	
Smart composite scaffold to synchronize magnetic hyperthermia and chemotherapy for efficient breast cancer therapy
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Abstract: Combination of different therapies is an attractive approach for cancer therapy. However, it is a challenge to synchronize different therapies for maximization of therapeutic effects. In this work, a smart composite scaffold that could synchronize magnetic hyperthermia and chemotherapy was prepared by hybridization of magnetic Fe3O4 nanoparticles and doxorubicin (Dox)-loaded thermosensitive liposomes with biodegradable polymers. Irradiation of alternating magnetic field (AMF) could not only increase the scaffold temperature for magnetic hyperthermia but also trigger the release of Dox for chemotherapy. The two functions of magnetic hyperthermia and chemotherapy were synchronized by switching AMF on and off. The synergistic anti-cancer effects of the composite scaffold were confirmed by in vitro cell culture and in vivo animal experiments. The composite scaffold could efficiently eliminate breast cancer cells under AMF irradiation. Moreover, the scaffold could support proliferation and adipogenic differentiation of mesenchymal stem cells for adipose tissue reconstruction after anticancer treatment. In vivo regeneration experiments showed that the composite scaffolds could effectively maintain their structural integrity and facilitate the infiltration and proliferation of normal cells within the scaffolds. The composite scaffold possesses multi-functions and is attractive as a novel platform for efficient breast cancer therapy.


1. Introduction
Breast cancer is the most prevalent cancer, making it one of the leading causes of human death.[1] At present, surgery, chemotherapy and radiotherapy are clinically used to resect breast cancer tissue, inhibit cancer cell proliferation and prolong patient survival.[2,3] Hyperthermia therapy, immunotherapy and gene therapy have also shown a high anticancer efficacy in clinical practice and exploratory studies.[4-6] However, a single treatment cannot effectively eradicate cancer cells due to the heterogeneity of cancer tissue and acquired resistance to monotherapy, leading to cancer recurrence, metastasis and other serious side effects.[7,8] For example, surgery is an efficient treatment to resect cancer tissues. However, there is some difficulty in completely eliminating all the cancer cells from the area of the primary lesion that may result in cancer recurrence.[9] Chemotherapy extremely depends on the dose and the dosing time of anticancer drugs, which frequently induces drug resistance of cancers and unpredictable side effects of the whole body.[10] Radiotherapy also often loses its effectiveness due to low sensitivity of hypoxic cancer cells and causes damages to normal tissues in a normoxic environment.[11] 
Synergistic therapy provides an integrated and attractive approach to combine the synergistic effects of two or more treatments.[12,13] Hyperthermia and chemotherapy have been combined to achieve the collective advantages, to output higher anticancer effects at lower doses of therapeutic drugs and to avoid high-dose-induced side effects.[14,15] Generally, hyperthermal nanoparticles (NPs) and anticancer drugs are delivered simultaneously for the synergistic therapy. However, the two treatments are not synchronized.[16,17] Hyperthermia is generated during AMF or laser irradiation, while the anticancer drugs are continually and gradually released, which has no relationship with hyperthermia environment and is not well controlled. A smart design should be considered to synchronize the two treatments through controlling the release of anticancer drugs by the hyperthermia environment. When the AMF or laser irradiation is on, heating of the hyperthermal agent can raise the local temperature to accelerate release of anticancer drugs. When irradiation is off, release of the anticancer drug can be decelerated. Not only the hyperthermia but also the chemotherapy can be switched on and off by the irradiation.
For such a purpose, thermosensitive liposomes can be used because they can accelerate or decelerate the release of encapsulated drugs at a temperature higher or lower than the melting temperature of lipids. Liposomes prepared from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) have a thermosensitive release capacity of encapsulated drugs at 41-42 ℃, which is a little higher than body temperature.[18-20] DPPC liposomes can be employed for loading anticancer drugs and co-delivered with hyperthermia NPs. To reach a hyperthermia environment, a variety of nanoparticles (NPs) including gold NPs, black phosphorus nanosheets and Fe3O4 NPs have been used.[21-31] Among them, Fe3O4 NPs are the most commonly used type of NPs and have been clinically applied for magnetic resonance imaging and for treating iron deficiency anemia.[32,33] Owing to low cytotoxicity, unlimited tissue penetration depth and FDA approval, Fe3O4 NPs have been broadly used as a heating agent for magnetic hyperthermia under AMF irradiation to achieve thermal ablation of cancer cells.[34-39] Therefore, co-delivery of anticancer drug-loaded thermosensitive DPPC liposomes and Fe3O4 NPs can be used to control both the hyperthermia and anticancer drug by AMF irradiation.
NPs and anticancer drugs are usually administered systemically by intravenous injection, but they are easily and rapidly cleared by the immune system, which leads to restricted accumulation and retention of NPs or chemotherapeutic drugs in cancer tissues.[40-42] Instead of intravenous injection, they can be locally delivered by using scaffolds.[43-49] The scaffolds hybridized with Fe3O4 NPs or anticancer drug-loaded liposomes can be transplanted after surgical resection of breast cancer to constrain the NPs or drug-loaded liposomes at the sites of resection. The scaffolds can be irradiated repeatedly by AMF for magnetic hyperthermia. The local release of the loaded anticancer drugs can be controlled by the AMF irradiation and more efficiently delivered to the breast cancer cells around resected sites to synergistically kill the residual breast cancer cells.
After eradication of breast cancer cells, the breast defects generated by surgery require reconstruction to recover the breast tissue functions and enhance the patient's quality of life. Porous scaffolds of biodegradable polymers, such as gelatin and polyglutamic acid, have been broadly used for tissue regeneration.[50-60] Therefore, composite scaffolds that have dual functions (anticancer effect and tissue regeneration capacity) are desirable for efficient treatment of breast cancers. The composite scaffolds have synergistic anticancer effects to efficiently eliminate the residual cancer cells after implantation. Meanwhile, after killing the cancer cells, the scaffolds can temporarily act as a foothold to support and promote breast tissue regeneration.
Thus, in this study, a novel type of composite scaffold was designed and fabricated to achieve the above-mentioned three purposes: synergistic anticancer effects of controllable magnetic hyperthermia and controllable chemotherapy, local co-delivery of Fe3O4 NPs and anticancer doxorubicin (Dox), and adipose tissue regeneration. The composite scaffolds (Dox-Lipo/Gel/PGA/FeNP) were fabricated by hybridizing thermosensitive liposomes encapsulating Dox (Dox-Lipo), Fe3O4 NPs (FeNP), gelatin (Gel) and polyglutamic acid (PGA) (Figure 1). Pore structures of composite scaffolds were dominated via ice microparticles as a porogen material. The magnetic thermal performance and temperature-controlled Dox release property of the composite scaffolds were evaluated with AMF treatment at different intensities. The synergistic anticancer function of composite scaffolds was studied during exposure to AMF both in vitro and in vivo. Furthermore, after Dox was completely released, human bone marrow-derived mesenchymal stem cells (hMSCs) were 3D cultured in composite scaffolds to evaluate their capability to guide hMSCs growth and adipogenesis. In vivo tissue regeneration potential of composite scaffolds was assessed.
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Figure 1. Preparation scheme of composite scaffolds and their applications for synergistic treatment of breast cancer with magnetic hyperthermia and thermosensitive chemotherapy and regeneration of breast tissue.

