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ABSTRACT: In this work, we evaluate the effect of the ureasil-polyether hybrid nature on the 

magnetic hyperthermia (MH) properties of nanocomposites prepared by the conjugation of cobalt 

ferrite (CoFe2O4) superparamagnetic nanoparticles (SPN) with ureasil-poly(propylene oxide) 

(UPPO) and ureasil-poly(ethylene oxide) (UPEO). The results of small-angle X-ray scattering 

(SAXS) and differential scanning calorimetry (DSC) analyses evidenced that the nanoscopic 

structure and thermal properties remained essentially unaffected by conjugation of the SPN with 

the hybrid material. The UPPO-CoFe2O4 nanocomposite promoted higher efficiency of MH 

compared to the UPEO-CoFe2O4 nanocomposite, which was attributed to the difference in heat 

capacity of these composites. The temperature variations achieved by UPPO-CoFe2O4 and UPEO-

CoFe2O4 were 34 and 20 ºC, respectively, when subjected to an alternating magnetic field (AMF) 

for 240 s. The drug delivery patterns of sodium diclofenac (SDCF) from UPPO and UPEO were 

unaffected by the conjugation with SPN or by MH.  

 

1. INTRODUCTION  

Magnetic hyperthermia (MH) is a safe way to raise the temperature of anatomical regions (to 

~42-46 ºC), using the heat generated by superparamagnetic nanoparticles (SPN) when exposed to 

an alternating magnetic field (AMF).1,2 For SPN, the conversion of magnetic energy into heat can 

be attributed to two different phenomena: (i) Néel relaxation, where energy dissipation occurs by 

rearrangement of the magnetic dipole moments inside the crystal, when the particle orientation 

remains fixed; (ii) Brownian relaxation, where heat is released by the rotation of the particle, with 
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the magnetic moments remaining fixed along the axis of the crystal.1,3,4 MH has been consolidated 

as an anticancer therapy, used alone or combined with conventional therapies such as 

chemotherapy and radiotherapy.1,5 In such biomedical applications, maghemite (γ-Fe2O3) and 

magnetite (Fe3O4) SPN are most commonly used, although recent research has highlighted the 

enhanced magnetic properties and the greater MH efficiency of cobalt ferrite (CoFe2O4).
6,7  

SPN has been associated with polymeric materials in the forms of microgels, injectable and 

topical hydrogels, and solid adhesives, for the design of nanocomposites with applications in tissue 

engineering, drug administration, and cancer treatments.8,9 In these materials, the SPN can be 

incorporated by methods including mixing with a polymer precursor solution, precipitation 

reaction inside a polymeric matrix, or by grafting with polymer chains, where the functionalized 

SPN acts as nano-crosslinkers.8 Despite the improved mechanical, thermal, and chemical 

stabilities of organic-inorganic hybrids (OIH), compared to three-dimensional networks consisting 

of purely organic or inorganic polymers, OIH have still been little explored in the design of SPN 

nanocomposites.9,10  

The OIH of the ureasil-polyether family, such as ureasil-poly(ethylene oxide) (UPEO) and 

ureasil-poly(propylene oxide) (UPPO), are based on a siloxane framework covalently connected 

to polyether chains by urea bridges (−NH (C═O) NH−).11,12 These hybrids can be prepared in the 

forms of films, gels, and hydrogels, offering attractive features as drug delivery systems, 

including:13 (i) the ability to host high loadings of medications;14,15 (ii) transparency, flexibility, 

insolubility in aqueous media, and thermal stability;12,16 (iii) biocompatibility, good skin adhesion, 

and excellent film-forming ability;15,17–19 (iv) hydrogel behavior (swelling) that can be tuned by 

controlling the hybrid matrix composition19,20 or by using clay nanoparticles as diffusion barriers.21 

Unlike UPEO, the UPPO hybrids present low water uptake due to the hydrophobicity of the PPO 
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macromer, which can restrict drug release from the hybrid matrix.12,15 Therefore, since the drug 

release profiles of ureasil-polyether hybrids are usually related to the swelling capacities of these 

materials, UPPO hybrids are more appropriate for the sustained release of low doses of 

drugs.12,15,22  

In research exploring the relevance and potential applications of drug delivery systems coupled 

with MH, investigating the characteristics of ureasil-polyether hybrids, we recently reported the 

development of γ-Fe2O3 SPN/UPEO nanocomposites with the dual functionality of drug delivery 

and MH.23 Most studies of SPN/polymer nanocomposites have been dedicated to understanding 

how the efficiencies of these materials for MH are influenced by the characteristics of the SPN, 

such as size, state of aggregation, and concentration.24–26 In this work, we show the influence of 

the UPPO and UPEO hybrid matrices on the MH effect of nanocomposites containing CoFe2O4 

SPN. These nanocomposites were prepared from the PEO and PPO with a molar weight of 1900 e 

400 g mol-1, respectively (PEO1900 and PPO400 macromers) using the sol-gel route and were 

loaded with sodium diclofenac (SDCF) as a model drug. The selection of these two polymers was 

based on the fact that the thermal behavior of the hybrid materials without SPN (UPEO1900 and 

UPPO400) are distinct at room temperature since UPPO hybrids are amorphous, while UPEO 

hybrids are semicrystalline. In this way, it was possible to evaluate the influence of the crystallinity 

of the hybrid matrix on the thermal and MH behaviors of the UPEO-CoFe and UPPO-CoFe 

nanocomposites. The morphological, nanostructural, and thermal characteristics of the hybrid 

nanocomposites, as well as their hyperthermia effects and drug release capacities, were evaluated 

by techniques including Fourier transform infrared spectroscopy (FTIR), differential scanning 

calorimetry (DSC), small-angle X-ray scattering (SAXS), UV-Vis spectrometry, and MH 

measurements. 
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2. EXPERIMENTAL SECTION 

