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Abstract 

One of the main challenges of current nanotherapies is improving the 

concentration of the therapeutic agents inside the tumours and to maximize their 

therapeutic effects. Externally controlled stimuli-responsive nanomaterials offer a 

promising path to improve the delivery and accumulation efficiency as well as the 

control and amplification of the therapeutic effects. However, biomedical applications 

impose several constrains in the nanomaterials, such as the size, colloidal stability, 

toxicity and biodegradability, and in the safeness of the external actuators.  

Under this context, this Thesis has focused on developing highly tunable 

magneto-plasmonic nanomaterials externally actuated and controlled by light and 

magnetic fields for efficient nanotherapy activation, amplification and control.  

To achieve highly controlled magnetic and optical properties of nanostructures, 

but keeping cost-effectiveness and scalability, in this Thesis we have focused on the 

development of multifunctional nanostructures by combining bottom-up (self-

assembly) and top-down (physical vapour deposition) processes to develop novel 

versatile magneto-plasmonic nanodomes (i.e. dielectric nanoparticles with metallic and 

ferromagnetic semi-shells). This nanofabrication strategy enables combining magnetic 

and optical nanomaterials that could be hardly achieved by standard chemical 

synthesis. Moreover, it offers high size and composition tunability to finely modulate 

the magnetic and optical properties, straightforward functionalization on the substrate 

without laborious phase transfer processes typical required in chemical synthesis, and 

direct dispersion in water solutions under mild ultrasonication.  

With an aim of merging and fine tuning the magnetic and optical properties, in 

the first part of the Thesis we have developed magneto-plasmonic Fe/Au nanodomes 

with fluorescent polystyrene core (100 nm in diameter) for their application in 

magnetically amplified photothermal therapy and multimodal imaging. By varying the 

thickness of the Fe and Au layers, we observed that colloidally stable single domain or 

vortex ferromagnetic structures can be achieved. At the same time, the optical 

properties can be adjusted from pure plasmonic resonances with well-defined 

absorption bands to broadband absorbance in the whole visible and near-infrared 

spectral ranges.  Interestingly, we have shown that the scattering cross section of the 
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nanodomes can be highly supressed while keeping high absorption when the Fe ratio 

increases. These features allow keeping very high photothermal conversion efficiency 

(ca. 65%) even for high Fe content, which is similar to the most efficient plasmonic 

nanoheaters. Moreover, the capacity to magnetically concentrate the nanodomes at the 

illumination region can enhance even further the local heating efficiency. The Fe/Au 

semi-shell and the fluorescent polymer core also provide non-invasive multimodal 

imaging features due to their intense contrasts in T2 nuclear magnetic resonance (larger 

than commercial iron oxide nanoagents), X-ray absorption, and fluorescence. The in 

vitro results demonstrate low cytotoxicity and strong capacity to locally amplify the 

photothermal therapy effects in HeLa cancer cells by the magnetic concentration at the 

illumination region, which highlights their biomedical potential. 

In the second part of the Thesis, one of the challenges of the photothermal 

therapies has been addressed, i.e. detecting and monitoring the temperature rise during 

optical heating to achieve controlled cell deaths, by developing a novel simultaneous 

nano-heating/thermometry concept. To develop this concept, we have designed new 

Co/Au nanodomes exhibiting highly anisotropic out-of-plane magnetization and 

plasmonic resonances in an almost spherical nanoparticle. This combination enables 

very efficient magnetic rotation of the nanodomes in fluids under low amplitude and 

low frequency magnetic fields, and the generation of intense optical modulation in the 

near-infrared. By monitoring and analyzing the nanodomes rotation as a function of the 

magnetic frequency, we have been able to quantify and monitor the viscosity reduction 

in the fluid surrounding the nanodomes while they are optically heated as novel and 

accurate temperature nanodetectors. This nanothermometry concept shows a low 

detection limit of 0.05 °C, independence on nanodomes concentration and much simpler 

and cost-effective setup than standard luminescent nanothermometers. The capacity to 

integrate heating and thermometry in a single nanostructure and to use the same laser 

for detection and heating are relevant advantages that have been demonstrated even in 

highly concentrated cell dispersions. Therefore, detection of the nanodomes rotation 

under an alternating magnetic field provides a very useful tool to monitor and control 

photothermal therapies. 

The final goal of the Thesis have been maximizing the biomedical potential of the 

nanodomes as cancer nanotherapies by developing fully biodegradable drug loaded 
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PLGA@Fe/SiO2 magneto-plasmonic nanocapsules. These nanocapsules simultaneously 

enable: i) improving the biodegradability, ii) reinforcing the magnetic actuation due to 

their mass reduction (actuation strength equivalent to 103 superparamagnetic iron 

oxide nanoparticles), iii) keeping high photothermal conversion efficiency in both near-

infrared biological windows (63- 67%) as a result of the further suppression of the light 

scattering, iv) showing higher T2 contrast in nuclear magnetic resonance, and v) 

retaining high magnetic and optical anisotropies for opto-magnetic nanothermometry 

and biosensing. Importantly, the unloaded nanocapsules have shown very low toxicity 

in vitro in long-term cell cultures, and in vivo in mice. The high T2 contrast has been 

exploited to non-invasively monitor the in vivo biodistribution of the nanocapsules after 

intravenous injection, which shows accumulation in the liver 1 h after the injection, and 

almost total recovery after 96h. These preliminary results are encouraging for their 

application in multi-active local therapies.  

In conclusion, in this Thesis we have shown how the hybrid nanofabrication 

strategy can be exploited to develop nanostructures with unprecedented strong 

ferromagnetic and plasmonic properties enabling external control and non-invasive 

visualization. The in vitro and preliminary in vivo results encourage further 

technological development of this novel nanotechnology to maximize its local 

nanotherapeutic performance and fabrication scalability for clinical applications. 
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Introduction 

1 Cancer therapy 

Cancer is a group of diseases resulting from genetic mutations that induce 

uncontrollable cell growth and division with strong capability of generating metastasis. 

According to the estimation of the World Health Organization (WHO) in 2015, cancer was 

the first or second leading cause of death before 70 years age in 91 out of 172 countries. 

The latest global cancer data released by the International Agency for Research on Cancer 

(IARC) estimated 18.1 million new cancer cases and 9.6 million cancer deaths in 2018.[1] 

Only in the EU,  cancer treatment related services costs in 2014 were estimated to be 

nearly 83.2 billion euros, compared to 35.7 billion in 1995.[2] These data clearly show how 

cancer has become a heavy burden for both for patients and society. 

 

Figure 1. Global map presenting the national ranking of cancer as a cause of death at ages below 70 years 

in 2015. Figure extracted from ref[1]. 

The difficulties for treating cancer mostly arise from the complex diagnostic and 

the low efficacy of current therapies. Conventional therapies, including surgery operation, 

chemotherapy and radiotherapy, have been proved to be invasive, nonspecific, inefficient 

and generate serious systemic side effects. Thus, novel cancer therapies need to be 

developed. Motivated by several successful cases of cured cancer, biological therapies 

(immunotherapy and gene therapy) are acquiring a wide interest and are currently 

showing a fast development.[3–7] However, there is still a long way before their extended 
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clinical use due to threats related to the complex immune responses, off-target toxicity, 

autoimmunity and some ethical problems.  

Other interesting alternative treatments, which can reduce the systemic side 

effects are photodynamic or local hyperthermia therapies.  

Photodynamic therapy (PDT) is a minimally invasive photochemotherapy, 

based on the production of reactive oxygen species (reactive oxygen species such as 

singlet O2, O2-·, H2O2, HO·, by exposing photosensitizers to light irradiation. Through 

strong oxidation effects, photodynamic therapy triggers several therapeutic actions, 

including tumor vasculature destruction, DNA damage and host immune system recovery 

and activation, which together contribute to the strong and long-term anti-tumor 

effects.[8–12]  Initially, photodynamic therapy typically involved ultraviolet (UV) 

photosensitizers. However, the use of UV light rises concerns due to the genotoxicity and 

low penetration of the UV light. However, currently photodynamic therapy employs 

nontoxic photosensitizers with absorption peaks in the visible or near infrared range, 

which generate efficient, but spatially limited cytotoxic effects (biological diffusion radius 

10- 20 nm, reactive oxygen species lifetime 0.01 to 0.04 μs),[13–15] which indicates a great 

improvement of intrinsic safety and specificity. Although photodynamic therapy is 

considered as a promising cancer therapy with minimal systemic toxicity and 

invasiveness, its application is still limited by three elements: i) the photosensitizer, ii) 

the activating light wavelength, and iii) the tissue oxygen. Tremendous efforts had been 

made to improve the reactive oxygen species production efficiency, aqueous solubility, 

photostability and targeting specificity of photosensitizers,[9,16–20] but highly efficient 

photosensitizer using near infrared, in the range from 800 nm to 1300 nm (i.e., with the 

largest penetration in tissues) are still required.[21,22] However, the fabrication of efficient 

photosensitizers in this range is difficult since the activating light energy should at least 

be larger than the energy of the resultant singlet oxygen (94kJ mol-1 at 1270 nm) for 

efficient energy transfer.[9] To overcome this problem, photosensitizers for two-photo 

excitation are being developed, although involving the use of expensive high power 

pulsed lasers.[23] The hypoxia environmental condition is another restriction for 

photodynamic therapy. Although, many efforts have been done since the launch of the 

first photosensitizer Photofrin®, photodynamic therapy is still far from a wide clinical 
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use due to some practical problems, such as subsequent photo-sensitisation, inability for 

treating solid tumors and lack of cell targeting.  

 

Figure 2. Schematic diagram of thermal induced biological effects under different operating temperature. 

Figure extracted from ref[24]. 

In contrast to drug-based therapies, local hyperthermia treatments can cause 

tumour cell death in response to the biological thermal effects when the local 

temperature increases. Depending on the reached temperature, three different levels of 

biological effects could be triggered (Figure 2):[24]  

1) A slight temperature increase up to 41 °C can induce physiological changes, such as 

decrease of intracellular pH, and improvement of oxygenation and blood flow.[25] This 

is mostly used in physiotherapy to treat rheumatic diseases, since muscles and joints 

under this temperature for less than an hour can accelerate the cell healing or 

metabolic rates.[26]  

 

2) Temperature rise over 48 °C induces serious and irreversible thermal destruction of 

healthy and cancer cells. This high temperature range is useful for tumour thermal 

ablation.[27] Necrotic cell death is generally induced in this temperature range, which 

can cause important side effects due to induced inflammatory responses. 
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3) Temperatures in the range from 41 °C to 48 °C cause moderate hyperthermia effects. 