2. Materials and methods
2.1. Fe3O4 NPs preparation
NPs were prepared via a previously reported method.[51] Briefly, diethylene glycol (DEG) and N-methyldiethanolamine (NMDEA) were mixed at a volume ratio of 1:1. 540 mg of FeCl3•6H2O and 200 mg of FeCl2•4H2O were dissolved to 40 mL of the DEG/NMDEA mixture solvent under N2 atmosphere. Then, 0.32 g of NaOH in mixture solvent of DEG and NMDEA were dripped into the solution of iron salts and stirred for 3 h. Subsequently, the solution was heated to 220 ℃ in 1 h and stirred at 500 rpm for 12 h in a N2 atmosphere. After that, black sediments were collected and washed by ethanol/ethyl acetate mixture (1:1, v/v) to obtain bare Fe3O4 NPs. The bare Fe3O4 NPs were modified with citrate by adding 264.7 mg of sodium citrate dihydrate in the NPs aqueous solution and reacting at 60 ℃ for 24 h. The citrate-modified Fe3O4 NPs were centrifuged at a high speed for 15 min (12,000 rpm), followed with triple washing with pure water and dried. Transmission electron microscope (TEM, JEOL 2100F) and dynamic light scattering (DLS, Beckman Coulter) were used for characterization of the structure and hydrodynamic size of citrate-modified Fe3O4 NPs. Citrate-modified Fe3O4 NPs were used for all the following experiments. 
2.2. Dox-encapsulated thermosensitive liposomes preparation
Dox-encapsulated thermosensitive liposomes were prepared from cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino- (polyethyleneglycol)-2000] (DSPE) and DPPC via a thin-film hydration method.[43] The liposomes were referred as Dox/DPPC/Chol/DSPE). Briefly, 1.20 mL of 5 mg/mL DPPC, 0.16 mL of 5 mg/mL Chol and 0.64 mL of 5 mg/mL DSPE (DPPC:Chol:DSPE = 7:2:1, Mole ratio) in a mixture solvent of chloroform and methanol (9:1 (v/v)) were added to the flask, then the chloroform/methanol mixture was evaporated via a rotary evaporator in vacuum. The lipid thin film was formed. Then 2 mL of 1 mg/mL Dox in PBS was dripped into flask for hydration of the thin film and the flask was sonicated over 45 ℃ for half an hour. After sonication, the solution was extruded at 45 ℃ through a polycarbonate membrane (aperture of 0.2 µm) and was centrifuged at a high speed for 15 min (20,000 rpm). The reddish sediments were washed with PBS, resuspended with PBS and stored below 4 ℃. The DPPC/Chol/DSPE liposomes were prepared though the same procedures without Dox. TEM and DLS were used for characterization of the structure and hydrodynamic size of liposomes before and after Dox loading. The amount of encapsulated Dox was measured. Encapsulation efficiency of Dox was calculated via a previously reported method.[43]
2.3. Composite scaffolds preparation
The lyophilizing Fe3O4 NPs, Gel and PGA were hybridized to synthesize their composite scaffolds. Ice microparticles as a porogen material were used to dominate the pore structure. First, pure water was sprayed into a box filled with liquid nitrogen to prepare pre-ice microparticles. Then pre-ice microparticles were sieved in -20 ℃ chamber with two sieves to obtain uniform microparticles with diameter of 250-355 μm (mesh apertures of 250 μm and 355 μm). Subsequently, 264.0 mg (0.8% (wt/v)) of Gel and 26.4 mg (0.8% (wt/v)) of PGA were dissolved into 3.3 mL of 70% acetic acid solution to obtain the Gel/PGA mixture solution. 440 mg of Fe3O4 NPs were resuspended into 3.3 mL of pure water. 3.3 mL of Fe3O4 NPs solution was added to 3.3 mL of Gel/PGA mixture and vortexed to obtain Gel/PGA/FeNP mixture (6.6 mL).  Gel/PGA/FeNP mixture and ice microparticles were put at -5 ℃ in advance to balance the temperature. Then, 15.4 g of ice microparticles were added to 6.6 mL of Gel/PGA/FeNP mixture (7:3 (wt/v)) in a -5 ℃ chamber. The as-prepared mixture of ice microparticles and Gel/PGA/FeNP solution was transferred into a container (length 60 mm × width 60 mm × height 6 mm), and the whole constructs were frozen under -20 ℃ and lyophilized for 3 days and cross-linked with ethanol/water mixture solutions (95/5, 90/10 and 85/5 (v/v)) containing 4-morpholineethanesulfonic acid (0.1% (wt/v)), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 50.0 mM) and N-hydroxysuccinimide (NHS, 20.0 mM). And then, Gel/PGA/FeNP scaffolds were washed and lyophilized for further use. Gel/PGA scaffolds were also prepared through same procedures without Fe3O4 NPs. Scanning electron microscope (SEM, JSM-6400Fs) was used for characterization of the pore structures.
2.4. Preparation of composite scaffolds loaded with Dox-encapsulated thermosensitive liposomes
The Dox/DPPC/Chol/DSPE liposomes were coupled onto the Gel/PGA/FeNP composite scaffolds through an amidation reaction to fabricate composite scaffolds that were referred as Dox-Lipo/Gel/PGA/FeNP. First, Gel/PGA/FeNP scaffolds (discs with a size of Φ6 mm × H2 mm) were soaked in EDC/NHS solution at room temperature (r.t.) overnight to activate carboxyl groups and washed with PBS. Then 57 μL of Dox/DPPC/Chol/DSPE liposomes solution (Dox concentration: 1 mg/mL) was dripped onto each disc and reacted at r.t. for 12 h. Finally, the discs were washed by PBS. The Dox-Lipo/Gel/PGA was prepared through the same procedures by coupling Dox/DPPC/Chol/DSPE liposomes onto the Gel/PGA scaffolds. Pore structure of the composite scaffold was analyzed via SEM. For energy disperse spectroscopy (EDS) analysis, the Gel/PGA and Dox-Lipo/Gel/PGA/FeNP composite scaffolds were washed with pure water six times, lyophilized and analyzed by SEM. The amount of Dox in each disc was measured. The Dox loading efficiency was calculated via a previously reported method.[14]
2.5. Biostability of composite scaffolds
The biostability of the composite scaffolds was evaluated by immersing them to PBS solution without or with enzymes. The Gel/PGA and Dox-Lipo/Gel/PGA/FeNP composite scaffolds were lyophilized, pre-weighed and soaked in PBS solution without or with 50 µg/mL of collagenase at 37 ℃ under shaking. In the designed timepoints, the Gel/PGA and Dox-Lipo/Gel/PGA/FeNP composite scaffolds were taken out, washed with pure water six times, lyophilized, and weighed. The remaining weight was calculated via dividing the residual weight of the scaffolds by the original weight of the scaffolds.
2.6. Magnetic thermal conversion performance of composite scaffolds
Magnetic thermal property of composite scaffold was evaluated under AMF irradiation. First, composite scaffolds were punched to discs (Φ6 mm × H2 mm), then 57 μL of pure water was added to each disc. The hydrated discs were put in center of double H coil set ((D5 Series, Spain, 373.6 kHz of frequency) and irradiated for 10 min with the field intensity of 100 or 130 Gauss. Temperature changes of the scaffold discs were recorded during AMF exposure via a thermal image system IR1 (nB nanoScale Biomagnetics). 
2.7. Magnetic field control for Dox release from thermosensitive liposomes on composite scaffolds
The temperature-dependent Dox release property of Dox-Lipo/Gel/PGA or Dox-Lipo/Gel/PGA/FeNP was measured via periodic AMF irradiation on the composite scaffold discs. Each disc was immersed in 24-well plates with 1 mL PBS per well and shaken at 37 ℃. After soaking for 1 day, scaffold discs were placed in a 0.5 mL sterile tube covered with a Styrofoam box and then the whole construct was irradiated for 10 min by AMF (373.6 kHz of Frequency) at the field intensity of 100 or 130 Gauss. After AMF treatment, the discs were put back to the wells for continual incubation at 37 ℃. The periodic AMF irradiation was performed every 24 h. At time points before and after each periodic AMF treatment, 0.1 mL PBS was taken out from each well for measurement. And then, 0.1 mL fresh PBS was replenished to each well. The amount of Dox in collected PBS was measured for calculation of the cumulative amount of Dox. The Dox release property of scaffold incubated at 37 ℃ without AMF irradiation was assessed as well via the same procedure.