2.1 Materials  

Cobalt(II) nitrate hexahydrate (Co(NO3)2.6H2O, 98%, CAS no. 10026-22-9), iron(III) chloride 

hexahydrate (FeCl3.6H2O, CAS no. 10025-77-1), sodium hydroxide (NaOH, CAS no. 1310-73-2), 

iron(III) nitrate nonahydrate (Fe(NO3)3.9H2O, CAS no. 7782-61-8), nitric acid (HNO3, 70%, CAS 

no. 7697-37-2), O,O′-bis(2-aminopropyl)polypropylene glycol-block-polyethylene glycol-block-

polypropylene glycol with molar weight of 1900 g∙mol-1 (PEO1900, CAS no. 65605-36-9), O,O′-

bis(2-aminopropyl)polypropylene oxide with molar weight of 400 g∙mol-1 (PPO400, CAS no. 

9046-10-0), 3-(isocyanatopropyl)triethoxysilane (IsoTrEOS, 95%, CAS no. 24801-88-5), 

hydrochloric acid (HCl, 37%, CAS no. 7647-01-0), sodium diclofenac (SDCF, CAS no. 15307-

79-6), and potassium phosphate monobasic (KH2PO4, CAS no. 7778-77-0) were purchased from 

Sigma-Aldrich. The anhydrous solvents acetone (CAS no. 67-64-1), diethyl ether (CAS no. 60-

29-7), and ethyl alcohol (CAS no. 64-17-5) were purchased from VWR and were used as received. 

2.2 Synthesis of CoFe2O4 nanoparticles  

The CoFe2O4 SPN was synthesized according to a method reported previously.27 Briefly, an 

aqueous mixture of Co(NO3)2 and FeCl3, in a 1:2 molar ratio, was prepared at a total concentration 

of 0.10 mol∙L-1. An aqueous NaOH solution (10 mol∙L-1) was then added, under vigorous stirring, 

to increase the pH to 13. The mixture was stirred for 1 h at 100 ºC before adding sufficient aqueous 

Fe(NO3)3 solution to give a Co2+/Fe3+ molar ratio of 1:3. The precipitate obtained after the 

suspension temperature naturally reached 25 ºC was isolated, washed several times with acetone 

and diethyl ether, and finally dispersed in an aqueous solution of nitric acid (0.01 mol∙L-1). The 

colloidal CoFe2O4 suspension used in this work was diluted to 1.45% (w/w) in nitric acid (0.01 

mol∙L-1). 
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2.3 Synthesis of ureasil-polyether-CoFe2O4 nanocomposites 

In the first step of the synthesis, the covalently bonded OIH precursor ((OEt)3Si-(polyether)-

Si(OEt)3) was prepared from the reaction between the amino-terminal groups of the PEO1900 or 

PPO400 macromers and the isocyanate groups of the IsoTrEOS crosslinker, at a molar ratio of 1:2 

in ethyl alcohol, under reflux for 6 h at 78 ºC.11,28 The hybrid precursor solutions were stored in 

closed flasks, at room temperature, in a dry environment. In the next step, SDCF (0.005 g) was 

solubilized in 0.5 mL of PEO1900 or PPO400 hybrid precursor solution under magnetic stirring, 

resulting in a 2.7 % (w/w) SDCF loading. Subsequently, 75 μL of aqueous HNO3 solution (0.56 

mol∙L-1) was added to promote the sol-gel reaction of the Si(OEt)3 groups present at both ends of 

the macromer chains, followed by the addition of 0.295 mL of a colloidal suspension of the 

CoFe2O4 SPN (1.45% w/w), resulting in a nanocomposite with 2.15% (w/w) of nanoparticles. The 

choice of CoFe2O4 concentration was made based on the temperature variation achieved by UPEO-

based nanocomposites containing (0.5-5% w/w) CoFe2O4 SPN after application of an AMF for 

~10 min (Figure S5, Supporting Information). The nanocomposite containing 2.15% (w/w) SPN 

reached the desirable temperature range (~42-46 ºC) for biomedical application.  

In the case of the samples without CoFe2O4 (also denoted hybrids), 0.295 mL of aqueous HNO3 

solution (0.01 mol∙L-1) was added (see Scheme 1). For the gelation step, the samples were 

maintained in a cylindrical mold for 48 h, at room temperature, resulting in monolithic xerogels (~ 

0.5 mm thickness and weight of 0.2 g). The ureasil-polyether hybrids and the nanocomposites 

containing CoFe2O4 were denoted U-y and U-y-CoFe, respectively, where y represents the hybrid 

matrix (PEO or PPO). 

Scheme 1. Schematic illustration of the synthesis of the ureasil-polyether hybrids and the 

nanocomposites containing CoFe2O4 SPN. 
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2.4 Characterization  

Infrared spectra were recorded using a Fourier transform infrared (FTIR) spectrophotometer 

(Vertex 70, Bruker) equipped with a diamond crystal attenuated total reflectance (ATR) accessory 

and operated using 64 scans (4 cm-1 resolution) between 450 and 3000 cm-1. 

Transmission electron microscopy (TEM) images of the CoFe2O4 SPN and the nanocomposites 

were obtained using a JEOL JEM 100CX TEM instrument, while their high-resolution TEM 

(HRTEM) and selected area electron diffraction (SAED) images were obtained with a JEOL JEM 

2011 TEM instrument. A diluted SPN suspension droplet was deposited onto a copper grid coated 

with carbon, and the excess was removed using filter paper. The nanocomposite samples were 

macerated, suspended in water, and deposited onto copper grids. The morphologies and size 

distributions of the CoFe2O4 particles/aggregates were analyzed using ImageJ software.29 For 

SAED image, the diffraction rings were assigned to dhkl spacings from the equation dhkl·Ri = L·λ, 

where Ri is the radius of the ring, L is the camera length, and λ is the wavelength of the electron 
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beam. The camera constant (L·λ = 5.64 × 10−8 cm2) was determined using the SAED image of 

cubic-face-centered nanocrystalline gold as standard. 