Within the temperature range from 41 °C to 43 °C, beneficial biological changes could 

enhance the efficiency of drug delivery and radiation thermo-sensitisation to generate 

synergistic effects when combined with chemotherapy or radiation therapy as an 

adjuvant therapy.[28,29] When the temperature increases above 43 °C, for several 

minutes, the induced heat shock is able to independently trigger selective tumour 

cells eradication, as tumours are relatively more sensitive to heating than normal 

tissues,[30,31] while keeping healthy cells largely unaffected.[24,32] Generally, tumours 

are poorly vascularized and show lower order than healthy tissue. As a result, local 

heat can be easily accumulated in tumours and reach higher temperatures than in 

healthy tissues due to the slower blood flow and more inefficient heat dissipation. 

Although hyperthermia therapy shows several advantages over conventional 

treatments such us accessibility, selectivity and repeatability without causing large 

systemic side effects, it presents several shortcomings related to the technologies 

employed to generate the local heat. Conventional local hyperthermia is typically 

performed  by focusing waves such ultrasound,[33] or electromagnetic radiation (e.g. light, 

microwave[34] and RF),[35,36] at the region of interest. However, the power-to-heat energy 

conversion efficiency of external radiation or sound is rather limited for achieving a 

sufficiently high therapeutic level, whereas implanted antennas for treating deep located 

tumours bring huge invasiveness. Moreover, efficient hyperthermia treatments require 

very accurate spatial control of the focused radiation and the reached temperature during 

the actuation, which is technologically challenging. Consequently, local hyperthermia 

must be combined with complex and expensive imaging techniques to localize the 

actuating region and to monitor the therapeutic actuation for minimizing the negative 

effects of excessive heating and the damage of healthy tissue. 

Therefore, innovative therapeutic ways with higher specificity, lower 

invasiveness, less side effects and higher efficacy should be further developed. The 

impressive development of nanotechnology in the last two decades have brought new 

tools which could be applied in the biomedical fields for cancer treatment. In the 

following sections of the introduction we first give a brief overview of the advantages and 

limitations of current nanotherapies. We then discuss the necessities and possible 

approaches of novel nanotherapies enabling external control with light or magnetic fields. 



5 

 

2 Nanotherapies for cancer treatment 

Cancer nanotherapies involve the uses of ̈ nanostructures¨ and ¨nanotechnologies¨ 

in cancer treatment, with the aim of efficiently confining the therapeutic effects at the 

tumour sites and avoiding the systemic side effects commonly occurred in conventional 

treatments.[37–41] With the help the nanomaterials, antitumor agents could be specifically 

delivered, released and activated sequentially at the sites of action. Precise monitoring 

and control of the therapeutic effects with bioimaging tools are also enabled by exploiting 

the properties of nanomaterials as contrast agents.  

2.1 Fabrication of therapeutic nanostructures  

The development of nanotherapies has been closely related to the advances of 

nanofabrication technologies. Any nanofabrication method for nanotherapy applications 

should meet several requirements, including low cost, high yield, and facile control of size, 

shape and morphology and physicochemical properties. Two main nanofabrication 

approaches can be differentiated: bottom-up  and top-down (Figure 3).[42] 

 

Figure 3. Schematic of biomedical nanomaterial preparation. (a) Top-down and bottom-up 

nanofabrications. (b) Nucleation growth of nanomaterial. (c) Assembly patterns of hybrid nanostructures. 

(d) Surface biofunctionalization. Figure adapted from ref[43]. 
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The bottom-up approach, which provids a broad size, composition and even 

shape tunablity, is the dominant synthetic method for the majority of therapeutic 

nanoagents, such as polymeric, plasmonic, metal chalcogenides, or magnetic 

nanomaterials. Generally, the bottom-up nanofabrication starts from basic atoms and 

molecules to form larger and more organized systems under a physically- or chemically-

driven force. It includes gas phase (e.g. physical or chemical vapor deposition) and liquid 

phase methods (e.g. self-assembly, sol-gel synthesis, hydrothermal method, 

electrochemical deposition and so on). Bottom-up nanomaterial synthesis often follows 

an initial stage of nucleus formation and subsequent growth (Figure 3).[44,45] Therefore, 

by modulating the growth-driven force, such as temperature, pressure, ambient gas, 

solvent or precursors concentration, it is possible to achieve size, shape, crystalline phase 

and morphology control in the nanomaterials. In the particular case of simple 

nanomaterials, bottom-up can show high mass production, low cost and simple 

equipment requirements, which is promising for industrialization. 

There are countless examples of bottom-up approaches employed for 

nanotherapeutic nanostructures fabrication. Firstly, polymeric nanoparticles are 

mostly prepared via bottom-up method. Conjugated polymers nanoparticles, e.g. 

plianiline, polypyrrole and poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) 

(PEDOT:PSS),[46] are typical examples, which are commonly prepared sequentially 

through molecular polymerization and subsequent formation of nanoparticles through 

nano-precipitation, mini-emulsion or self-assembly based on hydrophobic or 

electrostatic interactions between polymers.[46] By controlling the synthetic parameters, 

such as type, molecular weights, amphipathicity, charge potential, polymer concentration, 

solvent polarity and surfactant additives, the size of the particles can be controlled. Post-

synthetic surface modifications to add functional groups can be conducted for specific cell 

targeting. Polymer nanoparticles exhibit excellent photostability, low toxicity and strong 

light energy harvesting and translating capacity, which indicate great capabilities for 

photoinduced theranostic applications. Despite the outstanding optical properties and 

easy synthetic steps, the size distribution during the chemical reactions in solution is 

rather poor and difficult to control, and better synthetic regulation methods should be 

proposed.  
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Inorganic nanomaterials are also gaining a significant nanomedical relevance. 

For instance, Au plasmonic nanomaterials with outstanding optical properties and 

chemical stability have been synthesized through solution based methods.[47–49] The 

boost of Au nanomaterials should be attributed to the discovery of modern-concept of 

seed mediated growth synthesis,[50] which leads to anisotropic Au nanostructures with 

well controlled size, shape, morphology and high yields.[51–53] Compared to spherical Au 

nanoparticles, the anisotropic Au nanorods,[54] nanoshells,[55] nanocages[56] and 

nanotriangles[57] with the red-shift plasmonic absorption band towards the near-infrared 

region, have become highly attractive for biomedical diagnostics and photothermal 

therapies.[58–62] Magnetic nanomaterials, especially iron oxides with excellent magnetic 

properties and biocompatibility, have also shown a wide range of biomedical 

applications.[63] The magnetic properties of nanomaterials are strongly dependent on 

their size and shape. Magnetite or maghemite iron oxides with size lower than 20 nm 

exhibit superparamagnetism, which are very beneficial for achieving colloidally stable 

dispersions for bioimaging and magnetic hyperthermia therapy. In general, small size 

magnetic nanomaterials prepared via bottom-up routes, such as co-precipitation, 

thermal decomposition, microemulsion and hydrothermal synthesis.[63] However, due to 

the magnetic dipole-dipole interaction, oxidation susceptibility and difficulty to control 

the chemical driving force, chemical synthesis of nanomaterials exhibiting high magnetic 

strength and good colloidal stabilities is very challenging. Usually, protection strategies, 

such as coating with inert organic ligands or inorganic layers are employed to chemically 

stabilize the magnetic nanoparticles during or after the preparation. However, these 

coatings reduce the net magnetization of the nanostructure, and achieving high control 

in solution without losing colloidal stability is still complicated.  

In contrast, top-down nanofabrication is a cutting down process from bulk 

materials to nanoscale structures including mechanical ball milling, anodizing and 

lithography. The latter is a reproducible nanofabrication method and especially suitable 

for fabricating complex nanostructures. However, the high-quality resultant 

nanostructures with high size and shape precision strongly rely on expensive supporting 

facilities. Generally, the high cost and low yield of highly controlled standard 

nanolithographic techniques (e.g. electron beam lithography, focused ion beam 

lithography and so on) prevent their extended biomedical application.  
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Therefore, although bottom-up methods are quite suitable to synthesize 

therapeutic nanoagents, the combination of complicated experimental conditions, poor 

reproducibility and complex solvent transfer for biomedical applications make it difficult 

to achieve high quality and high yield controllable nanomaterials. Additionally, to 

accomplish the nanomaterial synthesis for biological applications, post-synthetic 

modifications with biocompatible coatings and specific bioconjugates might also be 

necessary. Moreover, in the search of novel multifunctional nanobiomedical tools, 

complex multi-material nanostructures are needed, whose bottom up fabrication can be 

too complex. As a result, novel nanofabrication strategies that could combine the 

versatility and low cost of bottom up approaches and the high control of the top-down 

strategies are still needed. 

2.2 Nanotherapy enhanced drug delivery 

Initially, nanostructures were introduced as drug carriers for local cytotoxicity 

generation to improve the circulation time, solubility, delivery specificity and efficicacy 

of the drug.[38,64–66] Traditional chemotherapies commonly fail due to the nonspecific 

drug distribution and their associated systemic side effects and multidrug resistance. 

Instead of free drug delivery, nanotherapies pack drug in nanostructures such as micelles, 

liposomes and polymer nanoparticles for a better delivery control. (Figure 4).[38] Due to 

the leaky vascular structures and dysfunctional lymph vessels, tumour tissues possess 

larger capillary fenestrae as compared to normal tissues. Nanotherapies can exploit this 

feature for the specific accumulation of nanostructures in tumour tissues, the so-called 

Enhanced Permeability and Retention (EPR) effects.[67–70] Extending the blood 

circulation lifetime of the nanostructures is beneficial for acquiring higher possibilities to 

encounter tumour sites and enhance the EPR effects, which can be modulated by the 

nanostructures physiochemical properties. Nanostructures with moderate size (10-200 

nm),[37,41] antifouling polymer coating (PEG[71,72] or PVP[73]), hydrophilic surface with 

neutral charge and biocompatible composition, are more likely to possess a longer 

circulation lifetime and higher EPR efficiency.[37,38,74] A great improvement of specific 

retention of nanostructures in tumour largely decreases the drug exposure to healthy 

tissues and, thereby, the systemic side effects. Nevertheless, the EPR only favours tumour 

accumulation of the drug nanovehicles, and approaches for improving intratumoral 

distribution and cell uptake should also be incorporated.  
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Figure 4. Nanostructures as drug carriers in nanotherapy. Figure extracted from ref[38]. 