2.8. Controllable synergistic magnetic hyperthermia and chemotherapy in vitro
In vitro synergistic therapeutic effect was evaluated via periodic AMF irradiation. The composite scaffolds were punched to the above-mentioned discs, sterilized with 70% aqueous solution of ethanol and wash by sterilized PBS. 57 μL of suspension solution of breast cancer cells (MDA-MB-231-Luc, 3.6 × 106 cells/mL) was dripped to one side of discs and cells/scaffold discs were then incubated for 6 h. Then, 57 μL of MDA-MB-231-Luc cell suspension was dripped to another side of discs and incubated for another 6 h. Meanwhile, breast cancer cells were also seeded to 24-well plates and incubated for 6 h. Then, the cells/scaffold samples were placed in the transwell inserts and co-cultured with the cells adhered on bottom wells of 24-well plates. Each well including insert had 1 mL DMEM medium totally. The transwell insert had a PET membrane with 8 μm pores, making it possible to diffuse the released Dox. After co-culture for 12 h, cells/scaffold discs in inserts of transwell plates were taken out and placed in a 0.5 mL sterile tube covered with a Styrofoam box for 10 min AMF irradiation (373.6 kHz of frequency) at the field intensity of 100 or 130 Gauss. After AMF treatment, the cells/scaffold discs were put back into the transwell inserts immediately and incubated for another 24 h. The periodic AMF irradiation was performed every 24 h during co-culture. At time points before and after each periodic AMF treatment, cell death in discs was analyzed by using live/dead staining via a previously reported method.[28] Cell viability in scaffold discs and bottom wells of 24-well plates was quantitatively analyzed by a WST-1 assay via a previously reported method.[14]
2.9. In vivo synergistic anticancer effect under AMF
Animal experiments were conducted with an approval from the Ethical Committee of Animal Experiment of NIMS (accreditation No: 71-2022-5) and according to the Committee Guidelines. Breast cancer cells were seeded to scaffold discs (Φ6 mm × H2 mm) of Gel/PGA, Gel/PGA/FeNP, Dox-Lipo/Gel/PGA and Dox-Lipo/Gel/PGA/FeNP as mentioned above. To simulate the residual breast cancer cells surrounding the scaffolds, a donut-shaped porous scaffold ring seeded with the breast cancer cells was applied for embracing the scaffold discs. Donut-shaped porous scaffold ring was prepared by punching the Gel/PGA scaffolds into rings (inner diameter: 6 mm, outer diameter: 10 mm and thickness: 2 mm). 100 μL resuspension of MDA-MB-231-Luc cells (3.6 × 106 cells/mL) was dripped to each side of donut-shaped porous scaffold rings and incubated in the humidified incubator for 6 h after two side-seeding. After incubation, the cells/scaffold disc was set into the inner space of cells/donut-shaped porous scaffold ring and transplanted together to the back of BALB/c nude mice. After 1 day of transplantation, transplantation sites were irradiated for 10 min with AMF (373.6 kHz of frequency) at the field intensity of 100 or 130 Gauss. During AMF exposure, thermal images and temperatures of mice were recorded via an IR camera. Afterwards, periodic AMF irradiation was performed every 24 h. At time points before and after each periodic AMF treatment, viability of MDA-MB-231-Luc cells in scaffold discs and surrounding scaffold rings was evaluated by in vivo vision system (IVIS, Perkin Elmer) via a previously reported method.[43] Cancer cell growth was monitored via bioluminescence images and quantitatively analyzed via their bioluminescence area intensity. The survival rate of the mice was recorded in 28 days. Each scaffold group was implanted in four mice (n=4).
2.10. Biodistribution and histology analysis
As described above for in vivo anticancer treatment, the mice were implanted with cells/composite scaffold discs and cells/scaffold rings. On day 1 and day 14 after five AMF treatments, the various organs such as heart, liver, spleen, lung, kidney, stomach and blood, were resected from the mice, wet-weighed, and digested in the digesting solution (HNO3 : H2O2 of 2 : 1 by volume). The contents of Fe in each tissue were determined by ICP-OES. Moreover, on day 1 and day 14 after therapeutic experiments, mice were sacrificed and their major organs (heart, liver, spleen, lung and kidney) were harvested, fixed in 4% paraformaldehyde solution, dehydrated and embedded in paraffin. Then, a series of 7 µm thick slices were prepared and stained with Hematoxylin-Eosin (H&E). The histology and morphology of the organs were observed via an optical microscope.
2.11. Effect of composite scaffolds on proliforation and adipogenic differentiation of stem cells
The effect of composite scaffolds after full Dox release on viability, proliferation and adipogenesis of hMSCs was evaluated. Before cell seeding, the Dox-Lipo/Gel/PGA/FeNP discs were irradiated by AMF (373.6 kHz of frequency, 130 Gauss) 10 times to fully release Dox from scaffold discs. The discs were washed six times by PBS, and seeded with hMSCs via two-side seeding procedure. The hMSCs were sub-cultured in MSCGM™ medium, harvested and suspended in DMEM medium (3.6 × 106 cells/mL). 57 μL suspended hMSCs was dripped to each side of the scaffold discs and incubated in a humidified incubator for 6 h after each side-seeding. And then, the hMSCs/scaffold constructs were put in a flask and incubated in culture medium under shaking. After 24 h of incubation, the cell viability, distribution and adhesion in the scaffold discs were investigated by live/dead staining, nuclear staining and SEM, respectively. After culturing for 1, 3, 5 and 7 days, DNA content of hMSCs in the scaffold discs was measured via a previously reported method.[23]
For the adipogenesis of hMSCs in composite scaffolds, after 24 h of incubation, the cells/scaffold discs were divided into two groups. One group of the cells/scaffold discs were maintained in the culture medium and another group of cells/scaffold discs were cultured in adipogenesis inducing medium containing adipogenesis inducing factors. Culture medium and adipogenesis inducing medium were prepared via a previously reported method.[61] After 21 days culture, adipogenesis of hMSCs in the scaffold discs was analyzed by lipid droplet staining and real-time PCR via a previously reported method.[62]
2.12. In vivo tissue regeneration
As described above for in vivo anticancer treatment, the mice were implanted with cells/composite scaffold discs and cells/scaffold rings. On day 14 and day 28 after therapeutic experiments, mice were sacrificed and the implanted scaffold constructs were retrieved for observation via an optical microscopy. Then the retrieved scaffold constructs were fixed in 4% paraformaldehyde solution for 24 hours at room temperature. The fixed cell/scaffold constructs were dehydrated, embedded in paraffin and sliced by a microtome to obtain cross-sections at a thickness of 7 μm. The slices were stained with H&E and were observed via an optical microscope.
2.13. Statistical analysis
Each quantification experiment was performed by using triplicate samples (n = 3). The data are expressed as means ± standard deviations (n = 3). One-way analysis of variance (ANOVA) with Tukey's post hoc test was performed for analyzing differences between multiple groups of viability of MDA-MB-231-Luc cells in vitro (Figure 5) and DNA content quantification of hMSCs in vitro (Figure 7B). Student’s t-test was performed for assessing the differences of the viability of MDA-MB-231-Luc cells in bottom wells of transwell plates between 100 and 130 Gauss AMF irradiation (Figure S7, Supporting Information), concentrations of Fe in organs and blood of mice (Figure S12, Supporting Information), the quantification of lipid droplets (Figure 8B and Figure S15B, Supporting Information) and the gene expression of hMSCs in scaffolds (Figure 8C and Figure S16, Supporting Information). Data were considered significantly different when p-value was less than 0.05.