The crystalline features of the CoFe2O4 SPN, UPEO hybrid, and UPEO-CoFe nanocomposite 

were evaluated by X-ray diffraction (XRD), using a diffractometer (D5000, Siemens) operated 

with monochromatic Cu Kα radiation, with λ = 1.5418 Å selected by a curved graphite 

monochromator. The measurements were made in the 2θ range from 10° to 80°, with a step size 

of 0.02°/3 s-1. The diffraction peaks were indexed using Crystallographica Search-Match 

software.30 

The nanoscopic structures of the nanocomposites were evaluated by small-angle X-ray 

scattering (SAXS) measurements recorded at room temperature (25 ºC) at the SAXS beamline of 

the National Synchrotron Light Laboratory (LNLS, Campinas, Brazil). The beamline was 

equipped with a silicon-W/B4C toroidal multilayer mirror that focused the monochromatic X-ray 

beam ( = 1.488 Å) onto the 2D photon-counting pixel detector (Pilatus 300k), located at 903.61 

mm from the sample, resulting in a q-range spanning from 0.13 to 5.3 nm-1.  

Differential scanning calorimetry (DSC) measurements were carried out using a Q100 

calorimeter (TA Instruments) operated at a heating rate of 10 ºC min-1, under an atmosphere of N2 

at a flow rate of 50 mL∙min-1. The samples (~12 mg) were placed in a 40 μL hermetic aluminum 

pan and heated from -80 to 150 ºC. The DSC measurements were also used to determine the 

specific heat capacities (CP) of the samples at 30 ºC, calculated using Equation 1: 

 

Cp =
K ∙ ∆y(sample−BL)

dT
dt⁄ ∙ msample

                                                                                                                               (1) 
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where K is the calorimeter sensitivity, Δy(sample-BL) is the difference between the baseline and 

sample heat flow signals, dT/dt is the heating rate, and msample is the sample mass.31  

Magnetization measurements of the CoFe2O4 colloidal suspension and nanocomposites were 

performed using a Quantum Design PPMS vibrating sample magnetometer (VSM) operating at 40 

Hz.32 The magnetization curves were obtained at 25 °C with a magnetic field (H) varying from - 

40 kOe to 40 kOe and normalized to 1.0 g of CoFe2O4 SPN. Magnetic hyperthermia (MH) 

measurements were performed using a DM100 instrument (nanoScale Biomagnetics) operated 

using an alternating magnetic field (AMF) with field amplitude (H) of 14.9 kA∙m-1 and frequency 

(f) of 420 kHz. The MH curves were recorded at 25 ºC, and the temperature variations were 

monitored with a fluoro-optic fiber thermometer. 

The contact angle measurements of the samples were performed in an OCA15 instrument 

(Dataphysics) in sessile drop mode at 20 °C. A drop of deionized water (7.0 μL) was dispensed 

(rate = 1.32 μL s-1) on the surface of the monoliths, and the values of the air-water-solid contact 

angles were monitored for 10 min from images obtained. The contact angle values were obtained 

using proprietary software (Dataphysics), where the shape of the drop is described by the Young-

Dupré equation, assuming a smooth and homogeneous surface.33 

2.5 Drug release assays 

The in vitro drug release assays were performed with SDCF-loaded materials immersed in 50 

mL of phosphate buffer solution (pH 7.2) at 37 ºC. The temporal evolution of SDCF release was 

monitored by absorbance measurements recorded in the wavelength range 200-400 nm, using a 

UV-Vis spectrometer (Cary 60, Agilent Technologies) fitted with a quartz cuvette (1.0 cm optical 

path length). Quantitative determination of the cumulative SDCF release was performed using a 
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calibration curve constructed using the maximum absorbance values at 276 nm of SDCF standard 

solutions at different concentrations (Figures S1a-b, Supporting Information).  

The amounts of leached CoFe2O4 SPN from nanocomposites during the drug release assays were 

measured with an atomic absorption spectrometer (PinAAcle 500, Perkin Elmer) after ~16h of 

immersion of the monoliths in 100 mL of phosphate buffer solution (pH 7.2) at 37°C. For the 

analysis, 5 mL of the buffer solution containing the leached CoFe2O4 SPN was pretreated with 

small volumes of concentrated HNO3 (0.1 mL) and HCl (0.05 mL) aqueous solutions until total 

dissolution of the SPN into iron (III) and cobalt (II). Metal ion concentrations were determined by 

measuring the absorbance of the atomized solutions in flame at λ =248.3 nm (Fe) and 240.7 nm 

(Co).34 These measurements were performed in quadruplicate.  

3. RESULTS AND DISCUSSION  

3.1 Structural characteristics  

The FTIR spectrum of the CoFe2O4 SPN (Figure S2, Supporting Information) presented bands 

at around 594 and 414 cm-1, assigned to stretching vibration of Fe3+-O2- at tetrahedral and 

octahedral sites, respectively, in the spinel structure of the CoFe2O4.
35 The cubic spinel structure 

(JCPDS card #22-1086) of the nanoparticles was confirmed from SAED pattern of TEM-HRTEM 

images of the CoFe2O4 powder (Figures S3a-d and Table S1, Supporting Information). The 

morphology of the CoFe2O4 nanoparticles, revealed from the TEM (Figure S4a, Supporting 

Information), showed the presence of nearly isometric particles with well-defined faceted shapes. 

