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Abstract 

Superparamagnetic iron oxide nanoparticles have played a fundamental role in the recent 

development on nanomedicine, being one of the most popular imaging and therapeutic 

agents. Recently, the ability of iron magnetic nanoparticles for efficient heat generation 

under infrared optical excitation has even boosted the interest of scientific community in 
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this family of nanomaterials. Combination of magnetic and optical heating into a single 

nanostructure makes possible the development of advanced therapy treatments based on 

synergetic effects between these two heat sources that, in addition, could be combined 

with high penetration magnetic imaging. Despite of its potential, the application of iron 

oxide nanoparticles in photothermal treatments is limited because the lack of knowledge 

about the physical mechanisms behind their light-to-heat conversion capacity. In this 

work we have systematically investigated the photothermal efficiency of iron oxide 

nanoparticles with a variable composition achieved by partial replacement of iron by zinc 

atoms. We have experimentally found that the light-to-heat conversion efficiency 

gradually increases with the iron content, suggesting a dominant role of iron related 

transitions in the heating processes. Experimental data included in this work reveal a 

simple route to tailor the light activated heating processes in iron oxide nanoparticles 

towards fully controllable treatments.  

1. Introduction  

The beneficial effects of thermal therapy in the treatment of cancer have been recently 

demonstrated by many researches.1 The controlled and localized increase of temperature 

leads to a large number of biological processes,2 that are determined by both the 

temperature increment and the length of the treatment.3 Moderate hyperthermia has 

demonstrated to improve the traditional treatments (such as chemotherapy or 

radiotherapy) when combined, reducing their negative side effects.4 Severe hyperthermia 

(temperature increment above 10 °C applied for time periods of few minutes) have been 

demonstrated to provide effective in vivo tumor treatments.5 Because of these results, the 

use and development of new nanomaterials for thermal therapy have attached the 

attention of the scientific community in the last few years, especially for magnetic 

hyperthermia treatments.6 Nowadays, near-infrared (NIR) laser light irradiation based 



photothermal treatments are appearing into scene as one of the most effective and non-

invasive treatments.7 For the achievement of efficient photothermal therapies (PTTs), 

nanomaterials to be used should show large light-to-heat conversion efficiencies. The use 

of excitation wavelengths lying in the NIR region (650-900 nm) is desirable for cancer 

therapies due to its minimal absorbance by water, while blood and tissue are maximally 

transmissive, allowing large (up to centimeters) penetration depths into tissues.8 Many 

different types of photothermal therapy agents have been reported meeting those 

characteristics, being possible to combine them, creating smart multifunctional 

nanostructures for simultaneous diagnosis and therapy. Remarkable examples include 

gold9-11 and copper sulfide12,13 nanomaterials, carbon-based nanostructures as graphene 

oxide14-16, carbon nanotubes17 or carbon quantum dots1819 and rare earth doped 

nanoparticles20-22. Recently, the use of magnetic materials such as superparamagnetic iron 

oxide nanoparticles (SPIONs) in PTTs has emerged as interesting alternative.23-26 In 

addition to their recently demonstrated light-to-heat conversion ability, SPIONs exhibit 

low toxicity and biocompatibility, easy functionalization and excellent magnetic 

properties which allow magnetic targeting.27 SPIONS are also inherent contrast agents 

for magnetic resonance imaging (MRI) and by the incorporation of additional 

components can enable complementary imaging modalities.28 Thus, investigation of the 

photothermal behavior of SPIONs has become an interesting topic for research 

community and has attracted a great attention in recent years. Sadat et al. and Zhao et al. 

identified the mechanism of the photothermal effect of Fe3O4 NPs in terms of 

photoluminiscense emission in the NIR region.29,30  However, despite the large number 

works published, the mechanisms that govern this phenomenon are still far from being 

fully understood.  