3. Results
3.1. Preparation and characterization of Fe3O4 NPs and liposomes
Fe3O4 NPs and thermosensitive liposomes were prepared via solvothermal method and thin-film hydration method, respectively. The shape and size of Fe3O4 NPs were characterized via TEM. TEM images (Figure 2A,B) indicated that the Fe3O4 NPs showed a flower-like shape and had an average size of 31.4 ± 3.8 nm. The hydrodynamic size of Fe3O4 NPs measured by DLS was 97.1 ± 36.8 nm in aqueous solution (Figure 2C). The hydrodynamic size of Fe3O4 NPs was three times larger than the size calculated from TEM due to partial aggregation of the nanoparticles. The hydrodynamic size of liposomes before and after Dox encapsulation was 188.1 ± 79.8 nm and 191.8 ± 76.9 nm, respectively (Figure S1A,B, Supporting Information). Both liposomes displayed the uniform size distribution (Figure S2, Supporting Information) and the size of liposomes did not change significantly after encapsulation of Dox. The encapsulation efficiency of Dox in liposomes was 41.5 ± 3.4% (Table S1, Supporting Information).
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Figure 2. Characterization of Fe3O4 NPs, liposomes and composite scaffolds. (A) Low and (B) high magnification TEM images of Fe3O4 NPs. (C) Distribution curve of hydrodynamic size of Fe3O4 NPs. SEM images of (D and H) Gel/PGA, (E and I) Gel/PGA/FeNP, (F and J) Dox-Lipo/Gel/PGA and (G and K) Dox-Lipo/Gel/PGA/FeNP at (D-G) low and (H-K) high magnifications. Temperature change curves of Gel/PGA, Gel/PGA/FeNP, Dox-Lipo/Gel/PGA and Dox-Lipo/Gel/PGA/FeNP under AMF irradiation at field intensities of (M) 100 and (N) 130 Gauss.

3.2. Characterization of composite scaffolds
The scaffold pore structures were observed by SEM (Figure 2D-K). All the scaffolds exhibited similar spherical large pores due to the same ice microparticles applied in the preparation of these scaffolds. The large pores were well interconnected. The Dox loading efficiency was 49.2 ± 8.5% and 51.3 ± 6.6% for Dox-Lipo/Gel/PGA and Dox-Lipo/Gel/PGA/FeNP scaffolds, respectively (Table S2, Supporting Information). The element distribution of composite scaffolds was analyzed by EDX mapping. As shown in Figure S3, there were no detectable signals for Fe and P in the Gel/PGA scaffolds. However, in the Dox-Lipo/Gel/PGA/FeNP composite scaffolds, clear signals for both elements were observed. This indicated the successful incorporation of Fe3O4 NPs and liposomes into the Dox-Lipo/Gel/PGA/FeNP composite scaffold.
The biostability of scaffolds was evaluated in vitro and in vivo. For the in vitro degradation experiments, the Gel/PGA (control) and Dox-Lipo/Gel/PGA/FeNP composite scaffolds were immersed in PBS without or with 50 µg/mL of collagenase at 37 ℃. As shown in Figure S4A, the weight of the composite scaffolds remained unchanged in the PBS without collagenase over a period of two weeks, indicating no degradation and stability of the scaffolds during incubation. However, the composite scaffolds could be degraded in the presence of collagenase (Figure S4B). The weight of the scaffolds gradually decreased with incubation time and eventually decreased to zero after one week incubation. Although the complete degradation of the scaffolds occurred within one week in the collagenase-containing solution, it is important to note that the collagenase concentration (50 µg/mL) used here was much higher than its concentration in normal physiological environment (1.6-24 ng/mL).[63] For the in vivo degradation experiments, the cancer cells were seeded in the Dox-Lipo/Gel/PGA/FeNP composite scaffold and then the scaffold was implanted in the dorsal region of mice. On day 14 and 28 after the AMF treatment, the implanted composite scaffold was retrieved for observation. As shown in Figure S5A and B, the composite scaffold maintained its structural integrity and size at both the two-week and four-week time points, further demonstrating the stability of the scaffold during the in vivo implantation.
The magnetic thermal property of the scaffolds was measured via employing AMF at field intensities of 100 and 130 Gauss (Figure 2M,N). During AMF irradiation, the scaffolds without Fe3O4 NPs (Gel/PGA and Dox-Lipo/Gel/PGA) just exhibited slight temperature change, whereas the temperature of the scaffolds hybridized with Fe3O4 NPs (Gel/PGA/FeNP and Dox-Lipo/Gel/PGA/FeNP) increased quickly. Moreover, the temperature alteration of the scaffolds hybridized with Fe3O4 NPs had a positive correlation with the field intensity and irradiation time. The temperature change of the Gel/PGA/FeNP and Dox-Lipo/Gel/PGA/FeNP within 10 min AMF irradiation was 9.1 ± 0.3 ℃ and 8.9 ± 0.5 ℃ at the field intensity of 100 Gauss, and 13.3 ± 0.7 ℃ and 13.5 ± 0.6 ℃ at the field intensity of 130 Gauss, respectively. The results suggested that the Gel/PGA/FeNP and Dox-Lipo/Gel/PGA/FeNP had good magnetic thermal convention property due to the presence of Fe3O4 NPs and liposomes loading did not affect their magnetic thermal convention property. The temperature change could be controlled by the magnetic field intensity and irradiation time.
3.3. Magnetic hyperthermia prompted Dox release from composite scaffolds
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Figure 3. AMF irradiation-controlled release of Dox. Thermosensitive release profiles of Dox from scaffolds loaded with Dox during incubation in 37 ℃ PBS (A) without or (B) with a periodic switching on and off of AMF irradiation at field intensity of 100 or 130 Gauss for 10 min. The arrows show time points when AMF was switched on. Data are expressed as the means ± S.D (n = 3).

The thermosensitive release of Dox from composite scaffolds was investigated by the magnetic hyperthermia-induced self-environmental temperature change during AMF irradiation. As shown in Figure 3A, the Dox-Lipo/Gel/PGA and Dox-Lipo/Gel/PGA/FeNP without AMF irradiation exhibited a very slow release of Dox. After 8 days of incubation in PBS at 37 ℃, the released Dox from Dox-Lipo/Gel/PGA and Dox-Lipo/Gel/PGA/FeNP was 9.7 ± 0.6% and 10.3 ± 0.2%, respectively. When the Dox-Lipo/Gel/PGA/FeNP was irradiated with AMF at the field intensity of 130 Gauss, the Dox release speed increased rapidly (Figure 3B). After the first cycle of AMF irradiation, 37.7 ± 6.8% Dox was released from Dox-Lipo/Gel/PGA/FeNP. During the consecutive AMF-on and -off cycles, the Dox release was accelerated quickly when the AMF irradiation was on, while it was decelerated when the AMF irradiation was off. The cumulative amount of released Dox after 7 cycles of AMF irradiation was 92.2 ± 4.1%. In contrast, Dox-Lipo/Gel/PGA still exhibited very slow Dox release when exposed to AMF. Besides, when the Dox-Lipo/Gel/PGA/FeNP were irradiated by AMF at the field intensity of 100 Gauss, the release of Dox was fast as well, which was slightly slower than that irradiated at the field intensity of 130 Gauss (Figure 3B).
