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Abstract 45 

Metal-organic frameworks (MOFs) have emerged as attractive candidates in cancer theranostics 46 

due to their ability to envelop magnetic nanoparticles, resulting in reduced cytotoxicity and high 47 

porosity, enabling chemodrug encapsulation. Here, FeAu alloy nanoparticles (FeAu NPs) are 48 

synthesized and coated with MIL-100(Fe) MOFs to fabricate FeAu@MOF nanostructures. We 49 

encapsulated Doxorubicin within the nanostructures and evaluated the suitability of this platform 50 

for medical imaging and cancer theranostics. FeAu@MOF nanostructures (FeAu@MIL-100(Fe)) 51 

exhibited superparamagnetism, magnetic hyperthermia behavior and displayed DOX 52 

encapsulation and release efficiency of 69.95% and 97.19%, respectively, when stimulated with 53 

alternating magnetic field (AMF). In-vitro experiments showed that AMF-induced hyperthermia 54 

resulted in 90% HSC-3 oral squamous carcinoma cell death, indicating application in cancer 55 

theranostics. Finally, in an in-vivo mouse model, FeAu@MOF nanostructures improved image 56 

contrast, reduced tumor volume by 30-fold and tumor weight by 10-fold, which translated to 57 

enhancement in cumulative survival, highlighting the prospect of this platform for oral cancer 58 

treatment.  59 

 60 

Keywords: metal-organic framework; hyperthermia; iron-gold alloy nanoparticles; cancer 61 

theranostics; oral squamous carcinoma  62 

 63 

 64 

 65 

 66 

 67 



 4 

Graphical Abstract 68 

 69 

 70 

 71 

Metal-organic framework-FeAu NPs (MOF-FeAu) nanostructures are fabricated for 72 

hyperthermia-induced cancer treatment and imaging. Different shells of MOF were synthesized 73 

using cysteine as a linker. An increase in MOF shell number increased biocompatibility and 74 

enhanced chemodrug (doxorubicin) encapsulation. In an in-vivo mouse model, Doxorubicin-75 

loaded MOF-FeAu nanostructures displayed drastic reduction in tumor size, elevation in survival 76 

rate which assistance in tumor imaging 77 

 78 

 79 

 80 

 81 
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1. Introduction 82 

Oral squamous cell carcinoma is one of the most aggressive cancers and is often diagnosed 83 

only when it has reached an advanced stage or has metastasized. This characteristic accounts for a 84 

poor disease prognosis, with a study reporting the 5-year survival rate close to 27% 1. To make 85 

matters worse, clinical studies have reported a nearly 32% chance of recurrence among survivors, 86 

which translates to a 5-year survival rate of only 31% 2. Due to the drastic survival statistics, 87 

various therapeutic strategies have been suggested, including conventional treatments using 88 

chemotherapy 3, radiotherapy 4 and surgery 5. While surgeries fail to eradicate metastasized tumors, 89 

chemotherapy and radiotherapy cause severe side effects 6, including damage to healthy tissue 90 

surrounding cancer stroma, primarily due to non-specific targeting. Hyperthermia via thermal 91 

ablation has emerged as a recent strategy 7. However, damage to the non-cancerous tissue limits 92 

its applications on a wide scale. To minimize damage to the healthy stroma, nanoparticles have 93 

been engineered and often employed for selective heating of the diseased tissue through optical or 94 

magnetic excitation 8, 9.  95 

Hyperthermia using optical excitation is based on the ability of the nanoparticles to absorb 96 

light of specific wavelengths and generate heat, and this methodology is commonly referred to as 97 

Photodynamic therapy (PDT) 10. PDT offers a multitude of benefits such as site-specificity and 98 

less invasiveness 9. However, a key drawback in using PDT for cancer treatment stems from the 99 

short diffusion distance limit 11. Clinically, it translates to the inability of light to penetrate deep 100 

tissues where tumors may reside. This makes PDT a rather less attractive candidate for cancer 101 

treatment. Thus, it is the need of the scientific community to engineer more comprehensively 102 

designed therapeutic routes. An alternative therapy involves using an alternating magnetic field 103 

(AMF) to stimulate magnetic nanoparticles to generate heat to achieve local hyperthermia for 104 
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cancer cell death. Magnetic hyperthermia (MH) is a fast-evolving, robust and highly effective way 105 

to specifically target cancerous tissue 12. This is achieved by localizing magnetic nanoparticles in 106 

the diseased area using an external magnet, followed by stimulation with an AMF which causes 107 

cancer cell death via hyperthermia 13. Besides inducing local hyperthermia, magnetic nanoparticles 108 

also offer a myriad of benefits such as ease of functionalization with chemo drugs and serving as 109 

imaging agents for better cancer tissue visualization 14. For instance, we have recently shown that 110 

conjugation of Angiopep-2 with nanoparticles facilitates their passage through the blood brain 111 

barrier to treat glioma via hyperthermia 9. 112 

Despite numerous advantages, a key drawback of using nanoparticles is their cytotoxicity. 113 

Studies have shown that the nanomaterial-based cytotoxicity is not only composition-dependent, 114 

but also shape and size-dependent 15. To enhance biocompatibility, magnetic nanoparticles are 115 

often coated with nanocarriers such as polymers 16, liposomes 17, dendrimers 18. These organic 116 

coatings not only enhance the biocompatibility, but also enable encapsulation of chemodrugs that 117 

can be released on-demand. Systematically, once the encapsulated drug-nanoparticle combination 118 

reaches the site of interest, hyperthermia dissociates the nanocarrier, resulting in effortless release 119 

of drug-conjugated nanoparticles. The chemodrug-conjugated nanoparticles also possess an 120 

additional benefit as recent studies have shown that an increase in the surrounding temperature 121 

sensitizes cancer cells to chemo and radio treatment 19. Thus, on one hand magnetic hyperthermia 122 

can cause cellular protein damage and direct cancer cell death and on the other hand make the 123 

cancer stroma more sensitive to chemo or radiotherapy. It is for this this reason that hyperthermia 124 

and chemotherapy treatments are often given within an hour of each other. 125 

Metal organic frameworks (MOFs) represent self-assemblies of metal ions and organic 126 

ligands via coordination bonds and have also emerged as attractive drug delivery platforms for 127 
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anti-cancer therapy owing to large surface area, high stability, tunable size and ease of 128 

functionalization 20, 21. These properties make MOFs highly suitable for drug encapsulation and 129 

controlled release. Mesoporous iron (III) Trimesate (MIL-100), represents a MOF in which 130 

trimesic acid (H3BTC) acts as the organic ligand and iron (III) ions act as the coordination center. 131 

