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Abstract  28 

Targeted delivery of drugs is a major challenge in treatment of diverse diseases. Systemically 29 

administered drugs demand high doses and are accompanied by poor selectivity and side 30 

effects on non-target cells. Here, we introduce a new principle for targeted drug delivery. It is 31 

based on macrophages as transporters for nanoparticle-coupled drugs as well as controlled 32 

release of drugs by hyperthermia mediated disruption of the cargo cells and simultaneous 33 

deliberation of nanoparticle-linked drugs. Hyperthermia is induced by an alternating 34 

electromagnetic field (AMF) that induces heat from silica-coated superparamagnetic iron 35 

oxide nanoparticles (SPIONs). Here, we show proof-of-principle of controlled release by the 36 

simultaneous disruption of the cargo cells and the controlled, AMF induced release of a toxin, 37 

which was covalently linked to silica-coated SPIONs via a thermo-sensitive linker. Cells that 38 

had not been loaded with SPIONs remain unaffected. Moreover, in a 3D co-culture model we 39 

demonstrate specific killing of associated tumour cells when employing a ratio as low as 1:40 40 

(SPION-loaded macrophage : tumour cells). Overall, our results demonstrate that AMF 41 

induced drug release from macrophage-entrapped nanoparticles is tightly controlled and may 42 

be an attractive novel strategy for targeted drug release.  43 

Keywords:  44 
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Introduction 50 

Strategies for controlled release of drugs are being developed to facilitate a local and/or on 51 

time delivery of therapeutic compounds thereby avoiding toxic side effects emerging from 52 

systemic and continuous drug applications. In the last years, a variety of different cues have 53 

been proposed to achieve controlled release[1, 2]. Generally, while physiological triggers 54 

such as pH[3], temperature[4], redox activation and enzymatic degradation[5] provide the 55 

opportunity for self-reactive and autonomous liberation of therapeutic compounds, they pose 56 

a challenge with regard to limited specificity of the trigger. Thus, drug release systems that 57 

are activated in response to externally induced and temporally and/or locally controlled 58 

triggers represent an attractive alternative. Such more specific triggers include light, non-59 

physiological temperature, ultrasound as well as electric and magnetic triggers.  60 

Various materials have been proposed as carriers for drugs. Among others, mesoporous silica 61 

nanoparticles (MSNs) have emerged as a promising platform because of their large surface 62 

area, tunable pore size and permanent pore system as well as controllable particle size and 63 

shape, and versatile functionalization of the particle surface[6-10]. Mesoporous silica shows 64 

good biocompatibility and low toxicity[11-13]. Therapeutic drugs can be either encapsulated 65 

within MSNs or attached to the surface via a functional group or linker[14]. MSNs have been 66 

used in medical research as drug delivery vehicles or carriers of growth factors, nucleic acids, 67 

cell markers or other molecules. Different molecules, such as folate or other specific ligands 68 

as well as antibodies have been attached to the surface of MSNs with the aim to target the 69 

particles to specific environments, i.e. cancer[15]. However, it remains to be shown that these 70 

strategies are viable[16, 17].  71 

Core-shell nanoparticles based on a superparamagnetic core and a biocompatible inert shell 72 

offer additional options. In an oscillating electromagnetic field, such particles can reach the 73 

characteristic supermagnetic threshold, once the core-shell size falls well below 100 nm and 74 

iron oxide core sizes fall below 25 nm and 30 nm for magnetite (Fe3O4) and maghemite (γ-75 

Fe2O3), respectively. In this case, Néel and Brown relaxation leads to heat dissipation[18]. 76 

Because of their specific physical properties these superparamagnetic iron oxide nanoparticles 77 

(SPIONs) gained high interest for various biomedical applications. SPIONs have been 78 

exploited as contrast agents in magnetic resonance imaging (MRI) already for nearly three 79 

decades[19]. They can in principle be guided to a target with the help of an externally applied 80 

magnetic field, but this approach is limited to superficial areas of the body[20]. Directing 81 

SPIONs to an implant site (implant-directed magnetic drug targeting), where the implant itself 82 
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can locally enhance an externally applied magnetic field, appears to be a viable option[21].  83 

Similar to MSNs also SPIONs have been functionalized with various molecules including 84 

antibodies or receptor ligands with the aim to facilitate visualization of tumors[22-31]. A 85 

combination of SPION cores with mesoporous silica shells appears especially attractive due 86 

to the easy functionalization of silica and the high cargo load the porous shell can carry[32, 87 