Most researches are focused in ferrites nanoparticles (NPs), which are the typically 

employed for biomedical applications. Ferrites have a general formula (M1-αFeα)[MαFe2-

α]O4, where M corresponds to a divalent cation (M = Fe, Co, Ni, Mn, Zn), and ( ) and [ ] 

represent tetrahedral and octahedral cation sites, respectively, in a face-centered cubic 

oxygen anion sublattice. The inversion degree, α, denotes de cation distribution in the 

spinel structure.31 Magnetic properties of the ferrite NPs are determined by the cation 

substitution and distribution in the spinel structure as well as others as well as others as 

particle size and shape).32  

Herein, we design superparamagnetic zinc doped iron oxide ferrite NPs for PTT with 

variable zinc content in the structure ZnxFe3-xO4 (0 < x < 1). The influence of the divalent 

cation percentage in the ferrite NPs on heating efficiency (Φheat) is systematically 

investigated. The NPs were synthesized by an electrochemical method that allows 

controlling the chemical composition of the NPs, maintaining similar particle diameter. 

This allows to study exclusively the effect of the divalent cation content on the Φheat, 

avoiding particle size contribution, which could shed some light on mechanism of 

photothermal effect in magnetic NPs. The relation between Φheat and NPs composition is 

discussed in terms of the composition induced variation of their optical properties.  

2. Experimental Section 

2.1. Materials 

A series of zinc ferrites NPs with variable composition, ZnxFe(3-x)O4 (x = 0.2, 0.5, 0.8) 

and a particle size of ~12 nm were synthesized following an electrochemical method in 

aqueous medium as previously described.33,34 Dopamine hydrochloride, N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS), 

citric acid, ethanol (EtOH) and acetonitrile (ACN) were provided by Sigma-Aldrich and 



used without further purification. The cell viability study was performed with cell cultures 

from cervical adenocarcinoma human uterus, HeLa cells (ATCC® CCL2™, LGC 

Standards S.L.U., Manassas, VA, USA) and analyzed with 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl-2H tetrazolium bromide (MTT) purchased from Sigma-Aldrich. 

2.2. Surface modification of zinc ferrites NPs 

The surface of the zinc ferrite NPs was first modified with dopamine (DA) molecules 

(ZnxFe(3-x)O4@DA NPs). DA was attached to the NPs surface via catechol chemistry, 

obtaining an active NPs surface with free amino groups for post-functionalization 

processes.35 For that purpose, 20 mg of ferrite NPs were dispersed in 3 mL of ACN and 

250 mg of dopamine hydrochloride were added to the solution. The mixture was treated 

in an ultrasonic bath for 1 hour. The resultant solution was centrifuged and washed 

repeatedly with EtOH/distilled water and stored in the fridge. Then, the ZnxFe(3-x)O4@DA 

NPs were further functionalized with citric acid. In brief, citric acid molecules were linked 

to the amino groups of the NPs surface via ethyl-3-(3-dimethylaminopropyl)-

carbodiimide/N-hydroxysuccinimide (EDC/NHS) mediated coupling reaction. Citric acid 

(0.16 mmol) was first dissolved in a volume of 10 mL of DMF/distilled water (1:1), at 

pH 8. Then, 0.32 mmol of EDC and NHS were added to the solution. The pH was 

readjusted to 8 and the mixture was left 4 h under magnetic stirring and dark conditions 

for the citric acid molecules activation reaction. Finally, the ZnxFe(3-x)O4@DA NPs 

aqueous suspension was added drop by drop to the mixture and kept stirring for 12 h in 

dark conditions for the conjugation reaction. Afterwards, the ZnxFe(3-x)O4@Citric NPs 

were thoroughly washed with distilled water. 

2.3. Characterization 



The stoichiometry of the zinc ferrite NPs was determined by chemical analysis of the 

synthesized material, performed through inductively coupled plasma optical emission 

spectroscopy (ICP-OES) using a Perkin Elmer Optima 2100 DV system. The crystalline 

structure was studied by X-ray diffraction (XRD). The X-ray diffractograms were 

recorded between 5º and 80º 2θ in a X’Pert PRO Theta/2Theta diffractometer, equipped 

with a SOL-X Bruker detector with Cu Kα radiation and analyzed using the FullProf 

Suite36 program based on the Rietveld method.37 Transmission electron microscopy 

(TEM) images of the samples were recorded in a JEOL JEM 1010 operating at 

acceleration voltage of 100 kV, to determine the particle size and morphology of the NPs. 