It displays a pore diameter of 3.9 nm coupled with a large surface area (2000 m2g-1) and high 132 

biocompatibility, making it an ideal candidate for drug nanocarrier. While applications of MIL-133 

100 MOF have been extensively studied in PDT 22, 23, however, little research has been done on 134 

exploring its applications in magnetic hyperthermia for cancer treatment. Furthermore, there is 135 

little to no evidence on strategies to precisely control the amount of drug encapsulated within the 136 

MOF. A highly effective anti-cancer platform must exhibit high biocompatibility along with site-137 

specific targeting and on-demand drug release and magnetic nanoparticles and chemodrug 138 

encapsulated within the MOF accurately represent one such platform.  139 

In this study, we report the fabrication of MIL-100 MOF as a drug delivery platform for 140 

limiting oral cancer growth via generation of magnetic hyperthermia. We used Cysteine as a linker 141 

to fabricate FeAu@MIL-100(Fe) MOF with varying shell number. We studied the 142 

biocompatibility of this platform among various cell lines as a function of MOF shells followed 143 

by dissociation via hyperthermia to target cancer growth for application in cancer therapeutics. 144 

Briefly, this study reports: (a) encapsulation and release efficiency of doxorubicin, as a function 145 

of FeAu@MIL-100(Fe) MOF shell number, (b) effect of FeAu@MIL-100(Fe) MOF shell number 146 

on cell viability upon magnetic stimulation using in-vitro models, (c) application of this platform 147 

in medical imaging as a contract agent and (d) efficacy of this platform in attenuating oral cancer 148 

growth via administration of magnetic hyperthermia in an in-vivo mouse model. The MOF 149 

nanocarrier platform developed in this study exhibits high biocompatibility while simultaneously 150 
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eradicating oral cancer growth along with serving as an imaging agent. Application of this 151 

multimodal platform are expected in the fields of nanotheranostics, nanobiotechnology, and cancer 152 

therapeutics.   153 

 154 

2. Methods 155 

2.1 Synthesis and Characterization of FeAu Nps 156 

FeAu alloy nanoparticles were synthesized via pyrolysis following the methodology 157 

previously reported 8. Briefly, Ferrous sulfate heptahydrate (FeSO4.7H2O) and tetrachloroauric (III) 158 

acid trihydrate (HAuCl4.3H2O) as precursors. Toluene, sodium borohydride (NaBH4) and dodecyl 159 

dimethyl ammonium bromide (DDAB) were used as solvent, reducing agent and surfactant, 160 

respectively. 0.064 g DDAB was dissolved in 20 mL toluene, added to a three-necked flask and 161 

passed over argon to remove residual oxygen. The mixture was heated to 110°C with constant 162 

stirring for 15 minutes. 0.012 g FeSO4.7H2O, dissolved in 1mL DI water was added to the flask, 163 

followed by addition of NaBH4 (0.03M). This mixture was stirred magnetically for 20 minutes. To 164 

reduce gold chloride to gold, 0.212 g sodium 3-mercapto-1-propanesulphonic acid was then mixed 165 

with HAuCl4.3H2O followed by simultaneous addition of NaBH4. The mixture was stirred for 30 166 

minutes and 1 mL NaBH4 (0.03M) was added to the mixture in the final step. The temperature was 167 

maintained at 84°C for three hours. The resulting solution was centrifuged at 9000 rpm for 10 168 

minutes and nanoparticles were collected using a magnet, washed several times with ethanol and 169 

dried under vacuum. Morphology of nanoparticles was analyzed using Transmission electron 170 

microscope (TEM) and nanoparticle size was quantified using Image J. The composition of 171 

nanoparticles was analyzed using Energy dispersive X-ray spectroscopy (EDS) and X-ray 172 

diffraction (XRD). Finally, the magnetic properties of nanoparticles were confirmed via SQUID. 173 
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 174 

2.2 Synthesis of cysteine functionalized FeAu NPs 175 

To functionalize nanoparticles, 0.216 g cysteine and 1mL NaOH were added to 30mL DI 176 

water. 50mg FeAu Nps were added to this solution and subjected to overnight stirring at room 177 

temperature. The solution was centrifuged the following day followed by several washings in 178 

Ethanol. Cysteine-functionalized Nps (FeAu-Cys) were characterized using Zetasizer and 179 

dispersed in ethanol for further use. 180 

 181 

2.3 Synthesis and characterization of FeAu@MIL-100(Fe) NPs with different number of 182 

shells 183 

FeAu@MIL-100(Fe) core-shell nanostructures were fabricated via self-assembly. 20 mg 184 

FeAu-Cys were first dispersed in 13.2 mL FeCl3.6H2O ethanol solution under ultrasound treatment 185 

for 20 minutes. The resulting solution was centrifuged and washed using ethanol. The products 186 

were then mixed with trimesic acid and heated to 70°C in a water bath for 30 minutes. This 187 

procedure was referred to as one cycle. FeAu-MIL-100(Fe) with different MOF shells were 188 

synthesized following 5 or 10 cycles. The resulting MOF nanostructures were morphologically 189 

characterized using TEM and the thickness was quantified using Image J. The formation of MOF 190 

nanostructures was confirmed using Fourier transfer infrared spectroscopy (FTIR), Dynamic light 191 

scattering (DLS), the composition was analyzed using EDS and magnetic properties were studied 192 

using SQUID. 193 

 194 

2.4 Encapsulation and release of doxorubicin from MOF nanostructures  195 
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10 mg FeAu@MIL-100(Fe) with 5 or 10 shells were first dispersed in 10 mL PBS, 196 

followed by addition of 0.001 g doxorubicin. The solution was stirred at room temperature for 24 197 

hours. DOX-loaded FeAu@MIL-100(Fe) NPs were collected via centrifugation. Absorbance at 198 