33]. Another interesting property of SPIONs is their ability to induce local heat when exposed 88 

to an external alternating magnetic field (AMF).  89 

Various strategies have been developed to exploit AMF-induced heat to locally increase the 90 

temperature or to trigger the release of encapsulated drugs from SPIONs, either by attaching 91 

these molecules via thermosensitive linkers or by disrupting the integrity of the SPIONs[34]. 92 

Already a minor elevation of temperature of few degrees is sufficient to alter cellular 93 

functions and to provoke cell death as a consequence of various mechanisms, including 94 

apoptosis, protein degradation, DNA damage as well as reduced fluidity and integrity of the 95 

cellular membranes[35]. The capacity of SPIONs to generate local heat if exposed to AMF 96 

has been exploited to induce hyperthermia in cancer tissue. First studies could show tumor 97 

reduction upon direct injection of SPIONs into the tumor sites[36-41]. More recently, it was 98 

explored if SPIONs could be targeted to the tumor tissue with the help of tumor-infiltrating 99 

cells. Intravenous injection of such SPION-loaded mesenchymal stem cells resulted in 100 

enrichment of SPIONs in tumor tissue and subsequent application of AMF was sufficient to 101 

induce hyperthermia and cell necrosis to a certain extent. However, no significant reduction in 102 

tumor size was observed, indicating that the therapeutic potential of hyperthermia induced by 103 

such an approach might be limited[42].  104 

In the last years, macrophages emerged as another/an interesting cell type for take up of 105 

nanoparticles [43, 44]. However, controlled drug release from macrophage entrapped 106 

nanoparticles remains to be explored. Here, we explore macrophages as carriers for SPIONs 107 

carrying a silica shell. We show that macrophages efficiently take up the silica-coated SPION 108 

nanoparticles. AMF-induced hyperthermia can induce death of loaded macrophages in a cell 109 

type specific manner. Using silica-coated SPION nanoparticles functionalized with a toxin via 110 

a thermosensitive linker (T-SPIONs) we demonstrate that AMF is sufficient to liberate the 111 

toxin from T-SPION loaded cells, with negligible spontaneous release. The release of the 112 

toxin could specifically induce the death of Kaposi’s sarcoma cells in 3D spheroid co-113 

cultures, thereby potentiating the efficiency of heat-induced killing of tumour cells.   114 



 5 

Materials and Methods 115 

Cell culture 116 

The mouse macrophage cell lines IC21, J774a.1, RAW264.7 as well as the human breast 117 

carcinoma cell line MCF-7 and the human monocyte cell line U937 were obtained from 118 

DSMZ (Braunschweig, Germany). IC21 and U937 cells were cultured in RPMI media 119 

supplemented with 10% fetal calf serum, 60 µg/mL penicillin and 100 µg/mL streptomycin. 120 

J774a.1 and RAW264.7 cells were cultured in DMEM media supplemented with 10% serum, 121 

60 µg/mL penicillin and 100 µg/mL streptomycin, MCF-7 cells were cultured in DMEM 122 

media supplemented with 10% serum, 0.01 mg/mL human recombinant insulin, 60 µg/mL 123 

penicillin and 100 µg/mL streptomycin.  124 

K-EC represent a KSHV infected human endothelial cell line (designated rKSHV-HuARLT 125 

elsewhere[45]). The cells were cultivated on plates coated with 0.5% gelatin (G1393-100ML, 126 

Sigma) in endothelial growth medium (EGM, CC-3124, Lonza) in the presence of 2 µg/mL 127 

doxycycline. Maintenance cultures of rKSHV-HuARLT cells additionally contained 5 µg/mL 128 

puromycin, while all the experiments were performed in the absence of the selection drug. 129 

Note that K-ECs express virus encoded eGFP. 130 

Primary monocytes were isolated from mouse using a protocol described elsewhere[46]. The 131 

cells were differentiated for 3 days in in IMDM media (Gibco™ 12440061) supplemented 132 

with 10% fetal calf serum, 60 µg/mL penicillin and 100 µg/mL streptomycin and 20% M-CSF 133 

containing supernatant from recombinant L929 cells for three days and subsequently cultured 134 

in absence of M-CSF for additional 4 days. Macrophages were harvested on day 7 for the 135 

indicated experiments. 136 

All cells were cultured at 37 °C in a humidified normoxic atmosphere with 5% CO2. 137 

