
 

 
 

 

 
Materials 2021, 14, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/materials 

Article 1 

Development of thermo- and pH-sensitive liposomal magnetic 2 

carriers for new potential antitumor thienopyridine derivatives 3 

Beatriz C. Ribeiro 1, Cristina A. R. Alvarez 1, Bárbara C. Alves1, Juliana M. Rodrigues 2, Maria João R. P. Queiroz 2, 4 

Bernardo G. Almeida 1, Ana Pires 3, André M. Pereira 3, João P. Araújo 3, Paulo J. G. Coutinho 1, Elisabete M. S. Cas- 5 

tanheira 1,* and Ana Rita O. Rodrigues 1,* 6 

1 Centre of Physics of Minho and Porto Universities (CF-UM-UP), University of Minho, Campus de Gualtar, 7 

4710-057 Braga, Portugal 8 
2 Centre of Chemistry (CQUM), University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal 9 
3  IFIMUP - Instituto de Física dos Materiais, Universidade do Porto, Rua do Campo Alegre, 4169-007 Porto, 10 

Portugal. 11 

* Correspondence: ecoutinho@fisica.uminho.pt (EMSC); ritarodrigues@fisica.uminho.pt (AROR) 12 

Abstract: The development of stimuli-sensitive drug delivery systems is a very attractive area of 13 

current research in cancer therapy. The deep knowledge on tumor microenvironment has supported 14 

the progress of nanosystems ability for controlled and local fusion and drug release. Temperature 15 

and pH are two of the most promising triggers in the development of sensitive formulations to im- 16 

prove the efficacy of anticancer agents. Herein, magnetic liposomes with fusogenic sensitivity to pH 17 

and temperature were developed aiming at dual cancer therapy (by chemotherapy and magnetic 18 

hyperthermia). Magnetic nanoparticles of mixed calcium/manganese ferrite were synthesized by co- 19 

precipitation with citrate and by sol-gel method, and characterized by X-ray diffraction (XRD), Scan- 20 

ning Electron Microscopy in transmission mode (STEM), and Superconducting Quantum Interfer- 21 

ence Device (SQUID). The citrate-stabilized nanoparticles have shown a small size population 22 

(around 8 nm, determined by XRD) and suitable magnetic properties, with a low coercivity and high 23 

saturation magnetization ( 54 emu/g). The nanoparticles were incorporated into liposomes of di- 24 

palmitoylphosphatidylcholine/cholesteryl hemisuccinate (DPPC:CHEMS) and of the same compo- 25 

nents with a PEGylated lipid (DPPC:CHEMS:DSPE-PEG), originating magnetoliposomes with sizes 26 

around 100 nm. Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering (ELS) meas- 27 

urements were performed to investigate the pH-sensitivity of the magnetoliposomes’ fusogenic 28 

ability. Two new antitumor thienopyridine derivatives were efficiently encapsulated in the mag- 29 

netic liposomes and the drug delivery capability of the loaded nanosystems was evaluated, under 30 

different pH and temperature conditions. 31 

Keywords: magnetic nanoparticles; mixed ferrite; magnetoliposomes; pH-sensitive; thienopyridine 32 

derivatives; antitumor compounds; cancer therapy 33 

 34 

1. Introduction 35 

Tumors are characterized by a specific microenvironment due to the uncontrolled cell 36 

proliferation, acidic pH, overexpression of proteins and enzymes and high levels of oxi- 37 

dation/deoxidation, as a result of the peculiar nutritional environment and of the meta- 38 

bolic pattern change of tissues. Based on those characteristics, endogenous and exogenous 39 

stimuli have been strategically studied as triggers in the development of controlled drug- 40 

delivery nanosystems [1,2]. Endogenous triggers are regulated by the diseased tissue mi- 41 

croenvironment, while exogenous ones can be modulated by external factors, and so, pre- 42 

cisely controlled. Nanosystems with responsive profiles to pH, redox, enzyme and ionic 43 

microenvironment have been the most reported endogenous triggers. On the other hand, 44 

the most used exogenous triggers are temperature, magnetic field, light, electric field and 45 

ultrasound [3]. Magnetic fields can precisely control heat generation to induce drug re- 46 

lease from thermo-responsive nanosystems, while overheating cancer cells [4,5]. Under 47 

AC magnetic field, superparamagnetic nanoparticles are able to produce heat and 48 
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nanosystems based on magnetic nanoparticles are ideal for temperature-controlled drug 49 

delivery and simultaneous hyperthermia. Metal ferrite nanoparticles are promising for 50 

their high saturation magnetization, low hysteresis and chemical stability. Among all fer- 51 

rites, manganese ferrite nanoparticles have been reported as novel agents for magnetic 52 

hyperthermia for their tunable magnetic properties [6]. The magnetic properties of metal 53 

ferrites with spinel structure strongly depend on the nature of the ions and their distribu- 54 

tion among tetrahedral and octahedral sites. Hence, doping spinel ferrites with non-toxic 55 

and non-magnetic elements, such as calcium, alters the distribution of ions in both sites, 56 

leading to variation in magnetic properties that can boost magnetization, while promoting 57 

a higher biocompatibility [7,8]. 58 

The integration of two or more stimuli (endogenous and/or exogenous) into a single 59 

nanosystem is very attractive and has been explored to enhance therapeutic efficacy. 60 

Multi-responsive drug-delivery nanosystems with different stimuli combinations have 61 

been reported [9-11]. Considering the acidic pH of tumors, with extracellular environment 62 

reaching pH values down to 5.7 [12], and the fact that high temperatures can trigger drug 63 

release in thermo-sensitive nanosystems, while selectively damaging cancer cells (in the 64 

range of 39 °C to 42 °C) [13], the combination of pH and temperature stimuli is a promis- 65 

ing approach in cancer treatment. The potential of cholesteryl hemisuccinate (CHEMS) to 66 

achieve nanosystems with pH-dependent drug delivery has been investigated. CHEMS is 67 

a protonable lipid that is negatively charged at neutral pH and becomes neutral at acidic 68 

environment. This weakly acidic amphiphilic molecule possesses a polymorphic phase 69 

behavior as a function of its protonation state around its pKa, owning a lamellar stable 70 

phase at pH=7 and an inverted hexagonal phase (HII) at pH=5 [14]. Hence, at acidic envi- 71 

ronment, formulations containing CHEMS become fusogenic. In fact, lipids that undergo 72 

the lamellar-to-inverted hexagonal phase support membrane fusion, while phospholipids 73 

that undergo the gel-to-liquid crystalline phase promote drug release due to the increased 74 

bilayer fluidity and permeability above melting temperature. For thermosensitive formu- 75 

lations, DPPC is one of the most suitable lipids because it has a transition temperature 76 

around 41 °C, that is a few degrees above physiological temperature and in the range of 77 

mild hyperthermia temperatures [15]. The effect of CHEMS as a stabilizer of DPPC vesi- 78 

cles shows that the inclusion of a low amount of CHEMS has no significant influence in 79 

the transition temperature of the formulation [16].  80 

Hence, multi-stimuli magnetoliposomes of DPPC and CHEMS can be very attractive, 81 

due to their capability to be stable in blood circulation and release cargo at target sites by 82 

internal (pH) and external (magnetic field) stimuli while performing hyperthermia, being 83 

promising for cancer treatment.  84 

In this work, magnetoliposomes based on the thermosensitive lipid DPPC and the 85 

pH-sensitive agent CHEMS were prepared. Magnetic nanoparticles of manganese/cal- 86 

cium ferrite were chosen as the magnetic component. To assess the potential of the devel- 87 

oped magnetic liposomes as drug nanocarriers, two novel antitumor thienopyridine de- 88 

rivatives, recently synthesized [17] (Figure 1), were loaded into the nanosystems. The 89 

thienopyridine derivatives have been described as antitumor and antiangiogenic agents, 90 

as well as inhibitors for tyrosine kinase receptors [18-20].  91 

                    92 

Figure 1. Structures of the new antitumor compounds (Me: methyl group). Compound A: methyl 3- 93 