Active cell targeting was proposed to assist in the intratumoral drug delivery 

processes by improving intratumoral diffusion and cell internalization. Cell targeting 

strategy is mainly based on specific receptor-acceptor recognitions between 

nanostructures and tumour cells.[75–77] For intratumoral distribution, nanostructures 

have to go through the highly dense and crosslinked extracellular matrix where tumour 

cells are closely packed and disorganized. Targeting moieties might be capable of creating 

a ¨green channel¨ for nanostructures to go through by interacting with the specific 

receptors of tumour cells. This strategy promotes a deeper intratumoral diffusion of 

nanostructures.[78] More importantly, cell targeting is able to improve the specificity and 

efficiency of drug-cell internalization process.  The cell membrane is a barrier that drugs 

have to cross through to enter tumour cells and generate the therapeutic effects. Many 

small molecule drugs are able to spontaneously diffuse and go through this lipid bilayer 

membrane.[79] However, free drug treatment could induce the development of drug 

resistance of cancer cell by overexpressing membrane pumps, typically P-glycoprotein to 

actively remove drug molecules out of the cells.[80,81] This is how cancer can develop 

multidrug resistance. Well-designed drug carriers are able to decrease the possibilities of 

drug exposure to overcome drug resistance. However, unlike small and hydrophobic drug 

molecules, hydrophilic drug carriers with large size have a more complex pathway into 
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tumour cells and often lower internalization efficiency.[82–84] The surface modification 

with known specific tumour receptors enable nanostructures to be actively internalized 

by tumour cells via receptor mediated endocytosis or pinocytosis,[78] which allows a 

specific and efficient cell uptake and drug localization. Typical  targeting moieties, which 

are complementary to specific receptors of tumour cells, are antibodies, peptides or 

aptamers.[85] 

2.3 Nanocontrolled drug release 

As we have seen above, nano-sized drug carriers can achieve specific drug 

localization with high efficiency. However, to generate local effects, proper drug release 

should be controlled. The drug release can be passively or actively triggered.[86–89] 

Passive drug release mainly relies on drug diffusion associated to the response of 

nanocarriers to various tumour microenvironment parameters, such as concentration, 

osmotic potential gradients or pH. However, passive drug release is not well regulated 

due to these uncontrollable inherent parameters inside tumours. In contrast, active drug 

release with an artificially controllable “power button” is more attractive. According to 

different responsive nanostructures, active drug release could be remotely triggered by 

different mechanisms such as light,[90,91] ultrasonic waves[92] or magnetic field,[93] which 

have been comprehensively reviewed.[87,89] For instance, ultrasounds with proper 

intensity, frequency and duration could be employed for drug release from polymer 

nanoparticles and liposomes through the thermal or mechanical effects generated by 

cavitation phenomena or radiation forces. Optical heating can also trigger the swelling 

and collapse of thermosensitive hydrogels for drug release. Moreover, active drug release 

could be performed in a pulsatile manner, contrasting the sustained diffusion mostly 

occurred in passive release processes, thereby enabling easier control of the therapeutic 

concentration level and the therapeutic effects.[94]  

2.4 Nanostructures as therapeutic agents 

So far in this introduction, nanostructures have been considered as drug carriers 

to largely improve the efficiency and specificity of cancer drugs. However, with the 

development of nanomaterials and nanotechnologies, nanostructures as therapeutic 

agents for treating cancer have gained tremendous attention.[95,96] In particular, 

nanostructures could be employed as heat mediators for generating local 
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hyperthermia, thereby promoting a heating mode transformation from ¨out-inside¨ to ¨ 

inside out¨ (Figure 5) to revolutionize hyperthermia therapeutic applications.[97] 

The ¨inside out¨ hyperthermia induces amplified and localized thermal destruction by 

concentrating and remotely heating nanoparticles, while minimizing the collateral side 

effects in nearby tissues. Nanomaterials mediated hyperthermia demonstrate many 

advantages, such as higher heating efficiency and specificity, non-invasiveness and 

intrinsic selectivity by exploiting both EPR and cell targeting.  

 

Figure 5. Transformation and enhancement of hyperthermia by involving nanoparticles as nanoheaters. 

Figure adapted from ref[97]. Abbreviations; NPTT: Nano-photothermal therapy. NMH: Nano-magnetic 

hyperthermia. NaRFA: Nano-radio-frequency ablation. NUH: Nano-ultrasound hyperthermia. 

Hyperthermia responsive nanomaterials are distinctly categorized according to 

the power sources used to induce the heating (Figure 5),[97] such as ultrasounds[98] or 

electromagnetic fields (i.e., light,[99] microwaves, radiofrequency[100] and alternating 

magnetic field[101]). Nano-ultrasound hyperthermia is due to the enhanced attenuation 

of ultrasonic wave and thermal lattice vibration effects. The accompanying acoustic 

cavitation effects may trigger synergistic therapeutic effects. Nanomaterials with large 

ultrasound attenuation coefficient and high thermal conductivity, such as Au or Si 

nanoparticles, are preferred as ultrasould heating agents. Nano-photothermal therapy 

is based on light activated electronic excitation and non-irradiative relaxation. 

Nanomaterials with large light optical absorption cross sections are required to achieve 
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high therapeutic efficiency, such as plasmonic metals, carbon based nanomaterials and 

conjugated polymers. Nano-radio-frequency ablation induces Joule heating effects 

from eddy current loss. Au, Pt and carbon nanotubes are often used as the heating agents. 

In contrast, nano-magnetic hyperthermia is based on the heating capability of magnetic 

nanomaterials by harvesting power from alternating magnetic fields. Superparamagnetic, 

ferrimagnetic and ferromagnetic nanomaterials are frequently employed as magnetic 

hyperthermia agents and the nanomaterials properties, such as size, dispersion stability, 

hysteresis loop area and magnetic anisotropy are crucial for optimizing the magnetic 

heating. 

Interestingly, as be observed in Figure 6, plasmonic metals (Au or Pt) and iron 

based nanomaterials are multi-responsive materials, which exhibit great potentials to 

be used for multimodal hyperthermia modalities with synergistic thermal effects. 

 

Figure 6. Hyperthermia responsive nanomaterials. Abbreviations; NPTT: Nano-photothermal therapy. 

NMH: Nano-magnetic hyperthermia. NaRFA: Nano-radio-frequency ablation. NUH: Nano-ultrasound 

hyperthermia.Note: Some nanomaterials listed in the chart are multi-parameters responsive and utilized 

for different hyperthermia modalities. Figure extracted from ref[97]. 
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2.5 Nanomaterials as contrast agents for bioimaging 

In addition to therapeutic applications, nanomaterials can also be employed for 

bioimaging for diagnostics and for visualizing and evaluating the therapeutic effects. 

Traditional bioimaging techniques, such as optical imaging,[102–106] X-ray tomography,[107] 

ultrasound imaging[108] and magnetic resonance imaging[109,110] are widely used in 

biomedicine. Optical imaging exhibits excellent spatial resolution and provides 

biochemical information by detecting responses under light activation, for example by 

fluorescence molecular labels.  Magnetic resonance imaging (MRI) is a non-invasive 

imaging technology which is able to show three dimensional anatomical images with 

detailed functional information of the structure.[111–114] It is exceptionally suitable for 

imaging soft tissue, such as ligaments or organs. On the other hand, X-ray tomography 

and ultrasonic imaging are serving as complementary imaging approaches, although 

suffering from relatively low resolution and poor tissue functional information, due to 

their lower costs, rapid processing and accessibility.  

To improve the imaging resolution and acquire more the biochemical information, 

nanomaterials are currently extensively studied as contrast nanoagents.[115] 

Nanomaterials showing fluorescence emission or direct band gap semiconductors (e.g. 

quantum dots) can provide larger intensities and reduction of the inherent 

photobleaching instability of the fluorescence molecules. In addition, nanomaterials with 

large extinction (absorption and scattering) cross section, such as plasmonic metals and 

carbon based nanomaterials, are often employed to enhance the optical imaging effects. 

Importantly, nanomaterials with optical absorption/emission in the near infrared (NIR), 

i.e. from 700 nm to 1300 nm, show improved  bioimaging capabilities due to the 

decreased attenuation and larger light penetration depth of light in physiological 

tissue.[116,117]  

Nanomaterials with high atomic number and high X-ray absorption coefficient 

such as iodine, Au or lanthanide based nanomaterials, can locally increase the X-ray 

absorption, thus generating higher X-ray imaging contrast.[118–120]  

Due to their large magnetic susceptibilities, magnetic nanomaterials 

(paramagnetic, superparamagnetic or ferromagnetic) can be used either as T1 (e.g. 

gadolinium (Gd)-, europium (Eu), neodymium (Nd), and manganese (Mn) containing 
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materials) or T2 contrast agents (e.g. maghemite -Fe2O3, magnetite Fe3O4). The enhanced 

imaging effects are achieved through the interaction with surrounding protons and 

enhance the T1 or T2 relaxation process.[121,122] Although Gd-type T1 contrast agents are 

commercially available, some potential adverse effects related with compromised renal 

function have been discovered. Ultra-small superparamagnetic iron oxides (iron 

supplement Ferumoxytol) are biocompatible and were approved by the FDA.[123–125] 

However, it was recently recommended by FDA to reconsider them as magnetic 

resonance imaging contrast agents due to some long-term health risks.[126] Therefore, it 

is still necessary to minimize current disadvantages and to integrate different imaging 

tools. Multimodal imaging with wider application, higher resolution and biocompatibility 

is currently pursued for future contrast nanoagents. 

