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Abstract: Tearable and fillable implants are used to facilitate surgery. The use of implants that can
generate heat and release a drug in response to an exogenous trigger, such as an alternating
magnetic field (AMF), can facilitate on-demand combined thermal treatment and chemotherapy via
remote operation. In this study, we fabricated tearable sponges composed of collagen, magnetite
nanoparticles, and anticancer drugs. Crosslinking of the sponges by heating for 6 h completely
suppressed undesirable drug release in saline at 37 C but allowed drug release at 45 C. The
sponges generated heat immediately after AMF application and raised the cell  culture medium
temperature from 37 to 45 C within 15 min. Heat generation was controlled by switching the AMF
on and o . Furthermore, in response to heat generation, drug release from the sponges could be
induced and moderated. Thus, remote-controlled heat generation and drug release were achieved
by switching the AMF on and o . The sponges destroyed tumor cells when AMF was applied for 15
min but not when AMF was absent. The tearing and filling properties of the sponges may be useful
for  the surgical  repair  of  bone and tissue defects.  Moreover,  these sponges,  along with  AMF
application, can facilitate combined thermal therapy and chemotherapy.
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1. Introduction

Surgery is a standard treatment for removing bone and soft tissue tumors [1,2]. To reconstruct
the defects formed by surgery, restorative materials are frequently implanted into the defect site [3–
5].  The  use  of  restorative  materials  that  can  release  anticancer  drugs  may  play  a  role  in  the
prevention of the recurrence of tumors as well as the reconstruction of the defects [6–9].

To date, porous materials have been developed as implantable carriers for drug delivery systems

(DDS)  [10–12].  Notably,  sponge-like  materials  are  promising  implantable  carrier  materials  for  DDS

because they easily fill defects owing to their tearable and flexible properties [13–17]. To date, various

sponge-like materials composed of chitosan, silk, and gelatin have been fabricated by freeze-drying and

electrospinning methods [13–17]. However, in many cases, drug release from implantable carriers is di

cult to control because they are spontaneously dissolved in the body [17]. Therefore, researchers have

tried to actively control drug release by developing implantable carriers with responsiveness to stimuli

such as light [18] and electric fields [19,20]. Although these stimuli have the advantage of being
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switchable,  they  cannot  penetrate  deep  into  the  body.  Therefore,  the  use  of  these  stimuli  is
considered challenging for the active control of drug release.

Although chemotherapy controlled  by DDS is  a  promising tumor treatment,  the  e ectiveness of

anticancer drugs depends on the cancer type and stage [20]. In contrast, treatments such as thermal

therapy show therapeutic e ects regardless of cancer type and stage [21–23]. It has been reported that

the combination of chemotherapy and thermal treatment, enhances treatment e cacy [24,25]. Notably,

magnetic nanoparticles and anticancer drug-loaded materials can be used in a way to exploit the heat

generated by magnetic nanoparticles in response to alternating magnetic field (AMF) exposure [26–29],

which can subsequently act as a trigger for releasing drugs from the materials, achieving a remotely

controllable on-demand administration of combined chemotherapy and thermal treatment [30–34].

In  this  study,  we synthesized  magnetic  nanoparticles and anticancer  drug-loaded collagen
sponges and evaluated their ability to generate heat and drug release behavior. Furthermore, the
therapeutic  e  cacy  of  combined  chemotherapy  and  thermal  treatment  through  the  use  of  the
composite sponge and AMF application was evaluated using in vitro assays.

2. Experimental Section

2.1. Synthesis of Magnetic Nanoparticles (MNPs)

The  MNPs  were  prepared  using  a  previously  reported  method  [35,36].  Briefly,  iron  (III)

acetylacetonate,  Fe(acac)3,  (Nihon  Kagaku  Sangyo,  Tokyo,  Japan)  was  dissolved  in  ethanol.
Subsequently, hydrazine monohydrate (Kishida Chemical, Osaka, Japan) and distilled water were added

to the Fe(acac)3 solution, and then the mixture was stirred at 78 C for 24 h. The magnetic properties of

iron  oxide  (magnetite  and/or  maghemite)  nanoparticles  were  controlled  by  adjusting  the  Fe(acac)3
concentration and the amounts of hydrazine monohydrate and distilled water added to the mixture. The

Fe(acac)3 concentration and the amounts of hydrazine monohydrate and distilled water used are shown
in Table S1. The MNPs were collected by centrifugation of the solution at 10,000 rpm for 10 min. The
obtained MNPs were washed with ethanol and distilled water three times, respectively.