The size histograms obtained from the TEM image (Figure S4b, Supporting Information) were 

fitted using a log-normal distribution function and showed a monomodal distribution with an 

average size of 8.9 ± 0.5 nm.  
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The incorporation of CoFe2O4 SPN in the hybrid matrices to obtain UPEO-CoFe and UPPO-

CoFe nanocomposites did not change the morphology and size of the nanoparticles (Figures 1a 

and 1b, respectively). The CoFe2O4 particles showed uniform size distributions with average 

nanoparticle sizes of 8.1 ± 0.2 and 8.9 ± 0.2 nm for UPEO-CoFe (Figure 1c) and UPPO-CoFe 

(Figure 1d), respectively. The characteristic peaks of CoFe2O4 in the XRD pattern of 

nanocomposites (Figure S6, Supporting Information) evidenced the conservation of the crystalline 

phase of the SPN in both hybrid matrices.   

 

Figure 1. TEM images of (a) ureasil-poly(ethylene oxide) and (b) ureasil-poly(propylene oxide) 

nanocomposites containing 2.15% (w/w) CoFe2O4 SPN, and the corresponding particle size 

distribution histograms fitted with log-normal functions (red lines) shown in (c) and (d), 

respectively. (e) SAXS curves for the CoFe2O4 colloidal suspension, the SDCF-loaded ureasil-

polyether hybrids, and the nanocomposites containing 2.15% (w/w) CoFe2O4 SPN. (f) Schematic 

representation of the correlation distance between the siloxane crosslinking nodes in the ureasil-

polyether hybrids. 
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Information concerning the nanoscopic structures of the CoFe2O4 SPN, the hybrids, and the 

composites was obtained from SAXS measurements (Figure 1e). The SAXS curve for the CoFe2O4 

colloidal suspension (black line) presented a Gaussian decay in the middle q region, with an 

asymptotic linear trend having a slope (α1) of -4. This behavior was in agreement with the classical 

Porod law (I (q) ∝ q-4), indicating that the two-electron density model was satisfied and that the 

interface between the round primary nanoparticles and the dispersion medium was well-defined 

and without heterogeneities.36 The SAXS curves for a diluted set of non-interacting particles 

usually present a Gaussian decay in the middle q region, with a plateau in the low q region, also 

known as the Guinier region.36 Here, the presence of a linear dependent region (α2 of -2), instead 

of a plateau at low q, indicated the formation of small aggregates.37 

The SAXS curves for the UPEO and UPPO hybrids exhibited a single broad peak with maxima 

centered at 1.83 and 2.70 nm-1, respectively. This correlation peak evidenced a strong spatial 

correlation between the siloxane crosslinking nodes in the hybrid matrix (represented in Figure 

1b). The average correlation distances (ξd) between two adjacent nodes, given by ξd = 2π/qmax 

(where qmax is the modulus of the scattering vector at the peak maximum),11 were 3.4 and 2.3 nm 

for the UPEO and UPPO hybrids, respectively. The greater value of ξd for the UPEO hybrid could 

be explained by the larger chains of the high molecular weight PEO (1900 g∙mol-1) compared to 

the chains of the low molecular weight PPO (400 g∙mol-1). However, there was a decrease in the 

intensity of the correlation peak for the UPPO-CoFe nanocomposite and complete disappearance 

of this peak for UPEO-CoFe, which could be explained by the greater electronic contrast due to 

the CoFe2O4 SPN, as compared to the siloxane crosslinking nodes of the hybrid matrices.23 This 

implied that the correlation peak resulting from the siloxane nodes was obscured by the high 

scattering power of the CoFe2O4 SPN. 
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The shapes of the SAXS curves for the ureasil-polyether nanocomposites containing CoFe2O4 

SPN were similar to that for the colloidal suspension, with I (q) ∝ q-4 in the middle q region and a 

linear dependent region (slope of ~ -2) in the low q region. These indicated no substantial alteration 

of the initial state of aggregation of the nanoparticles when they were inserted in the hybrid 

matrices, which agreed with the TEM images. This was an important finding because the state of 

aggregation can influence the heating capacity of SPN, in some instances resulting in a decrease 

in hyperthermia efficiency.38 

FTIR spectroscopy was also used to assess the interaction of the CoFe2O4 SPN with the hybrid 

matrices by analyzing the characteristic bands of the ureasil-polyether material (Figure 2), which 

appear in two main spectral ranges.39–41 Between 1800 and 1500 cm-1, the amide I (at around 1647 

cm-1) and amide II (at 1554 cm-1) bands of the urea linkage are assigned to υ C=O stretching 

vibration in different environments and to δ NH in-plane bending vibrations, respectively. In the 

region from around 1500 to 900 cm-1, bands correspond to the macromer backbone at around 1452, 

1092, and 1037 cm-1, assigned to δ CH3 bending, υ C-OC stretching, and ρ CH2 rocking modes, 

respectively. The first region can provide information regarding intermolecular hydrogen bonding 

involving the urea linkage, while the second region is more sensitive to conformational changes 

that occur in the polymer chain.40 Siloxane group vibration modes (ν Si-O-Si and ν C-Si-O) usually 

appear in the range 1000-1150 cm-1 but are enveloped by the strong band of the ether group (C-O-

C).40 The characteristic bands of SDCF (Figures S7a and S7b, Supporting Information) were 

obscured by the PEO and PPO bands due to a low percentage of SDCF loading. However, in the 

case of higher SDCF loaded hybrids the interaction of SDCF with the ureasil-polyether matrix 

mainly involves the amine and carbonyl groups of the SDCF molecule with the urea groups present 

at the end of the polymeric chains.42 
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Figure 2. FTIR spectra in the range from 2100 to 800 cm-1 for the ureasil-polyether hybrids and 

the nanocomposites containing 2.15% (w/w) CoFe2O4 SPN. 