2.6 Challenges of cancer nanotherapies 

Although nanotherapies show promising performance for treating cancer, the in-

vivo results show that there is still a huge gap between the concept and the 

implementation of nanotherapies. For instance, nanostructures as drug carriers have 

been employed to enhance the drug delivering efficiency. However, according to the 

results (based on mouse model) published from 2005 to 2015, only 0.7% (median per 

gram of tissue) of the administered dose of nanoparticles are delivered to the tumour site, 

which indicates rather low overall delivery efficiency.[127] The reasons behind the low 

delivery efficiency could be various, such as aggregation of nanostructures in blood 

stream, low possibilities to encounter tumours in a huge body system, high clearance by 

immune system, decreased extravasation efficiency by elevated interstitial tumour 

pressure, and non-accessible tumour area.[38] Moreover, active cell targeting strategies 

with live animals demonstrate no significant increase of nanoparticles uptake efficiency 

compared to Enhanced Permeability Retention passive delivery, which may suggest that 

active cell targeting does not efficiently work in vivo.[127–131] The low delivery efficiency 

limits the number of nanoparticles in local tumour sites, which sets a limit in the resultant 

therapeutic effects. Current delivery strategies should be further optimized and targeting 

approaches with higher in-vivo efficiency should be carried out. As a consequence,  only 

very few nanomedicines have been clinically approved (e.g. thermosensitive liposomes 

and iron oxide nanoparticles), which is also related to the difficulties of preparation, 

stability and biocompatibility of the nanomaterials.[87]  
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In conclusion, although nanotherapies with virtually limitless versatility have 

shown promising potentials to assist in different therapeutic processes (e.g. specific drug 

delivery, controlled drug release, selective therapy activation and bioimaging 

monitoring), there is still a long journey to achieve successful clinical approval. Benefiting 

from ideal tunability in size, shape, composition and surface chemistry, novel multi-

responsive nanostructures might be developed to improve current therapeutic nanotools. 

Multiple external actuation and control mechanisms could be combined to improve the 

performance of current nanotherapies. 

3 Externally controlled nanotherapies 

 

Figure 7. Potential biomedical applications of magnetic and -optical nanostructures. Adapted from ref[132]. 

Multi-responsive multi-functional nanomaterials are bringing new ways to 

improve nanotherapies to a higher level. In particular, high tunable magnetic and optical 

nanostructures demonstrate high versatility as multifunctional platforms in biomedical 

applications, such as photothermal therapy, magnetically controlled drug delivery, 

magnetic hyperthermia or magneto-mechanical therapies, but also for magnetic 

resonance or optical imaging and biosensing (Figure 7).[132]  Apart from the promising 

features inherited from nanotherapies, such as high specificity, selectivity, efficiency and 

non-invasiveness, the combination of optical and magnetic effects in nanotherapies 
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brings extra external assistance and control, including synergistic therapeutic effects, 

therapy self-monitoring and self-confirming bioimaging capabilities. In the next sections, 

we will discuss how optical and magnetic nanostructures can help nanotherapies to 

improve their efficacy and control.  

3.1 Photothermal nanotherapy 

Light triggered nanotherapies have been boosted by the development of versatile 

light responsive nanostructures, such as plasmonic, carbon-based, semiconducting and 

up-converting nanoparticles. Upon light irradiation, light responsive nanomaterials 

either absorb or scatter light. Light absorption is  followed by electronic relaxation 

through both radiative (luminescence or fluorescence emission) or non-radiative (heat 

or reactive oxygen species) pathways (Figure 8).[24] These specific and efficient 

nanoparticle-light interactions can be exploited and applied in several nanobiomedical 

areas, such as photothermally triggered drug release, photodynamic therapy, 

photothermal therapy (PTT), biosensing or bioimaging. 

As mentioned in section 1, photodynamic therapies, which are based on the local 

generation of cytotoxic reactive oxygen species, are commonly limited by the low photo-

stability, poor solubility, limited absorption band and low reactive oxygen species 

quantum yield of the photosensitizers, the limited light penetration and the hypoxia in 

the tumor environment.   

 

Figure 8. Multiple responses of nanoparticle to light irradiation. Figure adapted from ref[24]. 
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In contrast, photothermal therapy using nanomaterials shows less limitations and 

better therapeutic performance due to their excellent water solubility, high 

photostability, strong and tunable absorption bands, high heating efficiency and 

biocompatibility. Moreover, there is a wider range of nanomaterials which are eligible as 

photothermal agents, such as plasmonic metals,[133] carbon-based materials or quantum 

dots[134] among others. Their versatile fabrication and surface modification approaches 

can also enable achieving specific cell targeting during the delivery process. Another 

important aspect is the possibility to develop optically based nanothermometers and 

contrast agents for the in-situ temperature detection during photothermal therapies, 

which is crucial for controlling the therapeutic effect. To further improve the theranostic 

capacity, light responsive nanomaterials can also be used as multimodal imaging contrast 

agents. Since light induced and controlled photothermal therapies demonstrate plenty of 

promising application potentials, we discuss in depth in the next sections the main 

features of photothermal therapy and nanothermometry. 

Photothermal nanotherapy is based on the optically induced heating of 

nanostructures.[135,136] Due to the high light-to-heat energy conversion capacity, 

photothermal nanoagents could largely improve the specificity and efficiency of “outside-

in” hyperthermia therapies (Figure 5). Nevertheless, this energy translating process is 

complex and it strongly depends on the type of nanomaterials and light actuating 

conditions, thereby resulting in different photothermal effects. Optical heating of 

nanomaterials generally consists of three steps: i) electronic excitation, ii) atomic lattice 

heating up, and iii) outward heat diffusion. The former two steps account for the 

nanoparticles heating up, while the last one is the heat dissipation to the surrounding 

environment.  

3.1.1 Material dependent heating mechanisms  

Nanomaterials can be optically heated by different mechanisms (Figure 9).[137,138] 

Plasmonic metals, such as Au, Ag, Pt and Pd, generate heat under light irradiation by the 

localized surface plasmonic resonance as follows.[139,140] The incident light induces an 

oscillation of metal conduction electrons. When the light frequency meets the natural 

frequency of the conduction electrons, which is given by the size, shape and composition 

of the nanoparticle, a coherent collective electronic oscillation is triggered. Such 

electronic movement generates heat via electron-electron scattering and electron-
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phonon coupling, which warm up the whole metal lattice structure.  

 

Figure 9. Photothermal mechanisms of different photothermal nanomaterials. (A) plasmonic heating, (B) 

electron-hole generation and relaxation, (C) thermal vibration of molecules. Figure extracted from ref[137]. 

In contrast, semiconductors including quantum dots and metal oxides, produce 

photothermal effects through the generation of electron-hole pairs and their non-

irradiative relaxation.[141] When the light energy is larger than the band gap energy of 

the semiconductor, electrons in the valence band are excited to the conduct band, thus 

generating electron-hole pairs. Heat is produced through a thermalization process when 

the excited electrons and holes relax and decay to the band edges.[142]  

On the other hand, carbon-based nanomaterials[143,144] (e.g. carbon nanodots, 

nanotubes and graphene based nanomaterials) or organic polymers (e.g. NIR dyes or 

conjugated polymers), also employed as photothermal nanoagents, are heated up 

through electron transition from a 𝝅 obital (highest occupied molecular orbital, HOMO) 

to a 𝝅* orbital (lowest unoccupied molecular orbital, LUMO) under light excitation, and 

the subsequent generation of lattice thermal vibrations. 
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The majority of nanomaterials generate heat through one of these three 

mechanisms, and their heating efficiency is highly dependent on the heating mechanism. 

Generally, nanomaterials with large absorption coefficient and small optical 

emission quantum yield show strong photothermal heating efficiency.[24] For 

instance, Au nanoparticles, as a typical plasmonic metal, combine high light absorption 

and minimum radiative emission (fluorescence and phosphorescence), thereby being 

considered as excellent photothermal nanoagents. Comparatively, fluorescent 

nanomaterials ( e.g. organic dyes or fluorescent quantum dots[145]) or broad bandgap 

semiconductors (e.g. bulk TiO2[141,146] or SiO2) with high emission quantum yield exhibit 

low photothermal capability, as the absorbed energy dissipates mainly through radiative 

photon emission. However, semiconducting nanomaterials with narrow bandgap (e.g. 

Cu2-xS[147] or WO3-x[148]) can be attractive photothermal agents. This is due to the capacity 

to generate more above-bandgap electron-hole pairs, whose extra energy is converted 

into heat through the thermalization process when relaxing to the band edge. In addition, 

the lower bandgap enables heating with longer wavelengths, falling within the NIR 

transparent biological window showing deeper light penetration in tissues. Recently, 

graphene based nanomaterials[149] and novel conjugated polymers[46] demonstrate 

rather competitive photothermal capabilities, based on their high absorption cross 

section and excellent thermal conductivity. 

 

Figure 10. A typical steady photothermal heating process. (a) Schematic of gold nanoparticle with water 

medium under light irradiation. (b) The steady state temperature profile around the nanoparticle for two 

nanoparticles with different sizes, 30 nm gold nanosphere and 150 nm gold nanoshell under laser fluence 

104 W/cm2. Figure extracted and adapted from ref[150,151]. 
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3.1.2 Light dependent effects (continuous wave vs. pulsed laser) 

To achieve photothermal effects for cancer therapy, the heat diffusion from the 

nanoparticles to the surrounding tissue plays a crucial role, and this process depends on 

how the light is delivered to the nanomaterial.  

Figure 10 shows a typical steady photothermal heating process with a continuous 

wave (CW) laser irradiation. Once exposed to CW laser, the absorbing nanoparticles are 

rapidly heated up and elevate their temperature. Driven by the induced temperature 

gradient, heat spontaneously flows from the hot nanoparticle surface to the cold 

surrounding medium, which is warmed up through phonon-phonon coupling until the 

thermal equilibrium is reached. CW laser illumination induces a gradual temperature 

elevation of the whole system through the accumulative and spreading thermal 

effects.[152] CW laser induced photothermal effects are attractive due to the highly 

controllable hyperthermia process. However, CW laser heating can show limitations 

related to the low nanoparticle delivery efficiency and the maximum permissible light 

exposure. Tumor overheating due to large nanoparticles doses or high light intensity can 

generate collateral damage to the surrounding healthy tissues through heat diffusion. 

Therefore, spatially and quantitatively controlling the induced thermal effects are 

important for adjusting the therapeutic efficacy and to minimize the side effects.  

