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Abstract 

Poly (caprolactone; PCL) - poly (N-isopropylacrylamie; PNIPAAm) - Fe3O4 fiber, that can be 

magnetically actuated, is reported. Here, we engineer a structure that can be utilized as a smart carrier 

for the release of chemotherapeutic drug via magneto-thermal activation, with the aid of magnetic 

nanoparticles (MNPs). The magnetic measurement of the fibers revealed saturation magnetization 

values within the range of 1.2-2.2 emu/g. The magnetic PCL-PNIPAAm-Fe3O4 scaffold showed a 

specific loss power value of 4.19 W/g at 20wt% MNPs. A temperature increase of 40 C led to a 

600% swelling after only 3 h. Doxorubicin (DOX) as a model drug, demonstrated a controllable drug 

release profile. 39% ± 0.92 of the total drug loaded was released after 96 h at 37 C, while 25% drug 

release in 3 h at 40 C was detected. Cytotoxicity results showed no significant difference in cell 

attachment efficiency between the MNP-loaded fibers and control while the DOX-loaded fibers 
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effectively inhibited cell proliferation at 24 h matching the drug release profile. The non-cytotoxic 

effect, coupled with the magneto-thermal property and controlled drug release, renders excellent 

potential for these fibers to be used as a smart drug-release agent for localized cancer therapy.  

magnetic fibrous structure;  ;4O3eF ;isopropylacrylamie)-Poly (caprolactone); Poly (N :Key words

hyperthermia. 

1. Introduction 

The most common treatment for cancer is chemotherapy and radiotherapy [1]. However, 

these therapeutic approaches cause serious side effects to normal cells and the lack of 

selectivity toward cancer cells is the main drawback [2]. An interesting approach is the 

utilization of a stimuli-responsive polymeric structure that can respond to an external stimuli 

such as temperature, light, electrical or magnetic fields [3, 4]. One of the best studied 

environmentally responsive polymers is the water-soluble thermo-sensitive poly (N-

isopropylacrylamide) (PNIPAAm) with a low critical solution temperature (LCST) of 32 oC 

[5]. Above LCST, the hydrated polymer shrinks and releases its cargo, making them ideal as 

a smart thermoresponsive polymer for medical applications [6].  

Recently, magnetic nanoparticles (MNPs) have received great attention for cancer therapy 

applications because of their low toxicity, low cost and easy of preparation [7] . Also, MNPs 

can be activated by an external alternating magnetic field (AMF) and can act as a heat 

generating source for hyperthermia applications [8-12]. These heat generating sources can 

increase the local temperature up to 41-45 C and hence cause tumor cell death [13, 14]. 

Zhang et al. [15] fabricated a three-dimensional composite membrane of poly(ℇ-

caprolactone)-poly (ethylene glycol)- poly(ℇ-caprolactone) containing 10%(w/w) Fe3O4 

nanoparticles by co-spinning technique and confirmed the non-cytotoxic nature of the 

resultant structure. In a study by Kim et al. [16], co-polymer of NIPAAm and N-

hydroxymethylacrylamide (HMAAm) (poly (NIPAAm-co-HMAAm)) nanofiber was used to 

encapsulate DOX and MNPs (Fe3O4) and maghemite (γ-Fe2O3) through electrospinning. In 

the presence of nanoparticles and doxorubicin (DOX), 70% of human melanoma cells were 

destroyed in 5 min by applying an AMF. DOX is a well-known chemotherapeutic drug that 

causes cell death by damaging DNA [17]. Slemming-Adamsen et al. [18] electrospinned in 

situ cross-linked PNIPAAm-gelatin nanofibers with DOX encapsulation and showed that at 

40 C, DOX release caused significant reduction in Hela cell viability. In a different study, a 
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smart injectable thermoresponsive hydrogel formed by alginate-g-PNIPAAm loaded with 

DOX was synthesized, where a more sustained release of DOX was achieved with a good 

efficiency for killing the cancer cells [3]. Many studies have proved the application of 

PNIPAAm nanofibers in the field of controlled drug release due to its thermosensitive 

characteristics. Nevertheless, due to the poor electrospinnability and biocompatibility of 

PNIPAAm, blending it with other polymers is suggested [19]. Among synthetic polymers, 

polycaprolactone (PCL) is commonly used for the fabrication of uniform fibers. In addition, 

this polymer would enhance the biocompatibility of the polymeric network and can be used 

in long term drug delivery system due to its low degradation rate [20].  