 138 

SPIONs, T-SPIONs and FITC-SPIONs  139 

As non-modified SPIONs we used nanostructured silica coated superparamagnetic iron oxide 140 

particles (MAGSILICA®) obtained from Evonik Industries AG, Essen, Germany.  141 

For the formation of T-SPIONs nanostructured silica coated superparamagnetic iron oxide 142 

particles MAGSILICA® (Evonik Industries AG, Essen, Germany) were covalently modified 143 

with a toxic maytansinoid to yield T-SPIONs. The synthesis and characterization of these 144 

drug-nanoparticle conjugates ion are described in detail elsewhere [47, 48]. Briefly, for the 145 
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formation of T-SPIONs SPIONs (MAGSILICA®, Evonik Industries AG, Essen, Germany) 146 

were covalently modified with a maytansin derivative [49]. This derivative containing a 147 

modified ester side chain at C3 for attachment to functionalized MAGSILICA® was obtained 148 

by a combination of mutasynthesis using a mutant strain of A. pretiosum blocked in the 149 

biosynthesis of AHBA and semisynthesis[50]. The thermosensitivity is associated with a retro 150 

Diels Alder concept (see supplementary Figure 3A for details). The preparation and the 151 

physical as well as biological properties of the nanostructured particle-drug conjugate 152 

employed were described previously in detail[48].  153 

The payload of the toxin was found to be 0.4 mg per 100 mg MAGSILICA®, the release 154 

efficiency was 0.06 mg payload per 100 mg MAGSILICA®  (~15% of theoretical loading) 155 

(see Seidel et al., 2017 for further details). The specific adsorption rate was calculated to be 156 

33.94 W/g in the presence of the magnetic field with an amplitude of 4.8kA/m at 0.2mg/ml 157 

(0.12mg in 0.6ml) concentration (see Supplementary Information II for details of the 158 

calculation). 159 

Fluorescein isothiocyanate-loaded SPIONs, designated FITC-SPIONs, were synthesized using 160 

hydrophilic superparamagnetic iron oxide nanoparticles as core material[21]. The iron oxide 161 

nanoparticles were coated with silica and labelled with FITC[32]. The synthesis and the 162 

characterization are described in detail in Supplementary Information II and Figures S4-6. 163 

 164 

Uptake of SPIONs by macrophages and microscopy 165 

Unless otherwise stated, 30 µg SPIONs were used for loading 105 cells. Loading was 166 

confirmed by phase contrast microscopy. 167 

For uptake studies, cells were seeded at a concentration of 40,000 cells/cm2 per well of a 48 168 

well plate (Costar Corning) and grown in indicated media overnight. The cells were incubated 169 

with 30 µg of SPION or FITC loaded SPIONs for 2 hours in serum free media. Afterwards, 170 

the cells were washed 3 times with PBS to get rid of non-loaded particles. Uptake of FITC-171 

loaded and unloaded SPIONs was analyzed using flow cytometry (LSR II, BD Biosciences), 172 

confocal microscopy (Zeiss 510 Laser Scanning confocal microscope) and transmission 173 

microscopy of resin embedded ultrathin sections (Zeiss EM910, Oberkochen, Germany). To 174 

further assess apoptosis, we performed scanning electron microscopic imaging with aldehyde 175 

fixed, critical-point dried and gold-palladium sputter coated samples (Zeiss Merlin, 176 

Oberkochen, Germany). 177 
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 178 

Biocompatibility  179 

Cells were cultured in 48 well plates (Costar Corning) at a concentration of 40,000 cells/cm2 180 

per well and incubated with varying amounts of SPIONs (20, 50 and 100 µg per 105 cells) in 181 

serum free media for 2 hours. Afterwards, the cells were washed and suspended in growth 182 

media supplemented with FCS. The cells were incubated for 48 hours and viability of cells 183 

was analyzed using flow cytometry based Annexin V apoptosis assay (ab14058, Abcam) and 184 

WST-1 assay (5015944001, Roche). 185 

 186 

AMF induced hyperthermia 187 

105 cells were loaded with 30 µg SPIONs as described above. Cells were detached from the 188 

wells by trypsinization and re-suspended in culture media. According to the previously 189 

evaluated release kinetics (Seidel et al., 2017) a magnetic field was applied for 40 minutes 190 

with a constant field amplitude H0 (4.8 kA/m, 6 mT or 60 Oe) and constant frequency f (779 191 

kHz) using a magnetic field inductor (Hu5000+, Himmel, Germany). This procedure did not 192 

result in measurable increase of cell culture media indicating that AMF induced heat is local. 193 