(pyridin-2-ylethynyl)thieno[3,2-b]pyridine-2-carboxylate; Compound B: methyl 3-(p-tolyl- 94 

ethynyl)thieno[3,2-b]pyridine-2-carboxylate. 95 
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The two novel compounds were previously assayed in human tumor cell lines [17] 96 

(Table 1), namely in colon cancer (HCT-15 cell line) and non-small cell lung cancer (NCI- 97 

H460). The results were compared with the ones for Doxorubicin (DOX), a widely-used 98 

therapeutic anticancer agent, and revealed much lower growth inhibitory concentrations 99 

(GI50) for the new compounds in both tumor cell lines (except for compound A in NCI- 100 

H460 cells). These GI50 values, in the nanomolar concentration range, stand out when com- 101 

pared to other thienopyridines [19-23] and to the anticancer DOX, inspiring the assays of 102 

encapsulation in magnetoliposomes. 103 

Table 1. Growth inhibitory concentration values (GI50  SD; SD being the standard deviation) for com- 104 

pounds A and B and DOX in tumour cells [17].  105 

 HCT-15 (nM) NCI-H460 (nM) 

Compound A 5.6 ± 0.6 > 75 

Compound B 10.8 ± 1.1 17.0 ± 1.2 

Doxorubicin 353.3 ± 24.2 25 ± 0.8 

 106 

Both compounds were successfully encapsulated in the developed nanosystems, rep- 107 

resenting promising formulations for application in cancer therapeutics.  108 

 109 

2. Materials and Methods 110 

2.1. Preparation of mixed calcium/manganese ferrite nanoparticles  111 

Spectroscopic-grade solvents and ultrapure water of Milli-Q grade (MilliporeSigma, 112 

St. Louis, MO, USA) were used in all preparations. Iron(III) chloride (FeCl3·6H2O,), man- 113 

ganese sulfate (MnSO4·H2O) and calcium acetate, Ca(CH3COO)2·H2O (from Sigma-Al- 114 

drich, St. Louis, MO, USA) were used in the synthesis of the mixed calcium/manganese 115 

ferrite nanoparticles. ACS grade reagent trisodium citrate dehydrate and sodium hydrox- 116 

ide solution, 50 % in water (from Sigma-Aldrich, St. Louis, MO, USA) were employed in 117 

the co-precipitation method. Nitric acid and citric acid (from Sigma-Aldrich, St. Louis, MO, 118 

USA) were used in the sol-gel synthesis method. 119 

2.1.1. Co-precipitation method 120 

Citrate-stabilized calcium/manganese ferrite NPs, Ca0.5Mn0.5Fe2O4, were prepared by 121 

co-precipitation method in aqueous solution. First, an aqueous solution of NaOH (2.32 M) 122 

and trisodium citrate dehydrate (0.75 M) was prepared and heated up to 90 ºC, under vor- 123 

texing. Then, a mixed solution containing iron(III) chloride 1 M, manganese sulfate 0.25 M 124 

and calcium acetate 0.25 M was added drop-by-drop. The mixture was kept under vortex- 125 

ing, at 90 ºC, for 2 hours. The obtained nanoparticles were washed several times by mag- 126 

netic decantation with water and ethanol.  127 

2.1.2. Sol-gel method 128 

The Ca0.5Mn0.5Fe2O4 nanoparticles were also synthesized via the sol-gel method un- 129 

der acid-catalysed conditions. Nitric acid 0.05 M and citric acid 0.15 M were used for the 130 

hydrolysis of the metal precursor mixture. A mixed solution of iron(III) chloride 1 M, man- 131 

ganese sulfate 0.25 M and calcium acetate 0.25 M, was added to the acids and slowly 132 

heated at 90 °C, under magnetic stirring, to form a xerogel. After formation of the dry gel, 133 
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the temperature was raised to 250 ºC, until a powder was obtained. The purification pro- 134 

cess was performed by several cycles of centrifugation, washing with water and ethanol. 135 

Finally, the obtained nanoparticles were subjected to calcination at 300 °C for 3 h. 136 

2.2. Synthesis of magnetic liposomes and small unilamellar vesicles 137 

Magnetic liposomes based on Ca0.5Mn0.5Fe2O4 nanoparticles were obtained by the 138 

ethanolic injection method, as previously described [24,25]. Briefly, an ethanolic solution 139 

of 1×10-3 M total lipid concentration was injected, drop by drop, into a nanoparticles aque- 140 

ous solution (1×10-4 M) at 55 ºC under vortexing. The non-encapsulated nanoparticles were 141 

removed through magnetic decantation. Different formulations containing the thermosen- 142 

sitive lipid DPPC (dipalmitoylphosphatidylcholine), the pH-sensitive agent cholesteryl 143 

hemisuccinate (CHEMS) and the PEGylated lipid distearoylphosphatidylethanolamine-N- 144 

[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG) were prepared, spe- 145 

cifically DPPC (100%), DPPC:CHEMS (molar ratio 80:20) and DPPC:CHEMS:DSPE-PEG 146 

(molar ratio 80:20:0.4). All components were purchased from Sigma-Aldrich (St. Louis, 147 

MO, USA).  148 

The two novel antitumor thienopyridine derivatives were encapsulated into the 149 

magnetoliposomes by co-injection of the compound with the lipid solution (final com- 150 

pound concentration: 1×10-6 M), an efficient method for encapsulation of hydrophobic 151 

compounds [26]. 152 

Small unilamellar vesicles (SUVs) were used as models of cell membranes and their 153 

interaction with the developed magnetoliposomes was studied. SUVs of egg-phosphati- 154 

dylcholine, Egg-PC (from Sigma-Aldrich, St. Louis, MO, USA) were also prepared by eth- 155 

anolic injection method. 156 

2.3. Structural characterization 157 

The composition and crystalline phases of the synthesized nanoparticles were eval- 158 

uated by the XRD (X-Ray Diffraction) technique, using a PAN'alytical X'Pert PRO diffrac- 159 

tometer, operating with CuKα radiation and Bragg-Brentano configuration, at the Electron 160 