In this study, MNPs and DOX are encapsulated in PCL- PNIPAAm nanofibrous membrane 

[21] through electrospinning, a simple versatile technique, to resemble the structure of 

extracellular matrix (ECM) [22, 23] and to simultaneously enable a more efficient cancer 

therapy approach. Other techniques such as centrifugal spinning and pressurized gyration are 

also viable in order to mass produce the nano-fibres prepared in this way[24]. 

2. Materials and methods 

synthesis nanoparticle 4O3Fe 2.1 

MNPs were prepared through co-precipitation method as previously described [21]. All 

precursors were purchased from Merck, Germany. In brief, 60 mL and 30 mL ferric and 

ferrous chloride solutions (0.1 M) were prepared separately. Then both solutions were mixed 

in a three-necked round flask under nitrogen atmosphere. After 15 min, 7mL ammonia 

solution was added dropwise to the above solution and caused a color transition that showed 

black magnetite crystals were formed. Finally, MNPs were washed three times with distilled 

water and ethanol to remove excess ammonia. MNPs were dried at 60 oC in vacuum for 5 h. 

2.2 PCL-PNIPAAm nanofiber fabrication 

Fibers were prepared by using PCL-PNIPAAm solution at a ratio of 1:1. PCL (80000, Sigma-

Aldrich Co. USA) was dissolved in a 1:3 mixture of methanol and chloroform (Merck, 
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Germany). Then, PNIPAAm (40000, Sigma-Aldrich) was dissolved into the mixed solvent. 

Once the homogenous polymer solution was obtained, electrospinning was carried out in a 1 

mL syringe fitted with a metallic needle of 21 gauge. The electrospinning conditions were as 

follows: a voltage of 11 kV, a needle to collector distance of 110 mm and a flow rate of 1 

mL/h. 

2.3 Magnetic PCL-PNIPAAm fabrications 

For the preparation of magnetic PCL-PNIPAAm solution, 10wt% and 20wt% MNPs were 

added to the as prepared polymeric solution. MNPs were dispersed in the solution with probe 

sonication for 5 min. After getting a black solution, it was transferred into the syringe 

immediately to avoid nanoparticle agglomeration. Electrospinning parameters were as 

discussed above. During electrospinning, to avoid MNPs agglomeration in the syringe, after 

time interval of 20min, the solution was transferred to a probe sonicator for homogenization. 

2.4 Characterization of PCL-PNIPAAm magnetic fibers 

X-ray diffraction (XRD) analysis 

To determine the phase structure of nanocomposite fibers, X-ray diffractometer (X’pert 

Philips) with Cu Kα source radiation (λ=0.154 nm) was used. The samples were scanned at 

2=10-90o, at a voltage of 40 kV and a current of 30 mA. The average diameter of magnetic 

nanoparticles was calculated according to Scherrer’s equation (Eq.1)   

D= Kλ /βcos            (1) 

Where D is the average crystallite size, K is the grain shape factor (0.94), λ is X-ray 

wavelength of Cu Kα radiation (0.154 nm), β is the full width at half-maximum intensity and 

 is the Bragg diffraction angle. The most intense peak (311) was chosen to determine the 

average diameter of MNPs [14]. 
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Scanning electron microscopy (SEM) analysis 

The morphologies of the electrospun fibers were investigated using scanning electron 

microscopy (Philips XL30) operated at 30 kV. SEM samples were gold sputtered and then 

analyzed. The average fibers diameter was estimated using Image J software by measuring 20 

fibers. 

 

Vibrating sample magnetometer (VSM) analysis 

Magnetic properties were measured in a vibrating sample magnetometer (VSM) under a 

maximum applied magnetic field of 12000 Oe at room temperature. 