Afterwards, the cells were incubated in complete culture media for 24 hours and then 194 

subjected to AnnexinV and WST-1 assays. Raptinal, an apoptosis inducing agent, was used at 195 

a concentration of 2 µM. 196 

 197 

Toxin release upon AMF 198 

Transwell (Costar Corning, 3470) with a pore size of 0.4 µm were used to allow diffusion of 199 

the soluble media ingredients including the toxin but not cells and SPIONs. Briefly, the upper 200 

chamber contained either cell-free T-SPIONs or T-SPION-loaded J774a.1 macrophages. 201 

AMF exposure or mock treatment of cell-free T-SPIONs and T-SPION-loaded J774a.1 202 

macrophages was done directly before transfer to the upper chamber. As controls, unloaded 203 

J774a.1 cells or the free toxin were added to the upper chamber. The lower chamber carried 204 

the target cells, MCF-7 human breast carcinoma cells or K-EC. Viability of MCF-7 cells and 205 

K-EC was analyzed using WST-1 post 72 hours of incubation.  206 

 207 
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Spheroid production 208 

4000 K-EC cells per well were seeded on a 0.5% agarose-coated 96-well plate. After 24 or 48 209 

hours, the formed aggregates (spheroids) were harvested and subjected to AMF in 1 mL tubes 210 

with 200 µL media. Afterwards, the spheroids were cultured on agarose coated 96 well plates 211 

for 48 hours before proceeding to either confocal microscopy or viability assays. Image J 212 

software was used to reduce agarose dependent background signal of light microscope 213 

pictures. 214 

For the co-culture, K-EC cells and J774a.1 cells were employed in a ratio of 40:1 and handled 215 

as described before. For confocal microscopy, J77a.1 cells were labelled with cell tracker red 216 

(Invitrogen C34552). 217 

218 
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Results 219 

Efficiency of SPION uptake by macrophages and biocompatibility 220 

To assess uptake efficiency and consequences of SPIONs for macrophages, cells were 221 

incubated with FITC-labelled SPIONs, excessive particles removed and analyzed by flow 222 

cytometry and confocal microscopy. To assess the uptake in different cells various 223 

macrophage cell lines were compared to primary bone marrow derived mouse macrophages. 224 

Uptake efficiencies varied between >95% and 80% (Figure 1A, 1B). Confocal microscopy 225 

(Figure 1C) and TEM analysis (Figure 1D) demonstrated internalization of SPIONs in 226 

intracellular compartments. Biocompatibility of SPION loading was determined after 2 days 227 

of culture by quantification of metabolic activity and apoptosis. We employed both assays to 228 

distinguish between reversible cell damage and terminal killing. Raptinal, a control apoptosis 229 

inducer significantly decreased the viability of most types of macrophages with exception of 230 

IC21 cells that show rather high resistance to this drug (Figure 1E). No induction of apoptosis 231 

was observed even with the highest loading of SPIONs (Figure 1E) while metabolic activity 232 

was reduced maximally by 20% (Figure S1). In conclusion, these results indicate high 233 

compatibility of the tested macrophages upon internalization of SPIONs.  234 

Cell killing by Alternating Magnetic Field (AMF) induced hyperthermia 235 

To release nanoparticles from loaded macrophages we employed targeted killing by 236 

hyperthermia. Since exposure of SPIONs to an alternating electromagnetic field (AMF) 237 

results in hyperthermia[51] we evaluated the efficiency of AMF to induce cell death in 238 

SPION loaded cells. Loaded macrophages were placed inside of a 2-coil inductor, exposed to 239 

an AMF and further cultivated for 24 hours (Figure 2A). Cell viability was determined by 240 

WST-1 analysis and Annexin V based apoptosis assay. Unloaded macrophages subjected to 241 

AMF and SPION-loaded macrophages without AMF exposure were used as controls. The 242 

exposure of SPION-loaded primary mouse macrophages, RAW264.7 and J774a.1 cells to 243 

AMF resulted in a dramatic decrease of metabolic activity in a dose dependent manner 244 

(Figure 2B, S2) and a comparably strong apoptotic reaction (Figure 2C). In contrast, unloaded 245 

cells exposed to AMF or SPION-loaded macrophages without AMF application did not show 246 

a notable drop in metabolism and apoptosis. The application of the AMF to SPION loaded 247 

IC21 cells neither changed their metabolic activity nor induced apoptosis (Figure 2B, 2C) 248 

suggesting a higher resistance of these cells to apoptosis induction. Scanning electron 249 

microscopy was then used to visualize the effect of AMF application on the morphological 250 
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characteristics of the surface of SPION-loaded J774a.1 cells (Figure 2D). Control cells and 251 