2.2. Fabrication of the MNPs and Anticancer Drug-Loaded Collagen Sponge

The  anticancer  drug  we  used  was  doxorubicin  hydrochloride  (DOX;  Tokyo  Chemical  Industry,

Tokyo, Japan). For the fabrication of the MNPs and DOX-loaded collagen sponge (MDC sponge), MNPs

with the highest saturation magnetization (MNPs-8) were used. The MNPs (3.5 mg) and DOX (85 g) were

mixed with a type-I collagen solution (5 mg/mL, Nitta Gelatin, Osaka, Japan), and the MDC sponge was

fabricated by freeze-drying the mixture at 80 C for 48 h. To control DOX release from the MDC sponge,

the MDC sponge was crosslinked by heat treatment at 140 C for 1.5, 6, or 24 h under vacuum. To

confirm that the MDC sponge contained DOX using Fourier-transform infrared (FTIR) spectroscopy, a

collagen sponge loaded with MNPs (without DOX; MC sponge) was fabricated.

2.3. Characterization of the MNPs and MDC sponge

The  microstructures  of  the  MNPs  and  MDC sponge  were  observed  using  a  transmission
electron  microscope  (TEM;  JEM-2100Plus,  JEOL,  Tokyo,  Japan)  and  a  scanning  electron
microscope (SEM; JSM-5600, JEOL, Tokyo, Japan). The crystal phases of the MNPs and MDC
sponge were confirmed using X-ray di raction (XRD; RINT-2100/PC, Rigaku, Tokyo, Japan). The
crystallite size of the MNPs was calculated using Scherrer’s equation and the 311-di raction peak.
The FTIR spectra were obtained using an FTIR spectrometer (FT/IR-6100, JASCO, Tokyo, Japan).
The inorganic and organic percentages of the MDC sponge were measured using thermogravimetric
and di  erential  thermal  analysis  (TG-DTA;  DTG-60AH, Shimadzu,  Kyoto,  Japan).  The magnetic
properties of the MNPs and MDC sponge were measured at room temperature using a vibrating
sample magnetometer (VSM; BHV55, Riken Denshi, Tokyo, Japan).



2.4. Heat Generation Properties of the MNPs

The MNPs with the highest saturation magnetization (MNPs-8) were uniformly suspended in
distilled water by sonication (50 W, 20 kHz, 30 s) using an ultrasonic oscillator (VCX-50PB, Ieda
Trading, Tokyo, Japan) at a concentration of 1 mg/mL. The MNPs were suspended for a few hours
at  least  and  no  precipitation  was  observed.  The  suspension  was  placed  inside  the  coil  of  an
induction heater (Easy Heat, Alonics, Tokyo, Japan). Subsequently, the suspension was exposed to
a magnetic field of 74 Oe and a frequency of 216 kHz for 10 min. The temperature of the suspension
was measured every 30 s  using an infrared thermal imaging camera (InfReC G100EX, Nippon
Avionics, Tokyo, Japan). The heat generation properties of MNPs were assessed based on the
specific absorption rate (SAR) of the particles. SAR was calculated using the following equation:

SAR =

mC dT

, (1)
m

Fe3O4 dt

where, C is the specific heat of water (4.2 J/(g K)); m is the mass of the sample; mFe3O4 is the mass
of the MNPs in the sample; T is the temperature; t is the application time of the AMF; and dT/dt is
the slope of the curve of temperature vs. application time of the AMF in the first 30 s [37].

2.5. DOX Release from the MDC Sponge Without the AMF Application

An untreated MDC sponge (4.4 mg) and an MDC sponge (4.4 mg) that was crosslinked for 1.5,
6, or 24 h, were immersed in phosphate-bu ered saline (PBS, 1.0 mL) at 37 C and 45 C. The UV-vis
spectra  of  the  supernatant  (400-800  nm  of  wavelength  range)  were  measured  using  UV-vis
spectroscopy (V-670 spectrophotometer, JASCO, Tokyo, Japan). The amount of released DOX was
estimated using the Beer–Lambert law based on the absorbance at 480 nm.