480 nm using ultraviolet visible (UV) UV-Vis spectrophotometry was measured and the standard 199 

curve was plotted using the following equation: 200 

 201 

Dox	A(480	nm) = 1.736𝐶 + 0.0122 202 

 203 

The loading efficiency was calculated using the following equation: 204 

 205 

𝐷𝑟𝑢𝑔	𝑙𝑜𝑎𝑑𝑖𝑛𝑔	𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	(𝐷𝐿𝑃	%) =
𝑀0 −𝑀𝑓
𝑀0 𝑥100 206 

 207 

Where M0 is the initial mass of the drug in the solution, Mf is the mass of drug in the final 208 

supernatant. To calculate the drug release efficiency, FeAu@MIL-100(Fe)-Dox NPs with 5, 10 209 

shells at a known concentration of 5 mg/mL were first dispersed in DI water, and then poured into 210 

a 35 mm dish attached to high frequency induction waves (HFIW) set-up (700 – 1000 KHz) 211 

followed by stimulation for 5 or 10 minutes. To estimate the drug release due to orbital shaking, 212 

an additional experimental group was included in which Dox-loaded nanostructures were 213 

subjected to 50 rpm shaking for 5 or 10 minutes. The solution from both experimental groups was 214 

collected via centrifugation and the absorbance was measured at 480 nm. The standard curve was 215 

plotted using the equation mentioned above and the release profile was calculated using the 216 

following equation: 217 

 218 
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𝐷𝑟𝑢𝑔	𝑟𝑒𝑙𝑒𝑎𝑠𝑒	𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	(𝐷𝑅𝑃	%) =
𝑀𝑓
𝑀𝑑𝑙 𝑥100 219 

 220 

Where Mf is the mass of the drug in the solution and Mdl is the mass of drug loaded in the 221 

nanoparticles.  222 

 223 

2.5 Hyperthermia induction upon magnetic stimulation 224 

To study the efficiency of FeAu, MIL-100 (Fe) and FeAu@MIL-100(Fe) NPs (5, 10 shells) 225 

to induce hyperthermia, all experimental groups were first dispersed in water at an identical 226 

concentration of 5 mg/mL and subjected to high frequency induction heating (HFIH, 700 – 1000 227 

KHz) and the solution temperature was recorded every 30 seconds for 5 minutes.  228 

 229 

2.6 Cell culture 230 

L929 cells (mouse fibroblasts, ATCC, USA) were cultured in DMEM whereas HSC-3 231 

(human tongue squamous carcinoma, ATCC, USA) were cultured in MEM supplemented with 232 

10% fetal bovine serum (FBS, GIBCO, USA), 100 U/mL penicillin and 100 µg/mL streptomycin, 233 

cultured in T75 cell culture flasks and incubated at 37 ºC, 5% CO2 and 95% humidity.  234 

 235 

2.7 In-vitro cytotoxicity analysis 236 

The cytotoxicity of FeAu and FeAu@MIL-100(Fe) NPs with different shell number was 237 

evaluated using L929 (fibroblasts) and HSC-3 (oral squamous carcinoma) as model cell lines. 238 

Cells were cultured at a density of 1 x 105 cells/mL in 96 well plates, divided into four experimental 239 

groups were allowed to attach. The four experimental groups included blank (media only, negative 240 

control), FeAu NPs, FeAu@MIL-100(Fe) NPs with 5 shells and FeAu@MIL-100(Fe) NPs with 241 
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10 shells. The cytotoxicity of FeAu and FeAu@MIL-100(Fe) NPs (5, 10 shells) was evaluated at 242 

concentrations of 31.25, 62.5, 125, 250 and 500 µg/mL. Each experimental group comprised of 243 

five replicates. After 24 hours of incubation, culture media was aspirated and cells were washed 244 

with 200 µL PBS. 200 µL of culture media containing MTT reagent was then added to each well 245 

and samples were incubated for four hours in dark. After designated time period, culture media 246 

was aspirated and replaced with 200 µL DMSO. Culture dishes were placed on a rotary shaker for 247 

10 minutes at 150 rpm to dissolve formazan crystals. Absorbance was measured at 570 nm using 248 

an ELISA reader and data was expressed as cell viability. 249 

  250 

2.8 In-vitro analysis of magnetic-stimulation-generated hyperthermia  251 

To evaluate the ability of FeAu@MIL-100(Fe) NPs in limiting cancer cell growth via 252 

magnetic field-induced hyperthermia, HSC-3 (oral squamous carcinoma) cells were used as a 253 

model. Specifically, HSC-3 cells were first seeded at a density of 3 x 105 cells/mL in 35mm culture 254 

plates and allowed to attach for 24 hours. Three experimental groups comprising of FeAu, 255 

FeAu@MIL-100(Fe) NPs with 5 shells and FeAu@MIL-100(Fe) NPs with 10 shells were used 256 

for this experiment. The experimental groups were first sterilized using UV light for 30 minutes 257 

and then dissolved in MEM culture media at a concentration of 100 µg/mL and 1 mL was added 258 

to culture plates. After 4 hours of incubation, the samples were subjected to HFIW for 10 minutes. 259 

Each experimental group comprised of three replicates. The samples were then placed in the 260 

incubator. After 24 hours, cell viability was assessed using MTT assay following the protocol 261 

mentioned above.  262 

 263 

2.9 In-vivo mouse model to evaluate hyperthermia-mediated anti-cancer activity 264 
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15 male Balb/c nude mice (4-6 weeks old, weight 18-22 g) purchased from BioLASCO 265 

Co., Ltd. (Taipei, Taiwan) were employed for this study. The animals were acclimatized for at 266 

least one week prior to the experiment. The experiments were carried out at MacKay Memorial 267 

Hospital with their guidelines to care and use of animals. All protocols for animal study and use 268 

were approved by affiliated Institutional Animal Care and Use Committee (IACUC) under the 269 

affidavit no. MMH-A-S-108-16. The animals had ad libitum access to standard rat chow and water 270 

at all times. For surgical anesthesia, zoletil 50 (Virbac, France) was injected intraperitoneally at a 271 

dosage of 20 mg/Kg. Subcutaneous tumors were formed by injecting HSC-3 cells (2 x 106 272 

cells/mouse) into the right forelimb. When the tumor diameters reached 5 mm, the mice were 273 

divided into three groups: Control (200 µL), FeAu@MIL-100(Fe)-Dox NPs 5 shells (200 µL 274 