 

Figure 11. (a) Timescales of the physical phenomena involved in laser-material interactions. Figure 

extracted from ref[153]. (b) Schematic of nanoparticle temperature elevation under different pulser laser 

heating. 

In contrast, pulsed laser heating can provide phototherapies with more confined 

thermal effects, by reducing the pulse duration to minimize the heat flow from the 
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nanomaterial. To understand the mechanism behind, it is necessary to go deeper to 

clarify the transient thermal dynamic processes during the pulsed laser heating. As 

mentioned above, although heating mechanisms are distinct for different nanomaterials, 

a complete heating cycle commonly includes three identical processes: i) energy delivery, 

ii) energy transfer and thermalization, and iii) material relaxation.[153,154]  

However, as observed in Figure 11 (a), the aforementioned processes take place in 

very different timescales. Energy deposition and thermalization within the nanoparticles 

require much less time (< 1 ps) compared to material relaxation (> 10 ps), which 

indicates rapid heating-up but slow cooling-down regimes. When exposed to a pulsed 

laser with ultra-short pulse duration, nanoparticles are able to readily absorb light 

photons and reach a high temperature level within single pulse interval. Under multi-

pulse laser excitation, pulse-after-pulse effects might cause a rapid temperature increase 

in the nanoparticles with minimal thermal release to the surrounding environment 

(Figure 11b), since there is not enough time for heat dissipation to completely cool down 

the nanoparticle. Such thermal confinement with negligible heat diffusion can only be 

achieved when the laser pulse duration (tP) is substantially lower than the thermal 

relaxation time (τT), i.e, tP< τT.[155,156] For spherical nanoparticles with diameter D,  

τT = D2/27k                                                                   (1) 

, where k is thermal diffusivity of surrounding medium. Typically, for nanoparticles with 

diameter of 20 nm in water, k= 1.44 × 10-3 cm2/sec, and τT ∼1 ns. Therefore, ultra-short 

pulsed lasers showing high peak intensity are able to induce high local thermal effects 

and heat nanoparticles to much higher temperature level during the same irradiation 

time. These amplified nanoscale thermal effects are confined within the nanoparticles. 

The highly localized therapeutic effect ensure high local efficiency for photothermal 

therapy with minimal risks of spreading thermal influences toward adjacent tissues.  

However, the ultra-intense pulsed-laser heating can also induce uncontrollable 

effects in the nanoparticles and its surrounding material (Figure 12).[151,154,157] For 

instance, a low power pulsed laser is able to melt ice around Au nanoparticles.[150] With 

the increase of laser power, the temperature of Au surface is high enough to cause protein 

denaturation, thereby being within the hyperthermia range.[158] Higher laser power 

might heat nanoparticles and induce a volume expansion with acoustic wave formation, 
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which is very interesting for photoacoustic imaging applications.[159,160] A further 

increase of  laser power might promote water boiling around the Au surface and generate 

a vapor layer around nanoparticles, which acts as a thermal insulator layer and enhances 

the thermal confinement in the nanoparticles.[161–164] The resultant cavitation effects can 

lead to efficient cell destruction (mechanical stress) or improved photoacoustic 

imaging.[156,159,164,165] Once heat accumulates and local temperature exceeds the melting 

(1063 °C) or vaporization points (2660 °C) of Au, nanoparticles may even deform, melt 

or collapse into small NP pieces, which could be used for reshaping[166–168] and fabricating 

ultra-small nanoparticles[169,170] or promote nanotherapeutic effects[171].  

 

Figure 12. Schematic for thermophysical responses of laser Au nanoparticles heating. According to the 

Laser power increases from left to right, the particle surface temperature increases and leads to different 

thermophysical responses. Figure is extracted and adapted from ref[151]. 

These tunable light responsive effects can find many biomedical applications (e.g. 

selective protein inactivation,[172] DNA analysis,[173] molecular delivery[174,175] or thermal 

release[176,177]), but careful control of the maximum temperature acquired by the 

nanoparticles is required to avoid tissue overheating, which is very complex with pulsed 

lasers. As a result, for common photothermal therapy, CW laser is still a better option due 

to a more controllable heating process, higher overall therapeutic effects and larger 

working area. Comparatively speaking, a CW laser induces moderate, accumulative and 

spreading thermal effects centered on the nanoparticles within the laser spot. It enables 

macroscale heating effects and the therapeutic efficiency strongly depends on the 

irradiation time, light fluence and nanoparticles concentration. The CW laser induced 

temperature increase could be more easily estimated and modulated by phase 

change[150,178] or thermal imaging. In contrast, determining the transient temperature 

distribution around the nanoparticles under pulse laser heating is more complicated due 

to the ultrafast and nanoscale thermal dynamics. Expensive time-resolved 
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microscopy[179,180] is required for the complex local temperature detection. On the other 

hand, pulsed laser heating only affects the substances or cells which are directly in 

contact to the nanoparticles. Thus, the overall effects are quite restricted by the number 

of nanoparticles at the sites of action. These amplified thermal effects can probably 

induce unwanted necrosis rather than apoptosis cell deaths,[181,182] with the subsequent 

release of intracellular contents into the extracellular milieu, which might cause 

undesirable side effects, such as inflammatory or immunogenic responses in adjacent 

healthy tissues.[183,184] In contrast, CW laser can better control the light intensity to trigger 

apoptotic cell deaths and spread the thermal effects over a larger volume, which is more 

attractive for solid tumor eradication.  

Although CW laser induced photothermal therapy have been extensively studied, 

improving the therapeutic efficacy and controlling the thermal effects are becoming the 

critical issues. In this sense, the photothermal nanoagents are crucial factors for 

treatment control. Their tunable composition, morphology and surface state offer great 

possibilities to achieve ideal photothermal effects through nanomaterial optimization. 

3.1.3 Photothermal conversion efficiency of nanomaterials 

An ideal photothermal nanoagent should meet several requirements according to 

different therapeutic objectives including (Table 1): safety, specificity, efficiency, 

multifunctionality and industrialization capability. Compared to other factors, the 

photothermal therapy efficiency in the NIR region with higher penetration in tissues is a 

major factor for therapy optimization. Only nanomaterials with high photothermal 

therapy efficiency will be considered for further optimization to achieve the other 

objectives. Therefore, it is necessary and significant to discuss how to evaluate and 

optimize the photothermal therapy efficiency of nanomaterials. 

The photothermal conversion efficiency represents the light-to-heat energy 

translating efficiency of a nanomaterial, and it is commonly regarded as a quantitative 

and numerical index of the photothermal conversion efficacy. As previously described, 

nanomaterials are able to absorb and scatter light, and then emit fluorescence, 

luminescence or release heat. Since the photothermal conversion efficiency is closely 

correlated with the absorption process and the non-radiative relaxation path, 
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nanomaterials with large absorption and high non-radiative relaxation yields are the 

most promising photothermal nanoagents.  

Table 1. Requirements for ideal photothermal nanoagents. 

Objectives Target related  properties Necessary improvements  

1. Safety Biocompatible compositions Long-term toxicity 

2. NIR (I or II) activating High extinction cross section Maximum penetration depth 

3. Specific targeting Desirable surface modification In-vivo targeting mechanism 

4. In-vitro and  

in-vivo PTT efficacy 

High light-to-heat conversion efficiency Nanomaterials optimization 

5. Multimodal imaging 

and combined therapies 

Multi-responsive properties for imaging, 

drug delivery, drug release and therapies. 
Nanomaterial hybridization 

6. Facile synthesis and 

high cost-effectiveness 

High availability of materials and facility;  

Standard synthesis conditions 

Quality and quantity control 

 

Based on steady state heating process of nanoparticles dispersion under CW laser 

illumination, the photothermal conversion efficiency () can be calculated by:  

η =  
𝑄𝑜𝑢𝑡𝑝𝑢𝑡

𝑄𝑖𝑛𝑝𝑢𝑡
                                                                       (2) 

, where 𝑄𝑖𝑛𝑝𝑢𝑡  is the incident light power and 𝑄𝑜𝑢𝑡𝑝𝑢𝑡  is the generated heat. To get 

accurate values of 𝑄𝑖𝑛𝑝𝑢𝑡  and 𝑄𝑜𝑢𝑡𝑝𝑢𝑡 ,  standard optical heating tests with certain 

conditions related to the light and nanoparticle dispersions should be carried out (Figure 

13).  

Briefly, to calculate the photothermal conversion efficiency a certain volume of 

nanoparticle dispersion is placed inside a transparent cuvette. By turning the laser on, 

the whole colloidal dispersion is heated up through heat radiation, conduction and 

convection effects between the nanoparticles and the solvent medium (Figure 13c region 

(i)). Due to the energy balance of light energy input and thermal dissipation of the 

colloidal dispersion, a steady stabilization will be reached (Figure 13c region (ii)). When 
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the laser is turned off, the dispersion cools down to the ambient temperature (Figure 13c 

region (ii)). During the whole heating/cooling process, the temperature of the colloidal 

dispersion must be recorded in real-time. 

 

Figure 13. Experimental schematic and heating curve of photothermal conversion efficiency measurement. 

(a) Schematic of experimental setup. (b)Schematic of nanoparticles heating and heat diffusion. (c) A typical 

temperature evaluation curve: heating up (i), thermal stabilization (ii) and cooling down (iii). 

According to the Beer-Lambert law, 𝑄𝑖𝑛𝑝𝑢𝑡 can be derived as:  

𝑄𝑖𝑛𝑝𝑢𝑡 = 𝐼(1 − 10−𝐸𝜆)                                                               (3) 

, where 𝐼  is incident laser intensity, 𝐸𝜆  is the light extinction of the nanoparticles 

dispersion at the illumination wavelength λ, which can be obtained through UV-vis 

spectroscopy measurement. To acquire the value of 𝑄𝑜𝑢𝑡𝑝𝑢𝑡 , the relationship of the 

thermal energy transfer between the colloidal dispersion and the surrounding 

environment should be determined. According to the work of Roper et al. ,[185–188] the 

general photothermal conversion efficiency calculation formula is: 

 η =
ℎ𝑆(𝑇𝑚𝑎𝑥−𝑇𝑎𝑚𝑏)−𝑄𝑤𝑎𝑡𝑒𝑟

𝐼(1−10−𝐸𝜆)
                                                            (4) 

, where h is a heat transfer coefficient between the nanoparticle dispersion and the 

surrounding ambient, S is the surface area of the cuvette container, 𝑇𝑚𝑎𝑥  is the 

temperature of the nanoparticle dispersion during the thermalization process (ii) and  

𝑇𝑎𝑚𝑏 is the ambient temperature. 𝑄𝑤𝑎𝑡𝑒𝑟 represents heat induced by light in the solvent 

without nanoparticles, which is acquired through heating of the solvent without 

nanoparticles under the equivalent experimental conditions. The value of  hS could be 

obtained by analyzing the temperature decrease in the cooling down process. Detailed 

information of the calculation process is included in the Appendix at the end of the Thesis. 
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To conclude, this model represents a standard, concise and experimentally simple 

approach for photothermal conversion efficiency calculation, which is becoming a 

common criterion for photothermal therapy evaluation. 