Magnetic heating properties of the scaffolds 

Heating properties were carried out by placing 5 mg nanoparticles or fibers in a glass tube 

containing 1 mL distilled water in the center of a coil of a custom-built magnetic field 

generator with an efficient field intensity of 6 kA/m at a frequency of v=330 kHz. The SLP 

value was measured using Eq.2: 

          (2) 

Where Ci is specific heat capacity of magnetite and water and are 650 J/kgK and 4180 J/kgK 

,  respectively, mi is the mass of magnetite and water, A is water equivalent of glass tube 

(11.28 J/K), Teflon coating and alcohol thermometer, and m is the mass of magnetic 

nanofibers in fluid. The term 
dT

dt
 is the slope of temperature versus time performed by a 

linear fit to the curve at the initial time interval in the experiment [25]. Eq.3 determines 

intrinsic loss power, which is produced by the transformation of the energy absorbed by the 

magnetic nanofibers into heat: 
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ILP=SLP/H2f            (3) 

Where H is the intensity and f is frequency of the magnetic field that are 6 kA/m and 330 

kHz, respectively. 

Fourier transform infrared spectrometer (FTIR) analysis 

The infrared spectra was recorded in the range 500-4000 cm-1 on a Fourier transform infrared 

spectrometer (FTIR; Model Bomem, MB 100). Electrospun fibers were dried overnight 

before examination. 

Thermogravimetric analysis (TGA) 

Thermal stability of the electrospun fibers was carried out by differential scanning 

calorimetry (DSC)-thermogravimetric (TGA) experiments. TGA-DSC analysis was examined 

at a heating rate of 10 oC min-1 from 25oC to 500 oC in air atmosphere. 

Hydrophilicity study 

The wettability of the scaffolds was evaluated by measuring the water contact angle using a 

CA-500A analyzer. A 4 µL water droplet in time duration of three seconds was poured on the 

surface of each sample to measure the angle between the droplet and the scaffold. It should 

be noted that each droplet was poured in the middle of each sample. 

Swelling behavior 

The swelling behavior of the PCL-PNIPAAm-DOX electrospun fibers were carried out at 37 

oC (biological body temperature) and 40 oC (the temperature when exposed to an AMF) in 

PBS solution. Fibers were weighed and then placed in a shaker incubator (SCI FINETECH 

Co.). Swollen scaffolds were examined at regular time intervals (1, 2, 3, 24, 48, 72, 96 h), 
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weighed and then placed in the bath. The percent mass swelling was determined based on the 

following equation (Eq.4): 

Swelling (%) =                                                                                            (4) 

Where W0 and Wt are the initial mass and mass at different time-intervals, respectively. All 

experiments were carried out for three samples. 

2.5 Drug loading and release of DOX 

Briefly, 2 wt% of DOX drug was added to PCL-PNIPAAm solution and stirred for 1 h in 

darkness. Following mixing, electrospinning was carried out according to section 2.2 and the 

resultant fibers were left in a desiccator overnight. To measure the release of DOX, 

electrospun fibers were cut into 20×20 mm2 pieces and immersed in PBS solution. The 

samples were placed in a shaker incubator at 37 oC for 1, 2, 3, 24, 48, 72, 96 h and 40 oC for 

1, 2, 3 h. The amount of drug release was analyzed via UV-vis spectrophotometry (Model 

EU-2800DS). The drug release percentage was calculated according to the following 

equation (Eq.5): 

Released drug =          (5) 

Where Mt is the mass of DOX released at time (t) and Mtot is the total mass of DOX on the 

fibrous mat. 

2.6 Cell study 

Human osteoblast-like cells (MG63) were obtained from the Pasteur Institute (Iran). 

Dulbecco’s modified eagle’s medium-high glucose12800 (DMEM12800), fetal bovine serum 

(FBS), penicillin, streptomycin, glutamax and trypsin/EDTA solution were obtained from 
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Gibco (Germany). MG63 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% FBS, 100 U/mL penicillin-streptomycin and 1% glutamax 

at 37 °C in a humidified atmosphere of 5% CO2. Fibers were sterilized under UV for 40 

minutes and washed twice with PBS and put in penicillin/Streptomycin/gentamicin.  

Cell attachment 

MG-63 osteoblast-like cells were seeded at a density of 30,000 cell/scaffold and incubated for 

24 h at 37 °C in a humidified atmosphere of 5% CO2.  At day 1, cells were fixed with 2.5% 

gluteraldehyde (Sigma, UK) in PBS for 40 minutes at 4 °C. Cells were dehydrated through a 

series of increasing concentration of graded ethanol (0, 25, 50, 75 and 100%). Samples were 

sputter coated with gold and viewed using a scanning electron microscope (SEM, type of 

Philips XL30). 