MEM 250 µg/mL) and FeAu@MIL-100(Fe)-Dox NPs 10 shells (200 µL MEM 250 µg/mL). After 275 

2 hours of cellular uptake, the right forelimb was subjected to HFIW (700 – 1000 KHz) for 10 276 

minutes to administer hyperthermia treatment. The tumor size was measured every 3 days for 21 277 

days. Tumor volume was calculated using the following formula: a × b2 × 0.5, where a is the largest 278 

diameter and, b is the smallest diameter. Each group comprised of 5 biological replicates.  279 

 280 

2.10. Immunohistochemical analysis 281 

Immunohistochemical analysis was performed to assess safety of the metal-organic framework 282 

nanotheranostics platform developed in this study. For this, tissues from major organs including 283 

heart, liver, lungs, spleen and kidneys were dissected from mice in control and treatment groups, 284 

followed by fixation in 10% formalin and paraffin embedding. The tissues were then cut into 5-285 

mm thin slices and stained with Hematoxylin & Eosin (H&E).  286 

 287 
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2.11. Statistical analysis 288 

All experiments were performed at least thrice and the data was represented as mean with standard 289 

deviations. Statistical analysis was performed to identify datasets that significantly differed from 290 

each other. Statistical analysis was performed using Kruskal-Wallis test with Dunn’s multiple 291 

comparisons or One-Way ANOVA in GraphPad Prism 9. The p-value was set at ≤ 0.05. * 292 

represents datasets with p-value ≤ 0.05 and ** represents datasets wit p-value ≤ 0.01.  293 

 294 

 295 

 296 

 297 

  298 



 15 

3. Results and Discussions 299 

3.1 Characterization of FeAu alloy nanoparticles 300 

The nanoparticle size and morphology can regulate its hyperthermia ability, making these 301 

parameters crucial for characterization 24. In this study, the nanoparticle morphology was 302 

characterized using TEM, size of nanoparticles was measured using Image J and the composition 303 

was analyzed using energy-dispersive X-ray spectroscopy (EDS). The TEM analysis revealed that 304 

FeAu nanoparticles (FeAu NPs) displayed a round morphology with an average size of 8.38 nm 305 

(Figure 1a, b). The EDS analysis confirmed that the nanoparticles comprised mainly of iron and 306 

gold (Figure 1c). The weight percentage of iron and gold was 23.23 and 76.77%, respectively, 307 

while the atomic percentage of iron and gold was 51.62 and 48.38%, respectively (Table 1). Thus, 308 

iron and gold were present in approximately 1:1 ratio. Collectively, these results confirmed the 309 

formation of FeAu nanoparticles. Importantly, TEM analysis did not reveal presence of core-shell 310 

structure, confirming that the synthesized nanoparticles were alloy nanoparticles. We then 311 

characterized the crystal structure of FeAu NPs using X-ray diffraction which highlighted the 2θ 312 

peaks at 44.42 and 64.56° which correspond to (110) and (200) body-centered cubic iron (Figure 313 

1d). Furthermore, the 2θ peaks at 44.48 and 64.72° correspond to (200) and (220) face center cubic 314 

gold particles. These results are consistent with our previously study in which we reported the 315 

synthesis of 7.2 nm sized spherical FeAu alloy nanoparticles 8. Collectively, these findings 316 

confirmed the presence of iron and gold in the nanoparticles. 317 

 318 
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 319 

Figure 1. Characterization of Iron-gold alloy nanoparticles (FeAu NPs). (a) Transmission 320 

electron micrographs (TEM) of FeAu NPs. The magnification is 120000X and scale bar = 20 nm. 321 

Inset shows high-magnification of FeAu NPs. The magnification is 800000X and scale bar = 5 nm. 322 

(b) Size distribution of FeAu NPs. X-axis represents diameter and y-axis represents frequency. (c) 323 

Energy dispersive x-ray spectroscopy of FeAu NPs to analyze FeAu NPs composition. (d) 324 

Characterization of FeAu NPs using X-ray diffraction. The peaks correspond to 2-theta values 325 

which represent different lattices of the FeAu NPs.  326 

 327 

 328 

 329 

 330 
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Table 1. EDS analysis of FeAu NPs 331 

 332 

Element Weight (%) Atomic (%) 

Fe 23.23 51.62 

Au 76.77 48.38 

 333 

 334 

3.2 Characterization of FeAu@MIL-100(Fe) nanostructures 335 

We first performed TEM analysis of FeAu@MIL-100(Fe) 5 shell nanostructures to 336 

visually inspect the presence of MIL-100(Fe) which revealed that FeAu NPs were covered with a 337 

thin MIL-100(Fe) layer, resulting in the formation of core-shell nanostructures (Figure 2a). The 338 

particle size was found to be 129.86 nm (Figure 1c) and the shell thickness was measured to be 339 

8.38 nm (Table 3). We then performed TEM analysis of FeAu@MIL-100(Fe) 10 shell 340 

nanostructures and hypothesized that an increase in the number of shells would result in larger 341 

particle size and thicker shell (Figure 2b). Consistent with our hypothesis, TEM analysis 342 

highlighted that FeAu@MIL-100(Fe) 10 shell nanostructures were 245.76 nm in size (Figure 2d, 343 

Table 3). Furthermore, nearly 4-fold increase (38.49 nm) in shell thickness was also observed. 344 

Collectively, these results confirmed that FeAu@MIL-100(Fe) nanostructures display a core-shell 345 

morphology. Elemental analysis of FeAu@MIL-100(Fe) 10 shell nanostructures using EDS 346 

revealed that the weight percentage of Fe and Au in the nanostructures was 100 and 0% (Table 2). 347 

Similar results were obtained when atomic percentages of both elements were compared. The 348 

difference in elemental composition can be explained on the basis of core-shell nanostructure 349 
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formation. Consequently, the presence of iron can be attributed to the presence of MIL-100(Fe) 350 

shell that covers FeAu nanoparticles.  351 

          The formation of FeAu@MIL-100(Fe) complex was confirmed using Fourier transform 352 

infrared spectroscopy (FTIR) (Figure 2e). We first performed FTIR analysis of FeAu NPs which 353 

revealed absence of any major functional groups. This was followed by analysis of pure MIL-354 