No appreciable changes were observed for the characteristic vibration modes in the FTIR spectra 

of the ferrite nanocomposites (UPEO-CoFe and UPPO-CoFe) compared to the UPEO and UPPO 

hybrids. This suggested that the CoFe2O4 SPN were incorporated into the hybrid matrices without 

specific interaction with the functional groups of the PPO400 or PEO1900 macromer and without 

promoting appreciable changes in the conformation of the organic chains. It was also not possible 

to find evidence of interaction between the SPN and the hybrid matrix from HRTEM images of 

the nanocomposites (Figures S8a and S8b, Supporting Information). 

3.2 Thermal characteristics  

The DSC curves (Figure 3) for the PEO based samples (UPEO and UPEO-CoFe) showed an 

endothermic event at 15-40 ºC, corresponding to the first-order reversible thermal transformation 

(crystallization ↔ melting) of PEO1900. PEO with a molecular weight greater than 1000 g∙mol-1 

is semicrystalline, with a mesoscopic scale structure consisting of amorphous and lamellar 
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crystalline regions that melt above the melting temperature (Tm). This endothermic peak was not 

present in the DSC curves for the PPO based samples since PPO400 is amorphous. For PEO based 

samples (at -60 to -30 ºC) and PPO based samples (at 15 to 35 ºC), it was observed the reversible 

a change in heat capacity (Δ Cp) characteristics of the second-order transition (glass ↔ rubber) of 

the amorphous region of the polymer, which occurs around a glass transition temperature (Tg). 
43  

 

Figure 3. DSC curves for the SDCF-loaded ureasil-polyether hybrids and the nanocomposites 

containing 2.15% (w/w) CoFe2O4 SPN.  

The endothermic peaks in the DSC curves were used to determine Tm and the degree of 

crystallinity (Dc) of the PEO based samples, using the following equation: 

 

Dc =
∆Hf

∆Hp
∙ 100                                                                                                                                             (2) 

 

where, ΔHf is the melting enthalpy of the semicrystalline PEO in the hybrid, obtained by 

integrating the endothermic peak, and ΔHp is the melting enthalpy of a 100% crystalline PEO (ΔHp 
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= 188.9 J∙g-1).44 Table 1 shows the values of Tg, Tm, and DC obtained from the analysis of the DSC 

curves. 

Table 1. Thermal properties determined by DSC measurements. 

Samples Tm (ºC) Dc (%) Tg (ºC) Cp (J∙g-1∙ºC-1) 

UPEO 22 23 -49 2.61 ± 0.28 

UPEO-CoFe 24 21 -55 2.88 ± 0.47 

UPPO - - 22 1.53 ± 0.02 

UPPO-CoFe - - 18 2.09 ± 0.02 

 

The small difference in Tm and Dc parameters resulting from the presence of the CoFe2O4 SPN 

in the UPEO-CoFe nanocomposite (24 ºC and 21%), compared to the UPEO hybrid (22 ºC and 

23%), indicated that the nanoparticles did not interact strongly with the ether-type oxygen atoms 

of the polyether chains, in agreement with the FTIR results. It is well known that the most 

significant changes observed in PEO crystallization occur due to the dissolution of small metallic 

cations.45,46 The solvation of these cations by the ether-type oxygen atoms is sufficiently strong to 

induce an “ether crown” conformation, which hinders or prevents the PEO chains from adopting 

the helical conformation typically found in the crystalline domains of PEO.45,46 According to the 

experimental results, this was not effective in the case of the interactions of the PEO chains with 

the surfaces of the CoFe2O4 nanoparticles. Similar behavior was observed elsewhere for the 

conjugation of 3 nm cerium nanoparticles with the ureasil-poly(ethylene oxide) matrix.16  

Tg values showed a significant decrease, from −49 °C (UPEO) to −55 °C (UPEO-CoFe), and 

from 22 °C (UPPO) to 18 °C (UPPO-CoFe) with the incorporation of CoFe2O4 SPN in the PEO 

matrix, evidencing the reduction of rigidity of polymer chains. This feature indicates the absence 

of cohesive interaction between the SPN and the polymeric amorphous phase of the hybrid matrix. 
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The formation of strong chemical interactions between nanofillers and polymeric/hybrid matrices 

is usually accompanied by an increase in Tg due to the increased rigidity of the polymeric phase. 

47–49 Moreover, it is known that the addition of spherical nanofillers (<10% w/w) to a low 

interacting polymeric matrix can cause an increase of the free volume, which increases the mobility 

of the chains, consequently assisting the thermal transition.50,51 In the case of matrices composed 

of long polymer chains, the presence of nanoparticles can also have a disentangling effect, leading 

to faster segmental dynamics.50,51 However, such entanglements are not expected for PEO based 

samples prepared with PEO chains of low molecular weight (MW = 1900 g∙mol-1).52  

The DSC measurements were also used to determine the specific heat capacity (CP) of the 

samples at 30 ºC (shown in Table 1), using Equation 1. For the UPPO-CoFe nanocomposite (Cp = 

2.09 ± 0.02 J∙g-1∙ºC-1) and UPEO-CoFe nanocomposite (Cp = 2.88 ± 0.47 J∙g-1∙ºC-1), the Cp values 

were slightly higher compared to hybrids. The calorific capacities of nanocomposites did not 

follow a rule of mixtures (C = Cm.φm + Cco.φco), where Cm and φm represent the specific heat and 

mass fraction for the hybrid matrix, and Cco and φco represent these parameters for CoFe2O4. The 

CP values would be lower for both nanocomposites considering that the calorific capacity of 

CoFe2O4 (0.65 J∙g-1∙ºC-1) 53 is lower than that of the hybrid matrix.  