2.6. Heat Generation Properties of MDC Sponge

An MDC sponge crosslinked for 6 h (11 mg) was immersed in a cell culture medium (1.3 mL)
and exposed to AMF (magnetic field of 74 Oe and frequency of 216 kHz) for 20 min using an
induction heater. The temperature of the MDC sponge in the cell culture medium was measured
every 30 s using an infrared thermal imaging camera.

2.7. Control of Heat Generation and DOX Release by Switching the AMF on and o

An MDC sponge crosslinked for 6 h was immersed in a cell culture medium, and the system
temperature was kept at 37 C. The MDC sponge was exposed to AMF (magnetic field of 74 Oe of
magnetic field and frequency of 216 kHz) at 15-min intervals by switching the AMF on and o . The
solution temperature during AMF application was measured using an infrared thermal camera. The
amount  of  DOX released from the MDC sponge every 15 min was estimated using the Beer–
Lambert law based on the absorbance at 480 nm, which was measured using UV-vis spectroscopy.

2.8. Destructive Ability of the MDC Sponge on HeLa Cells in the Presence of an AMF

HeLa cells (Riken, Tsukuba, Japan) were cultured in Dulbecco's modified Eagle's medium (DMEM;
Fujifilm  Wako  Pure  Chemical,  Osaka,  Japan)  supplemented  with  fetal  bovine  serum  (FBS;  final
concentration 10%, Sigma Aldrich, MO), MEM non-essential amino acids solution (final concentration 1%,
Fujifilm Wako Pure Chemical),  and a penicillin–streptomycin solution (final  concentration 1%, Fujifilm

Wako Pure Chemical). Cells were seeded at a density of 2.5 10
4
 cells per well in a 24-well plate and

cultured under 5% CO2 at 37 C for 24 h. Cells were enumerated using a cell counter (Cell Counting Kit-8,
Dojindo Laboratories, Kumamoto, Japan). The MDC sponge crosslinked for 6 h (3.5 mg) was placed in a
well and exposed to AMF (magnetic field of 74 Oe and frequency of 216 kHz) for 15 min using the
induction heater. Cell viability was measured using cytotoxicity assays and a tetrazolium salt (CCK-8
assay system, Takara Bio, Shiga, Japan) at days 3 and 5 after AMF application.



In the CCK-8 assay, the absorbance at 460 nm was measured using a microplate reader (Epoch 2,
BioTek Instrument, VT). As a control, we measured the cell viability of the non-treated cells and
cells cultured with the MDC sponge in the absence of the AMF application. Significant di erences
were  estimated  by  multiple  comparisons  between groups using  a  general  multiple  comparison
method, the Tukey–Kramer method. p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. The Structure, Magnetic Properties, and Heat Generation Ability of the MNPs

The XRD patterns showed that all the MNPs were composed of magnetite and/or maghemite

(Figure S1). The crystallite size of the MNPs was increased with increasing Fe(acac)3 concentration
and  the  additive  amounts  of  hydrazine  monohydrate  and  distilled  water  (Figure  S2).  We  have
previously demonstrated that  the crystallite size increased by increasing the amount of  the iron
source. Furthermore, hydrolysis of the iron complex was promoted by increasing the amounts of
hydrazine and water, resulting in an increase in crystallite size. Thus, the results of this study are
consistent with those of our previous reports [31].

The magnetization curves of all the MNPs showed neither coercivity nor remnant magnetization
(Figure S3), indicating that the MNPs were superparamagnetic. It has been reported that MNPs less
than 10 nm in diameter exhibit superparamagnetic properties [38]. As the crystallite sizes of all the
MNPs in our study were less than 10 nm in diameter, all the MNPs exhibited superparamagnetic

properties.  Furthermore,  the  magnetization  of  the  MNPs  increased  when  the  Fe(acac)3

concentration (Figure S3A) and the additive amounts of hydrazine monohydrate (Figure S3B) and
distilled  water  (Figure  S3C)  increased.  Thus,  the  magnetization  of  the MNPs increased as  the
crystallite size increased. As the MNPs-8 had the highest magnetization (76.8 emu/g) at 15 kOe,
they were used to fabricate the MDC sponges.