100(Fe) which displayed peaks at 1629 and 1380 cm-1 which can be attributed to -COO stretch. 355 

Furthermore, the emergence of sharp peaks at 760 and 710 cm-1 represents -C=O functional group 356 

(Figure 2e). These peaks were used as a reference and FTIR analysis was again performed after 357 

coating FeAu@MIL-100(Fe) NPs with 5 and 10 shells. As shown in figure 2e, FeAu@MIL-100(Fe) 358 

NPs with 5 displayed identical peaks as pure MIL-100(Fe) but with reduced signal intensity. 359 

However, the peak intensity increased after coating 10 shells, indicating that MIL-100(Fe) forms 360 

a coating outside FeAu NPs. This core-shell nanostructure was also confirmed via TEM and EDS 361 

analysis. TEM. 362 

          To enable formation of multi-shell nanostructures and entrapment of doxorubicin, FeAu NPs 363 

were first conjugated with Cysteine (via Au-S bond) which imparts negative charge to the 364 

nanoparticles due to the presence of carboxylic groups, enabling the formation of MIL-100 (Fe) 365 

shells due to the presence of Fe3+ ions (Figure 2f). Cysteine was preferred over thioglycolic acid 366 

for this purpose due to its higher biocompatibility. The conjugation of cysteine with FeAu NPs 367 

was confirmed using Zetasizer. The zeta potential of Cys-FeAu NPs was -18.53±0.8mV but 368 

increased to -13.33±0.5 which can be attributed to the presence of Fe3+ ions (Figure 2f). The zeta 369 

potential then slightly decreased to -14.6±0.7 after formation of a single layer of MIL-100(Fe) 370 

which can be attributed to the presence of -COO- groups in Trimesic acid (Figure 2f). In summary, 371 



 19 

these experimental confirmed the successful conjugation of cysteine to FeAu NPs which then 372 

facilitated the formation of FeAu@MIL-100(Fe) nanostructures.  373 

 374 

 375 
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Figure 2. Characterization of FeAu@MOF nanostructures with different shells. (a) TEM 376 

micrographs of FeAu@MIL-100(Fe) 5 shells nanostructures. The magnification is 15000X and 377 

scale bar = 200 nm. The inset shows high-magnification image. The magnification is 40000X and 378 

scale bar = 100 nm. (b) TEM micrographs of FeAu@MIL-100(Fe) 10 shells nanostructures. The 379 

magnification is 15000X and scale bar = 200 nm. The inset shows high-magnification image. The 380 

magnification is 40000X and scale bar = 100 nm. (c, d) Size distribution of FeAu@MIL-100(Fe) 381 

5 and 10 shells nanostructures. (e) Fourier transform infrared spectrum of FeAu NPs as well as 382 

FeAu@MOF nanostructures. The peaks corresponding to specific functional groups present in 383 

MOF-conjugated FeAu NPs confirmed successful formation of FeAu@MOF nanostructures. (f) 384 

Confirmation of FeAu@MOF nanostructure formation using Zetasizer. The y-axis represents zeta 385 

potential and x-axis represents experimental groups. 386 

 387 

Table 2. EDS analysis of FeAu@MIL-100(Fe) 10 shell nanostructures 388 

 389 

Element Weight (%) Atomic (%) 

Fe 100 100 

Au 0 0 

 390 

Table 3. Analysis of FeAu@MIL-100(Fe) 5 and 10 shell nanostructures 391 

 392 

Experimental group Particle size (nm) Shell thickness (nm) 

FeAu@MIL-100(Fe) 5 shells 129.86 8.38 

FeAu@MIL-100(Fe) 10 shells 245.76 38.49 
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 393 

3.3 Assessing magnetic properties and hyperthermia ability of FeAu@MIL-100(Fe) 394 

nanostructures 395 

The magnetization extent of pure MIL-100 (Fe), FeAu NPs and FeAu@MIL-100(Fe) 10 396 

shell nanostructures was assessed from -20,000 to 20,000 G in the presence of the magnetic field 397 

at the temperature of 300K. Despite possessing iron ions, pure MIL-100(Fe) did not display any 398 

magnetic strength and its saturation magnetization was 0.24 emu/g (Figure 3a). This observation 399 

highlights its unsuitability for magnetothermal therapy. The hysteresis curve of FeAu NPs and 400 

FeAu@MIL-100(Fe) passed through the origin, highlighting the superparamagnetic nature. The 401 

saturation magnetization (M) of FeAu NPs was 10.87 emu/g but dropped to 7.44 emu/g in 402 

FeAu@MIL-100Fe 10 shell nanostructures which can be attributed to the presence of 10 shells 403 

around FeAu NPs (Figure 3a, Table 4). Nevertheless, as shown by our previous studies as well as 404 

by other groups, nanoparticles with even saturation magnetization as low as 3.5 emu/g can be used 405 

for hyperthermia treatment 16.  406 

          Based on these findings, we then decided to directly assess the ability of FeAu@MIL-100 407 

(Fe) 5 and 10 shell nanostructures to generate hyperthermia. Previous studies have shown that 408 

cancer cells suffer apoptosis at a lower temperature (39-43°C) as compared to healthy cells (46°C). 409 

This provides researchers with an opportunity to specifically target cancer stroma using 410 

hyperthermia. To evaluate suitability of nanostructures synthesized in this study for 411 

magnetothermal therapy, we tested the ability of 5 mg/mL FeAu NPs, FeAu@MIL-100 (Fe) 5 and 412 

10 shell to raise solution temperature in the presence of high frequency induction waves (HFIW, 413 

700-1100 KHz) over a period of 600 seconds. The temperature was recorded every 30 seconds. 414 

Consistent with the results in our previous study 8, FeAu NPs displayed remarkable hyperthermia 415 
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ability and triggered a consistent increase in solution temperature with time, maximizing at 48.5°C 416 