The extinction spectra were recorded with a UV-Vis spectrophotometer (Perkin Elmer 

Lambda 35). The magnetic properties were analyzed with a Vibrating Sample 

Magnetometer (VSM) MLVSM9 MagLab 9T, Oxford Instruments with a saturating field 

of 1 T. Thermogravimetric analysis (TGA) was performed to determine the percentage of 

organic coating using a TA Instrument (DSC/DTA/TGA Q600 model) with a heating rate 

of 10 oC min-1, starting at room temperature up to 800 oC under dynamic air atmosphere. 

Fourier transform infrared spectroscopy (FTIR) measurements were carried out on a 

Bruker IFS66v using KBr pellets to analyze the coating of the NPs. The colloidal 

stabilities of the NPs were analyzed in a Zetasizer Nano S, from Malvern Instruments 

(UK). The hydrodynamic size was determined by dynamic light scattering (DLS) and the 

ζ- Potential was measured as a function of pH at 25 °C, using HNO3 and KOH to adjust 

the pH of the suspensions. 

2.4. NIR photothermal heating effect 

The photothermal effect of the ZnxFe(3-x)O4@Citric (x = 0.2, 0.5, 0.8) NPs induced by 

NIR laser irradiation was evaluated by exposing NPs aqueous suspensions (0.5 mL, 0.25 

mg mL-1) at room temperature to an 800 nm laser with variable power density (0.6, 0.8, 



1.1 and 1.4 W cm-2). The samples were irradiated for 10 min (LASER ON), following by 

naturally cooling to room temperature without NIR laser irradiation (LASER OFF). The 

time evolution of NPs suspensions’ temperature was monitored with a FLIR E40 thermal 

camera. 

2.5. Dark field microscopy. 

In order to determine the effect that chemical composition has on the optical properties 

of the here studied ZnxFe(3-x)O4 NPs, dark field microscopy experiments were also 

conducted. ZnxFe(3-x)O4 NPs were deposited on a microscope cover slip by letting a  

droplet of colloidal solution dry. Once the liquid medium had become completely 

evaporated, the sample was imaged in a microscope equipped with a dark-field condensed 

(NA 0.8) and a 50X microscope objective with a numerical aperture of 0.65. The 

compositional dependence of the scattering efficiency of the ZnxFe(3-x)O4 NPs in the 

visible range was then qualitatively estimated by determining the averaged scattered light 

intensity per single NP.       

2.6. Cell cultures and viability studies 

Hela cells were cultivated in a 200 SteriCult (Hucoa-Erlöss, Thermo Fisher) incubator at 

37 °C and 5% CO2 atmosphere in DMEM (Dulbecco’s modified Eagle’s medium) 

supplemented with 10% FBS v/v (fetal bovine serum) and 5% v/v 

penicillin/streptomycin. All products were obtained from Invitrogen (Paisley, UK). Cells 

were seeded in multi-well plates from Corning Inc. (New York, NY, USA), and incubated 

over 24 h with various concentrations of magnetic NPs from 0.01 to 0.5 mg mL-1. Then, 

the medium was removed, and the cells, after washing step, were incubated with MTT 

PBS solution to a final concentration of 0.05 mg mL−1. After 3 h of incubation, the 

medium was eliminated and reduced formazan was dissolved in 500 μL of DMSO per 



well and was measured as absorbance at 540 nm in a SpectraFluor spectrophotometer 

(Tecan, Switzerland). Cell survival was expressed as the percentage of absorption of 

treated cells in comparison with control cells. Data corresponded to mean values ± 

standard deviation from at least three different experiments. 

In order to evaluate the NP uptake, HeLa cells were grown on coverslips and incubated 

24 h in the same experimental conditions as in the MTT assay. Then, the cells were 

washed three times with PBS and fixed with cold methanol during 5 min, stained with 

toluidine blue (TB, 0.05 mg/mL distilled water) for 1 min, washed with distilled water 

and air-dried. The preparations were mounted on DePeX (Serva) and observed under 

bright field microscopy in an Olympus BX61 epifluorescence microscope, equipped with 

an Olympus DP50 digital camera Micromax (Princeton Instruments).  