By measuring photothermal conversion efficiency, the photothermal capacity of 

different nanomaterials can be easily compared and optimized. According to previous 

investigations, appealing nanomaterials, such as plasmonic metals, carbon based 

nanomaterials, metal chalcogenide, 2D MXenes, quantum dots, metal-oxides, conjugated 

polymers and NIR dyes, can exhibit high optical heating capacity. A comparison of the 

different nanomaterials with their most relevant features is shown in Table 2.  

Plasmonic metals, such as Au,[189,190], Ag,[191] Pd,[192] Pt[193] and Cu[194] show quite 

large absorption coefficients (109- 1010 M-1cm-1) due to their intense localized surface 

plasmon resonance (LPSR). In particular, Au shows highly tunable morphology, 

absorption band and good biocompatibility, and it has been extensively explored for 

photothermal therapy. However, Au[195,196] and other plasmonic metal nanoparticles,[197] 

are very ductile and can easily melt, deform and irreversibly lose their NIR-absorption 

properties under strong, repeated or long-time laser illumination. Moreover, although Pt 

and Pd seem very efficient for optical heating, their complex synthesis and high cost 

largely hinder their wide biomedical application. 

Owing to the large absorption cross section and high thermal conductivity, carbon 

based nanomaterials such as carbon nanodots,[198,199] nanotubes,[200–205] graphene[206–

208] based nanomaterials and fullerenes,[209] generally demonstrate high photothermal 

therapy capacity. The optical heating is based on the photoinduced excitation of 

electronic orbital transition and non-radiative relaxation by thermal lattice vibration. 

Although post-synthetic modifications with hydrophilic moieties, can provide improved 

water solubility and biocompatibility, their stability and functionalization properties 

need further improvements for therapeutic uses.  

Metal chalcogenides comprising transition metal (Cu, Mo, W and Mn) and 

chalcogenides (S, Se and Te) are also attractive optical heating agents. Metal 

chalcogenides show similar localized surface plasmon resonance induced absorption[210–

212] as plasmonic metals, in which the intensity and peak of the absorption strongly 

depend on the composition, shape, size, and crystalline structure.[147,210,213–215] However, 



27 

 

unlike plasmonic metals, metal chalcogenides are rather stable under laser irradiation. 

The main concerns of these nanomaterials are related to their toxicity and high 

hydrophobicity derived from the organic synthesis, as well as their complex 

biofunctionalization routes. 

MXenes are a new class of 2D materials composed of transition metal carbides/ 

carbonitrides, which were introduced by Gogotsi’s group in 2011.[216,217] MXenes allow 

negligible electromagnetic wave emission and ultimate energy dissipation in the form of 

heat, which inspired the thought attractive light-to-heat mediators.[218] The NIR light 

absorption and photothermal behaviour of Ti3C2 MXenes might be also attributed to 

localized surface plasmon resonance effects.[219] Although the synthesis with controlled 

uniform morphology and dispersion stability is complicated, their strong heating 

capacity is promising for photothermal therapy applications. 

Quantum dots (QDs) exhibit unique tunable absorbing properties and good 

photostability owing to the quantum confinement effects. The strong light absorption 

extinction coefficient (105- 106 M-1cm-1) of QDs indicates large light harvesting capability. 

However, due to a high radiative emission (fluorescence) quantum yield, QDs show 

slightly lower photothermal efficiency than other nanomaterials but enable integrating 

photothermal therapy and optical bioimaging. Traditional QDs with heavy metal ions, 

such as Cd2+ possess high toxicity and are not suitable for biological uses.[220,221] Novel 

black phosphorous QDs with intrinsic safe composition, morphology dependent band gap, 

strong and wide absorption from the UV to the visible region, and biological degradability 

seem more attractive for photothermal therapy.[222] 

Semiconducting metal-oxides, such as TiO2-x,[223] WO3-x,[148,224,225] and iron 

oxides,[226–228] also show strong light-to-heat converting capability. The stoichiometric 

oxides are quite weak NIR absorbers due to their very wide bandgap. For instance, bulk 

TiO2 with a bandgap around 3.2 eV commonly works as agents for light harvesting and 

reactive oxygen species based applications.[229] However, it requires an excitation 

wavelength within the ultraviolet (UV) region, typically below 385 nm, which is 

inapplicable for biomedical applications due to high cytotoxicity of the UV light. Efforts 

for fabricating hybrid nanocomposites with metal or organic dyes have been made to 

narrow the band gaps.[230] Alternatively, up-converting nanomaterials can convert NIR to 

UV light.[231] However, the cytotoxicity and low abundance of the required rare-earth 
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materials are the biggest problem for clinical use. Interestingly, magnetite Fe3O4 can 

become an interesting photothermal nanoagent due to their proved biocompatibility, 

semi-metal behaviour and increased NIR absorbance.[232]  

Table 2. Typical photothermal nanoagents.  

Category Type PTT mechanism Advantages Disadvantages 
Necessary 
Improvements 

Plasmonic 
metals 

Au, Ag, Pt, 
Pd, Ni, Cu 

LSPR 

tunable 
morphology  
and absorption, 
biocompatibility,  
easy modification,  
high PTT efficiency 

undesirable  
absorption band,  
poor photo-mechanical 
stability,  
expensive synthesis 

assembly of small 
NPs, 
nanocomposites 

Carbon based 
nano-
materials 

Carbon 
Graphene 
Fullerene  

thermal lattice 
vibration 

flat absorption,  
high photostability, 
cheap synthesis 

nonspecific absorption,  
poor biodegradability,  
surface dependent 
toxicity 

reproducible 
synthesis with 
uniform size, 
biocompatibility  
surface 
modification 

Metal 
chalcogenide 

CuS, CuSe, 
MoSe, MoS, 
Bi2Se3 

LSPR 

tunable 
composition, 
morphology  
and  absorption,  
high photostability,  
low cost 

poor hydrophilicity, 
unknown toxicity 

multifunctional 
surface 
modification 

2D MXenes Ti3C2, Nb2C LSPR 

high NIR 
absorption,  
high photostability, 
high PTT efficiency 

polydispersity, 
laborious synthesis 

reproducible 
synthesis with 
uniform size, 
nanocomposites 

Quantum 
Dots 

Black 
Phosphorus, 
CdSe/ Bi2Se3 

non-radiative 
recombination 

tunable 
composition  
and morphology, 
bioimaging capacity 

poor hydrophilicity, 
potential toxicity (not 
for Black Phosphorus) 

biocompatibility  
surface 
modification 

Metal-Oxides 
FeOx, TiOx, 
SiO2, WOx 

non-radiative 
recombination 

tunable absorption 
by doping,  
high photostability 

undesirable absorption 
band, toxicity 

biocompatibility  
surface 
modification, 
nanocomposites 

Conjugated 
polymers 

Polypyrrole 
Porphyrin 
Polyaniline 
Dopamine 

thermal lattice 
vibration 

high NIR 
absorption,  
low-toxicity,  
high photostability 
biodegradability,  

polydispersibility,  
expensive synthesis 

reproducible 
synthesis with 
uniform size 

NIR Dyes 

Prussian 
blue, ICG, 
BODIPY, 
IR825/ 780,  

thermal lattice 
vibration 

high NIR 
absorption, 
biocompatibility, 
biodegradability, 
bioimaging capacity 

poor photostability,  
low PTT efficiency 

nanocomposites 
photostability 
PTT efficiency 

 
Conjugated polymers (CPs) are macromolecules with extended π-bonding 

structures showing band gaps in the 1-3 eV range,[233,234] which covers a wide spectrum 

from the blue to the NIR. The delocalized electronic structure and efficient coupling 

between optoelectronic segments of the CPs (e.g. polypyrrole (PPy),[235–238] 

polydopamine[239] and polyaniline[240,241]) within the nanoparticles enables rapid exciton 
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transfer along the confined backbone structure, thereby endowing strong light 

absorption and thermal conductivity for photothermal therapy applications. Different 

types of CP nanoparticles can be fabricated to narrow the band gap and enhance the 

absorption for NIR applications.[165,242,243] The excellent photostability and good 

biodegradability make them promising for clinical uses. Lastly, there is still room to 

improve the synthesis and polydispersity of the resultant products. 

NIR dyes with high NIR absorbance are rather attractive for phototherapy and 

bioimaging applications. For photothermal cancer treatment, NIR dyes can be conjugated 

via covalent interactions to form nanoparticles for improving the delivery efficiency 

through Enhanced Permeability Retention effects. NIR dyes nanoparticles exhibit several 

advantages including facile synthesis, large yields, high biological affinity and good 

biocompatibility. Due to the high emission quantum yield, clinical  organic dyes, such as 

ICG or some cyanine derivatives show high florescence imaging performances, but low 

photothermal therapy efficiency.[244–247] Therefore, some NIR dyes with higher 

photothermal therapy capacity by reducing the emission quantum yield have been 

synthesized, including IR825,[248] IR780,[249] RC-BSA[250] and BODIPY derivatives[251]. 

Interestingly, prussian blue nanoparticles were employed as photothermal nanoagents 

(20.5%),[252] and their magnetic properties could be employed to achieve MRI guided 

photothermal therapys.[253–255] Nowadays, the introduction of multifunctional monomers 

or the combination with more stable inorganic nanomaterials are becoming popular 

methods to improve their efficiency and multi-functionality.[256,257] 

3.1.4 Optimization of the photothermal nanoagents 

For clinical photothermal therapy, the following elementary features are required 

in nanomaterials: good aqueous solubility, low toxicity and high NIR absorption. 