Cell attachment and viability 

MTS cytotoxicity/proliferation assay (Invitrogen, UK) was performed according to the 

manufacturer’s protocol. Initially, MG63 cells were cultured at a density of 30,000 

cell/scaffold for 4 h to evaluate cell attachment. At days 1, 3 and 6 cell proliferation was 

studied. At the end of each time point, MTS reagent was added to each well and incubated for 

3.5 h at 37 °C after which absorbance was measured at 450 nm using a microplate reader. 

Statistical Analysis 

Statistical differences were determined by one-way ANOVA, with p ≤ 0.05 considered 

significant. 

3. Results and discussion 

Fig. 1 presents Fe3O4 magnetite XRD peaks detected at 2 = 30o, 35o, 43o, 53o, 57o and 63o 

corresponding to planes (220), (311), (400), (422), (511) and (440), demonstrating a cubic 
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spinel structure [21]. The crystallite size of MNPs was calculated according to Scherrer’s 

equation (Eq.1) and was found to be 21 nm. The PCL-PNIPAAm XRD pattern (Fig.1) 

exhibits two defined crystalline peaks at 2θ = 21 and 23o suggesting uniform interaction 

between the polymers [26, 27]. The diffraction peaks at 2θ = 30o, 35o, 43o and 57o reveals the 

crystalline peaks of MNPs (10 and 20 wt% tested) within the PCPN fibers which are related 

to planes (220), (311), (400) and (511) [26]. The results also demonstrate that the magnetite 

peaks intensify with increased concentration of MNPs. 

 

Figure 1: X-ray diffraction pattern for PCL/PNIPAAm and 10 and 20 wt% Fe3O4 in PCL/PNIPAAm 

fibers. 

In Fig. 2 SEM images of randomly orientated nanofibers of PCPN without and with MNPs 

are presented. It is evident that all fibers are in nanoscale and possess a porous structure. 

Flow rate of the polymer solution, the distance between syringe tip to the collector and 

applied voltage are the parameters that affect the morphology and diameter of electrospun 

fibers. Since these parameters were constant for PCPN, PCPN10 and PCPN 20, it can be 

concluded that the MNP concentration plays the important role in the fiber morphology[28]. 

As can be seen the PCPN fibers appear to have a bead-free smooth surface with an average 

diameter of 569±195 nm. During electrospining, the MNPs could either be incorporated 

within the fibers or appear on the surface of the magnetic scaffolds giving it a unique surface 
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texture/topography. The diameter of PCPN10 and PCPN20 were estimated to be 294±80 nm 

and 291±79 nm, respectively. Previous studies have shown that MNP concentration can 

influence fiber diameter as a result of changes in viscosity and electrical conductivity of 

polymer solution [29]. Under a higher voltage, the spinning solution can be stretched into 

thinner fibers owing to a stronger electric field potential acting on the spinning dope [15].  

 

Figure 2: SEM images of electrospun PCL/PNIPAAm (PCPN) fibers with A) 0 wt%, B) 10 wt%, C) 

20 wt% MNPs and D) the corresponding histogram size distribution of the fibers. 

Fig. 3 (A and B) shows M-H curves of Fe3O4 nanoparticles and magnetic nanofiber with 

different concentration of Fe3O4. In Fig. 3A, the saturation magnetization (Ms) of MNPs is 

81.2 emu/g with the appearance of a hysteresis loop in magnetization curve. This observation 

is related to increased particle size of Fe3O4 which is significantly above the critical size (20 

nm) required for a superparamagnetic behavior [30]. Therefore, a transition from a single 

domain, typical of superparamagnetic material, to multi-domain for paramagnetic Fe3O4 

nanoparticles is detected. In a multi-domain structure, some domains may retain their 

magnetic properties when the external AMF is removed, so by reaching zero point, there is 

small coercivity (Hc) and remanence in the as-synthesized nanoparticles. This is a typical 
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trend for MNPs above 20 nm in size owed to their increased magnetic anisotropy energy 

resulting in detectable coercivity in the magnetic curves [31, 32].  