3. Results and Discussion 

3.1. NPs synthesis and characterization 

The synthesis of zinc ferrite NPs with controlled size and composition was carried out 

following a single-step electrochemical method previously described.33,34 By this method, 

different NPs were prepared with variable zinc content in their structure but maintaining 

similar diameters, by simply varying the temperature of reaction and the current intensity 

applied during the electrochemical synthesis. This is remarkably because typically, a 

variation of the chemical composition conducts to a change in the particle size,38 which 

makes difficult to investigating the influence of each parameter on the NPs properties. In 

this work, we exclusively study the effect of the chemical composition on the 

photothermal behavior without any additional contribution due to variation on the particle 

size. The stoichiometry of the NPs determined by the ICP-OES analysis was found to be 

Zn0.2Fe2.8O4, Zn0.5Fe2.5O4 and Zn0.8Fe2.2O4, while the X-ray diffraction refinements 



confirm a similar crystal size for all the composition, ~12 nm (Table 1). The X-ray 

diffractograms (Figure 1) also confirm for all the samples the presence of a pure single 

crystalline phase, where all peaks can be indexed according to the Fd-3m: 227 cubic 

spinel structures.  

Table 1. Sample stoichiometry determined by ICP-OES, particle sizes obtained by TEM 

and crystal sizes estimated by Rietveld refinement of the X-ray diffractograms.  

Sample Particle size 
(nm) 

Crystal size 
(nm) 

Zn0.2Fe2.8O4 12 ± 3 11 ± 1 

Zn0.5Fe2.5O4 11 ± 2 12 ± 1 

Zn0.8Fe2.2O4 11 ± 2 12 ± 1 
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Figure 1. X-ray diffraction patterns of the ZnxFe(3-x)O4 (x = 0.2, 0.5, 0.8) NPs with 

different composition and similar size. Bragg positions are marked (I).  The sample x = 

0.2 shows the excellent Rietveld refinement in a red line. 



The TEM micrographs show a quasi-spherical shape of the NPs and an adequate 

aggregation degree. Figure 2a displays as an example the image of sample Zn0.2Fe2.8O4 

with its size polydispersity (Figure 2b) calculated by measuring at least 100 NPs. For all 

the samples values close to 12 nm of diameter were obtained, with an acceptable 

polydispersity degree. Both crystal and particles sizes are in good agreement (Table 1), 

pointing out the monocrystalline character of the NPs. 

 

Figure 2. TEM micrographs of (a) Zn0.2Fe2.8O4 NPs with (b) its particle size distribution, 

(c) Zn0.2Fe2.8O4@DA NPs and (d) Zn0.2Fe2.8O4@Citric NPs.  

As it was mentioned before, the magnetic properties of the spinel ferrites are determined 

by the composition, which is influenced by the synthesis method. Figure 3a contains the 

magnetic characterization of the three NPs compositions, ZnxFe(3-x)O4 (x = 0.2, 0.5, 0.8), 

in which is clearly observed that the magnetic saturation values (MS) decreases with the 

increment of Zn in the crystalline structure.39 Thus, the magnetic properties can be easily 



tuned by controlling the Zn content. Remarkably, all the samples present 

superparamagnetic behavior at 290 K, making them suitable for controlled magnetic 

manipulation.  

 

 

 

 

 

Figure 3. a) Magnetic hysteresis loops M–H measured at 290 K for Zn0.2Fe2.8O4@Citric, 

Zn0.5Fe2.5O4@Citric, Zn0.8Fe2.2O4@Citric NPs. b) FTIR spectra of Zn0.5Fe2.5O4, 

Zn0.5Fe2.5O4@DA and Zn0.5Fe2.5O4@Citric NPs.  