(Figure 3b). Furthermore, the hyperthermia ability of FeAu@MIL-100 (Fe) 5 and 10 shell 417 

nanostructures was lower as compared to pure FeAu NPs due to the presence of MOF shells 418 

surrounding the nanoparticles. Nevertheless, the temperature for 5 and 10 shell nanostructures 419 

reached 43.2 and 41.1°C which is expected to be sufficient to target cancer cells (Figure 3b). 420 

Noteworthy, despite addition of 5 extra shells (as compared to FeAu@MIL-100 (Fe) 5 shell), the 421 

difference in temperature was merely 2.1°C (Figure 3b). Collectively, these results highlight the 422 

suitability of FeAu@MOF nanostructures for magnetothermal therapy.  423 

 424 

 425 

Figure 3. Analysis of magnetic and hyperthermia properties of FeAu NPs and FeAu@MOF 426 

nanostructures. (a) M-H curves of FeAu NPs and FeAu@MOF nanostructures highlighting that 427 

FeAu@MOF nanostructures displayed a saturation magnetization of 6 emu/g. The saturation 428 

magnetization decreased after encapsulation of FeAu NPS within the MOF (b) Confirmation of 429 

hyperthermia ability of FeAu NPs and FeAu@MOF nanostructures with 5 or 10 shells. The x-axis 430 

represents time in seconds and y-axis represents temperature in Celsius.   431 

 432 
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Table 4. Measurement of saturation magnetization of FeAu NPs and FeAu@MOF 433 

nanostructures 434 

 435 

Experimental Group Saturation magnetization (emu/g) 

FeAu NPs 10.87 

FeAu@MIL-100(Fe) 10 shells 7.44 

Pure MIL-100 (Fe) 0.24 

 436 

 437 

3.4 Evaluation of Doxorubicin encapsulation and release 438 

It has now been well established that exposure to hyperthermia sensitizes cancer cells to 439 

chemotherapy and for this reason a plethora of studies have reported fabrication of drug-440 

encapsulating polymeric nanoparticles. The presence of 5 and 10 shells of MOF around FeAu NPs 441 

provided us with an opportunity to encapsulate doxorubicin within the shells followed by 442 

hyperthermia-induced release. We hypothesized that an increase in the number of shells (from 5 443 

to 10) will not only improve the biocompatibility of FeAu@MOF nanostructures, but also increase 444 

its encapsulation efficiency. Furthermore, we also hypothesized that hyperthermia generation may 445 

result in dissociation of MOF shells, resulting in doxorubicin release. A previous study has 446 

reported that pure MIL-100(Fe) displays 73.6% doxorubicin encapsulation 25. To assess the ability 447 

of the FeAu@MOF nanostructures for doxorubicin encapsulation, we incubated doxorubicin with 448 

FeAu@MIL-100 (Fe) 5 and 10 shell nanostructures under constant stirring for 24 hours. We 449 

observed that the encapsulation efficiency of FeAu@MIL-100 (Fe) 10 shell nanostructures was 450 

69.956% which is very similar to that of pure MIL-100(Fe) (Table 5). Furthermore, the 5 shell 451 
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nanostructures displayed the loading efficiency of 54.18%. We then set out to investigate if 452 

hyperthermia treatment can result in doxorubicin release and observed that 99.17% of doxorubicin 453 

could be released when FeAu@MIL-100 (Fe) 10 shell nanostructures were subjected to HFIW for 454 

10 minutes (Table 5). In contrast, FeAu@MIL-100 (Fe) 5 shell nanostructures displayed a 38% 455 

release efficiency. Furthermore, we also tested if doxorubicin can be released from the 456 

nanostructures in the absence of hyperthermia and found that after 10 minutes of stirring using an 457 

orbital shaker resulted in 4.33 and 6.56% release of encapsulated drug from 5 and 10-shell 458 

nanostructures, respectively (Table 6). The higher number of shells (10 shells) are expected to 459 

deliver higher chemodrug load at the tumor site. Collectively, these results highlight the suitability 460 

and potential of FeAu@MOF nanostructures to encapsulate chemodrugs followed by stimulated 461 

release via hyperthermia for cancer therapy.  462 

 463 

Table 5. Doxorubicin encapsulation and release efficiency 464 

 465 

Experimental group 
Loading efficiency 

(%) 

Release efficiency % 

(5 Min) 

Release efficiency 

% (10 Min) 

FeAu@MIL-100 (Fe) 5 

shell + HFIW 
54.18 18.87 38.00 

FeAu@MIL-100 (Fe) 

10 shell + HFIW 
69.95 64.59 97.19 

 466 

Table 6. Doxorubicin release under orbital shaker stimulation 467 

 468 
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Experimental group Release efficiency (%) 

FeAu@MIL-100 (Fe) 5 

shell + 50 rpm 
4.33 

FeAu@MIL-100 (Fe) 

10 shell + 50 rpm 
6.56 

 469 

3.5 Hyperthermia-induced oral squamous cancer cell death 470 

We then decided to evaluate the cytotoxicity of FeAu NPs and FeAu@MIL-100 (Fe) 5 and 471 

10 shell nanostructures by incubating cells in varying concentration of FeAu NPs (31.25 to 500 472 

µg/mL). MTT assay was performed to assess cytotoxicity which highlighted that at 31.25 µg/mL 473 

concentration of FeAu NPs, the viability of L929 fibroblasts was maintained at 83%. In contrast, 474 

FeAu@MIL-100 (Fe) 5 shell nanostructures displayed higher cell viability (90%) which can be 475 

due to the presence of MOF shells surrounding the nanoparticles (Figure 4b). Furthermore, cells 476 

incubated with FeAu@MIL-100 (Fe) 10 shell nanostructures displayed even higher cell viability 477 

(95%). Collectively, these result point towards the elevated biocompatibility due to the presence 478 

of MOF shells. Expectedly, cell viability decreased with an increase in the nanoparticle 479 

concentration (Figure 4b). However, at all concentrations, FeAu@MIL-100 (Fe) 10 shell 480 

nanostructures displayed the highest cell viability. Interestingly, at 31.25 µg/mL FeAu NPs 481 

concentration, HSC-3 oral squamous cancer cells displayed higher cytotoxicity towards the FeAu 482 