Microscopy Unit, University of Trás-os-Montes and Alto Douro (UTAD), Vila Real, Portu- 161 

gal. 162 

Scanning Electron Microscopy images were recorded using a NanoSEM-FEI Nova 163 

200 (FEI Technologies, Inc., Hillsboro, OR, USA), operating in transmission mode (STEM), 164 

at SEMAT (Serviços de Caracterização de Materiais, Guimarães, Portugal). The software 165 

ImageJ (National Institutes of Health (NIH), version 1.53c, Bethesda, MD, USA) was used 166 

to process STEM images by increasing contrast and subtracting background. Then, a man- 167 

ual outline of the nanoparticles with the best-defined limit was performed (~150 counts) 168 

using the ROI (Region of Interest) manager tool, and the sizes were estimated considering 169 

the area of the circle. 170 

The size (hydrodynamic diameter) and zeta potential of magnetic liposomes were 171 

measured using a Dynamic Light Scattering NANO ZS Malvern Zetasizer (Malvern Pan- 172 

alytical Ltd., Malvern, UK), that is equipped with a He-Ne laser (λ = 632.8 nm). For each 173 

sample, five independent measurements were carried out, to determine mean size and size 174 

distribution (polydispersity index). 175 

 176 

2.4. Magnetic Measurements 177 

The magnetic properties of the Ca0.5Mn0.5Fe2O4 nanoparticles were measured in a 178 

MPMS3 SQUID magnetometer MPMS5XL (Quantum Design Inc., San Diego, CA, USA), 179 

using applied magnetic fields up to 5 T. The magnetization dependence on magnetic field 180 

(hysteresis cycles) was performed by measuring the magnetization at a series of different 181 

applied magnetic fields, at room temperature. 182 
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2.5. Spectroscopic measurements  183 

2.5.1. General methods  184 

The UV-Vis-NIR spectrophotometer Shimadzu UV-3600 Plus (Shimadzu Corpora- 185 

tion, Kyoto, Japan) was used to measure the absorption spectra and the spectrofluorimeter 186 

Fluorolog 3 (HORIBA Jobin Yvon IBH Ltd., Glasgow, UK), possessing double monochrom- 187 

ators in excitation and emission, Glan-Thompson polarizers, and a temperature controlled 188 

sample holder, was used to measure the emission spectra.  189 

2.5.2. Fluorescence anisotropy measurements  190 

Fluorescence anisotropy studies were performed by measuring the steady-state flu- 191 

orescence anisotropy (r) [27], calculated by equation (1) 192 

𝑟 = 
 𝐈𝐕𝐕−𝐆𝐈𝐕𝐇

𝐈𝐕𝐕+𝟐𝐆𝐈𝐕𝐇 
 ,       (1)  193 

where IVV and IVH are the intensities of the emission spectra obtained with vertical and 194 

horizontal polarization, respectively (using excitation light with vertical polarization). The 195 

instrument correction factor (𝐺) is the ratio IHV/IHH, where IHV and IHH are the emission in- 196 

tensities obtained with vertical and horizontal polarization (using excitation light with hor- 197 

izontal polarization). 198 

2.5.3. Compound encapsulation efficiency 199 

The encapsulation efficiency, EE(%), of the antitumor compounds in the magnetic 200 

nanosystems was determined by using Amicon® Ultra centrifugal filter units 100 kDa 201 

(Merck Millipore, Darmstadt, Germany) for the separation of encapsulated and non-en- 202 

capsulated compound. For that, drug loaded magnetoliposomes were subjected to a 203 

60 min centrifugation at 11,000 rpm and the filtrate (consisting of non-encapsulated drug) 204 

fluorescence was measured. Then, the concentration of non-encapsulated compound was 205 

determined through a previously obtained calibration curve for each compound (plot of 206 

the fluorescence intensity versus compound concentration). For that, the fluorescence in- 207 

tensity was measured and converted to the corresponding compound concentration. For 208 

each lipid formulation, three independent measurements were carried out and EE(%) was 209 

determined using equation (2).  210 

𝐸𝐸(%) =
𝐶(𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑) − 𝐶(𝑛𝑜𝑛−𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑)

𝐶(𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑)
× 100     (2) 211 

3. Results and Discussion 212 

3.1. Nanoparticles synthesis and characterization 213 

3.1.1. X-Ray analysis 214 

Ca0.5Mn0.5Fe2O4 NPs were prepared by the co-precipitation method in the presence of 215 

citrate (to provide electrostatic stabilization) and by sol-gel technique. The X-ray diffrac- 216 

tion (XRD) pattern of the synthesized nanoparticles were obtained and data analysis was 217 

processed by Rietveld optimization using Profex/BGMN software [28,29] to identify the 218 

sample phases and crystallite sizes. The XRD pattern of the Ca0.5Mn0.5Fe2O4 (citrate-stabi- 219 

lized) NPs displayed in Figure 2A shows well-defined peaks, confirming its crystallinity. 220 

The needed structure file resulted from the import process of CIF file nr. 2300618 221 

(MnFe2O4, space group Fd-3m) followed by changes in the unit cell composition, so that 222 
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half the Mn2+ positions are occupied by Ca2+ while the cation distribution over the tetra- 223 

hedral and octahedral sites can be varied during the Rietveld optimization. All the iden- 224 

tified peaks correspond to the intended phase, confirming its purity and occurred at 18.2 225 

(1 1 1), 29.9 (2 2 0), 35.3 (3 1 1), 36.9 (2 2 2), 42.9 (4 0 0), 46.9 (3 3 1), 53.2 (4 2 2), 56.7 226 

(5 1 1), 56.7 (3 3 3), 62.3 (4 4 0), 65.5 (5 3 1), 70.6 (6 2 0), 73.7 (5 3 3), 74.7 (6 2 2), 78.6 227 

(4 4 4), 81.5 (7 1 1), 81.5 (5 5 1), 86.3 (6 4 2), 89.2 (7 3 1), 89.2 (5 5 3), 94.0 (8 0 0) and 228 

96.9 (7 3 3). On the other hand, the corresponding XRD of the Ca0.5Mn0.5Fe2O4 (sol-gel) 229 

NPs (Figure 2B) revealed additional peaks indicating that the sol-gel method results in 230 

less pure samples. Almost all of the additional peaks observed matches with hematite 231 

phase (Hematite.str included in BGMN structure files), as observed by the identified 232 

peaks (filled squares). A percentage of 27.3% of hematite was detected. The success of sol- 233 

gel method relies on uniform distribution of metal cations within the xerogel, prior to the 234 

high temperature combustion process. The fact that a significant amount of hematite was 235 

obtained indicates the presence of iron-enriched regions in the prepared xerogel.  236 

The crystallite sizes were estimated by peak broadening effect as implemented in 237 

BGMN. Results of Rietveld optimization are indicated in Table 2 and in Figure 2. Sizes of 238 

7.9 nm and 10.2 nm were obtained for the Ca0.5Mn0.5Fe2O4 (citrate-stabilized) and 239 