As commented, the ferrite NPs were surface functionalized following a covalent approach 

based on the formation of stable linker between hydroxyl groups on the NPs surface and 

DA as anchoring agent.35,39 Then, the free amine groups of DA attached on the surface 

allows for post-functionalization of the coated magnetic particles with other functional 

molecules.40 In this work, we used citric acid as functional group to stabilize the magnetic 

NPs in aqueous solution. The Figure 3b shows as an example the FTIR spectrum of the 

Zn0.5Fe2.5O4 NPs coated with citric acid, Zn0.5Fe2.5O4@Citric, in comparison with the 

spectra of the uncoated NPs and Zn0.5Fe2.5O4@DA sample, that provides evidence of 

organic coating. The spectrum of the DA coated NPs shows additional bands with respect 

to Zn0.5Fe2.5O4 NPs, due to the vibration modes of dopamine molecules such as the C–H 

vibrations between ~2970-2850 cm−1, the NH stretching at ~3250 cm−1 and benzene ring 

C-C vibration at ~1450 cm−1. The spectrum of the NPs after the attachment of the citric 

 

-4 -3 -2 -1 0 1 2 3 4
-80

-60

-40

-20

0

20

40

60

80

  Zn0.2Fe2.8O4

  Zn0.5Fe2.5O4

  Zn0.8Fe2.2O4
 

 

M
 (e

m
u/

g)

H (Oe)

a) 

3500 3000 2500 2000 1500 1000 500

 

 

Tr
an

sm
itt

an
ce

 (a
.u

.)
Wavenumber (cm-1)

 Zn0.5Fe2.5O4
 Zn0.5Fe2.5O4@DA

 Zn0.5Fe2.5O4@Citric

b)

mailto:Zn0.5Fe2.5O4@Citric
mailto:Zn0.5Fe2.5O4@Citric
mailto:Zn0.5Fe2.5O4@Citric


acid exhibit a band at at ~1725 cm-1 ascribed to the C=O of the citric acid. The loading 

amount of the organic layer attached onto the NPs surface was measured by 

thermogravimetric analysis (TGA). The percentages of weight losses due to the 

combustion of the organic material are summarized in Table 2. All the values are similar, 

around 10 %, pointing out that the organic layer has a similar thickness in all the samples. 

In the TEM micrographs of the surface functionalized NPs (Figure 2c and 2d) it can be 

seen that they maintain a similar size and shape, suggesting that the coating process is not 

harmful for the material. This fact was corroborated by the ICP-OES analysis of the 

coated samples, which indicates that the NPs still maintain the selected stoichiometry. 

3.2. Colloidal characterization  

The surface functionalization with citric acid provides colloidal stability due to the steric 

and electrostatic repulsions to the NPs, which were stable in aqueous solutions for at least 

one month. The colloidal properties of the NPs solutions were further evaluated by ζ-

Potential and hydrodynamic diameter measurements, at pH 7 (Table 2). The ζ-Potential 

values summarized in Table 2, indicate high negative charges due to the presence of the 

carboxylic groups of the citric acid molecules, which demonstrate the success of the 

surface functionalization. In addition, the values are well above ±35 mV enough for the 

NPs to repel each others, giving rise to stable colloidal dispersions.41 

Table 2. Organic coating percentage determined by TGA and colloidal properties 

including hydrodynamic size (DH), PDI (polydispersity index) and ζ-Potential values of 

the aqueous suspension of surface coated NPs at pH 7.  

Sample 
 

Organic coating 
(%) 

DH 
(nm) 

PDI 
 

ζ-Potential 
(mV) 



Zn0.2Fe2.8O4@Citric 9 198 0.210 -46 ± 4 

Zn0.5Fe2.5O4@Citric 10 187 0.243 -44 ± 3 

Zn0.8Fe2.2O4@Citric 8 196 0.180 -40 ± 4 

 

3.3. NIR photothermal heating effect 

The three NPs compositions were firstly investigated by UV-Vis spectroscopy, showing 

an effective optical extinction in the visible and NIR regions (Figure 4a). From a first 

inspection of Figure 4a, it seems that the extinction coefficient tends to decrease as the 

amount of zinc in the sample is increased. Figure 4b shows the increase in the temperature 

of aqueous solutions of 0.25 mg mL-1 ZnxFe3-xO4@Citric (X = 0.2, 0.5, 0.8) under a 1.4 

W cm-2 power density, for 10 min of irradiation. In all cases, the temperature of the 

aqueous solutions rapidly increases during laser irradiation, reaching a steady value at 

around 5 minutes. A non-representative temperature increase is observed for the control 

of distilled water. As it could be expected from the UV-Vis spectroscopy results, there is 

an evident influence of the chemical composition in the heating response of the NPs, 

increasing the efficiency as the amount of zinc decreases in the sample. The temperature 

of the suspension containing Zn0.8Fe2.2O4@Citric NPs was raised 5.8 ºC, the suspension 

of Zn0.5Fe2.5O4@Citric raised 10 ºC and finally, the Zn0.2Fe2.8O4@Citric suspension was 

heated up to 11 ºC. Therefore, these results confirm that the ferrite NPs can effectively 

absorb the 800 nm laser energy and convert it into heat, and the NPs containing low 

content of Zn were more efficient in inducing a temperature increase with the same 

concentration, power density and exposure time. 