NPs (cell viability <80%, Figure 4c). Noteworthy, from 62.5 to 500 µg/mL FeAu NPs 483 

concentration, HSC-3 cells displayed higher cell viability as compared to L929 fibroblasts, 484 

however, this difference was not statistically significant. We did not observe any qualitative 485 

difference in the amount of FeAu NPs, FeAu@MIL-100 (Fe) 5 and 10 shell nanostructures within 486 
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the cells as observed via optical microscopy (Figure 4a). Consequently, we did not observe any 487 

significant difference in cytotoxicity between 62.5 to 500 µg/mL FeAu NPs, FeAu@MIL-100 (Fe) 488 

5 and 10 shell nanostructures (Figure 4c). Based on this finding we decided to use 100 µg/mL for 489 

the subsequent experiments. 490 

          Collectively, our results so far confirmed that FeAu@MIL-100 (Fe) 5 and 10 shell 491 

nanostructures display superparamagnetic behavior with an ability to generate hyperthermia upon 492 

HFIW stimulation. Furthermore, FeAu@MIL-100 (Fe) 10 shell nanostructures also displayed 493 

highest doxorubicin encapsulation and release. These findings motivated us to assess if a higher 494 

amount of chemodrug encapsulation translates to an elevated cell death via hyperthermia. Our 495 

results show that after 5 minutes of HFIW stimulation, HSC oral squamous cancer cells displayed 496 

significant reduction in cell viability as compared to the experimental groups without any treatment. 497 

The cell viability of FeAu@MIL-100(Fe) 5 shell experimental group dropped from 63 (no 498 

treatment) to 32% (Figure 4d). Additionally, cells incubated with FeAu@MIL-100 (Fe) 10 shell 499 

experimental group displayed an even lower viability (14%) which can be attributed to the higher 500 

release of doxorubicin due to hyperthermia. After 10 minutes of HFIW stimulation, highest 501 

cytotoxicity was displayed by FeAu@MIL-100(Fe) 10 shell nanostructures, suggesting their 502 

application in cancer theranostics (Figure 4d). Previous research has shown that hyperthermia-503 

mediated cellular apoptosis is triggered via TNF-a signaling pathway in glioblastoma26, 27. 504 

However, a comprehensive analysis of gene and molecular perturbations in oral cancer cells in 505 

response to magnetic hyperthermia is still unknown and is beyond the focus of this study.  506 

 507 
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 508 

Figure 4. Analysis of FeAu NPs and FeAu@MOF ingestion and the corresponding effect on 509 

cell viability upon hyperthermia treatment. (a) Optical microscopy images of FeAu, 510 

FeAu@MIL-100(Fe) 5 and 10 shells nanostructures. The images show presence of FeAu NPs and 511 

FeAu@MOF nanostructures within the cells. The concentration of FeAu nanoparticles is 5 mg/mL 512 

(b) Cell viability of L929 fibroblasts in the presence of FeAu NPs and FeAu@MOF nanostructures 513 

at varying concentrations. (c) Cell viability of HSC-3 oral squamous carcinoma cells in the 514 



 28 

presence of FeAu NPs and FeAu@MOF nanostructures. Cell viability was assessed using MTT 515 

assay. (d) Post-hyperthermia cell viability analysis of HSC-3 oral squamous carcinoma cells with 516 

or without DOX-encapsulated within FeAu@MOF nanostructures. The graph shows a drastic 517 

decrease in cell viability after 10 minutes of hyperthermia treatment. 518 

 519 

3.6 FeAu@MOF nanostructures improved tumor imaging in an in-vivo mouse model 520 

It has been previously demonstrated that FeAu NPs can serve as suitable negative contrast 521 

agents. However, it remained unclear if encapsulation of FeAu NPs within the MOF negatively 522 

affected their ability to serve as imaging agent. To investigate this, we performed magnetic 523 

resonance imaging (MRI) of tumor-bearing mice administered with PBS or FeAu@MIL-100(Fe) 524 

5, 10 shells nanostructures (Figure 5). The MRI images taken 7 days after hyperthermia treatment 525 

displayed enhanced image contrast, facilitating tumor visibility (Figure 5b, c). FeAu@MIL-100 526 

(Fe) enhanced negative image contrast to a higher extent as compared to the control group (Figure 527 

5a). We also acquired MRI images 2 hours after injection of FeAu@MIL-100(Fe) 10 shells 528 

nanostructures which clearly highlighted the tumor-affected area, confirming the prospect of using 529 

the FeAu@MOF nanostructures for tumor imaging (Figure 5d, e). The tumor volume in 530 

FeAu@MIL-100(Fe) 10 shell was also visibly reduced. Collectively, these results suggest that the 531 

FeAu@MOF nanostructures may also be employed for simultaneous tumor imaging and therapy, 532 

possibly allowing for tumor volume reduction in real-time.  533 

 534 
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 535 

Figure 5. Magnetic resonance imaging (MRI) of tumor-bearing mice injected with 536 

FeAu@MOF nanostructures highlighting application in medical imaging for tumor 537 

visualization. (a, b and c) MRI images of tumor-bearing mice injected with PBS, FeAu@MIL-538 

100(Fe) 5 shells nanostructures and FeAu@MIL-100(Fe) 10 shells nanostructures, respectively 7 539 

days after treatment. (d, e) MRI images of tumor-bearing mice 2 hours after injected with 540 

FeAu@MIL-100(Fe) 10 shells nanostructures. The red-colored circles highlight tumor-affected 541 

area.  542 

 543 

3.7 FeAu@MOF nanostructures reduced tumor volume, weight, increase survival time and 544 

display biological safety to organs in an in-vivo mouse model 545 
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A drastic reduction in oral squamous cancer cell viability in-vitro motivated us to assess 546 

the ability of FeAu@MOF nanostructures in decreasing tumor growth using an in-vivo mouse 547 

model. To investigate this, mice were divided into three groups namely Control, FeAu@MIL-548 

100(Fe)-Dox 5 shell and FeAu@MIL-100(Fe)-Dox 10 shell (Figure 6a, b). Briefly, both treatment 549 

groups comprised of doxorubicin-encapsulated FeAu@MOF nanostructures. Magnetic 550 

hyperthermia treatment was performed 2 hours after nanoparticle injection. Tumor volumes were 551 

measured over different days. Quantitative analysis of tumor volume highlighted that over 21 days, 552 

mice in control groups displayed a consistent increase in the tumor volume, maximizing on day 21 553 