Therefore, improvement of photothermal conversion efficiency should be mainly focused 

on the optimization of the nanomaterials properties in the NIR. According to the related 

publications, the photothermal conversion efficiency is strongly dependent on the size, 

shape, composition, and assembly-state of the nanostructures.[258,259] Even though there 

are difficulties to precisely compare photothermal conversion efficiency of different 

samples under different synthetic and experimental detection conditions, the following 

relevant conclusions can be extracted after careful analysis of the photothermal 

conversion efficiency of different nanomaterials. 
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 Size dependence 

Size is a crucial factor in the optical properties and have complex effects on the 

photothermal conversion efficiency of nanomaterials. Firstly, size determines the 

absorbing and scattering properties of nanomaterials. According to Mie theory, 

nanoparticles with large size exhibit enhanced light absorption and scattering cross 

sections, but decreased absorption to scattering ratio, which might cause a reduction of 

the photothermal conversion efficiency. For example, the size dependence of 

photothermal conversion efficiency for Au nanoparticles has been elaborately analyzed. 

As shown in Figure 14, a negative correlation between the size and photothermal 

conversion efficiency is clearly observed.[186] The same tendency is also observed with Au 

NRs[260] and nanobipyramid.[259] As a result, at similar mass concentration and identical 

resonance wavelength, smaller colloidal nanoparticles will induce much stronger thermal 

effects due to their minimal scattering.   

 

Figure 14. Photothermal conversion efficiency (PCE) of Au NPs with different sizes. Figure adapted from 

ref[186]. 

Therefore, the size influence on both the Absorption/Scattering ratio and the 

absorption wavelength should be simultaneously considered for photothermal 

conversion efficiency optimization. Moreover, size is also playing a crucial role in the 

nanoparticles delivery process, as it is reported that a size range from 10 nm to around 

200 nm can combine benefits from longer blood circulation lifetime and higher cell 

internalization efficiency. 
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 Shape dependence  

Nanomaterials can be fabricated into different shapes with zero, one, two, three 

dimensions (0D, 1D, 2D and 3D). Shape influences on the photothermal conversion 

efficiency are mainly attributed to the morphology dependence of the optical properties. 

Compared to the size, shape could be more efficient to optimize the photothermal 

conversion efficiency due to its higher tunability freedom. All shapes including 0D 

(quantum dots or nanodots), 1D (e.g. nanorods, nanowires or nanotubes), 2D (e.g. 

nanosheets or nanoflakes), 3D (nanotriangles, nanocages, nanostars, nanoflowers) 

nanomaterials are able to modulate the absorption and scattering spectra. In particular, 

3D nanomaterials here represent those with three or more dimensional degrees of 

freedom in nanoscale.  

 

Figure 15. (a) Normalized extinction coefficients of gold nanospheres with different size. (b) Tunable 

extinction spectrum of nanorods and nanoshells (c) Extinction spectra and photothermal transduction 

efficiency of nanoshell (blue) and nanorod (red). Figure (a), (b), (c) adapted from ref[261][262][263], 

respectively.  

Firstly, the shape of the nanomaterials can be tuned to modify the intensity and 

wavelength of the absorption peak to obtain desirable photothermal conversion 

efficiency in the NIR. For instance, Au nanospheres with absorption band falling in visible 

range (500- 550 nm) are not eligible for photothermal therapy. Increasing the size is 

unable to fully tune the resonance towards the NIR region without drastically increasing 

the detrimental scattering (Figure 15a). However, fabrication of Au nanorods and 

nanoshells enable a facile achievement of strong NIR absorption bands by just adjusting 

the aspect ratio and the shell thickness without large volume changes (Figure 15b). As a 

result, Au nanoshells and, especially, Au nanorods can exhibit interesting photothermal 
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conversion efficiency (25% and 50%) (Figure 15c). However, in the case of highly 

anisotropic materials, such as nanorods and nanowires or 2D nanomaterials, the 

absorption cross section is highly dependent on the orientation of the nanoparticles with 

respect to the polarization of the incident light. As the nanoparticles are in general 

randomly oriented in photothermal therapy applications, an overall decrease of the 

photothermal conversion efficiency can be observed.  

Table 3. Photothermal heating results of Au nanomaterials with sharp edges. 

Year Sample  Size (nm) Laser λ (nm)  
PTT efficiency 

(%) 

2018 Au Nanospikes 58 980 78.8 

2014 
Hollow Au_Ag 

Nanourchins 
80 808 80.4 

2014 Au Bellflowers 144.6/ 123.3/ 10 808 74 

2015 Hollow Au nanoflowers  800 52 

2018 Au nanooctopods   660 83 

 

 

Figure 16. SEM images of nanomaterials involved in Table 3. (a) Au Nanospikes, (b) Hollow Au_Ag 

Nanourchins, (c) Au Bellflowers, (d) Hollow Au nanoflowers, (e) Au nanooctopods. Figures extracted and 

reproduced from ref[264–268], respectively.  

To achieve high photothermal conversion efficiency, nanomaterials with sharp 

edges in different directions are becoming popular for photothermal heating. Especially 
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for plasmonic metals, such as Au or Ag, the nanotips in different directions can 

simultaneously help to red-shift the resonance to the NIR without largely increasing the 

scattering and to get quasi-isotropic structures (Figure 16) without polarization 

dependence, thus largely enhancing the LOCALIZED SURFACE PLASMON RESONANCE 

INDUCED  absorption and heating (Table 3). 

Nevertheless, these complex 3D nanostructures are difficult to synthesize with 

high quality and reproducibility. Most of them are rather fragile and are susceptible to 

thermal deformation and mechanical stress. The laborious synthetic approaches and 

solution stability need also to be improved. 

 Composition dependence 

Different nanomaterial compositions show diverse photothermal heating 

mechanisms and photothermal therapy capacities. In general, plasmonic metals, 

conjugated polymers, metal chalcogenides, carbonaceous nanomaterials and 2D Mxenes 

show relatively higher photothermal conversion efficiency and stronger photothermal 

therapy capability compared to quantum dots and NIR dyes. 

For nanomaterials composed of multi atomic elements, modulating their 

compositions by tuning the ratio of each element enable altering their absorption 

properties and photothermal conversion efficiency. Typical examples are self-doped 

nanomaterials,[269] such as the nonstoichiometric metal oxides (TiO2-x, WO3-x or iron oxide) 

and binary copper chalcogenides (CuS or CuSe). For common semiconducting 

nanomaterials, such as TiO2-x, the photothermal heating efficiency is essentially 

determined by the population of above-bandgap electron-hole pairs, which accounts for 

the subsequent thermalization when relaxing to the band edges. Therefore, a narrow 

band-gap should be preferable for increasing both the interband electronic transitions 

and the density of above-bandgap electron-hole pairs under low-energy NIR light 

irradiation. Nonstoichiometric metal oxides with heavy self-doping levels possess 

numerous crystallographic defects that contribute to narrow the band gaps, which is 

desirable for generating photothermal effects. As an archetypical example, bulk TiO2 

shows a large band gap of 3.2eV. However, decreasing the O/Ti ratio via reduction 

approaches, such as Ti2O3 (0.1 eV),[141] Ti8O15 (0.66 eV)[270] and black H-TiO2 (typically 

from 1.54 eV[271] to 1.85 eV[272]) increases the defects concentration including Ti5+, 
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oxygen vacancies, TiOH or TiH,[229] thus largely reducing the bandgap to improve the 

photothermal capacity.[272] 

Regarding multi-element nanomaterials with localized surface plasmon 

resonance-like absorbing properties, such as binary copper chalcogenides or WO3-x, 

adjusting the stoichiometric ratio allows modulating the intensity and wavelength peak 

of the localized surface plasmon resonance, and tuning the hole density generated from 

the metal vacancies to maximize their photothermal conversion efficiency. For instance, 

Cu2-xS experiences red-shift of the localized surface plasmon resonance band with the 

increase of Cu ions ratio (Figure 17a).[272] Actually, nonstoichiometric Cu2-xS, such as 

Cu9S5, Cu7.2S4 and Cu7S4 have shown remarkable photothermal conversion efficiency, as 

summarized in the Table 4.  

 

Figure 17. (a) Evolution of the optical extinction spectra of Cu2-xS. (b) Optical extinction spectra of an 

aqueous dispersion W18O49 nanowires. Figure (a), (b) adapted from ref[214][273], respectively. 

In the particular case of WO3 (bulk band gap of 2.6 eV)[148], a variety of oxygen-

deficient stoichiometries can be generated and WO3−x undergoes a metal−insulator 

transition when x =0.1.[274] For x>0.1, the electrical and optical properties of WO3−x are 

dominated by free electrons which contributes to get localized surface plasmon 

resonance induced absorption bands in the NIR (Figure 17b).[148,273] Actually, W18O49 

nanowires,[273] WO2.9 nanorods,[225] WO3−x nanodots[224] and WO3−x hierarchical 

nanostructures[275] show intense NIR absorption and relevant photothermal 

performance. Another proof of the stoichiometry effects on photothermal effects is 

related to iron oxides. Magnetite (Fe3O4) could be easily oxidized to maghemite 



35 

 

(Fe2O3),[232] which results in a large decrease of the NIR absorption with subsequently 

hampered photothermal effects. 

Table 4. Photothermal conversion efficiency of Cu2-x S and WO3-x. 

Year Sample  Size (nm) Laser λ (nm) PTT efficiency (%) 

2011[276] Cu9S5 NCs 70/ 13 980 25.7 

2014[277] Cu7.2S4 NCs 20 980 56.7 

2015[278] Cu7S4 NCs 25 808 48.62 

2015[279] Cu7S4 NCs 61 808 52.9 

2016[280] Cu7S4 NRs 50/ 30 808 57.8 

2014[275] 
WO3−x hierarchical 

nanostructures 
700-1400 915 28.1 

NRs: nanorods, NCs: nanocrystals.  

Lastly, the crystallographic phase of the nanomaterials is also strongly correlated 

with the photothermal efficacy. For instance, there are three main crystal phases of TiO2: 

stable rutile (tetragonal), metastable anatase (tetragonal), and brookite (rhombohedral). 