 

Figure 4. Heating response analysis of ZnxFe3-xO4@Citric (x = 0.2, 0.5, 0.8) NPs. a) UV-

vis extinction spectra of the NPs dispersed in distilled water (0.25 mg mL-1); b) 

temperature increase in aqueous suspension at 0.25 mg mL-1 of NPs under a 1.4 Wcm-2 

power irradiation and c) under variable laser power irradiation; d) heating efficiencies. 

The photothermal conversion efficiency (ŋ) of the four samples was calculated from the 

cooling rate, according to equation 138: 

ŋ = ℎ𝐴𝐴 (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚− 𝑇𝑇𝑜𝑜)−𝑄𝑄𝑜𝑜
𝐼𝐼 �1−10−𝑂𝑂𝑂𝑂�

                                                           (1) 

where h is the heat transfer coefficient, A is the sample well surface area, Tmax is the 

maximum temperature of the solution after laser irradiation, To is the ambient 

temperature, Qo is the energy dissipated from light absorbed by the solvent (distilled 
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water), I is the incident laser power and OD is the optical density of the sample solution 

at 808 nm. The value of hA is derived according to equation 2:42 

𝜏𝜏𝑠𝑠 = 𝑚𝑚𝑆𝑆−𝐶𝐶𝑠𝑠
ℎ𝐴𝐴

                                                          (2) 

where τs is the sample system time constant, ms is the mass and Cs is the heat capacity of 

distilled water used as solvent.  

According to equation 1, the photothermal conversion efficiencies were determined to be 

62 % for Zn0.2Fe2.8O4@Citric sample, 47 % for Zn0.5Fe2.5O4@Citric sample and 25 % for 

Zn0.8Fe2.2O4@Citric sample. It is worth noting that these obtained values are significantly 

high comparing with those previously reported for other ferrites with similar sizes,4, 43 or 

other combined magnetic systems.44-47 This improved efficiency would allow for the use 

of reduced concentration and NIR irradiation doses in future photothermal treatments. 

This indeed, makes these NPs excellent candidates in NIR photothermal therapy, using 

them alone or combining them in multifunctional systems.  Furthermore, it has been found 

that ŋ varies linearly with the zinc doping level, making possible the design of magnetic 

NPs with desired photothermal conversion properties (Figure 4d) by varying the chemical 

composition. To the best of our knowledge, this is the first study in which the influence 

of the transition metal dopant in ferrites NPs on the photothermal efficiency was 

investigated. Results here reporting on the possible tuning of the optical heating 

efficiency of magnetic NPs are, indeed, in accordance with recent results that also showed 

how this heating efficiency can be greatly tuned by controlled modifications of either 

their surface coating or size.29 

Results included in Figure 4d clearly reveal that compositional tuning of ferrite NPs 

towards a less metallic character significantly reduces the heating efficiency of the 

structure. Indeed, experimental data seem to indicate that complete replacement of Fe by 



Zn ions would lead to an almost vanished light-to-heat conversion efficiency. The exact 

origin of this reduction, as well as of the mechanism, leading to light induced heating by 

ferrite NPs, is not well understood at present time. Nevertheless, our experimental data 

suggest that this strongly related to the iron content and, thus, that this is correlated to the 

absorption of IR light by Fe and the subsequent relaxation by non-radioactive transitions. 

Independently to the physical mechanism behind, experimental data included in Figure 

4d demonstrate the potential tailoring of heating efficiency of ferrite NPs by simple 

compositional tuning.  

The possibility of tuning the intrinsic optical properties of ZnxFe3-xO4 NPs has been also 

evaluated by performing dark field experiments. 