SPION-loaded cells exhibited distinct lamellipodial extensions and an amoeboid shape, while 252 

AMF exposure induced characteristic apoptotic tags such as cell shrinkage and membrane 253 

blebbing. 254 

In essence, these results indicate that the exposure of SPION loaded cells to AMF induces cell 255 

killing while the efficacy of this process can be modulated by SPION-dosing. 256 

Magnetic field induced drug release  257 

Next, we evaluated if AMF can induce the release of drugs from cell entrapped SPIONs. To 258 

this end we used maytansin as a highly potent toxin with antiproliferative properties in the 259 

nanomolar range. Previous work showed that maytansinoids covalently coupled to SPIONs 260 

via a heat sensitive linker[48] can be released by an external AMF. Such toxin-conjugated 261 

SPIONs (called T-SPIONs, see Figure S3A) were loaded to macrophages. First, we examined 262 

if the conjugated toxin would affect cell viability upon internalization of particles. Compared 263 

to cells loaded with drug-free SPIONs we determined a minor drop of metabolic activity of 264 

J774a.1 cells (Figure S3B), indicating a non-significant level of unspecific toxin-release. 265 

Next, we tested whether AMF-induced toxin-release leads to effective cell killing. Therefore, 266 

we selected IC21 cells which are highly resistant to AMF-induced hyperthermia, thus 267 

allowing to test exclusively the effect of the conjugated drug (Figure 3A). Exposing the T-268 

SPION loaded macrophages but not cells containing the drug-free SPIONs to AMF induced a 269 

significant cell killing (78%). In accordance with the results obtained in J774a.1 cells, uptake 270 

of T-SPIONs did not decrease IC21 cell viability without AMF application. This demonstrates 271 

an AMF induced toxin release from the T-SPIONs.  272 

While these data show the effect of AMF on T-SPION-loaded macrophages, we investigated 273 

whether upon AMF induced hyperthermia the toxin released from the T-SPION inside the 274 

carrier macrophages would induce cell killing of neighbouring target cells. To this end we 275 

employed T-SPION loaded J774a.1 cells and exposed them to AMF. Since these cells 276 

undergo apoptosis when exposed to AMF induced hyperthermia a combination of cell killing 277 

and toxin-release can be studied. Compared to cells loaded with unconjugated SPIONs we 278 

determined a non-significant drop of metabolic activity before AMF (Figure S3B). As target 279 

cells we selected human breast cancer MCF-7 cells as well as Kaposi’s sarcoma associated 280 

herpes virus (KSHV) infected K-ECs[45]. MCF-7 cells and K-ECs were sensitive to the 281 

unconjugated toxin with an LC50 of 24 nM and 15 nM, respectively (Figures S3C and S3D). 282 

To separate carrier macrophages and target cells we used transwell inserts which allow 283 
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diffusion of the toxin through the membrane pores (Figure 3B). MCF-7 and K-EC target cells 284 

were seeded in the lower chamber, while the upper chamber contained either cell-free T-285 

SPIONs or T-SPION-loaded J774a.1 macrophages previously exposed to AMF or left 286 

untreated. As controls, the unloaded J774a.1 cells or the released toxin was used. Activity of 287 

target cells was analyzed after 72 hours in transwell co-culture. As expected, addition of 288 

unconjugated toxin into the upper chamber reduced the activity of the MCF-7 cells and K-289 

ECs to 20% and 30%, respectively, compared to the control (unloaded J774a.1 cells) (Figures 290 

3C, D). When T-SPIONs alone or J774a.1 cells loaded with T-SPIONs were added to the 291 

upper chamber without prior application of AMF, a slight reduction of MCF-7 cells and K-292 

ECs activity (85% and 80% of control) was detectable. Importantly, the activity of target cells 293 

strongly dropped to 40% when free T-SPIONs or T-SPION-charged J774a.1 macrophages 294 

were subjected to AMF before loading onto transwell inserts (Figures 3C, D). These results 295 

indicate that toxin release from conjugated SPIONs can be induced by AMF application. Of 296 

note, AMF induced release of the toxin from free and cell-entrapped T-SPIONs resulted in a 297 

comparable reduction of the target cells’ viability, both for MCF-1 cells and for K-ECs. This 298 

indicates that the toxin was released from the carrier cells and that its activity was not altered 299 

by the cellular environment. All in all, this experiment proves the AMF induced release of the 300 

toxin from T-SPION entrapped cells and subsequent death of exposed tumour cells. 301 