The specific heat of a polymeric material is related to the storage of kinetic energy involving the 

polymer chains' vibrational modes and rotational movements, which are individually considered 

degrees of freedom.43 Therefore, the greater the number of degrees of freedom of the polymer 

chains, the greater the specific heat of the material.43 In this way, the increased specific heats of 

the nanocomposites after the addition of CoFe2O4 SPN supported the hypothesis that the dispersion 

of the nanofillers in the non-crystalline regions of the PEO and PPO matrices increased the free 

volume in the nanocomposites. It could be inferred that this increase in free volume favored the 
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rotational movements of the PEO and PPO chains, consequently increasing the degrees of freedom 

of these chains. As discussed in the next section, the differences in the Cp values and thermal 

behaviors of the UPEO-CoFe and UPPO-CoFe nanocomposites had a clear influence on the 

temperature variation achieved in magnetic hyperthermia. 

3.3 Magnetic behavior 

The magnetization curves M(H) for the colloidal suspension of CoFe2O4 SPN and 

nanocomposites (Figure 4a) were typical of superparamagnetic or ferrimagnetic samples, with 

high magnetic susceptibility, and a strong saturation magnetization (Ms) reached at low field. 

Sigmoid-shaped magnetization curves without hysteresis usually evidence the superparamagnetic 

behavior of magnetic materials. 54 Particles smaller than a specific critical size have magnetic 

monodomains whose moments align in the direction of the applied field. When the field is removed 

(H = 0), the magnetization becomes null, leading to a coercive field (Hc) and the remaining 

magnetization (MR) also null.54 The critical size for superparamagnetism to occur depends on the 

material, and for CoFe2O4 this size is in the range of 5 to 9 nm.54,55 The M(H) curves were 

superimposed after their normalization based on the experimental values of MS and using a value 

27 of ms for the pure CoFe2O4 SPN of 62 emu g-1 considering the weight percent of the SPN 

(wCoFe2O4 = MS/ms×100).  
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Figure 4. (a) Magnetization curves at 25 ºC for the CoFe2O4 colloidal suspension and SDCF-

loaded ureasil-polyether nanocomposites containing 2.15% (w/w) CoFe2O4 SPN in the field range 

-4000 to 4000 Oe. Enlargements at low field (-800 to 800 Oe) of the magnetization curves for (b) 

CoFe2O4 colloidal, (c) ureasil-poly(propylene oxide) and (d) ureasil-poly(ethylene oxide) 

nanocomposites.  

The three normalized curves are globally identical. However, a thorough examination of the 

curves at low field highlights some differences (Figures 4b-d). Indeed, the magnetization curve for 

the colloidal suspension did not present hysteresis, to the contrary of nanocomposite samples 

where a minimal hysteresis is evidenced by coercive field (Hc ≈ 40 Oe) and MR/Ms ≈ 0.04 (where 

MR is remanent magnetization). The apparent and perfect superparamagnetic behavior of the 
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colloidal suspension is due to the Brownian motion of the SNP in water. For the nanocomposites, 

the Brownian motion was blocked by the rigidity of the PEO and PPO matrix. Then, the motion 

of the magnetic moment is only due to the Neel relaxation. 56,57 Nevertheless, this second motion 

can be slightly blocked for the larger SPN (representing a small SPN percentage). This is explained 

by their high anisotropy energy (Ea) resulting from their high volume conjugated to the strong 

magnetocrystalline anisotropy of CoFe2O4 SPN (Ea = K×V, where K is the magnetic anisotropy 

constant, and V is the volume of the nanoparticle).58 This induces a slight ferrimagnetic behavior 

for the nanocomposites.  

Figure 5 presents the temperature profiles of the samples under the application of an AMF. The 

UPEO and UPPO hybrids did not show heating under AMF due to the absence of CoFe2O4 SPN 

in the hybrid matrix. The curves of CoFe2O4 colloidal suspension and the UPEO-CoFe and UPPO-

CoFe nanocomposites had a similar shape, with a strong temperature enhancement at the beginning 

of the process, which tended asymptotically to a constant value after a long time, due to decrease 

of the heating rate caused by the competition between the cooling effect of the external bath and 

the heating effect of the AMF.57  
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Figure 5. Temperature increases due to magnetic hyperthermia (H = 14.9 kA∙m-1; f = 420 kHz) 

for the colloidal suspension of CoFe2O4 SPN (1.5% w/w in aqueous solution at pH 2.0) and the 

SDCF-loaded ureasil-polyether hybrids and the nanocomposites containing 2.15% (w/w) CoFe2O4 

SPN. 

Differences in the asymptotic temperature were observed among the three samples, with the 

greatest temperature enhancement recorded for the colloidal suspension, followed by the UPPO-

CoFe and UPEO-CoFe nanocomposites. The temperature increases (ΔT) achieved during the 

initial 240 s of application of the AMF were 47, 34, and 20 ºC for the CoFe2O4 suspension, UPPO-

CoFe, and UPEO-CoFe, respectively (Table 2). The influence of the hybrid matrix on the heating 

effect of the SPN under AMF was evaluated using the specific loss power (SLP) (Table 2), defined 

as the energy dissipation efficiency of superparamagnetic nanoparticles per mass of magnetic 

material. The SLP values were calculated as follows:  

 

 𝑆𝐿𝑃 = 𝐶𝑝 ∙
𝑚𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑆𝑃𝑁
∙ (

𝑑𝑇

𝑑𝑡
)

𝑚𝑎𝑥
                                                                                                           (3) 

 

where, 𝐶𝑝 is the sample heat capacity, msample/mSPN is the ratio between the sample mass and the 

magnetic CoFe2O4 SPN mass, and (dT/dt)max is the maximum heating rate (Table 2) obtained by 

applying a Box-Lucas fit to the magnetic hyperthermia curves (as shown in Figure S9, Supporting 

Information).59 SLP calculations using the Box-Lucas method are more accurate compared to other 

methods.60 For the colloidal suspension of the CoFe2O4 SPN, the water heat capacity (Cp = 4.18 

J∙g-1∙ºC-1) was assumed, while Cp for the nanocomposites was obtained from the DSC results 

(Table 1).  
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Table 2. Experimental data obtained from the hyperthermia measurements. 