Ca0.5Mn0.5Fe2O4 (sol-gel) NPs, respectively. For the case of the citrate-stabilized NPs, better 240 

fits were obtained for cation distributions that placed Ca2+ in octahedral sites. The obtained 241 

lattice parameter of 0.8427 nm is larger than the value of 0.8387, reported for MnFe2O4 242 

produced by a hydrothermal procedure [30]. This shows that an expansion of the crystal 243 

structure occurs in order to accommodate the Ca2+ ions. 244 

 245 

 246 

Table 2. Calculated RP and χ2 parameters, phase sizes and percentages obtained by Rietveld refine- 247 

ment of X-ray diffraction patterns of Ca0.5Mn0.5Fe2O4 nanoparticles stabilized by citrate (A) or ob- 248 

tained through the sol-gel technique (B). i is the degree of inversion; 𝑓𝐶𝑎
𝑇  is the fraction of Ca2+ in 249 

tetrahedral sites. 250 

Sample Ox,y,z (*) i 𝒇𝑪𝒂
𝑻  

Phase size 

(nm) 

Lattice con-

stant (nm) 

Hematite 

(wt%) 
RP χ2 

A 

0.3816 

0.3819 

0.3795 

0.3780 

1 

0.5 (+) 

0.5 (+) 

0 (+) 

0 

0 

1 (+) 

1 (+) 

7.6 

7.5 

7.7 

7.7 

0.8427 

0.8427 

0.8430 

0.8531 

-- 

9.19 

9.20 

9.47 

9.48 

1.26 

1.26 

1.33 

1.33 

B 0.3848 1 0 

 

10.2 

 

0.8374 27.3 9.43 1.57 

(*) Value of Ox,y,z in CIF file 2300618 is 0.25053  (+) fixed  251 

 252 
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 253 

Figure 2. X-Ray diffractogram of (A) citrate-stabilized calcium/manganese ferrite nanoparticles; (B) 254 

nanoparticles prepared by sol-gel method. 255 

 256 

 257 

3.1.2. Scanning Electron Microscopy (SEM)  258 

The SEM images of Ca0.5Mn0.5Fe2O4 nanoparticles are presented in Figure 3. A Gauss- 259 

ian distribution was fitted to the experimental data and populations of 9.1 ± 2.4 nm and 260 

11.5 ± 4.3 nm were obtained, respectively, for the citrate-stabilized NPs (Figure 3A) and 261 

NPs obtained by sol-gel method (Figure 3B). These size values are in very good agreement 262 

with XRD results. The small and uniform population of the citrate-stabilized NPs, with 263 

low size distributions, emphasizes the role of citrate, which has shown an important role 264 

in the synthesis of ferrite nanoparticles, allowing a homogeneous mixing of metal cations 265 

while retarding particle growth via the formation of surface citrate complexes, inhibiting 266 

the agglomeration of the NPs [31,32]. Some particle aggregation observed in the images is 267 

due to the technique employed, which requires a dry film of the sample in a solid grid 268 

with subsequent application of a vacuum. This procedure causes the aggregation of the 269 

nanostructures in the grid and, so, in SEM images. 270 

 271 

 272 

 273 
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 279 
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 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

Figure 3. STEM images of (A) citrate-stabilized nanoparticles and (B) citrate-stabilized nanoparticles 291 

with the nanoparticles selected by Image J software (white circles); (C) Histogram of size distribution 292 

of citrate-stabilized nanoparticles. STEM images of (D) nanoparticles prepared by sol-gel and (E) 293 

nanoparticles prepared by sol-gel with the nanoparticles selected by Image J software (white circles); 294 

(F) Histogram of size distribution of nanoparticles prepared by sol-gel. 295 

 296 

3.1.3. Sedimentation kinetics  297 

The colloidal stability of the nanoparticles is an important parameter for biomedical 298 

applications. Hence, the sedimentation profile of suspensions of the prepared nanoparti- 299 

cles is crucial in determining their stability. Different concentrations of the prepared na- 300 

noparticles, 0.2%, 0.1%, 0.05% and 0.025% (% m/v), were studied. The deposition rate was 301 

determined through the sedimentation kinetics, which was obtained measuring the ab- 302 

sorbance of nanoparticles suspensions within 15 min intervals, for 3 h (Figure 4). The ex- 303 

perimental results follow a first-order kinetics and the sedimentation rates were estimated 304 

by fitting the Becquerel decay function or compressed hyperbola to the sedimentation 305 

profiles at different concentrations (insets of Figure 4). Becquerel’s decay law is given by 306 

equation (3), 307 

𝐼(𝑡) =
1

[1+𝑐𝑡
𝜏0⁄ ]

1/𝑐  ,      (3) 308 

where the control parameter c is taken as 0 < c < 1, and 𝜏0 has dimensions of time [33]. 309 

Both types of nanoparticles (synthesized by the two different methods) have shown 310 

to be stable, with a sedimentation behavior suggesting the occurrence of nanoparticles 311 

C 

A B 

F 

D E 
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aggregation into stable agglomerates, which settle down at a faster rate than single nano- 312 

particles [34]. Within the range of concentrations studied, the deposition of the citrate- 313 

stabilized NPs shows a linear trend with increasing concentration. On the other hand, the 314 

NPs prepared by sol-gel revealed a faster decay over time, with no linear dependence with 315 

the NPs concentration. The citrate-stabilized NPs display higher stability for the largest 316 

concentration studied, with a deposition rate of 1.98×10-3 min-1 for 0.2 wt%, while sol-gel 317 

NPs show a rate of 3.94×10-2 min-1 for the same nanoparticles concentration. The three 318 

carboxyl groups in every citrate ion and the repulsive forces between the electric charges 319 

of the radical ions make the nanoparticles more water-dispersible, providing electrostatic 320 

stabilization [35]. 321 

  322 

    (A)      (B) 

Figure 4. Sedimentation profiles of (A) citrate-stabilized nanoparticles; (B) Nanoparticles prepared 323 

by sol-gel. Insets: sedimentation rate dependence on nanoparticles concentration.  324 

 325 

3.1.4. Magnetic Properties 326 

Ferrite nanoparticles typically have a spinel-type crystal structure with a general for- 327 

mula (A)[B]2O4, where (A) denote tetrahedral sites and [B] the octahedral ones. Each unit 328 

cell is composed of eight formula units, where the larger oxygen anions enclose a face- 329 

centered-cubic structure with the smaller cations in the interstitial sites, that is, (A)-sites 330 

and [B]-sites (Figure 5). The cation distribution in the (A)-sites and [B]-sites, the magnetic 331 

interaction between the magnetic moments of the metal ions, and their relative ion 332 

strength determine the magnetic behavior of the nanoparticles.  333 

 334 

 335 
Figure 5. Representation of the crystal cell lattice, with the representation of the A-sites and B-sites. 336 

 337 

 338 

 339 

 340 
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 341 

The spinel structure of the mixed calcium/manganese ferrite can be written as 342 

(Ca𝑥
2+Mn𝑦

2+Fe1−𝑥−𝑦
3+ ) [Ca0.5−𝑥

2+ Mn0.5−𝑦
2+ Fe1+𝑥+𝑦

3+ ]O4
2− , where (1-x-y) denotes the inversion de- 343 

gree corresponding to the fraction of A-sites that are occupied by Fe3+ [36]. In an inverted 344 

spinel ferrite, one-half of Fe3+ is placed in A-sites and the other half in B-sites, mutually 345 

compensating their magnetic moments. Thus, the resulting magnetic moment of the fer- 346 

rite is due to the magnetic moment of bivalent cations (Me2+) in B-sites [37]. According to 347 