Additionally, the magnetic hyperthermia environment releasing Dox from liposomes rather than the liposomes from the scaffold was being investigated. We immersed the Dox-Lipo/Gel/PGA/FeNP composite scaffold in PBS at 42 ℃ for 2 h. Subsequently, we collected the PBS to measure the hydrodynamic particle size of any nanoparticles such as liposomes in the PBS. The Dox was also measured. As shown in Figure S6A, no peaks related to the liposome particle size (~190 nm) were observed in the collected PBS. However, the absorbance peak of Dox was clearly observed (Figure S6B). The results indicated that Dox was released from the liposomes while the liposomes were not released from the scaffold during incubation at the magnetic hyperthermia environment.
3.4. Synchronized synergistic anticancer effect of composite scaffolds in vitro
The synchronized synergistic therapeutic effect of magnetic hyperthermia and chemotherapy was studied in vitro via employing transwell plates (Figure 4A). Breast cancer cells were seeded in composite scaffold discs and the discs were placed in the transwell inserts. The bottom wells of transwell plates were also seeded with the breast cancer cells. The cells/scaffold discs placed in the transwell inserts were irradiated with AMF at the field intensity of 100 or 130 Gauss for 10 min and then returned to the inserts for continual incubation at 37 ℃. The AMF irradiation was performed every 24 h for a total of three times. Cell viability in the scaffold discs after each AMF irradiation was investigated via live/dead staining (Figure 4B). Before first AMF treatment, the cells in all scaffold discs were alive (green fluorescence) and almost no red fluorescence dead cells were observed. After AMF irradiation, the cells in discs showed different degree of viability due to different magnetic hyperthermia and chemotherapy effects of scaffolds. For the Gel/PGA group, almost all the cells were still alive after three times of AMF treatment at the field intensity of 130 Gauss, indicating that there was no magnetic thermal effect to the cells in Gel/PGA. Red fluorescent dots in the Dox-Lipo/Gel/PGA group were gradually increasing with time, which was as a result of gradual death of breast cancer cells caused by slowly released Dox. In contrast, after AMF treatment more dead cells were detected in the scaffolds hybridized with Fe3O4 NPs (Gel/PGA/FeNP and Dox-Lipo/Gel/PGA/FeNP) than those in scaffolds without Fe3O4 NPs (Dox-Lipo/Gel/PGA). Almost no living cells were detected in the scaffolds hybridized with Fe3O4 NPs after first, second or third AMF irradiation at the field intensity of 130 Gauss. When the AMF irradiation intensity was decreased to 100 Gauss, the hyperthermia effect was weakened and complete elimination of breast cancer cells needed multiple irradiations. A large number of breast cancer cells in the scaffold without Dox (Gel/PGA/FeNP) were dead after three times of AMF treatment at the field intensity of 100 Gauss. However, almost all the cells in the scaffold loaded with Dox (Dox-Lipo/Gel/PGA/FeNP) were dead after three times of AMF irradiation at 100 Gauss. AMF irradiation at the field intensity of 130 Gauss could increase the scaffold temperature high enough to ablate the breast cancer cells (hyperthermia effect) and to promote the release of Dox (accelerated chemotherapy effect) for synergistic anticancer effects. AMF irradiation at the field intensity of 100 Gauss could increase the scaffold temperature to promote the release of Dox, while the scaffold temperature was not high enough to completely ablate all breast cancer cells.
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Figure 4. In vitro synergistic therapeutic effect of composite scaffolds against breast cancer cells. (A) Schematic illustration of the cell experimental procedure. (B) Live/dead staining of cells cultured in the scaffolds before and after AMF irradiation (100 or 130 Gauss, 10 min). Living and dead cells were stained green and red, respectively.

Quantitative cell viability analyzed via WST-1 assay suggested that the viability of breast cancer cells in Gel/PGA unchanged before and after AMF treatment (Figure 5A). Cell viability in Dox-Lipo/Gel/PGA decreased over time due to the slow Dox release, which was unaffected by AMF treatment. For the scaffolds hybridized with Fe3O4 NPs (Gel/PGA/FeNP and Dox-Lipo/Gel/PGA/FeNP), cell viability dramatically decreased to 5.8 ± 5.2% and 3.7 ± 3.8%, respectively, after the first AMF irradiation at the field intensity of 130 Gauss. When the Gel/PGA/FeNP and Dox-Lipo/Gel/PGA/FeNP were irradiated at the field intensity of 100 Gauss, cell viability in the scaffolds also significantly decreased, but not as dramatically as that irradiated at the field intensity of 130 Gauss. Cell viability in Gel/PGA/FeNP dropped to 43.2 ± 0.8% after three times of irradiation at the field intensity of 100 Gauss. Under the same low-intensity AMF irradiation, cell viability in Dox-Lipo/Gel/PGA/FeNP dropped to 3.4 ± 4.1%. The breast cancer cells in Gel/PGA/FeNP were ablated by the heat generated during AMF irradiation, while the cells in Dox-Lipo/Gel/PGA/FeNP could be killed by both the heat and the accelerated release of Dox.
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Figure 5. Quantification of cell viability. Viability of breast cancer cells in (A) scaffolds and (B) bottom wells before and after three times of AMF irradiation at a field intensity of 100 or 130 Gauss for 10 min. Data are expressed as the means ± S.D. (n = 3). Significant difference: *p < 0.05, **p < 0.01, ***p < 0.001. N.S.: no significant difference.

Cell viability in bottom wells of transwell plates was also evaluated via quantitative WST-1 assay (Figure 5B). After three times of AMF irradiation, cell viability in bottom wells of transwell plates incubated with Gel/PGA and Gel/PGA/FeNP did not change significantly. However, breast cancer cells in bottom wells incubated with Dox-Lipo/Gel/PGA exhibited lower viability than that in bottom wells incubated with Gel/PGA and Gel/PGA/FeNP, which was due to the slowly released Dox reaching to the bottom wells to induce death of some cells. Cell viability in bottom wells incubated with Dox-Lipo/Gel/PGA/FeNP showed the most rapidly decrease after AMF irradiation due to the accelerated Dox release. In addition, the AMF intensity (100 or 130 Gauss) did not significantly affect the cell viability in bottom wells incubated with Dox-Lipo/Gel/PGA/FeNP (Figure 5B and Figure S7, Supporting Information). All the results indicated that the composite scaffold co-loaded with Dox and Fe3O4 NPs (Dox-Lipo/Gel/PGA/FeNP) could efficiently eliminate breast cancer cells after AMF treatment because of the synchronized magnetic thermal ablation of Fe3O4 NPs and chemotherapeutic effect of accelerated Dox release.
3.5. Synchronized synergistic anticancer effect of composite scaffolds in vivo
After confirmation of the in vitro anticancer therapeutic effect, in vivo synergistic therapeutic function against breast cancer cells was investigated. The breast cancer cells were seeded in the scaffold discs (Gel/PGA, Gel/PGA/FeNP, Dox-Lipo/Gel/PGA, Dox-Lipo/Gel/PGA/FeNP).  And donut-shaped scaffold rings of Gel/PGA were also seeded with the breast cancer cells to test the therapeutic effect of released Dox. Then, the cells/scaffold discs were set inside the scaffold rings and subcutaneously transplanted together to the backs of nude mice. After 1 day of implantation, the implantation regions of the mice were irradiated by AMF at a field intensity of 100 or 130 Gauss for 10 min (Figure 6A). At time points before and after each periodic AMF treatment, viability of the breast cancer cells in scaffold discs and scaffold rings was investigated by recording the bioluminescence via an IVIS.