 302 

AMF induced release of toxin in 3D tumour co-cultures 303 

Finally, we intended to examine the effect of AMF-released toxin from loaded carrier cells in 304 

an in vitro system that mimics the physiological properties of solid tumours. In 3D culture 305 

conditions, K-ECs form compact spheroids which show invasive properties, emphasizing the 306 

tumorigenic status of the cells[45]. We tested if AMF induced release of the toxin would 307 

allow to kill tumour cells in such 3D spheroids. First, tumour spheroids were cultivated in the 308 

presence of different concentrations of toxin (Figure S3A) for 48 hours. Microscopic 309 

examination revealed that toxin concentrations of 20 nM and higher led to a loss of spheroid 310 

integrity indicating death of cells (Figure 4A). 311 

To test if AMF induced release of toxin from T-SPION-loaded macrophages could induce 312 

effective cell death within a 3D solid tumour spheroids we created co-cultures of loaded 313 

macrophages and tumour cells. This set-up should mimic the situation in tumours upon 314 

infiltration of macrophages. To this end, spheroids were generated from mixtures of K-ECs 315 

and J774a.1 macrophages in a 40:1 ratio. Confocal microscopy was used to localize the GFP 316 
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expressing K-ECs and J774a.1 macrophages labelled by cell tracker red. Optical sectioning 317 

indicates that J774a.1 macrophages are able to integrate into the spheroids formed by the 318 

endothelial cells, thereby mimicking tumour infiltrating macrophages (Figure 4B). To 319 

evaluate if release of toxin would compromise spheroid integrity, spheroid formation was 320 

induced by mixing J774a.1 macrophages loaded with SPIONs or T-SPIONs. Control 321 

spheroids contained K-ECs or K-ECs cells plus unloaded J774a.1 macrophages. Spheroids 322 

were subjected to AMF and re-cultivated for 48 hours. First, we compared spheroid integrity 323 

by microscopy. Spheroids containing only K-ECs as well as spheroids of K-ECs in 324 

combination with unloaded or SPION loaded J774a.1 macrophages showed comparable 325 

spheroid structures in the absence of an external oscillating electromagnetic field (Figure 4C). 326 

However, AMF application to SPION containing spheroids resulted in partial loss of the 327 

compact spheroid structure with some outgrowing cells, presumably as a result of heat-328 

induced killing of macrophages and/or a bystander effect within the spheroids. Importantly, 329 

T-SPION containing spheroids were completely disrupted after AMF application while 330 

cultivation upon mock treatment led to a partial loss of spheroid structure with outgrowing 331 

cells (Figure 4C). To quantify the toxic effect, we determined the metabolic activity after 48 332 

hours of re-cultivation. A low but significant reduction of metabolic activity (90%) was 333 

observed in control co-cultures with SPION-loaded macrophages after AMF application 334 

confirming a low level of heat induced affection of cells in the spheroids (Figure 4D). 335 

However, a strong reduction of cell metabolic activity and thus viability was observed in 336 

spheroids containing T-SPION loaded macrophages after AMF application, indicating that 337 

toxin release from macrophages in the 3D spheroids induces death of the tumour cells  (Figure 338 

4D).  339 

340 
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Discussion 341 

In this study, we exploited AMF induced hyperthermia for both, release of a toxin from a 342 

heat-sensitive drug/SPION conjugate as well as killing of macrophages loaded with these 343 

functionalized particles. We demonstrate that this strategy provides on-demand release of 344 

drugs thereby rendering SPION-loaded macrophages as a potent drug delivery systems.  345 

Recently, we introduced a superparamagnetic drug release system (T-SPIONs) which relies 346 

on a thermolabile covalent linker that connects the anticancer drug maytansin with 347 

superparamagnetic nanostructured SPION particles[47, 48]. In this paper we extended this 348 

strategy by employing macrophages as cellular vehicles for carrying these nanoparticles. 349 

Importantly, we show that the release of the cytotoxic cargo depends almost entirely on 350 

magnetic hyperthermia and that no or negligible non-specific release was observed in cells 351 

loaded with T-SPIONs (Figure 3). Noteworthy, when applying an oscillating electromagnetic 352 

field we induced apoptosis in SPION-loaded macrophages that was directly linked with 353 

hyperthermia  and the thermally-induced linker cleavage and liberation of the SPION-bound 354 

toxin.  355 

Drug delivery systems have a crucial impact on the pharmacokinetic profile of a drug, as they 356 

can influence the rate of drug release as well as the site and duration of drug action. 357 