Furthermore, the saturation magnetization (Ms), remnant magnetization (Mr) and coercive 

field (Hc) for PCPN10 are 1.29 emu/g, 0.2 emu/g, 120 Oe and for PCPN20 are 2.21 emu/g, 

0.35 emu/g, and 120 Oe. In a study by Kim et al. [33], a magnetic nanocomposite scaffold 

made of PCL and MNPs showed a magnetization value of 1.6 and 3.1 emu/g for 5% and 10% 

MNP content, respectively. In another study, PCL scaffold containing 8 wt% MNPs showed a 

saturation magnetization of 6.1±0.3 Am2 at 300 K [34]. In another study the value of Ms  for 

a magnetic nanocomposites scaffold was in the range 0.1-0.3 emu/g that was due to the small 

amount of MNPs, which was much smaller than the PCL matrix mass [35].  

To evaluate the efficiency of the magnetic nanofiber for therapeutic hyperthermia, magnetic 

heating properties were investigated. According to Fig. 3C, under an applied field strength of 

6 kA/m at a frequency of 330 kHz, the solution temperature for MNP increased to 61 C 

within 10 min. As shown, the temperature of PCPN10 increased from 32 to 37 C in AMF 

while PCPN20 showed a temperature increase of 40 C in the same period of time. The 

difference between the increased temperature of MNPs and MNPs loaded fibers is due to 

MNPs that are influenced by electrospun fibers and cannot be fully activated under an 

external AMF. 

The SLP values for all samples are listed in Table 1. The intrinsic loss power (ILP) parameter 

was calculated to compare heating efficiency. With increase in the maximum temperature of 

the samples, the ILP values also increased (Table 1). In agreement with the magnetic results, 

by increasing the magnetic particles within the polymeric structure, the magnetically induced 

heating property of the scaffold increases [13, 35]. PCL-PNIPAAm- 20 wt% MNPs scaffolds 

possessed a better thermal efficiency under an external magnetic field. Zhang et al.[13] 

fabricated PCL-mesoporous bioactive glass (MBG) enriched MNPs. The SLP studies 
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demonstrated that the solution temperature of the scaffold with 15% MNPs increased from 20 

to 43 C within 2 min at the AC frequency of 409 kHz.  

 

 

Figure 3: Vibrating sample magnetometer (VSM) of A) MNPs and B) magnetic PCL-PNIPAAm 

fibers C) Temperature versus time for magnetic nanoparticles and magnetic PCL/PNIPAAm fibers 

under an alternating magnetic field of 330 kHz. 

Table 1: The SLP and ILP values for MNPs and electrospun fibers. 

Samples 

dT/dt 

(oC/s) 

SLP (W/g) ILP (nHm2/kg) 

Maximum temperature after 

10 min (oC) 

MNPs 

PCPN10 

0.13 

0.02 

15.36 

2.36 

1.29 

0.20 

61 

37 

PCPN20 0.03 3.54 0.30 40 

 

FTIR spectra of PCPN10 and PCPN20 are illustrated in Fig. 4. The band at 1721 cm-1 

represents the stretching of (C=O) [36]. Peaks at 1047 cm-1 and 1180 cm-1 are related to the 

(C-O) band in PCL. The peaks at 1238 cm-1, 1293 cm-1 and 1470 cm-1 are associated with (C-
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O-C), (C-C) and (C-H) banding in PCL, respectively [36]. The asymmetric and symmetric 

CH2 banding at 2946 cm-1 and 2865 cm-1 are also related to PCL [37]. The characteristic 

bands of PNIPAAm at 1387 cm-1, 1653 cm-1and 3300 cm-1 are corresponding to CH2, NH2 

and NH-OH groups, respectively [38]. Peaks at 3448 cm-1 indicate Fe-OH bond [39] and at 

585 cm-1 the absorption bands of Fe-O in magnetite is detected [40], which intensifies at 

higher concentration of MNP in fiber.  

 

Figure 4: FTIR spectra of PCL/PNIPAAm (PCPN) fibers with 10 wt% and 20 wt%MNPs. 