As shown in Figure S8, Supporting Information, the local skin temperature of the mice transplanted with cells/Gel/PGA and cells/Dox-Lipo/Gel/PGA constructs showed a slow decreasing trend when exposed to AMF since body temperature of the anesthetized mice underwent normal anesthesia-driven physiological cooling,[51] which demonstrated that the local skin was not heated during AMF irradiation. During AMF irradiation at the field intensity of 100 Gauss, the local skin temperature of mice transplanted with cells/Gel/PGA/FeNP and cells/Dox-Lipo/Gel/PGA/FeNP constructs raised to 42.5 ℃ and 42.7 ℃, respectively. When the magnetic field intensity increased to 130 Gauss, the local skin temperature was elevated to 46.2 ℃ and 46.3 ℃, respectively. The results suggested that the local skin temperature during AMF irradiation at magnetic field intensity of both 100 and 130 Gauss was raised above the liposome melting temperature, which was favorable for accelerating the Dox release from cells/Dox-Lipo/Gel/PGA/FeNP composite scaffolds.
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Figure 6. In vivo bioluminescence monitoring. (A) Schematic representation and timeline of in vivo animal experiment. (B) Whole-body bioluminescence images of mice before and after AMF treatment at a field intensity of 100 or 130 Gauss.

In vivo anticancer efficacy was evaluated by a whole-body bioluminescence imaging system (Figure 6B and Figures S9,10, Supporting Information). The in vivo tumor killing experiments were performed one day after implantation because the cancer cells were seeded in the scaffolds before implantation to simulate the residual cancer cells migrated in the scaffolds. To simulate the residual breast cancer cells surrounding the scaffolds, a donut-shaped porous scaffold ring seeded with the breast cancer cells was applied to embrace the scaffold discs. The donut-shaped porous scaffold rings seeded with cancer cells were implanted together with the cell-seeded composite scaffold discs. The cancer cells in the donut-shaped porous scaffold rings could well model the residual cancer cells outside of the scaffolds. Before the first AMF irradiation, strong bioluminescent signal was detected on the back of all the mice, indicating that the breast cancer cells cultured in all scaffolds were alive after transplantation. The bioluminescence signal of the mice transplanted with cells/Gel/PGA constructs was remained at almost the same strong level during the five times of AMF irradiation, implying that Gel/PGA had no anticancer therapeutic effect. The mice transplanted with cells/Gel/PGA/FeNP constructs exhibited a slightly decreased trend of bioluminescence signal after periodic exposure to AMF at the field intensity of 100 Gauss. In contrast, when the mice transplanted with cells/Gel/PGA/FeNP constructs were exposed to AMF at the field intensity of 130 Gauss, bioluminescence signal disappeared in central regions while bioluminescence signal in the donut-shaped scaffold rings was still strong. These results indicated that breast cancer cells in Gel/PGA/FeNP were partially killed under low-intensity AMF irradiation and completely eliminated under high-intensity AMF irradiation, but breast cancer cells in donut-shaped scaffold rings surrounding the scaffold discs were not killed by the hyperthermia generated in the central Gel/PGA/FeNP scaffold discs.
For mice transplanted with cells/Dox-Lipo/Gel/PGA constructs, bioluminescence signal in central scaffold discs and outer scaffold rings became weaker with increase of implantation time, which was due to the slow Dox release inducing cell death. For the mice transplanted with the cells/Dox-Lipo/Gel/PGA/FeNP constructs, not only the bioluminescence signal in central scaffold discs disappeared after first time of AMF irradiation at the field intensity of 130 Gauss, but also the bioluminescence signal in surrounding scaffold rings became weaker and completely disappeared after four times of AMF irradiation. In addition, when the mice transplanted with the cells/Dox-Lipo/Gel/PGA/FeNP constructs were exposed to AMF with field intensity of 100 Gauss, the bioluminescence signal in central scaffold discs and surrounding scaffold rings exhibited a decreased trend and disappeared after three times (central scaffold discs) and five times (scaffold rings) of AMF irradiation. The bioluminescence signal of mice was also quantitatively analyzed. As shown in Figure S10A, the mice implanted the Gel/PGA scaffold showed a continuous increase of bioluminescent signal over time. The mice implanted with the Dox-Lipo/Gel/PGA and Gel/PGA/FeNP composite scaffolds exhibited a decrease of bioluminescent signal after five times of AMF irradiation, which was still strong. In contrast, the bioluminescent signal in the mice implanted with the Dox-Lipo/Gel/PGA/FeNP composite scaffold decreased during AMF irradiation and entirely disappeared after four times of AMF irradiation at 130 Gauss or five times of AMF irradiation at 100 Gauss. AMF irradiation at a higher magnetic intensity increased the decreasing speed of the bioluminescent signal. These results indicated that breast cancer cells in central scaffold discs of Dox-Lipo/Gel/PGA/FeNP and in the corresponding peripheral scaffold rings were effectively eliminated both under low- and high-intensity AMF irradiation. Stronger hyperthermia environment at higher irradiation intensity could raise the local temperature more quickly and could accelerate the Dox release from Dox-Lipo/Gel/PGA/FeNP to enhance synergistic therapeutic effects of magnetic hyperthermia and chemotherapy. Additionally, the survival rate of mice in all experimental groups during the in vivo anticancer experiments is shown in Figure S10B. No mouse fatality was observed. Mouse survival rate had no significant difference among all the groups.
We also did some additional experiments to evaluate the ability to kill cancer cells that had more fully engrafted. The breast cancer cell-seeded composite scaffold discs were subcutaneously implanted and AMF irradiation was conducted after two weeks. As shown in Figure S11, the bioluminescent signal in the mice implanted with the Gel/PGA scaffold increased over time and the AMF irradiation did not affect cell viability due to the absence of magnetic hyperthermia and chemotherapy effects. For the Dox-Lipo/Gel/PGA/FeNP composite scaffold, on day 14, the bioluminescence signals remained despite reduced intensity, a phenomenon likely attributable to the therapeutic impact of the slow release of Dox from the composite scaffolds. Following each AMF irradiation, the bioluminescence signals diminished due to magnetic hyperthermia and the accelerated release of Dox. After two times of AMF irradiation, the cancer cells in not only the scaffold discs but also the donut-shaped porous scaffold rings were completely eradicated. The results indicated that the composite scaffold still kept the effectiveness of synergistic magnetic hyperthermia and chemotherapy in long timeline in vivo therapy. Furthermore, compared to the strategy of treating on day 1 after the implantation of composite scaffolds, treating on day 14 only required two times of AMF irradiation to completely eliminate cancer cells. This was because during these waiting days, the Dox was slowly released from the composite scaffolds, leading to the partial death of cancer cells, and killing the remaining cancer cells only required less AMF exposure.
3.6. In vivo biosafety of composite scaffolds
The biosafety of composite scaffolds were evaluated during and after therapy. We measured the metabolism and distribution of Fe3O4 NPs in mice on day 1 and day 14 after AMF treatment using ICP-OES. H&E staining of some major organs was also conducted to evaluate the biosafety of the strategy. As shown in Figure S12, ICP-OES analysis showed that the level of iron element in various organs and blood of mice implanted with the Dox-Lipo/Gel/PGA/FeNP composite scaffold was not significantly different with the control group. H&E staining (Figure S13) revealed no evident difference between the mice implanted with the Dox-Lipo/Gel/PGA/FeNP composite scaffold and control scaffold (Gel/PGA). The results suggested that the Dox-Lipo/Gel/PGA/FeNP composite scaffold was safe after in vivo implantation.