Expecially, this can help to reduce side effects of a drug, especially of toxins employed in 358 

cancer therapy when the therapeutic window is narrow and the difference between toxic and 359 

therapeutic levels is small.  360 

So far, various organic or inorganic delivery systems have been developed, showing specific 361 

advantages and disadvantages with regard to biocompatibility, drug loading and drug release 362 

capacity[52]. Selected studies investigated the temperature dependent release from a 363 

thermoresponsive polymer covering mesoporous silica nanoparticles or with a 364 

thermoresponsive group on the exterior surface[7, 53-56]. A rapid release of drugs upon 365 

raising the temperature above 37°C was reported. However, these systems still struggle with 366 

the problem of spontaneous drug release or drug release induced by minor, non-pathological 367 

fluctuations of the physiological body temperature. In the present study, we employed a 368 

highly toxic maytansin derivate that was covalently attached to core-shell iron oxide / silica  369 

nanoparticles. The superparamagnetic property of the iron oxide core allows to induce 370 

magnetic hyperthermia and controlled drug release. Hyperthermia induced by this type of 371 

particles can reach local temperatures between 42-50 °C in the environment of the particle 372 

which is well above the pathophysiological temperatures of 36-42 °C. 373 
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In this study, we combined this drug release system with a drug delivery concept that utilizes  374 

macrophage carriers. Macrophages have the intrinsic ability to efficiently take up ‘biological 375 

micro- and nanoparticles’ such as pathogenic bacteria and viruses. We observed efficient 376 

uptake of SPIONs as well as lack of adverse toxicity in primary mouse BMDM as well as all 377 

the tested macrophages and monocytes cell lines which is in agreement to previous 378 

studies[52, 57]. When we subjected the SPION loaded macrophages to AMF we observed a 379 

drop in cell viability to at least 40% (based on the WST-1 assay) while primary mouse 380 

macrophages revealed a much higher susceptibility to AMF-induced magnetic hyperthermia 381 

(Figure 2B). This suggests that primary cells are most vulnerable towards temperature 382 

increase, while the immortalized cell lines are less sensitive for apoptotic triggers.  383 

In particular, the macrophage cell line IC21 turned out to be largely resistant towards 384 

magnetic hyperthermia. Various mechanisms could contribute to this property[58-61]. As a 385 

consequence, IC21 represent a cell system of choice for evaluating the consequences of 386 

intracellular release of the cargo coupled to SPIONs via a heat-sensitive linker. 387 

We evaluated the specificity of magnetic hyperthermia mediated controlled toxin release in in 388 

vitro cell systems. We used two conditions, namely, a transwell and spheroid system to assess 389 

the efficacy of the approach. The transwell system allowed assessing the toxin release on 390 

neighbouring cells. Both MCF-7 breast cancer and KSHV transformed K-EC tumour cells 391 

were employed as indicator cells. A high specificity was observed, both, upon AMF induced 392 

release of the toxin from T-SPIONs but also from macrophages loaded with these 393 

nanoparticles. More than 70% drop in viability of cancer cells was recorded while there was 394 

no effect on cells if the loaded macrophages were not exposed to an AMF.  395 

In the spheroid system mimicking the physiological properties of solid tumours, we observed 396 

only a minor effect of hyperthermia when using toxin-free SPIONs which is in line with a 397 

previous study [42].   In contrast, upon hyperthermia induced release of the toxin, the integrity 398 

of the tumour spheroids was significantly affected and cells died, indicating that the 399 

hyperthermia the induced release of the toxin (but not hyperthermia alone) is sufficient to kill 400 

tumor cells. 401 

These results indicate that controlled drug release from drug-linked SPIONs entrapped in 402 

carrier cells can be achieved using magnetic hyperthermia and that the problems associated 403 

with nonspecific release are minimized.  404 
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An effective nanoparticle-based drug delivery system should be able to recognize and deliver 405 

its cargo to specific pathologic tissues, and minimize negative side effects to healthy tissues. 406 

The combination of cell based drug delivery systems with a tightly controlled release system 407 

can fulfill these specifications. A larger number of immune cells, mainly macrophages and T 408 

cells, are recruited into inflamed tissue, attracted and guided by gradients of cytokines. 409 