 

The thermal stability of the prepared scaffolds was evaluated from room temperature to 500 

C using TGA, which shows single stage decomposition for electrospun fibers. To evaluate 

the phase transition temperature of the scaffolds, DSC was utilized [41]. As can be seen in 

Fig. 5, an increase in mass of about 10% from 25-332 C for all three samples is detected due 

to surface oxidation. An endothermic peak at 58 C can be seen (which is more obvious in 

Fig. 5 A and C) that is related to the melting point of PCL [42]. An endothermic peak at 100 

C from the DSC is due to water molecules evaporation. The main weight loss of 92% at 356 
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C is due to the thermal destruction process of PNIPAAm chains [43]. The DSC curves also 

exhibit the decomposition of PNIPAAm at an exothermic peak at 356 C that proves the high 

thermal stability of this polymer. The mass loss observed in temperature range of 400 C may 

be due to the removal of oxygen functionalities [25]. The thermal decomposition of PCL is at 

400 C [33]. A small difference in the endo and exothermic temperature for the three samples  

could be due to the presence of MNPs. The incorporation of MNPs does not affect the weight 

loss, hence, the main weight changes are due to PNIPAAm and PCL degradation. Based on 

the data analysis, in Fig 5A about 8.5 % fibers remained at 500C, while in Fig 5B and C the 

residual weight was 17.5% and 26%, respectively. By reducing the amount of residual 

polymer from the MNPs, the mass fraction of MNPs was calculated to be about 9% and 

17.5% in Fig 5B and 5C, respectively, that is almost near the amount of MNPs loaded into 

electrospun fibers. 
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Figure 5: Thermogravimetry (TG) and differential scanning calorimetry (DSC) for PCL-PNIPAAm 

containing A) 0 wt%, B) 10 wt% and C) 20 wt% MNPs. 

 

The hydrophilic nature of the fibers plays an important role as a regulator of protein and cell 

adhesion [44]. The as-prepared PCL-PNIPAAm with and without MNPs showed a high 

degree of hydrophilicity (Fig. 6) at room temperature (below the LCST temperature of 

PNIPAAm). In PCL-PNIPAAm fiber, due to the presence of C=O and N-H groups which 

interact with water molecules, the scaffold is hydrophilic (a water contact angle of 36.9) 

[45]. In PCL-PNIPAAm containing 10 and 20 wt% MNPs, the nanofiber turned more 

hydrophilic (contact angle from 25.6 to 14.2), probably owing to the existence of hydroxyl 

groups (OH groups) on the surface of MNPs [33].  

 

 

Figure 6: Contact angle measurements for PCL-PNIPAAm contain A) 0wt%, B) 10 wt% and C) 20 

wt% MNPs. 

 

In this study, PNIPAAm was chosen as a thermo-responsive polymer to respond to the 

changes in temperature in an AMF due to the presence of MNPs. Drug release rate can be 

controlled by the degree of swelling of the electrospun fibers in water. For this purpose, the 
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swelling ratio at temperatures of 37 and 40 C is investigated. PNIPAAm swelling and 

deswelling kinetics relies on the sample surface area and chemical composition [46]. Below 

the LCST, due to the strong hydrophilic property of the amide group, strong water absorption 

in the PNIPAAm chain segment is achieved [47]. Above the LCST the PNIPAAm chain 

compacts and become dehydrated[5, 46]. Hence, due to the presence of hydrophilic group 

(amide groups) of PNIPAAm an increase in swelling has been observed at 37 oC and 40oC. 

According to Fig. 7A, a large network expansion, due to the presence of hydrophilic groups 

(for example CONH), has led to a high water absorption. As can be seen, the degree of 

swelling increased to 700% after 96 h, due to water diffusion into the polymeric chains with 

time. In the current study, the drug release could be regulated by the degree of fiber swelling 

in aqueous media that can lead to opening of nanofibrous pores and facilitate the diffusion of 

loaded drugs.  The rate and amount of drug release from the polymeric network depend on 

the amount of water penetration [48]. At a high temperature, as described above, an opening 

of the PNIPAAm structure facilitates the diffusion of water into the polymeric chains [49]. At 

40 C, 600% swelling in the first 3 h is detected, due to increased mobility of polymeric 

chains and higher water diffusion [50]. The release profile of DOX for PCL-PNIPAAm fibers 

at 37 C was monitored for 96 h. According to Fig. 7C, a burst release in the first few hours, 

followed by a sustained release thereafter is evident. In the first stage, the presence of DOX 

molecules attached on the surface of the fiber causes a burst release (34% ± 0.59) after 24 h. 