3.7. Growth and adipogenesis of hMSCs in composite scaffolds
Besides anticancer function, the composite scaffold co-loaded with Dox and Fe3O4 NPs (Dox-Lipo/Gel/PGA/FeNP) after eradication of breast cancer cells should help to guide regeneration of new tissue. To evaluate the capability of Dox-Lipo/Gel/PGA/FeNP for adipose tissue regeneration, the scaffolds were treated with AMF 10 times to release all incorporated Dox from the composite scaffolds. And then, the hMSCs were cultured in the scaffolds and their growth and adipogenesis were evaluated. The Gel/PGA scaffolds were used as a control. As shown in Figure 7A, nearly all the hMSCs were alive after 1 day of culture, showing that hMSCs retained high viability in the scaffolds. Cell distribution in scaffolds was evaluated via nuclei-staining with DAPI. The results displayed that hMSCs were evenly distributed throughout the scaffold due to highly porous and interconnected structures of scaffolds (Figure S14A, Supporting Information). Moreover, SEM images (Figure S14B, Supporting Information) further showed that hMSCs adhered well on the pore walls and spread well in both scaffolds. DNA content was measured to analyze proliferation of hMSCs after 1, 3, 5 and 7 days of culture. As shown in Figure 7B, the cells proliferated in both scaffolds without significant difference. The results suggested that Dox-Lipo/Gel/PGA/FeNP after all Dox release were able to support viability and proliferation of the hMSCs. 
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Figure 7. Effect of composite scaffolds on activity of hMSCs. (A) Live/dead staining of hMSCs cultured in the scaffolds for 1 day. Living and dead cells were stained green and red, respectively. (B) DNA content of hMSCs/scaffold constructs after 1, 3, 5 and 7 days of culture. Data are expressed as the means ± S.D. (n = 3). Significant difference: *p < 0.05, **p < 0.01, ***p < 0.001. N.S.: no significant difference.

The adipogenesis of hMSCs in the scaffolds was evaluated by lipid droplet staining and gene expression analysis. During culture in basal medium, almost no oil droplets were observed in either scaffolds (Figure S15A, Supporting Information). However, oil droplets were clearly observed in both scaffolds during culture in adipogenesis inducing medium (Figure 8A). The oil droplet staining was not significantly different between the two scaffolds (Figure 8B and Figure S15B, Supporting Information). Gene expression results displayed that expression levels of adipogenesis-related FASN, CEBPA, FABP4 and LPL genes were negligible when hMSCs/scaffold constructs were cultured in basal medium, but the expression of these genes was significantly upregulated in adipogenic medium (Figure 8C and Figure S16, Supporting Information). In addition, there was no significant difference of gene expression between the two scaffolds. The results suggested that Dox-Lipo/Gel/PGA/FeNP could promote adipogenesis and had good potential in adipose tissue regeneration after all Dox release.
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Figure 8. Adipogenesis of hMSCs in composite scaffolds. (A) Lipid droplet staining with oil red O dye and (B) quantification of the stained lipid droplets after culture in adipogenic medium for 21 days. (C) Quantitative analysis of expression levels of FASN, CEBPA, FABP4 and LPL after culture in adipogenic medium for 21 days. Data are expressed as the means ± S.D. (n = 3). N.S.: no significant difference.

[bookmark: _Hlk154744802]In vivo tissue regeneration experiments, we seeded cancer cells to the Dox-Lipo/Gel/PGA/FeNP composite scaffolds, implanted them in the dorsal region of mice and conducted AMF irradiation. Then we used H&E staining to investigate migration of normal cells into the Dox-Lipo/Gel/PGA/FeNP composite scaffold after first stage of anticancer therapy. On day 14 and day 28 after AMF treatment, the scaffolds were retrieved and H&E staining was performed. As shown in Figure S17, cell nuclei and extracellular matrices were present within the scaffold on day 14 after AMF treatment. On day 28, more cell nuclei and cellular matrices were clearly visible. There should be no cancer cells in the scaffolds after AMF irradiation because AMF irradiation killed all the cancer cells. Lipid droplet staining was further conducted to evaluate the possibility of in vivo adipogenesis. As shown in Figure S18, oil droplets were distinctly observed within the scaffold on day 14 after AMF treatment. On day 28, more and larger oil droplets were clearly observed. Positive detection of oil droplets combining with the H&E staining results indicated that the surrounding normal cells could migrate and adhere to the composite scaffold, then promoting new adipose tissue formation. 

4. Discussion
[bookmark: _Hlk154761642]Synergistic therapy of hyperthermia and chemotherapy has been proposed as a promising treatment modality to achieve a stronger therapeutic effect than monotherapy.[12-17,64] Previous studies have reported the hybridization of polymer scaffolds or polymer hydrogels with photothermal or magnetic-thermal nanoparticles and anticancer drugs to achieve synergistic hyperthermia and chemotherapy treatment.[15,64] However, the hyperthermal and chemotherapeutic effects of these scaffolds are usually independent, and drug release is not affected by hyperthermia environment and lacks precise control. For instance, in the composite hydrogel scaffold, exposure to near-infrared laser or AMF only induced the thermal effect, while the release of anticancer drugs was not simultaneously controlled by the hyperthermia environment.[64] Additionally, the uncontrolled continuous release of anticancer drugs may lead to side effects of chemotherapy. In this work, for the first time, we employed thermosensitive liposomes loaded with anticancer drugs to construct a multifunctional platform with a gelatin/polyglutamic acid/Fe3O4 composite scaffold that synchronously achieved magnetic hyperthermia and chemotherapy. In this multifunctional platform, firstly, the composite scaffold could constrain NPs and anticancer drug at tumor site through postoperative implantation. Secondly, AMF that has no tissue depth restriction to irradiate the composite scaffold was utilized to achieve magnetic hyperthermia to ablate residual cancer cells. Thirdly, the magnetic hyperthermia environment could synchronously stimulate the release of anticancer drug from the thermosensitive liposomes, thereby accomplishing the combined killing of cancer cells through synergistic effects of magnetic hyperthermia and chemotherapy. Furthermore, after cancer cell elimination, the scaffold could retain its porous structure, facilitating the infiltration of surrounding normal cells into the scaffold, aiding cell proliferation and differentiation, and ultimately facilitating the repair of tissue defects caused by surgical resection. 
The composite scaffolds were consisted of Dox-encapsulated thermosensitive liposomes, Fe3O4 NPs, gelatin and polyglutamic acid. The Dox-encapsulated thermosensitive liposomes and Fe3O4 NPs endowed the composite scaffold with chemotherapeutic and magnetothermal properties, respectively. Because ice microparticles were used to control pore structures in the scaffold preparation, the composite scaffolds had spherical large pores and good connectivity (Figure 2D-K), which were beneficial for cell adhesion and distribution throughout the scaffolds (Figure S14, Supporting Information).
Magnetic hyperthermia in cancer therapy is derived from the heat generated by the magnetothermal conversion agents under AMF irradiation and has potential for clinical application of deep-seated cancers.[34-39] The magnetic field strength (H) used in this study was 100 Gauss (7.96 × 103 A m-1) and 130 Gauss (10.35 × 103 A m-1) and the magnetic field frequency (F) was 373.6 kHz. The respective product of magnetic field strength multiplied by the magnetic field frequency was 2.97 × 109 Am-1 s-1 and 3.87 × 109 Am-1 s-1. Both values were within the clinically allowable range of H × F < 5 × 109 Am-1 s-1.[65] Therefore, the magnetic field strength employed in this study was within an acceptable range for clinical application and could potentially be used in a clinical setting without the need for future optimization. The Dox-Lipo/Gel/PGA/FeNP had a good magnetic thermal property under AMF irradiation and the temperature change could be modulated by adjusting the field intensity of AMF as shown in Figure 2M,N. For the control scaffolds (Gel/PGA or Dox-Lipo/Gel/PGA), they could not be heated by AMF due to the lack of Fe3O4 NPs. The temperature change of Dox-Lipo/Gel/PGA/FeNP during 10 min AMF irradiation at field intensity of 100 and 130 Gauss was 8.9 ± 0.5 ℃ and 13.5 ± 0.6 ℃, respectively, both of which could be used for temperature-controlled drug release from the Dox-encapsulated thermosensitive liposomes in vitro and in vivo.