The MNPs-8 were uniformly suspended in distilled water and generated heat in response to
AMF exposure (74 Oe and 216 kHz), raising the water temperature from 28.5 to 56.8 C for 10 min
(Figure S4). The SAR was 70.6 W/g. Hergt et al. reported that the SAR of Endorem, a magnetic
resonance imaging contrast agent consisting of 6-nm-MNPs, was < 0.1 W/g at 300 kHz and 82 Oe
[39]. Timko et al. reported that the SAR of MNPs with a diameter of 10–140 nm enveloped by a
biological membrane consisting of phospholipids and specific proteins was 171 W/g at 750 kHz and
63 Oe [40]. Drake et al. reported that the SAR of Gd-doped iron oxide was 36 W/g at 52 kHz and
246 Oe [41]. Generally, SAR is proportional to the frequency and the square of the amplitude of the
magnetic  field  [42].  Thus,  the  MNPs-8  had  higher  heat  generation  abilities  than  the  reported
materials. We have previously demonstrated that the dead layer of MNPs synthesized using the
same method used in this study was thin, providing high heat generation abilities [43].

3.2. The Structure of the MDC Sponges

The MDC sponges were flexible and tearable (Figure 1A,B), characteristics that facilitate the filling of

the defects formed by surgery. The MDC sponges were primarily composed of collagen fibers (Figure

1C), which contained DOX and MNPs (Figure 1D,E). The crosslinking of collagen reportedly impacts

mechanical properties, such as the elastic modulus and elongation [44,45]. Owing to this crosslinking e

ect, the handleability for filling the MDC sponges into the defects seems to be improved.
The di raction peaks of magnetite and/or maghemite were detected in the XRD patterns (Figure  2A).

In the FTIR spectra of the MC and MDC sponges (Figure 2B), absorption bands attributable to amide

groups in collagen were detected at 1650 cm 1
 (amide I band), 1560 cm

-1
 (amide II band), and 1235 cm

1
 (amide III band) [46]. Furthermore, in the spectra of the MDC sponges, bands attributable to DOX were

detected at 1283 cm 1
 ( C-O-C), 1114 cm 1

 (primary alcohol, C-O), 1070 cm 1
 (secondary alcohol,

C-O), and 988 cm 1
 (tertiary alcohol, C-O) [47]. The XRD and FTIR results demonstrated that the MDC

sponges contained MNPs and DOX in the collagen matrix. The TG-DTA curves showed weight



3.5. Control of DOX Release from the MDC Sponges by Switching the AMF on and off
The MDC sponges were exposed to AMF at 15-min intervals by switching the AMF on and off

in  the  cell  culture  medium.  The  MDC sponges  responded immediately  to  AMF exposure  and
generated heat, increasing the medium temperature to 45 °C within 15 min (Figure 6A). The MDC
sponges stopped generating heat immediately after the AMF was switched off, resulting in a rapid

Figure 5. (A) Photograph and thermal images of MDC sponges in the cell culture medium before and Figure 5. (A) Photograph and thermal images of MDC sponges in the cell culture medium before 
and

fall in the medium temperature to 37 °C. Thus, heat generation by the MDC sponges was controlled during AMF application. (B) Change in medium temp rature with AMF application time.
during AMF application. (B) Change in medium temperature with AMF application time.

by switching the AMF on and off.
3.5. Control of DOX Release from the MDC Sponges by Switching the AMF on and o