In the second stage, the release rate is relatively constant and after 96 h, 40% ± 0.92 of the 

total drug loaded is released. The sustained drug release in the second stage is due to drug 

molecules that are probably bounded to the polymer chains [13]. This process is diffusion 

controlled and as it can be seen, diffusion is time-dependent and slow. Another reason for the 

steady release could be the desorption and dissolution process of DOX molecules to the 

solution [51]. Thus a controllable release profile is seen. The first rapid release could inhibit 
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the proliferation of the tumor cells and the second sustained release helps to avoid repeated 

administration of the drugs and also the side effects of using multi-chemotherapeutic drugs. 

The overall low release profile could be due to the stability of the polymeric network up to 96 

h [52] and possible entrapment of the remaining drug into the polymeric matrix [53]. Also the 

low degradation rate of PCL network prolongs the delivery of  chemotherapeutic drug [54]. 

Bo Li et al. [55] observed similar results for DOX-loaded polymeric nanoparticles. This 

controllable drug release reduce the adverse side effect of DOX to the surrounding tissues 

[56]. Nevertheless, at 40 C (Fig. 7D), the DOX release rate is faster due to an increase in 

swelling, more mobility of the polymeric network and drug molecules. The fiber degradation, 

through the hydrolysis of ester bonds in PCL [57, 58],  leads to more drug release in 3 h. We 

suggest that some hydrophobic groups in PNIPAAm above the LCST can led to faster drug 

release at 40oC.  Also, 25% ± 0.55 of the total drug loaded was released at the elevated 

temperature. 
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Figure 7: Swelling behavior of PCL-PNIPAAm fibers at A) T= 37
 
C and B) T= 40 C. Cumulative 

DOX release from PCL/PNIPAAm fibers at  C) 37 C and D) 40 C. 

For biological evaluations, MG63 osteoblast-like cell line was utilized. SEM (Fig. 8) clearly 

demonstrates cell attachment and spreading on fibers with no significant differences between 

the groups. Cells appear to have maintained their integrity after 24 h culture. As shown in 

Fig. 9, at day 1, no significant levels of cytotoxicity are detected, except for DOX containing 

fibers.  

C C

 

Figure 8: A-C) SEM micrographs of MG63 attachment on control, 10 and 20 wt% Fe3O4 fibrous 

scaffolds following 24 h and D) cell attachment after 4 h post seeding. (SEM scale bar 200 µm and 

inset 100 µm). 

 

The drug loaded fibers clearly demonstrate a significant level of cell death following 24 h, 

confirming the efficiency of drug delivery system. This is in good agreement with Fig. 7, 

which shows 34% drug release following 24 h. In the following days, PCPN control, 10 and 

20 wt% MNPs do not appear to have influenced cell growth pattern; however, the cell 
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proliferation rate is significantly lower than PCPN only. As expected, due to drug release, the 

cell proliferation rate of DOX containing fibers is significantly lower than the control. 

The development of personalized anticancer therapies makes it worthwhile to develop new 

medical technologies to enable point of care delivery of smart drug release agents such as the 

fibers reported here. A portable delivery approach would allow wider patient access to 

advanced nano-medicine which is currently only available in a few select hospitals around 

the world. Future work will employ portable medical devices to explore the potential to 

produce and deliver the functionalized fibers for point of care treatment [59, 60]. 

 

 

 

Figure 9: MTS cell viability assay following 1, 3 and 6 days in culture. (*) indicates the statistical 

significant difference (*p < 0.05 relative to control at the same time point). 

 

Conclusions 
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A temperature-sensitive magnetic PCL-PNIPAAm scaffold with 10 and 20 wt% MNPs is 

created through the electrospinning technique. The PCL-PNIPAAm-MNP structure 

demonstrated a paramagnetic behavior in an AMF. The water contact angle measurements 

proved the wettability of the electrospun fibers. Swelling studies showed that PCL-

PNIPAAm fibers possess higher rate of swelling percentage at an elevated temperature. The 

release of DOX at pH 7.4 was slow and controllable with about 39% ± 0.92 of the total drug 

released within 96 h. A faster initial drug release in 3 h at 40 C was observed as a result of 

enhanced mobility of polymeric chains at higher temperature. The biological behavior of the 

electrospun fibers was assessed using MG63 cell lines to evaluate cell attachment and 

spreading on fibers. Cell attachment efficiency was found not affected by the incorporation of 

MNPs, while the DOX nanofibers inhibited cell proliferation at 24 h, which matched the 

DOX drug release profile from the fibers. Future work will employ portable devices for point 

of need manufacturing of the functional fibers. 
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