Samples ΔT in 240 s (ºC) (dT/dt)max (ºC s-1) SLP (W g-1) 

CoFe2O4 (colloidal) 47 ± 6 0.344 ± 0.012 99 ± 9 

UPPO-CoFe 34 ± 5 0.302 ± 0.022 29 ±5 

UPEO-CoFe 20 ± 2 0.151 ± 0.008 20 ± 3 

 

The SLP values for UPEO-CoFe and UPPO-CoFe were about five-fold and three-fold lower, 

respectively, compared to the SLP value for colloidal CoFe2O4. The decrease of SLP has 

previously been attributed to the formation of aggregates, resulting in strong interactions among 

the nanoparticles.38 In the present case, the SAXS results confirmed that the aggregation state of 

the SPN in aqueous suspension was not affected by their conjugation to the hybrid matrices. 

Therefore, the overall decrease of SLP observed for both nanocomposites compared to the 

colloidal CoFe2O4 could be explained by the inhibition of Brownian relaxation (immobilization 

effect), leading to decreased energy dissipating the power of the CoFe2O4 SPN when immobilized 

in polymer nanocomposites.56,57 This hypothesis was supported by Engelmann et al., who observed 

that the heating capacity of magnetic nanoparticles immobilized in acrylamide hydrogels depended 

on the crosslinking node distances (mesh size). Since the lowest SLP value was measured for the 

sample with the smallest mesh size, it was concluded that decrease of the mesh size caused a strong 

inhibition of Brownian relaxation, consequently affecting the heat capacity of the SPN.61 

The difference between the two nanocomposites in terms of ΔT reached after 240 s of AMF 

indicated that the UPPO-CoFe provided better performance for MH. This could be explained by 

the lower heat capacity at 30 ºC and consequently the higher SLP of the SPN in the UPPO-CoFe, 

compared to the UPEO-CoFe. The difference in the calorific capacity of the nanocomposites was 
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due to the difference in the thermal behavior of the PEO1900 (semicrystalline) and PPO400 

(amorphous) matrices at room temperature. However, it should be noted that the two 

nanocomposites achieved significant ΔT during the application of AMF and that both are potential 

candidates as bifunctional systems for drug delivery and MH. 

3.4 Wettability, drug release, and leaching 

The effect of the hydrogel of PEO based samples on the temporal evolution of the surface 

wettability was evaluated by measuring the contact angle at different times (θtmin) (Figure 6a and 

6b). The θ values for UPPO (θ0min = 78.3 ± 6.4°) and UPPO-CoFe (θ0min = 73.6 ± 6.1°) referring 

to the initial time of the assay remained unchanged after 10 min, while for UPEO (θ0min = 61.0 ± 

5.4° to θ10min = 44.2 ± 5.0°) and UPEO-CoFe (θ0min = 67.6 ± 1.4° to θ10min = 41.8 ± 1.9°) there was 

a decrease in θ values with time. This difference in wettability arose due to the known hydrophilic 

behavior of the PEO and hydrophobic nature of the PPO.12,20 The decrease in the θ values for the 

PEO based samples is related to easily water spreading on the surface induced by the water uptake 

into the UPEO three-dimensional networks based on hydrophilic PEO chains. 14 18 The time 

evolution of θ can be considered an indirect measure of the water uptake profile for the PEO based 

samples, since swelling played an essential role in the release process of the drug incorporated into 

the hybrid matrix. 
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Figure 6.  (a) Temporal evolution of contact angle and (b) Images of the air-water-solid interface 

at 0 min and 10 min after water drop dispersion for ureasil-polyether hybrids and the 

nanocomposites containing 2.15% (w/w) CoFe2O4 SPN. (c) Temporal evolution and (d) Log-log 

plots of cumulative SDCF release in phosphate buffer (pH 7.2), at 37 ºC from the ureasil-polyether 

hybrids and the nanocomposites containing 2.15% (w/w) CoFe2O4 SPN. 

Figure 6c shows the temporal evolution of cumulative SDCF release from the ureasil-polyether 

hybrids and nanocomposites in phosphate buffer (pH 7.2) at 37 ºC. The curves demonstrated that 

the SDCF release profile was dependent on the hydrophilicity of the hybrid matrix. The PEO 

samples (hydrophilic hybrid matrix) showed a rapid release profile during the first two hours of 

monitoring, followed by a plateau, while the PPO samples (hydrophobic hybrid matrix) showed 
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moderate and sustained release. After 8 h, the amounts of SDCF released from the UPEO and 

UPPO hybrids were 73 and 5%, respectively. 

The release of different drugs incorporated in ureasil-polyether hybrids is strongly dependent on 

the hydrophilicity and swelling capacity of the material.12,42 The hydrophilic nature of the PEO 

polymer chains allows rapid water uptake by the hybrid matrix, leading to a swelling degree of 

300% in approximately 1 h of immersion in an aqueous medium. 12,62 The uptake of water into the 

hybrid matrix from the surrounding environment promotes the dissolution of the incorporated 

drug, with the release being governed by a diffusion process.42 In contrast, for UPPO hybrids, the 

uptake of water into the matrix is a prolonged process due to the hydrophobic nature of the PPO 

polymer.12,22 It is important to note that both nanocomposites showed release profiles compatible 

with their hybrid matrices, indicating that the conjugation of the CoFe2O4 SPN (2.15% w/w) did 

not create a physical barrier or an alternative path for the release of the SDCF.  