Although the MDC sponges released no DOX before the first AMF application, they started 3.5. Control of DOX Release from the MDC Sponges by
Switching the AMF on and off
releasing DOX immediately after the AMF was switched on (Figure 6B). When AMF application was The MDC sponges were exposed to AMF at 15-min intervals by switching the AMF

and o in
stopped,The MDCDOX releasespongesfromweretheexposedMDC tospongesAMF atbecame15-inslowintervals.WhenbyAMFswitchingwasappliedtheAMFagain,onandfastoff  the cell
culture medium. The MDC sponges r sponded immediately to AMF exposure and generated
inDOXthereleasecellculturefrom  thmediumMDC.  ThespongesMDCwasspongesagain  observedresponded.AimmediatelysimilarDOXtoreleaseAMF
exposurerespons wasand heat, increasing the medium temperature to 45 C within 15 min (Figure 6A). The MDC sponges
genobservedatedasheat,the  AMFincreasingwassubsequentlythemedium  turnedemperatureonandtooff45.  The°Cwithinabove results15min demonstrated(Figure6A).ThethatMDCboth
stopped generating heat immediately after the AMF was switched , resulting in rapid fall in the
spongestheheat  stoppedgenerationgeneratingabilityofheattheimmediatelyMDCspongesafterandtheDOXAMFreleasewasswitchedfromthemoff,
resultingwereremotelyinarapidan m dium temperature to 37 C. Thus, heat generation by the MDC sponges was controlled by switching

fallactivelyinthecontrolledmedium temperaturebyswitching tothe37AMF°C.Thus,onandheatoffgeneration. by the MDC sponges was controlled the AMF and .

by switching the AMF on and off.
Although the MDC sponges released no DOX before the first AMF application, they started

releasing DOX immediately after the AMF was switched on (Figure 6B). When AMF application
was stopped, DOX release from the MDC sponges became slow. When AMF was applied again, a
fast DOX release from the MDC sponges was again observed. A similar DOX release response was
observed as the AMF was subsequently turned on and off. The above results demonstrated that
both the heat generation ability of the MDC sponges and DOX release from them were remotely
and actively controlled by switching the AMF on and off.

Figure 6. (A) Temperature changeininMDCsponge-immersed-ininthethecellcellcultureculturemediumin inresponseresponseto 
toswitchingswitchingthetheAMFAMFononandando off.(.B(B))DOXDOXreleasefromthetheMDCsponge when AMF was repeatedly

applied and removed.

Although  the  MDC  sponges  released  no  DOX  before  the  first  AMF  application,  they  started
releasing DOX immediately after the AMF was switched on (Figure 6B). When AMF application was
stopped, DOX release from the MDC sponges became slow. When AMF was applied again, a fast DOX
release from the MDC sponges was again observed. A similar DOX release response was observed as
the AMF was subsequently turned on and o . The above results demonstrated that both the

Figure 6. (A) Temperature change in MDC sponge-immersed in the cell culture medium in response  heat generation ability of the MDC sponges and DOX
release from them were remotely and actively

to switching the AMF on and off. (B) DOX release from the MDC sponge when AMF was repeatedly
controlled by switching the AMF on and o .

applied and removed.



3.6. The Tumor Cell Killing Ability of thee MDC Spongesges

The viability of the tumor cells (HeLa cells) that were incubated with the MDC sponge in the
absence  of  AMF exposure for 3  and  5 days  was  approximatelyt  ly 100% (Figurei  7A,B),,  suggesting that there was no  DOX

releasefromthetheMDCMDCspongesponge.The.Theviabilitiesviabilitiesof ofcellscellsthatthatwereweresubjectedsubjectedtoato15a-
15min-minAMFAMFapplicationapplicationin inthethepresenceofofthetheMCMCspongeandandsubsequentlyincubated  with  the MC  sponge inin

thetheabsenceofofAMFAMFat atdaysdays3and3and5were5were27.6%27±.6%2.8%  and2.8%8.and1%±84.1%.9%,  respectively4.9%,respectively(Figure

(Figure7A,B).Thus,7A,B). thermalThus,thetreatmentmaltreatmentwas effectivewasctiveinkillingkillingtumortumorcellscells.To.Toevaluateevaluatethetheeffectsects of combined

thermaltreatmenttreatmentandandchemotherapy,chemotherapy ,cellsthe werecellssubjectedweresubjectedtoa15-minto AMFa15-applicationminAMF

inapplicationthepresenceintheof thepresenceMDC spongeoftheMDC.Cell spongeviabilities.Cellat viabilitiesdays3andat5 dayswere 37.and5% 5 0were.8% and7.5%2.±1%0.8%0.and3%, respectively2.1%