Drug-encapsulated thermosensitive liposomes for chemotherapy have attracted much attention in recent years, but low accumulation and retention of liposomes in the cancer are still the keys to limit its efficacy.[66,67] Delivery of thermosensitive liposomes via scaffolds is an innovative approach to achieve the controlled drug release and high local accumulation in the surgically resected cancer tissues. The Dox-Lipo/Gel/PGA/FeNP showed high drug loading efficiency of 51.3 ± 6.6% and a very low release of Dox, which was 10.3 ± 0.2% during incubation in PBS at 37 ℃ for 8 days (Figure 3A). In contrast, during periodic AMF irradiation at the field intensity of 130 Gauss, the Dox-Lipo/Gel/PGA/FeNP exhibited an accelerated Dox release, which was 92.2 ± 4.1% after 7 cycles of AMF irradiation (Figure 3B). Moreover, the release profile of Dox under low-intensity AMF irradiation was also accelerated, although slightly slower than that under high-intensity AMF irradiation. As long as the temperature of composite scaffolds reached the phase transition temperature (41-42 ℃) under AMF irradiation, the thermosensitive liposomes would be commanded to release the Dox from scaffolds. The slightly higher release of Dox during periodic high-intensity AMF irradiation should be due to that the higher temperature of the scaffold discs needed longer time to return to 37 ℃ when AMF was off. In clinical practice following surgical resection, the composite scaffolds can be implanted and the timing to conduct AMF irradiation for controlled drug release should start as soon as possible. Even if the Dox release does not start immediately after surgical resection and implantation, there should be no problem because the scaffold was stable and the release of Dox from the Dox-Lipo/Gel/PGA/FeNP composite scaffold without AMF irradiation was very slow. The very slow release of Dox without AMF irradiation and the accelerated release of Dox under AMF irradiation are the big advantages of the the Dox-Lipo/Gel/PGA/FeNP composite scaffold.
The synchronized synergistic anticancer effects of magnetic hyperthermia and thermosensitive chemotherapy were evaluated in vitro by applying transwell plates and in vivo by applying inner scaffold discs and outer scaffold rings. As shown in Figures 4-6, the Gel/PGA had no therapeutic effect due to the lack of Fe3O4 NPs or Dox in the scaffolds. The Gel/PGA/FeNP under AMF irradiation exhibited magnetic thermal effect only on breast cancer cells seeded in scaffold discs, while no anticancer effect on the cells in bottom wells of the transwell plates or the cells in donut-shaped scaffold rings. Under AMF irradiation, only magnetothermal Fe3O4 NPs in the scaffolds produced the thermal environment that could ablate breast cancer cells in scaffold discs. However, the thermal environment of scaffold showed no effect on breast cancer cells that were far away from the scaffold discs, such as the cells in bottom wells of transwell plates and the cells in donut-shaped scaffold rings. The Dox-lipo/Gel/PGA showed weak chemotherapeutic effect because the scaffolds only contained the chemotherapeutic Dox without magnetothermal Fe3O4 NPs. Slow-release Dox from Dox-lipo/Gel/PGA could diffuse into the bottom wells or the outer scaffold rings, thereby killing some of breast cancer cells therein. In contrast, Dox-Lipo/Gel/PGA/FeNP had synergistic anticancer effects on breast cancer cells when exposed to AMF because both magnetothermal Fe3O4 NPs and chemotherapeutic Dox were contained in the scaffolds. After AMF irradiation at the field intensity of 100 Gauss, the therapeutic effect of Dox-Lipo/Gel/PGA/FeNP was notably stronger than that of Dox-lipo/Gel/PGA and Gel/PGA/FeNP. The breast cancer cells were killed both inside and far away from the scaffold discs, which was attributed to the accelerated Dox release from the Dox-Lipo/Gel/PGA/FeNP under AMF irradiation. In addition, under AMF irradiation at the higher field intensity of 130 Gauss, the cells in Gel/PGA/FeNP and Dox-Lipo/Gel/PGA/FeNP died quickly, which was due to the super-high temperature environment inducing cell-apoptosis or necrosis.[34,39] When the Dox-Lipo/Gel/PGA/FeNP composite scaffold was irradiated with a high field strength, the scaffold could heat up rapidly, maintain a temperature above 42 °C for a long duration and release a high amount of Dox. This leaded to complete cancer cell eradication in just four times of AMF irradiation in vivo. Conversely, when the composite scaffold was irradiated with low field strength, the composite scaffold heated up slowly and sustained temperatures above 42 °C for a short period, resulting in a weak synergistic effect of hyperthermia and chemotherapy. However, it was still effective in completely eliminating cancer cells with one more AMF irradiation in vivo. The temperature elevation under AMF irradiation at two different field strengths and the therapeutic effects of the composite scaffold on breast cancer cells in vitro and in vivo were consistent with the previously reported results.[29,51] The irradiation intensity and frequency could be adjusted.
In addition to the effective synergistic anticancer against breast cancer cells, breast defects are required to be repaired to improve the life-quality of patients.[68] Therefore, the capacity of composite scaffolds in assisting breast tissue reconstruction was evaluated. The composite scaffolds after all Dox release not only supported the adhesion and proliferation of hMSCs, but also enhanced the formation of lipid droplet and increased the expression of FASN, CEBPA, FABP4 and LPL in adipogenic medium (Figures 7,8 and Figures S14-16, Supporting Information). Moreover, the composite scaffolds showed same level of proliferation and adipogenesis of hMSCs as Gel/PGA scaffolds, suggesting that the composite scaffolds had no negative effect on the growth and adipogenesis of hMSCs after Dox was completely released. In vivo tissue regeneration experiments (Figure S17,18) demonstrated that after therapy, surrounding healthy cells could infiltrate into the composite scaffolds, proliferate rapidly with the assistance of the composite scaffolds, and ultimately achieve breast tissue repair. The results demonstrated that the composite scaffolds could be used for two purposes. One is to eradicate the residual cancer cells after surgical resection by the synergistic magnetic hyperthermia and chemotherapy. Another one is to help breast tissue regeneration after eliminating all breast cancer cells. In addition, it is worth noting that some literatures have reported that magnetic nanoparticles and magnetic composite scaffolds may have potential effects on the proliferation and differentiation of stem cells induced by a magnetic field.[69,70] This is a very interesting topic that deserves further exploration in the future.

5. Conclusion
In this study, Dox-Lipo/Gel/PGA/FeNP composite scaffold was fabricated by hybridizing the Dox-encapsulated DPPC/Chol/DSPE thermosensitive liposomes, Fe3O4 NPs, gelatin and polyglutamic acid. The composite scaffold had well-controlled porous structures and exhibited synergistic anticancer effects of magnetic hyperthermia and thermosensitive chemotherapy. The composite scaffold exhibited excellent magnetic thermal conversion performance that was positively correlated with the field intensity of AMF. The scaffold could simultaneously release the loaded Dox quickly or slowly depending on the AMF irradiation. In vitro and in vivo results indicated that the composite scaffold was able to eliminate breast cancer cells more efficiently than monotherapy. Furthermore, after full Dox release, the composite scaffold could support the growth and adipogenic differentiation of hMSCs. In vivo regeneration results demonstrated that the composite scaffolds could maintain its integrity for a long time and guide normal cells cell infiltration and proliferation within scaffolds. Overall, the composite scaffold can overcome shortcomings of monotherapy and serve as a better therapeutic strategy for breast cancers.
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