XRD analysis, an octahedral site preference of Ca2+ was observed, from either a completely 348 

inverted structure, or a structure with an inversion degree of 0.5 and Mn2+ only in A-sites 349 

(Table 3). Hence, the spinel structure takes either the formula 350 

(Fe3+)[Ca0.5
2+ Fe3+]O4

2−or (Mn0.5
2+ Fe0.5

3+) [Ca0.5
2+ Fe1.5

3+] O4
2−. Bulk MnFe2O4 is a partially inverted 351 

spinel structure, with a typical small inversion parameter of 0.2 and a corresponding for- 352 

mula (Mn0.8
2+Fe0.2

3+ ) [Mn0.2
2+Fe1.8

3+] O4
2−. This is originated from the similar site preferences of 353 

Mn2+ and Fe3+, as both have similar sizes and d-orbital energy and occupation (d5) [38]. So, 354 

the most probable configuration for the synthesized Ca0.5Mn0.5Fe2O4 nanoparticles 355 

is (Mn0.5
2+Fe0.5

3+) [Ca0.5
2+ Fe1.5

3+] O4
2−. 356 

The magnetic dependence on applied magnetic field of the citrate-stabilized 357 

Ca0.5Mn0.5Fe2O4 NPs and the ones prepared by sol-gel was measured and the correspond- 358 

ing hysteresis loops are shown on Figure 6. The obtained saturation magnetization and 359 

hysteresis parameters are resumed in Table 3. 360 

 361 

Figure 6. Hysteresis loops of citrate-stabilized Ca0.5Mn0.5Fe2O4 NPs and Ca0.5Mn0.5Fe2O4 NPs pre- 362 

pared by sol-gel, at room temperature. Inset: Low region field enlargement. 363 

 364 

Table 3. Saturation magnetization (Ms), remnant magnetization (Mr), Mr/Ms ratio and coercive field 365 

(C) for Ca0.5Mn0.5Fe2O4 nanoparticles, at room temperature. 366 

 Ms (emu/g) Mr (emu/g) Mr/Ms C (Oe) 

Citrate-stabilized 

Ca0.5Mn0.5Fe2O4  
53.91 0.95 0.02 13.90 

Ca0.5Mn0.5Fe2O4 pre-

pared by sol-gel 
26.68 3.88 0.15 96.77 

 367 

Both types of Ca0.5Mn0.5Fe2O4 nanoparticles show no hysteresis, with very low values 368 

of remnant magnetization and coercive field (Table 3). The citrate-stabilized NPs are su- 369 

perparamagnetic, with a magnetic squareness value below 0.1, indicating the loss of more 370 

than 90 % of magnetization upon the removal of the applied field. On the other hand, NPs 371 

obtained by sol-gel show to be in the limit for ferromagnetic behavior. A high saturation 372 
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magnetization of 53.91 emu/g was obtained for the crystalline Ca0.5Mn0.5Fe2O4 citrate-sta- 373 

bilized nanoparticles, while poor magnetization was observed for the NPs obtained by 374 

sol-gel. The lower magnetization value of the nanoparticles synthesized by the sol-gel 375 

method can be justified by the presence of an additional phase of hematite (as detected in 376 

XRD diffractogram) which is very weakly magnetic.  377 

According to Neel’s sub-lattice field model [7], the A-B exchange interaction is 378 

stronger than the A-A or B-B interaction and the saturation magnetization (Ms) can be 379 

estimated by the relation Ms = MB - MA, where MB and MA are the magnetization of B- and 380 

A-sites, respectively. Taking the magnetic moment of 5µB for the cations Mn2+ e Fe3+ (both 381 

with 5 unpaired d-electrons) and 0µB for Ca2+, the magnetic moment per formula unit of 382 

the (Mn0.5
2+Fe0.5

3+ ) [Ca0.5
2+ Fe1.5

3+] O4
2−

 configuration is given by [(Ca2+↑ 0.50µB) + (Fe3+↑ 1.5 383 

5µB)]  ((Mn2+↓ 0.55µB)+(Fe3+↓ 0.55µB)] = 2.5µB. On the other hand, assuming the typi- 384 

cally small inversion parameter of manganese ferrite nanoparticles (i = 0.2), the expected 385 

magnetic moment per formula unit is [(Mn2+ ↑ 0.25µB) + (Fe3+↑ 1.85µB)]  ((Mn2+↓ 386 

0.85µB) + (Fe3+↓ 0.25µB)] = 5µB. Hence, a reduction in the magnetization for the 387 

Ca0.5Mn0.5Fe2O4 nanoparticles should be expected by the Neel’s sub-lattice field model. 388 

Yet, Wang et al. have prepared MnFe2O4 NPs with a saturation magnetization of 389 

53.6 emu/g, using a synthesis process that resulted in nanoparticles with comparable crys- 390 

talline sizes around 11.4 nm and a lattice parameter of 0.8387 nm [30]. Contrary to the 391 

expected, the magnetization reported by Wang for MnFe2O4 NPs is very similar to the one 392 

obtained in this work for the citrate-stabilized Ca0.5Mn0.5Fe2O4 NPs (53.91 emu/g, Table 3). 393 

In addition, the increase in the lattice parameter from 0.8387 nm (MnFe2O4 NPs) to 0.8427 394 

nm (Ca0.5Mn0.5Fe2O4, Table 2) points to a structural distortion that could disrupt the perfect 395 

alignment of spins from A and B sites, leading to a possible increase in the effective mag- 396 

netic moment. The lattice parameter increase and the Ca2+ octahedral site preference is 397 

supported by the larger ionic radius of the cation Ca2+ (0.99 Å contrasting with 0.80 Å of 398 

the Mn2+, and 0.64 Å of the Fe3+, for coordination 6 in octahedral position [39]). The influ- 399 

ence of structural distortions in effective magnetic moment was also suggested by Y. 400 

Wang et al. for the case of rare-earth doped calcium manganite perovskites [40]. Hence, 401 

the high magnetization of mixed calcium/manganese ferrite NPs could be related to the 402 

distortion that augments the magnetic moment of the system.  403 

3.2. Magnetoliposomes characterization by DLS and SEM 404 

 Considering the best structural and magnetic properties of the citrate-stabilized na- 405 

noparticles obtained by co-precipitation, these NPs were chosen for the preparation of 406 

magnetic liposomes. The thermosensitive lipid DPPC (dipalmitoylphosphatidylcholine), 407 

possessing a transition (melting) temperature at 41 C [41], around the ones used at mild 408 

hyperthermia therapy, was chosen as main component of the formulation. As tumor cells 409 

have a lower pH than non-tumor ones, the pH-sensitive lipid CHEMS (cholesteryl hemi- 410 

succinate) [42,43] was included in the nanosystems, with the purpose of attaining a pH- 411 

triggered release. Poly(ethylene glycol) (PEG) was also incorporated in the magnetolipo- 412 

somes (through the PEGylaeted lipid DSPE-PEG) to ensure prolonged systemic circulation 413 

by avoiding clearance by immune system. 414 

 Electrophoretic Light Scattering measurements (determination of zeta-potential) 415 

were performed at neutral and acidic pH, respectively 7.4 and 5, to investigate the pH- 416 

sensitivity of the magnetic liposomal formulations containing the polymorphic molecule 417 

