 

quite stable against oxidation. 

Figure 3(a) shows that the absolute zeta potential 

value is above 30 mV in the pH range of 5–11, indicating 

that these nanoparticles can be stably dispersed in an 

aqueous solution, affording a black colloidal solution 

(Fig. 3(a), inset). The obtained solution can completely 

pass through the 0.22-μm membrane filter after one 

month of storage without the addition of surfactants, 

confirming the complete absence of aggregation. 

Magnetization of Fe3O4@C at 298 K is measured to  

be 90 emu·g–1, where the magnetization value is 

normalized to the Fe3O4 content (Fig. 3(b)). After one 

year of storage under ambient conditions, the magnetic  

 

Figure 3 (a) Zeta potential (inset: photograph of high colloidal 
stability of magnetic nanoparticles in water). (b) Room tem-
perature magnetization (M) versus field (H) measured at 298 K 
(inset: M–H curve in the low-field region area), the magnetization, 
coercivity (Hc), and remanent magnetization (Mr) are ~90 emu·g–1, 
81 Oe, and 25 emu·g–1 (Fe3O4), respectively, as determined by   
a superconducting quantum interference device magnetometer 
(SQUID). 

response of the sample was rechecked, with no obvious 

degradation observed (see Fig. S6 in the ESM), 

indicating that the magnetic core is well protected by 

the carbon shell. This value enables use of these 

nanoparticles for many biomedical applications (i.e., 

MRI contrast enhancement and biological separation). 

To the best of our knowledge, this is the first report 

on the synthesis of such uniform, discrete, and colloidal 

carbon-protected magnetic nanoparticles. 

Because the as-prepared nanoparticles are water- 

dispersible and discrete, the colloidal nanoparticles 

can be used directly as an MRI contrast agent, thus 

avoiding complex procedures of further modification 

or transfer [40]. We measured the transverse relaxivity 

of the sample by a 7.0 T MR scanner. The T2 relaxivity 

coefficient (r2) is 384 mM–1·S–1 (Fig. 4(a)), which is greater 

than or equal to that of commercially available 

superparamagnetic iron oxide nanoparticles (Feridex, 

Bayer HealthCare Pharmaceuticals) as well as other  
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Figure 4 In vitro MRI measurement. (a) T2 relaxivity plot of an 
aqueous suspension of Fe3O4@C measured at 7.0 T, the slope 
indicates the T2 relaxivity coefficient (r2). (b) T2-weighted MR 
images of Fe3O4@C nanoparticles suspended in water at different 
Fe concentrations. 

magnetic nanoparticles reported in the literature [41]. 

With the increase in the Fe concentration, the signal 

intensity of T2-weighted phantom images obviously 

decrease (Fig. 4(b)), indicating that such nanoparticles 

have the potential to generate MRI contrast enhance-

ment on T2-weighted sequences. 

To use colloidal Fe3O4@C in biological applications, 

it must be non-toxic. Before the animal study, we  

first tested its cytotoxicity by using the human breast 

adenocarcinoma MCF-7 cell line as a model. The 

CCK-8 viability assay indicates that the obtained 

nanoparticles have no appreciable cytotoxicity for 24 h, 

even at a concentration of 120 μg Fe3O4@C per mL 

(25 μg Fe per mL), suggesting the high biocompatibility 

of the carbon-protected magnetic nanoparticles (see 

Fig. S7 in the ESM). This is strong confirmation that 

the carbon shell is biocompatible. Encouraged by the 

high colloidal stability, uniform nanosize, high relaxivity, 

and the biocompatibility of our carbon-protected 

magnetic nanoparticles, they were used as contrast 

agents for preliminary in vivo MRI in rats.  

The in vivo contrast-enhancing effect of Fe3O4@C 

was evaluated in rats by injection of Fe3O4@C dispersed 

in a 5% (w/v) glucose solution at a dose of 0.84 mg Fe 

per kg of rat body weight (10% of that typically used 

for existing Gd agents). A time sequence of images 

was taken from 1.5 to 30 h after intravenous injection. 

The magnetic resonance signal intensity of the liver 

parenchyma (Fig. 5) and kidney (see Fig. S7 in the ESM) 

in the T2-weighted sequences changes with time, which 

is possible due to the ultrahigh r2 relaxivity of Fe3O4@C 

nanoparticles. These results achieve a major goal of 

MRI contrast-agent development, i.e., long-circulating 

contrast enhancement at low metal dosages in vivo, 

which will facilitate MRI and other applications.  

Taking advantage of the light-absorbing property 

and the high surface area of the Fe3O4@C nanoparticles, 

as well as the excellent bioimaging properties, the 

materials were examined for photothermal therapy 

under laser irradiation (see Figs. S7 and S8 in the 

ESM). At a low Fe3O4@C concentration (50 μg·mL–1), 

photothermal heating occurs upon λ = 750 nm laser 

irradiation. At high concentrations (up to 200 μg·mL–1), 

 

Figure 5 In vivo T2-weighted MRI images of liver before and 
after intravenous administration of 0.84 mg Fe per kg body weight 
of Fe3O4@C hybrids (after 0, 1.5, 3, 5, 12, and 30 h). 
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the temperature can reach values as high as 70 °C in 

10 min under 750 nm laser irradiation, which is an 

extremely high photothermal heating effect. The 

photothermal conversion efficiency (η) of Fe3O4@C is 

21.7% (Fig. S8 in the ESM), which was measured 

according to the reported method (see the ESM for 

the detailed calculations) [42, 43]. Then, MCF-7 cells 

were incubated with the Fe3O4@C nanoparticles for 

24 h using a concentration of 100 μg·mL–1. After 

rinsing with a PBS buffer, the cells were irradiated by 

a 750 nm femtosecond laser at regular intervals (see 

Fig. S9 in the ESM). Without Fe3O4@C nanoparticles, 

no photothermal effect is noticed, even after irradiation 

for 15 min. After adding nanoparticles, the photothermal 

ability goes into effect after 5 min of irradiation and 

about 10% of the MCF-7 cells are killed. More efficient 

tumoricidal potential is observed when the mixture  

is irradiated for 15 min, after which nearly 50% of the 

MCF-7 cells are killed. The excellent thermal generation 

of the Fe3O4@C nanoparticles under laser irradiation 

demonstrates the potential for photothermal therapy 

using the sample. Overall, the obtained carbon- 

protected magnetic nanoparticles have great potential 

for simultaneous bioimaging, diagnosis, and therapy. 

To the best of our knowledge, there is so far no other 

report on the synthesis of such colloidal carbon- 

protected iron oxides nanoparticles, which are 

promising for biomedical applications. 

4 Conclusions 

In summary, a novel nano-engineering approach is 

developed for the preparation of core–shell structured 

carbon-protected magnetic nanoparticles that are 

discrete, uniform, water-dispersible, and biocompatible. 

The precise integration of carbon coatings with 

magnetic monodispersed nanoparticles is used to 

form a uniform core–shell hybrid that monodisperses 

in water without clustering or aggregation while 

possessing high biocompatibility. The particles can be 

used for imaging and the treatment of resistant cancers 

by combining their different functions, including 

MRI enhancement, photothermal therapy, and high 

surface-to-volume ratio. Thus, a unique and versatile 

material platform is provided, which is essential and 

crucial for future advanced applications. 
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