The kinetic mechanism for release of the SDCF from the nanocomposites was investigated by 

applying the semi-empirical power-law model proposed by Korsmeyer et al.63 (Equation 4) to the 

experimental data: 

 

𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛                                                                                                                                                  (4) 

 

where, Mt/M∞ is the cumulative fraction of the drug released at time t, k is a release constant that 

considers structural and geometric characteristics of the matrix, and the exponent n describes the 

release mechanism. The power-law dependency predicted by Equation 4 can be confirmed by the 

existence of a linear trend in a log-log plot (Figure 6d). The slope extracted from this linear trend 

provides the value of n, which here indicated that the mechanism of release from UPEO and 
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UPEO-CoFe was anomalous transport (n = 0.9), while the release from UPPO and UPPO-CoFe 

was by classical Fickian diffusion (n = 0.5). The similar values of n for the nanocomposites and 

hybrids confirmed that the CoFe2O4 SPN in both PEO and PPO matrices did not affect the SDCF 

release mechanisms.  

The influence of higher concentrations of CoFe2O4 SPN on the release of SDCF was evaluated 

by preparing UPEO-CoFe and UPPO-CoFe nanocomposites containing 5% (w/w) CoFe2O4. The 

amounts of SDCF released from these samples (Figure S10a, Supporting Information) were very 

similar to the quantities released from the nanocomposites containing 2.15% (w/w) CoFe2O4, 

showing that the incorporation of up to 5% (w/w) CoFe2O4 did not affect the SDCF release profile. 

In addition, the influence of AMF on the SDCF release profile was also assessed (Figure S10b, 

Supporting Information). In these assays, the application of AMF (H = 14.9 kA∙m-1; f = 420 kHz) 

was carried out on eight occasions (equally spaced), each lasting 20 min. This AMF application 

regime did not influence the amount of SDCF released from the nanocomposites containing 2.15% 

(w/w) CoFe2O4 SPN. These experimental results demonstrated the emerging potential of these 

hybrid nanocomposites in the design of new bifunctional devices able to couple chemotherapy and 

magnetic hyperthermia without mutual interferences. 

It is important to highlight that the monolithic nanocomposites remained intact during the SDCF 

release assays even after ~16 h immersed in an aqueous medium (Figures S11a and S11b, 

Supporting Information) and without macroscopic evidence of CoFe2O4 SPN leaching in aqueous 

medium. Nevertheless, we evaluated the CoFe2O4 SPN leaching by the atomic absorption of Fe 

and Co in phosphate buffer solution (pH 7.2) after ~16 h of the SDCF release assays. The 

percentage of SPN leached from UPEO-CoFe (3.4 ± 0.1 %) was ~17 times higher compared to 

UPPO-CoFe (0.20 ± 0.01 %). The rapid uptake of water by the hydrophilic PEO matrix of the 
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UPEO-CoFe nanocomposite can lead to the formation of microchannel cracks near to the surface 

of the monolithic body inducing the release of CoFe2O4 SPN. The low CoFe2O4 leaching indicate 

that the SPN remains satisfactorily trapped inside the bulk of both nanocomposites, even after 

immersion in aqueous media. 

4. CONCLUSIONS  

The incorporation of CoFe2O4 SPN (average size ~9 nm) in the organic-inorganic hybrid matrix 

(UPEO and UPPO) led to higher specific heat capacity. This effect was more pronounced for 

UPEO-CoFe (Cp = 2.88 ± 0.47 J∙g-1∙°C-1), compared to UPPO-CoFe (Cp = 2.09 ± 0.02 J∙g-1∙°C-1). 

Hence, the later was more effective for MH, since the temperature variation achieved with the 

application of AMF was 1.8 times higher than for the UPEO-CoFe nanocomposite.  

The hydrophilic polymeric chains of UPEO network promoted much greater and faster drug 

delivery as compared to hydrophobic UPPO hybrid. The similar amounts of SDCF released from 

the hybrids and nanocomposites evidenced that the conjugation of CoFe2O4 SPN did not cause the 

creation of neither barrier nor alternative path for the release of SDCF. The results highlighted the 

importance of selecting the most appropriate hybrid matrix for MH using SPN/OIH 

nanocomposites, in addition to the effect of the SPN, which has been the focus of most studies 

involving these nanocomposites. The ureasil-polyether-CoFe2O4 nanocomposites can be designed 

as delivery systems coupled with magnetic hyperthermia. This bifunctionality has attracted 

attention to SPN/polymer nanocomposites, making them good candidates in several biomedical 

applications, such as scaffolds for tissue engineering or injectable magnetogels for cancer 

treatments. 
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CoFe2O4 nanoparticles; Figure S4, TEM images of CoFe2O4 nanoparticles and particle size 
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nanocomposites containing (0.5-5% w/w) CoFe2O4; Figure S6, X-ray diffractograms of the 

CoFe2O4 nanoparticles, hybrids, and nanocomposites; Table S1, attribution of the main (hkl) 

reflections in SAED pattern; Figure S7, FTIR spectra for SDCF, SDCF-loaded and unloaded 

ureasil-polyether hybrids; Figure S8, HRTEM images of the nanocomposites; (iii) Determination 

of the maximum heating rates from the magnetic hyperthermia curves: Figure S9, representation 

of the initial slope of the magnetic hyperthermia curve and parameters obtained with the Box-
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evolution of cumulative SDCF release from the ureasil-polyether nanocomposites under and 
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