±0.3%, (Figurerespectively7A,B)(Figure.These  results7A,B). demonstratedTheseresults  demonstratedthatthecombinationthattheofcombinationthermaltreatmentofthermaland  DOXtreatmentactionandled

DOXtohigheractiontumorled cellto higherklling  etumorectsthancell thermalkilling  effectstreatmentthanalonethermal.Furthermore,treatmentgradualalone. DOXFurthermore,releasefromgradualthe

DOXMDCreleasespongesfromaftertheswitchingMDCspongestheAMFafteroswitchingcontinuedthetoAMFpromoteoffcontinuedtumorcellto killingpromoteandtumorcell

growthcellkillinghibitionandcell.Thus,growthwithinhibitionasimple.Thus,surgicalwithprocedure,asimple  surgicaltheMDCprocedure,spongesmaythe beMDCutilizedspongestoachievemaybe onutilized-

demandtoachievetreatmenton-demandandsubsequenttreatmentremotelyandsubsequentcontrolledremotelyadministracontrolledionof

eadministrationcienttreatmentsofefficient. treatments.
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Figure 7. Viability of untreated HeLa cells incubated without sponges and AMF application, with the

MDC sponge and no AMF application, with MC sponge (withoutit t DOX) and 15-
-
min AMF application,

and with MDC sponge and 15--min AMFF application atat 33 ((AA)) andand 55(B(B))days,days,respectively(*(*pp < 0
..05

and **pp <<0.01)0.01)..

Currently,Currently, collagencollagen spongessponges areare usedused inin clinicalclinical practicepractice duedue toto theirtheir handleability.handleability. ForFor example,example,
fi

TeruplugTeruplug® isis filledfilled intointo toothtooth extractionextraction woundswounds forfor hemostasis,hemostasis, thethe protectionprotection ofof thethe woundwound surface,surface,

and the promotion of tissue formation [50]. This fact suggests that MDC sponges, which have favorable and the promotion of tissue formation [50]. This 
fact suggests that MDC sponges, which have
handleability,favorablehandleability,areconsideredareconsideredapplicable applicableinclinical practice.inclinical practice.

4. Conclusions
4. Conclusions

This study successfully produced tearable MDC sponges. The degree of crosslinking of the MDC This study successfully
produced tearable MDC sponges. The degree of crosslinking of the MDC sponges was controlled by adjusting the crosslinking

time. A 6-h crosslinking prevented undesirable sponges was controlled by adjusting the crosslinking time. A 6-h crosslinking
prevented undesirable DOX release from the MDC sponges in the absence of AMF exposure, but it allowed DOX release after

DOX release from the MDC sponges in the absence of AMF exposure, but it allowed DOX release
AMF exposure. Heat generation and DOX release were controlled by switching the AMF on and o . after AMF exposure. Heat generation and DOX release
were controlled by switching the AMF on and
Furthermore, AMF application in the presence of the MDC sponges had profound e ects on destroying off. Furthermore, AMF application in
the presence of the MDC sponges had profound effects on tumor cells, and the e ect continued after termination of AMF exposure. Although the
present study destroying tumor cells, and the effect continued after termination of AMF exposure. Although the

present study evaluated the handleability and cell killing abilities of MDC sponges through in vitro



evaluated the handleability and cell killing abilities of MDC sponges through in vitro experiments, in
vivo  experiments  are  necessary  for  the  evaluation  of  practical  usefulness.  Therefore,  in  future
studies, we will evaluate the usefulness of MDC sponges through in vivo experiments.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/16/3637/s1,
Figure S1: XRD patterns of MNPs, Figure S2: Relationship between crystallite size and Fe(acac)3 concentration,
Figure S3: Magnetization curves of MNPs at room temperature, Figure S4: Photograph and thermal images of
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before and after crosslinking for 1.5, 6, and 24 h, Table S1: Synthesis conditions of MNPs.
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Abbreviations

AMF alternating magnetic field
MNPs magnetite nanoparticles

DOX doxorubicin hydrochloride
FTIR Fourier-transform infrared
MDC MNPs and DOX-loaded collagen sponge

SEM scanning electron microscope

TEM transmission electron microscope
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