CHEMS. The results are displayed in Table 4. The zeta potential of DPPC magnetolipo- 418 

somes (100 %) at pH=7.4 and pH=5 is also shown, for comparison. 419 

 420 
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Table 4. Zeta potential values of the magnetic liposomes of several compositions, measured by Electropho- 421 

retic Light Scattering. 422 

Formulation pH Zeta potential (mV) 

DPPC (100%) 
7.4 -1.83 ± 0.65 

5 -1.75 ± 0.82 

DPPC:CHEMS (80:20) 
7.4 -26.7 ± 1.10 

5 -0.73 ± 0.9 

DPPC:CHEMS:DSPE-PEG (80:20:0.4) 
7.4 -17.0 ± 0.9 

5 -2.55 ± 0.89 

DPPC magnetoliposomes are very slightly negative, due to the surface charge of cit- 423 

rate-coated magnetic nanoparticles. A value of -25.5 mV was reported for the zeta-poten- 424 

tial of citrate-coated magnetite at pH=6, decreasing with increasing pH [44]. At neutral pH, 425 

the presence of CHEMS in the magnetoliposomes formulations of DPPC:CHEMS and 426 

DPPC:CHEMS:DSPE-PEG reinforces the negative surface charge, as the succinate head- 427 

group is deprotonated at neutral pH (pK  5.8 [14]). The more negative zeta-potential value 428 

of -26.7 ± 1.10 mV for the magnetoliposomes of DPPC:CHEMS indicates an outermost lo- 429 

cation of the CHEMS molecule in this formulation. At acidic pH, below its pK value, the 430 

protonation of CHEMS leads to a decrease of zeta-potential to a very slight negative charge 431 

(near neutral) of -0.73 ± 0.9 mV and -2.55 ± 0.89 mV for DPPC:CHEMS and 432 

DPPC:CHEMS:DSPE-PEG, respectively (Table 4). Additionally, the protonation of 433 

CHEMS enhances the formation of the hexagonal phase (HII), confering a more fosugenic 434 

character to the nanosystems at this pH. Hence, it is possible to conclude that the magne- 435 

toliposomes of DPPC:CHEMS and DPPC:CHEMS:DSPE-PEG are pH-sensitive, being suit- 436 

able for pH-triggered release of encapsulated drugs at the acidic tumor microenvironment. 437 

The interaction of the magnetic liposomes with small unilamellar vesicles (SUVs) of 438 

Egg-PC (L-α-lecithin from egg yolk), here employed as biomembrane models, was moni- 439 

tored by Dynamic Light Scattering (DLS), investigating their fusion capabilities under neu- 440 

tral and acidic pH. For that, the hydrodynamic diameters of magnetoliposomes (MLs), 441 

SUVs and the mixture of both nanosystems (after stabilizing 10 min.) were measured at 442 

pH=7.4 (PBS buffer) and pH=5 (acetate buffer). The outcomes of this experiment are shown 443 

in Table 5. 444 

 445 

Table 5. Hydrodynamic diameter and polydispersity index (PdI) values of magnetic liposomes, SUVs and 446 

the mixture of both nanosystems, measured by Dynamic Light Scattering (DLS). 447 

Formulation 
Hydrodynamic size (nm) PdI 

pH=7.4 pH=5 pH=7.4 pH=5 

SUVs 96.5 ± 2.4 92.3 ± 12 0.27 ± 0.01 0.27± 0.01 

MLs (DPPC:CHEMS) 149.9 ± 17 203.6 ± 10 0.29 ± 0.01 0.27 ± 0.04 

SUVs + MLs (DPPC:CHEMS) 171.6 ± 2.2 597.3 ± 58 0.25 ± 0.01 0.29 ± 0.04 

MLs (DPPC:CHEMS:DSPE-PEG) 213.2 ± 1.1 225.6 ± 19 0.24 ± 0.001 0.28 ± 0.002 

SUVs + MLs (DPPC:CHEMS:DSPE-

PEG) 
336.1 ± 121 376.1 ± 66 0.24 ± 0.027 0.25± 0.050 

 448 
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In general, it can be observed the formation of generally monodisperse systems 449 

(PdI < 0.3). The small hydrodynamic diameters of Egg-PC SUVs, at both pH 7.4 and 5, are 450 

in accordance with previous values reported for this type of vesicles [45]. At neutral pH, 451 

hydrodynamic sizes below or around 200 nm were measured, suitable for therapeutic ap- 452 

plications considering that the enhanced permeation and retention (EPR) effect is guaran- 453 

teed for nanocarriers’ sizes lower than 400 nm, while being more effective at diameters 454 

below 200 nm [46]. The larger negative surface charges (at pH=7.4) of DPPC:CHEMS MLs 455 

(Table 4) contributes to a reduction in the mean size of this magnetic liposomal formulation, 456 

owing to a decrease of aggregation promoted by electrostatic repulsions. 457 

An increase in size was observed for the mixture containing SUVs and MLs, sup- 458 

porting the fusion between the two types of nanostructures. As expected, at acidic envi- 459 

ronment, the increase in size was even more pronounced, due to the lamellar-to-inverted 460 

hexagonal phase transition of CHEMS that supports membrane fusion at pH 5. The MLs 461 

of DPPC:CHEMS have shown to be the best candidates for pH-sensitive fusion with the 462 

largest size difference for the mixture of SUVs and MLs at pH 7.4 and 5. The lower increase 463 

obtained for the mixture of SUVs and MLs of DPPC:CHEMS:DSPE-PEG, at pH=5, may be 464 

related to PEG molecules forming a hydrophilic corona that suppressed membrane fusion. 465 

In fact, PEGylation have shown poor endosomal escape through membrane fusion and 466 

lack of loaded molecules release in lysosomes [47]. Yet, recent studies have shown that the 467 

use of cleavable PEG derivatives, which are easy to break under phatological conditions, 468 

can facilitate the membrane fusion while keeping the extended drug circulation time [48]. 469 

Scanning electron microscopy (SEM) was used for the morphological assessment of 470 

the developed MLs. Despite not ideal for analyzing liposomes, as it requires sample driyng 471 

or fixing, SEM can provide general information on the concentric structure, as well as give 472 

details on size and spherical morphology [49]. A SEM image of the MLs based on citrate- 473 

stabilized nanoparticles is displayed on Figure 7A.  474 

  475 

Figure 7. (A) SEM image of magnetoliposomes of DPPC (100%) based on citrate-stabilized nanopar- 476 

ticles, showing spherical structures around 100 nm size. (B) TEM image of a magnetoliposome. 477 

 478 

In general, single layer magnetic liposomes with spherical shape and diameters 479 

around 100 nm were obtained. As expected, these results reveal slightly smaller diameters 480 

than the size distribution obtained from the DLS measurements, as the latter comprise the 481 

liquid layer around the nanosystem, while SEM measures the size of the dry nanoparticles. 482 