(Figure 6c). The average tumor volume of control group on day 21 was 900 mm3 (Figure 6c). In 554 

contrast, the tumors in mice injected with FeAu@MIL-100(Fe)-Dox 5 shell nanostructures first 555 

displayed an abrupt increase in tumor volume from day 3 to day 6 followed by a slow yet consistent 556 

increase in tumor volume from day 9 to day 21 (Figure 6c). Noteworthy, on day 9, the average 557 

tumor volume of this treatment group was lower than the control group, indicating efficacy of 558 

hyperthermia-induced doxorubicin released. The lack of significant difference with control group 559 

can be attributed to the low encapsulation and release profile of doxorubicin. More importantly, 560 

on day 21, the tumor volume of mice injected with FeAu@MIL-100(Fe)-Dox 5 shell 561 

nanostructures was 2.5-fold lower as compared to the control group (Figure 6c). Correspondingly, 562 

the tumor weight of mice in control group was 800 mg which reduced to half (400 mg) in mice 563 

injected with FeAu@MIL-100(Fe)-Dox 5 shell nanostructures (Figure 6d). Most significant 564 

decrease in tumor volume as well as weight was displayed by mice injected with FeAu@MIL-565 

100(Fe)-Dox 10 shell nanostructures (Figure 6c). From day 0 to day 21, the tumor volume of mice 566 

in this treatment group remained steady. The tumor volume on day 21 was 31 mm3 and the 567 

corresponding tumor weight was nearly 10-fold lower (84 mg) than that of mice in the control 568 
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group (Figure 6c, d). We then assessed if reduced tumor volume and weight in FeAu@MIL-569 

100(Fe)-Dox 10 shell treatment group translated to an increase survival rate. We observed that 570 

after 14 days, the cumulative survival in control group dropped to 0.75 (Figure 6e). This drop was 571 

displayed by FeAu@MIL-100(Fe)-Dox 5 shell experimental group after 18 days which can be due 572 

to the limited therapeutic efficacy of doxorubicin within the FeAu@MOF nanostructures. After 21 573 

days, the cumulative survival in control group dropped to 0.5 which was similar to that of 574 

FeAu@MIL-100(Fe)-Dox 5 shell experimental group (Figure 6e). These data highlight the lack of 575 

suitability of 5-shell nanostructures for cancer theranostics. Interestingly, the cumulative survival 576 

rate in FeAu@MIL-100(Fe)-Dox 10 shell experimental group was maintained at 1.0 from day 0 577 

to 21 (Figure 6e). The low tumor volume and weight can be an important factor in the survival of 578 

mice over 3 weeks. Collectively, these results highlight the high therapeutic efficacy of 579 

FeAu@MIL-100(Fe)-Dox 10 shell nanostructures which can be attributed to the successful 580 

hyperthermia treatment. 581 
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 582 

Figure 6. Analysis of hyperthermia-induced anti-tumor ability of FeAu@MOF 583 

nanostructures with 5 and 10 shells using an in-vivo mouse model. (a) Images of tumor-bearing 584 

mice injected with PBS, FeAu@MOF nanostructures with 5 and 10 shells after hyperthermia 585 

treatment. The control group displayed significantly larger tumor as compared to FeAu@MOF 586 

nanostructures. (b) Images of tumors dissected from mice treated with PBS, FeAu@MOF 587 

nanostructures with 5 and 10 shells after hyperthermia treatment. Mice injected with FeAu@MIL-588 
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100(Fe) 10 shells nanostructures displayed significantly smaller tumors as compared to the control 589 

group. 3 biological replicates from each treatment are shown. (c) Temporal analysis of tumor 590 

volume after injecting mice with FeAu@MOF nanostructures with 5 and 10 shells. (d) Analysis 591 

of tumor weight after injecting tumor-bearing mice with PBS, FeAu@MIL-100(Fe) 5 and 10 shells 592 

nanostructures, followed by hyperthermia treatment. (e) Cumulative survival rate analysis of mice 593 

after administration with FeAu@MIL-100(Fe) 5 and 10 shells nanostructures followed by 594 

hyperthermia treatment. Statistical analysis of tumor volume was performed using Kruskal-Wallis 595 

test with Dunn’s multiple comparisons and statical analysis of tumor weight was performed using 596 

one-way ANOVA test using GraphPad Prism (Version 9).  597 

We also performed Immunohistochemical staining (H&E staining) of major organs of mice 598 

in control and different treatment groups to assess the safety of this nanotheranostics platform 599 

(Figure 7). Cellular morphology was studied which can highlight necrotic areas. Our findings 600 

showed that FeAu@MIL-100(Fe) and FeAu@MIL-100(Fe)-Dox 10 shells treatment groups did 601 

not display signs of significant organ damage as compared to the control group, demonstrating the 602 

suitability of this platform for therapeutic applications.  603 

 604 
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 605 

Figure 7. Assessment of anatomical safety via Immunohistochemical analysis of vital organs 606 

of mice using Hematoxylin and Eosin (H&E) staining displayed lack of significant damage 607 

to heart, liver, spleen, lungs and kidneys.  608 

 609 

In this study, FeAu@MIL-100(Fe) MOF nanostructures are synthesized and their applications in 610 

medical imaging and cancer theranostics are explored. The addition of MOF shells around FeAu 611 

NPs improved the biocompatibility and provided opportunity for DOX encapsulation for cancer 612 

treatment. The FeAu@MOF nanostructures enhanced negative image contrast of cancer tissue and 613 

facilitated in medical imaging even 7 days after injection. Furthermore, hyperthermia treatment 614 

resulted in 90% apoptosis of oral squamous cancer cells. Upon hyperthermia treatment, Dox-615 

encapsulated FeAu@MOF nanostructures drastically reduced tumor volume, weight, improved 616 

cumulative survival rate and insignificant damage to major organs in an in-vivo mouse model. 617 
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Collectively, these findings highlight potential of FeAu@MOF theranostic platform for cancer 618 

tissue visualization and eradication.  619 
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