Inflammation is a critical component in the progression of tumors and infections. Thus, some 410 

studies have exploited the homing property of immune cells to design cell-based drug delivery 411 

system. Pang et al. exploited the potential of macrophages as biocarriers to deliver 412 

nanoparticles into brain tumor sites[43]. They demonstrated that the tumor-targeting 413 

efficiency of nanoparticles was enhanced after loading into macrophages, including a deeper 414 

permeation at the glioma parenchyma. Macrophage-based delivery of therapeutic nanozymes 415 

containing redox enzymes to the brain was shown by Brynskikh et al[62]. Combining these 416 

cellular delivery systems with an on demand release of cargo will allow to rise the therapeutic 417 

dose at the site of action in a defined time window. Efficient killing of carrier cells and heat-418 

controlled release of the cargo due to AMF-induced hyperthermia afford this prediction.  419 

 420 

Conclusion 421 

We report on a (comprehensive) magnetic hyperthermia controlled drug release system using 422 

a thermolabile linker attached on one position to a model anticancer drug derived from 423 

maytansin and on the other terminus to SPIONs. This system is only activated upon exposure 424 

to an external AMF. No nonspecific release of the drug was observed. Our present study 425 

provides the first proof of principle and paves thee way for in vivo translation. 426 

 427 
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Figure Legends 446 

Figure 1: Uptake of SPIONs from macrophages and biocompatibility.  447 

Cells were exposed to SPIONs for 2 hours. Excess SPIONs were removed by repeated 448 

washing and analyzed after 48 hours. (A) Flow cytometry histogram from J774a.1 cells upon 449 

incubation with 20 µg/105 SPIONs, FITC-SPIONs or untreated control cells. (B) Quantitative 450 

analysis of FITC-SPIONs uptake by indicated cell lines and primary macrophages (BMDM) 451 

as determined by flow cytometry. The data represent mean ± SEM. (C) Confocal microscopy 452 

image of J774a.1 cells upon uptake of FITC-SPIONs. (D) J774a.1 cells with and without 453 

SPION loading were evaluated by transmission electron microscopy. (E) Viability of 454 

indicated macrophage cell lines as well as primary bone marrow derived macrophages 455 

(BMDM) after treatment with the indicated amount of SPIONs (in µg/105 cells) as measured 456 

by flow cytometry based Annexin V assay. C: untreated cells; R: Raptinal treated. The data 457 

represent mean ± SEM. 458 

 459 

Figure 2: Magnetic hyperthermia induced cell death.  460 

(A) Experimental outline. (B, C) Viability of the indicated cell lines and primary macrophages 461 

(BMDM) was assessed by Annexin V assay (B) or WST-1 assay (C). C: untreated cells, R: 462 

Raptinal-treated, AMF: alternating magnetic field. (D) Cell morphology was visualized by 463 

scanning electron microscopy (SEM). Electron micrographs of J774a.1 cells indicate cell 464 

shrinkage and the formation of membrane blebs upon AMF exposure and Raptinal treatment. 465 

 466 

Figure 3: AMF induced toxin release.  467 

(A) IC21 cells were loaded with SPIONs or T-SPIONs (20 µg/105 cells) and exposed to AMF 468 

or were mock treated. Metabolic activity of cells was measured after 48 hours using the WST-469 

1 assay. (B) Experimental outline to assess the toxicity of neighbouring indicator cells using a 470 

transwell assay. The upper chamber was supplied with the maytansin derivative (Toxin), T-471 

SPIONs or the J774a.1 cells loaded with T-SPIONs or unloaded.  The application of AMF is 472 

indicated. The activity of target cells in the lower chamber was measured using the WST-1 473 

assay for MCF-7 (C) and for K-ECs cells (D).  474 

 475 

Figure 4: Induced killing of 3D tumour spheroids.  476 
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(A) Loss of spheroid integrity upon exposure of K-EC spheroids with indicated concentration 477 

of soluble toxin (maytansin derivative) for 48 hours. Representative pictures are shown. (B) 478 

Spheroids of macrophage/tumour cell co-cultures in a ratio of 1:40. K-EC express GFP and 479 

are indicated in green, J774a1 were labelled with cell tracker dye (red) (C) 480 

Macrophage/tumour spheroids (1:40) were generated from K-EC and J77a.1 cells that were 481 

previously loaded with SPIONs, T-SPIONs or were left unloaded. The pictures show 482 

representative spheroids before or 48h after AMF treatment. (D) The metabolic activity of 483 

spheroids from (C) was measured by WST-1 assay. Data represent mean ± SEM. *p<0.05; 484 

**p<0.01; ***p<0.001 (t-test). 485 

 486 

 487 

 488 

489 
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