Additionally, aggregation in aqueous media can lead to larger average sizes. On the other 483 

A B 



Materials 2022, 14, x FOR PEER REVIEW 14 of 21 
 

 

hand, the fragmented and smaller size structures may result from the perturbation from 484 

the high-vacuum conditions required for sample preparation in SEM. A TEM image in 485 

Figure 7B illustrates a single magnetoliposome, evidencing the presence of magnetic na- 486 

noparticles with sizes smaller than 10 nm. 487 

3.3. Drug-loaded magnetic liposomes 488 

3.3.1. New antitumor thienopyridine derivatives 489 

As other thienopyridine derivatives previously synthesized and described [19-23], 490 

compounds A and B are fluorescent in several solvents (except in water). This is an ad- 491 

vantage for monitoring the incorporation of these compounds in the developed magnetic 492 

bionanosystems, as fluorescence provides a versatile method allowing the determination 493 

of lower concentrations than UV-Visible absorption spectroscopy. 494 

Considering these properties, UV-Vis absorption and fluorescence measurements 495 

were carried out for both compounds in different solvents and fluorescence quantum 496 

yields were estimated. The maximum absorption and emission wavelengths, molar absorption 497 

coefficients and fluorescence quantum yields are displayed in Table 6. Compound B is more 498 

fluorescent than compound A, with quantum yields between 5% and 10%, while compound A 499 

presents emissive quantum yields around 2%. Normalized fluorescence spectra are presented 500 

in Figure 8, with examples of absorption spectra as insets. It can be observed a general red shift 501 

in polar and protic solvents (acetonitrile, ethanol), together with a loss of vibrational structure 502 

and band enlargement, especially for compound B, indicative of an intramolecular charge trans- 503 

fer character of the excited state [27]. This behavior points to a moderate sensitivity of the com- 504 

pounds emission to the environment. 505 

 506 

Figure 8. Normalized fluorescence spectra of 1×10-6 M solutions of compounds A (λexc = 350 nm) and B 507 

(λexc = 330 nm) in different solvents. Insets: Absorption spectra in ethanol, as examples. 508 

 509 

The photophysical characterization of compounds A and B (Figure 8 and Table 6) in 510 

several solvents is important to understand, not only that the compounds are fluorescent 511 

is different environments, but also to know the sensitivity of their emission to the sur- 512 

rounding media. This will allow determining compound encapsulation efficiencies and 513 

localization in magnetoliposomes, relevant parameters to be considered when assessing a 514 

nanocarrier performance. 515 
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Table 6. Maximum absorption (λabs) and emission (λem) wavelengths, molar absorption coefficient values 516 

(ε) and fluorescence quantum yields (F) calculated for compounds A and B (sh: shoulder). 517 

Solvent 
λabs /nm ( /105 M-1 cm-1)   λem /nm     F 

Compound A Compound B Compound A Compound B Compound A Compound B 

Ethyl acetate 338 (1.37) 348 (2.07) 371; 387 401 0.016 0.05 

Chloroform 338 (1.39) 352 (1.73) 375; 392 406 0.020 0.08 

Acetonitrile 338 (1.27) 348 (1.79) 371; 385 (sh) 410 0.017 0.05 

Ethanol 338 (1.24) 350 (1.76) 375; 389 (sh) 421 0.018 0.10 

 518 

3.3.2. Magnetic liposomes with encapsulated drugs 519 

 The antitumor compounds A and B were loaded in magnetoliposomes by co-injec- 520 

tion with the lipids the formulation. The encapsulation of compounds A and B can be fol- 521 

lowed by fluorescence emission, taking into account the usual fluorescence quenching pro- 522 

moted by the magnetic nanoparticles. In Figure 9, a strong fluorescence inhibition is ob- 523 

served for both compounds, when compared with the emission in neat liposomes (in the 524 

absence of the magnetic component). This behavior is common to all the lipid formulations 525 

studied and was already reported in previous works with other encapsulated drugs (in- 526 

cluding different thienopyridine derivatives) in magnetoliposomes [22,23,50]. 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

Figure 9. Fluorescence spectra of compounds loaded in liposomes and magnetic liposomes: Left: 546 

Compound A loaded in DPPC (100%); Right: Compound B loaded in DPPC:PEG:CHEMS (80:20:0.4). 547 

 548 

 Fluorescence anisotropy measurements are also useful in estimating the main loca- 549 

tion of the potential drugs in the nanocarriers (Table 7). In fact, fluorescence anisotropy, r, 550 

is related to the microviscosity, , of the environment, through the equation (4) [27], 551 

1

𝑟
=

1

𝑟0
(1 +

𝜏

𝜏𝑐
) ,                               (4)  552 

MLs MLs 
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where r0 is the fundamental anisotropy, 𝜏  is the excited-state lifetime of the fluorophore, 553 

and 𝜏𝑐  is the rotational correlation time, given by 𝜏𝑐 = (𝑉h) (𝑘B𝑇)⁄ , being Vh the hydrody- 554 

namic volume, kB the Boltzmann’s constant and T the absolute temperature. The funda- 555 

mental anisotropy can be estimated from the value in a very viscous solvent (e.g. glycerol).  556 

Table 7. Fluorescence anisotropy values of compounds A and B in magnetic liposomes (MLs).  557 

System Formulation Compound A  Compound B 

MLs 

DPPC 
0.08 (25 C) 

0.06 (55 C) 

0.03 (25 C) 

0.02 (55 C) 

DPPC:CHEMS 
0.14 (25 C) 

0.10 (55 C) 

0.14 (25 C) 

0.11 (55 C) 

DPPC:CHEMS: DSPE-PEG 
0.11 (25 C) 

0.07 (55 C) 

0.14 (25 C) 

0.12 (55 C) 

Glycerol --- 0.33 (25 C) 0.30 (25 C) 

 558 

In Table 7, it can be observed a general decrease in anisotropy when the temperature 559 

is higher (55 C) than DPPC phase transition temperature. This indicates that compounds 560 

A and B detect the transition of the lipid bilayer (from gel to the liquid-crystalline phase) 561 

and, therefore, are mainly located in the membrane. An increase of the steady-state anisot- 562 

ropy values is predicted from the decrease of the excited-state lifetime (according to equa- 563 

tion 4). When the temperature is raised from 25 C to 55 C, the excited-state lifetime de- 564 

creases, owing to the enhancement of non-radiative deactivation pathways (especially the 565 

rate constant for internal conversion from the first singlet excited state to the ground state). 566 

However, a decrease in fluorescence anisotropy is observed, which can only be attributed 567 

to a decrease of the rotational correlation time of the fluorescent compound, which arises 568 

from the decrease of membrane microviscosity upon transition from the gel to the liquid- 569 

crystalline phase.  570 

It should also be noticed that the compounds have very low anisotropy values in 571 