 

Figure 5. a) Dark field images and b) intensity per NPs of ZnxFe3-xO4@Citric (x = 0.2, 

0.5, 0.8) NPs. 



Figure 5 includes the dark field images obtained for the three compositions studied in this 

work. The contrast in dark-field microscopy images is proportional to the scattering 

efficiency of single NPs. It is evident how the dark-field contrast is significantly improved 

as the Zn content is increased. This is even more evident in Figure 5b where the averaged 

scattered intensity per NP is plotted for the different Zn contents. This unequivocally 

indicates that the scattering cross section per NP increases with the Zn content. This 

result, in combination with the decrease in the photothermal conversion efficiency with 

the Zn content suggest that as the Zn content is increased the scattering efficiency is 

increased at a expenses of the absorption (photothermal) efficiency. Again, the strong 

relation between the optical (scattering, absorption, extinction) properties of Fe-based 

magnetic NPs and their single particle characteristics is not new. M.E. Sadat already 

reported on a strong influence on particle size and coating on the balance between 

scattering and absorption cross sections in Fe3O4 NPs.29  

These results evidence the possibility of tailoring the intrinsic optical properties and 

photothermal efficiency of ZnxFe3-xO4 NPs, which could be very useful in theranostics 

applications, in which the nanoparticles can maintain the imaging performance under 

irradiation, controlling at the same time its heat capacity for minimal injury to normal 

tissues. 

3.4. NPs internalization and cell viability  

To ensure the possible use of the zinc ferrite NPs in photothermal therapies, in vitro 

studies were carried out in the human cervical carcinoma HeLa cell line, to determine the 

toxicity and the effective internalization of the NPs in the cells.  

Figure 6 shows the cell viability (%) obtained by the MTT assay,48 after 24 h of cell 

incubation with the Zn0.5Fe2.5O4@Citric NPs at different concentrations up to 0.5 mg mL-



1. The results revealed that viability of the cell culture was not significantly reduced as a 

result of the NPs exposition under all the experimental conditions.  
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Figure 6. Evaluation of cell viability by MTT assay in the HeLa cell line, after 24 h of 

exposition to the Zn0.5Fe2.5O4@Citric NPs at different concentrations. Data represent 

means ± SD (n = 3). 

To evaluate the NPs cell internalization, the HeLa cells were exposed to 

Zn0.5Fe2.5O4@Citric NPs in the same experimental conditions as the MTT assay. For the 

cell visualization, they were stained by the toluidine blue method. Figure 7 shows the 

untreated cells used as a control (a) and the exposed cells to 0.1 mg mL-1 (b), 0.3 mg mL-

1 (c) and 0.5 mg mL-1 (d). It can be clearly seen the evident accumulation of NPs inside 

the cells, in particular in the cytoplasmic area, being this proportional to the concentration 

used. The cell morphology remains similar to that of control cells in all cases, 

corroborating the absence of toxicity in the range of concentrations. These results are in 

concordance with the previous MTT assay results. 



  

Figure 7. Internalization of Zn0.5Fe2.5O4@Citric in HeLa cells at different concentrations: 

a) control, b) 0.1 mg mL-1 c) 0.3 mg mL-1 y d) 0.5 mg mL-1 of NPs.  

4. Conclusions 

Superparamagnetic zinc ferrite NPs with different composition, ZnxFe3-xO4 (x = 0.2, 0.5, 

0.8) and similar size, 12 nm, were synthesized by an electrochemical method. Their 

optical (extinction, scattering and absorption) properties have been systematically 

investigated. Experimental data revealed that chemical composition plays a key role in 

determining the optical properties of magnetic NPs. It is here demonstrated that a 

reduction in the Zn content leads to a simultaneous decrease in the photothermal 

efficiency and to an enhancement in the scattering cross section. It is, therefore, possible 

to pre-tailor the light induced heating and optical properties of magnetic properties during 

synthesis procedure. This possibility, together with their potential surface decoration 

makes ZnxFe3-xO4 NPs excellent candidates for its employment in magneto-photothermal 

theranostics, using them either as a single entity or in multifunctional combined systems. 

The in vitro experiments in HeLa cells evidence de low toxicity of the material.  
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