DPPC (100%) formulation, and probably are in a hydrated and fluid environment in these 572 

nanostructures. On the other hand, CHEMS may facilitate compounds penetration in the 573 

membranes, by fluidizing DPPC rigid phase, as happens with cholesterol [51]. This is re- 574 

flected by the higher anisotropy values in formulations containing CHEMS.   575 

The encapsulation efficiencies of both antitumor compounds in the several magne- 576 

toliposomes formulations were determined and the results are presented in Table 8. 577 

Table 8. Values of encapsulation efficiencies (in percentage) for the studied antitumor compounds loaded 578 

in DPPC magnetoliposomes (standard deviation is from three independent assays). 579 

Nanosystem Formulation Compound A  Compound B 

MLs 

DPPC  99.1 ± 0.2 89.0 ± 3.0 

DPPC:CHEMS  98.6 ± 0.1 88.4 ± 2.8 

DPPC:CHEMS:DSPE-PEG  98.2 ± 0.2 91.2 ± 0.3 

  The encapsulation efficiencies, above 88%, for both compounds are very reasonable 580 

and no significant difference between the several MLs formulation were observed. Only 581 

for compound B, a slight increase in encapsulation efficiency was obtained for PEGylated 582 

MLs, indicating that this formulation is able to better retain this drug. Hence, at neutral 583 

pH, the lipid formulations of magnetic liposomes do not sufficiently affect membrane flu- 584 

idity to influence compound encapsulation.  585 
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3.3.3. Förster resonance energy transfer assays 586 

To further investigate if the drug-loaded pH-sensitive MLs can deliver the encapsu- 587 

lated drug to model membranes (SUVs), Förster Resonance Energy Transfer (FRET) assays 588 

were carried out, using magnetoliposomes of DPPC:CHEMS and DPPC:CHEMS:DSPE- 589 

PEG loaded with compound A. In these assays, this drug acts as the energy donor, while 590 

the hydrophobic dye curcumin in Egg-PC SUVs was used as energy acceptor. FRET occurs 591 

when a donor fluorophore in the excited state transfers its excitation energy to an acceptor 592 

moiety in the ground state through a non-radiative process. FRET between two fluorescent 593 

molecules is expected to be efficient if the donor–acceptor distance is below 100 Å [27].  594 

Assuming that membrane fusion between MLs and SUVs promotes the approxima- 595 

tion between compound A (donor) and curcumin (acceptor) within this distance range, the 596 

fusogenic capability was assessed. The emission spectra of MLs loaded with compound A 597 

and of the mixture containing both MLs loaded with compound A and SUVs containing 598 

curcumin were measured, exciting only the donor at 350 nm. FRET efficiency, FRET, rep- 599 

resenting the proportion of donor molecules that have transferred their excess energy to 600 

acceptor molecules, was calculated by taking the ratio of the donor integrated fluorescence 601 

intensities in the presence of acceptor (FDA) and in the absence of acceptor (FD), through 602 

equation (5). Here, the spectrum of MLs loaded with compound A was used to measure 603 

the emission of the donor in the absence of acceptor, while the spectrum of the mixture of 604 

loaded MLs and SUVs incorporating curcumin was used as the donor emission in the pres- 605 

ence of acceptor.  606 

FRET = 1 −
𝐹𝐷𝐴

𝐹𝐷
        (5) 607 

In cells, the pH value drops from early endosomes (pH = 6.5) to late endosomes 608 

(pH = 6) and to lysosomes (pH = 4.5 – 5) [52]. Tumor microenvironment is also acidic. Con- 609 

sidering the objective of obtaining pH-sensitive magnetoliposomes by the inclusion of 610 

CHEMS, together with temperature-sensitivity promoted by DPPC, these assays were per- 611 

formed at pH=7.4 (normal physiological pH) and 5 (pH of tumor environment), and at 612 

temperatures of 25 ºC (below phase transition temperature of DPPC) and 45 ºC (above 613 

DPPC transition and at mild hyperthermia condition). The results are summarized in Ta- 614 

ble 9. 615 

 616 

Table 9. Values of energy transfer efficiencies (FRET), in percentage, at different pH and temperature 617 

conditions. 618 

Formulation pH Temperature (ºC) FRET (%) 

DPPC:CHEMS 

7.4 
25 10.9 

45 22.5 

5 
25 23.5 

45 26.6 

DPPC:CHEMS:DSPE-PEG 

7.4 
25 18.4 

45 26.9 

5 
25 28.9 

45 35.3 

At pH = 5, higher FRET efficiencies were obtained, indicating a higher fusion ability 619 

between the MLs and SUVs at acidic conditions. Cholesteryl hemisuccinate evidences the 620 

capability to adopt a lamellar structure upon hydration in alkaline or neutral media [16], 621 

promoting membrane fusion upon acidification, due to the preference of neutral form for 622 
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the inverted hexagonal phase (HII) [14]. Additionally, a rise in temperature also increases 623 

the interaction between both nanosystems, with a larger membrane fusion and subsequent 624 

shorter distance between compound A and curcumin (higher FRET). The lipid DPPC un- 625 

dergoes the gel-to-liquid crystalline phase transition at 41 ºC; hence, at 45 ºC, the increased 626 

membrane fluidity is expected to enhance membrane fusion. The DPPC:CHEMS:DSPE- 627 

PEG formulation have similar fusogenic sensitivity to environment, considering the larger 628 

difference in FRET efficiencies between normal conditions (neutral pH and room temper- 629 

ature) and tumor environment under hyperthermia treatment (acidic pH and higher tem- 630 

perature). Therefore, the PEGylated nanocarrier maintains the pH and thermo-sensitive 631 

capabilities. Overall, the MLs based on citrate-stabilized Ca0.5Mn0.5Fe2O4 nanoparticles are 632 

very promising for antitumor drug delivery promoted by an external trigger in cancer 633 

therapy.  634 

4. Conclusions 635 

In this work, Ca0.5Mn0.5Fe2O4 nanoparticles were synthesized by co-precipitation (in 636 

the presence of citrate) and by sol-gel technique. XRD measurements confirmed a pure 637 

crystalline phase of Ca0.5Mn0.5Fe2O4 NPs prepared by the first method. These nanoparticles 638 

have shown a high saturation magnetization of 53.91 emu/g and superparamagnetic prop- 639 

erties. 640 

Magnetoliposomes of DPPC:CHEMS and DPPC:CHEMS:DSPE-PEG based on citrate- 641 

stabilized Ca0.5Mn0.5Fe2O4 nanoparticles, with sizes around 100 nm, were prepared. The 642 

presence of CHEMS in the liposomal formulation granted pH-sensitivity to the nanosys- 643 

tem, with a very slight negative charge at acidic environment and higher negative zeta- 644 

potential value at neutral pH. High encapsulation efficiencies, above 88%, were obtained 645 

for two new antitumor thienopyridine derivatives in the magnetic liposomes. FRET assays 646 

confirmed that the drug-loaded magnetoliposomes of DPPC:CHEMS and 647 

DPPC:CHEMS:DSPE-PEG display a higher fusogenic capability at acidic pH and high tem- 648 

perature. Hence, we developed magnetoliposomes suitable for temperature and pH-trig- 649 

gered release of anticancer drugs at tumor microenvironment in combination with mag- 650 

netic hyperthermia. 651 
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