Anatase generally shows the highest photocatalytic activity, followed by rutile, while the 

brookite and amorphous TiO2 have no apparent photocatalytic activity, but shows 

increased photothermal conversion efficiency.[281]  

 Nanostructures assembly state  

The assembly of nanostructures could be considered as a combination of size and 

shape effects. By using assembly methods, a large number of small nanostructures can be 

conjugated to form clusters or vesicles with larger size and extended shape. Generally, 

nanostructures assembly or aggregation results in a red-shift in the absorption band 

towards the NIR region compared to the original building blocks due to the near-field 

electromagnetic coupling.[282]  Consequently, it can bring positive influence on the 

photothermal capacity.  

A systematic study of nanoplasmonic micelles composed of small Au nanoparticles 

cores and amphiphilic block copolymers tethers.[283] shows that fine control over the 
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assembly micelles is able to modulate the plasmon coupling to achieve strong NIR 

absorption. Through a similar method, Huang and coworkers reported plasmonic gold 

nanovesicles (diameter~200nm) composed of poly(ethylene glycol)-bpoly(e-

caprolactone) (PEG-b-PCL)-tethered Au nanoparticles (diameter 27nm) with intense NIR 

absorbance and reasonably high photothermal conversion efficiency (37%).[284] Another 

rather facile synthesis of tube-like Au-attapulgite nanocomposites has been achieved by 

electrostatic binding of Au nanoparticles (diameter ~15 nm) to the surface of a nanosized 

mineral attapulgite.[285] The resulting composites exhibit a longitudinal absorption mode 

shifted to the NIR region (∼670 nm) and possess a photothermal conversion efficiency of 

25.6%.  

Nanoclusters composed of nonmetallic nanoparticles, such as Fe3O4,[226] carbon 

nanodots[286] and Cu7S4[278]  have been also reported interesting photothermal heating 

results. Typically, supra- carbon nanodots (5- 25 nm) are fabricated by assembling the 

surface charge-confined carbon nanodots (1- 5 nm) through electrostatic interactions 

and hydrogen bonds. These clusters display strong visible–NIR absorption band (500- 

900 nm) and high photothermal conversion efficiency of 53.2%. Another solid proof was 

reported by Cui and coworkers. By tuning the surface properties of Cu7S4 nanocrystals, 

rod-like alignments or nanosuperlattices could be obtained, which accounts for a large 

increase of photothermal conversion efficiency from 48.62% to 56.32% and 65.7%. In 

conclusion, nanomaterials with small size and resonances in the visible can benefit from 

the self-assembly to enhance their NIR absorbance to improve the photothermal heating 

capacity. 

 Multimaterial effects in nanocomposites 

According to Table 2, although a wide variety of nanomaterials are eligible as 

photothermal nanoagents, all of them possess advantages and limitations. 

Nanocomposites composed of several nanomaterials components can merge merits and 

avoid shortcomings of each component and achieve synergistic effects. Several relevant 

types of nanocomposites for photothermal heating have been summarized in Table 5.   
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Table 5. Typical nanocomposites with extremely high photothermal conversion efficiency. 

Category  Type Year Sample  
Size 

(nm) 
Laser λ 
(nm)  

PTT 
efficiency 

(%) 

Au 

Au_CuS 

2018[287] coreshell_Au/ Cu2−xS 
17/29
/ 13.5 

808 52.1 

2016[288] coreshell_Au/ Cu2−xS 50 808 59.01 

2018[288] 

coreshell Au NRs/ 
Cu7S4 

36/ 84 808 62 

dumbbell Au NRs/ 
Cu7S4 

61/ 20  56 

2015[289] coreshell_Au/ Cu7S4 88.5 980 63 

Au_Iron 
oxides 

2015[290] 
Au Nanopopcorn_Iron 

oxide cluster 
158 808 61 

2015[291] Au/ PPy_Fe3O4 200 808 23.9 

Au_Carbon 

2016[292] Carbon NPs_Patchy Au 100 808 31.6 

2016[293] 
Carbon nanotubes_Au 

NPs  
 808 76 

Conjugated 
polymers 

(CPs) 

CPs_Fe3O4 

2015[294] Fe3O4/ PEDOT   808 51.41 

2015[295] Fe3O4/ PDA 237 808 13.1 

2014[296] PPy/ Fe3O4 60.8 808 49 

CPs_MoSe2 2016[297] MoSe2_PDA 314 808 44.5 

CPs_/ Au or 
Pd 

2014[298]  PPy/ Au Chains 
14.5/ 

14 
808 66.1 

 2016[299] Pd NPs/ PPy 29 808 96 

 

To summarize, photothermal therapy has received increasing attentions as a non-

invasive, highly efficient hyperthermia cancer therapy with minimal side effects. 

However, there are many unsolved problems lying in front, such as unoptimized 

photothermal therapy nanoagents and uncontrollable heating effects. photothermal 

conversion efficiency optimization of the nanomaterials should be continued due to the 

limited biological light penetration and nanoparticles delivery efficiency. In addition, the 

control of the induced thermal effects is another troublesome problem that remains to be 

addressed. Developing nanothermometric tools that are accessible to the site of action is 

critical for enabling therapy self-monitoring and modulation. 
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3.2 Nanothermometry 

To avoid overheating and to minimize the side effects, precise temperature control 

at the nanoscale level is crucial in thermally controlled drug release and photothermal 

therapy applications. Nanothermometers for biological applications should meet several 

fundamental conditions, including non-contact, nanoscale size, thermal specificity, 

biocompatibility and independence of the biological targets, such as cells or tissue. The 

different applications also impose specific requirements for the temperature detection.  

For controlling the drug release, there is only need for continuous monitoring over 

a determined temperature range when a specific temperature threshold is reached. 

Therefore, long-term stability, large dynamic range and good repeatability are important 

requirements, while temperature sensitivity and thermal response time are less relevant 

for the nanothermometry design.  

 

Figure 18. Typical thermal resolution and spatial resolution for various thermometry techniques. Figure 

extracted from ref[300]. Note that NSOM: Near-field scanning optical microscopy, SThM: Scanning 

Thermal Microscopy. 

In contrast, photothermal therapy demands fast and precise thermal control in 

real-time. By modifying the therapy actuation conditions, the local temperature should 

be finely adjusted during a small effective hyperthermia temperature range (43 °C- 48 °C). 

In addition, to trigger tumour cell death by the apoptotic pathway instead of cell necrosis 
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with the undesirable side effects, moderate temperature increases within a safe range is 

extremely necessary. Generally, for photothermal therapy, good temperature sensitivity 

(at the order of 0.1 °C) and fast thermal equilibrium are essential. Owing to the radiative 

temperature distribution centred at the nanoagents, a high spatial resolution (~𝜇m) of 

temperature detection is also needed to visualize and control the whole heating volume. 

As shown in Figure 18,[300] traditional thermometers, such as calorimeters,[301,302] 

or IR detectors show poor spatial and temporal resolution, and they are not applicable 

for current biological applications at subcellular level. Thermocouples are invasive and 

not suitable for mapping temperature with high spatial resolution. For biological 

thermometry applications, novel nanothermometers based on nanomaterials, such as 

fluorophores, up-converting nanoparticles, Au nanoparticles, carbon-based 

nanomaterials and quantum dots, are raising a wide interests.[300,303–307] By exploiting the 

versatile properties of nanomaterials, nanothermometers based on different 

mechanisms have been proposed. 

3.2.1 Luminescence nanothermometry 

Luminescence is the emission of light from a material when it experiences an 

electronic transition followed by radiative relaxation. Due to its strong susceptibility to 

the local temperature, luminescent fluorophores and nanomaterials can be exploited for 

temperature detection. There are many luminescence parameters that can be employed 

to develop nanothermometers, such as the intensity, band-shape, polarization and 

lifetime. According to the different correlation with the temperature, these 

nanothermometers show distinct characteristics.[303,308]  

Luminescence intensity nanothermometry is based on the thermally induced 

luminescence quenching or the non-radiative relaxation enhancement with temperature. 

It is a simple and popular nanothermometry method. However, its application is rather 

restricted due to concentration variation artefacts. Therefore, concentration independent 

thermometers are preferable. Band-shape nanothermometry detects the relative 

intensity variations of different emission bands in response to the temperature changes. 

By correlating the intensity ratios of different bands with temperature, ratiometric 

nanothermometers can be developed. Moreover, the polarization state of the 

luminescence can be a highly sensitive temperature indicator. Polarization 
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nanothermometry is based on the anisotropy of the luminescence polarization and its 

temperature dependence due to the variations of the emitter Brownian motion when the 

temperature changes. Polarization luminescence nanothemometry is concentration 

independent and shows high temperature sensitivity in the biological temperature range 

(20- 50 °C),[309] thus gaining biomedical interest. Finally, luminescence lifetime is 

another parameter that is strongly influenced by temperature. 

 Nevertheless, there are still several drawbacks that should be addressed in 

luminescent nanothermometers. For example, organic fluorophores suffer from 

photobleaching and their stability under heat and light irradiation should be improved. 

This can be improved with quantum dots whose tuneable excitation and emission bands 

are interesting for luminescence nanothermometers. In particular, the linear 

temperature response of the emission intensity is valuable for thermal sensing.[310,311] 

However, quantum dots exhibit blinking problems,[312,313] in addition to potential long-

term cytotoxicity and relatively low thermal sensitivity. Up-converting nanoparticles are 

popular for thermal sensing by exploiting some intrinsic advantages, which include zero 

background due to the anti-stokes shift[314] and ratiometric readout based on the 

intensity ratios between multiple emission bands. However, they require laborious 

preparation process and fine optimization of size and composition, their quantum yields 

needed to be largely improved, and the required rare earth materials have high cost and 

potential toxicity. In addition, luminescent nanothermometers working in the NIR 

biological window should be further developed to maximize the probing depth.[315–318] 

Finally, luminescence nanothermometry requires complex and expensive optical 

detection tools. 

3.2.2 Bioimaging based nanothermometry 

Apart from the direct measurement by thermal nanoprobes, bioimaging methods 

based on the thermal responses under ultrasound or electromagnetic radiation (X-ray, 

light and magnetic field) can be employed for temperature detection. With the assistance 

of bioimaging tools, the presence of photo-absorbers could be identified in advance, and 

the temperature variations could be monitored in real-time. Ultrasound 

thermometry[319,320] is based on the linear changes of ultrasound propagating properties 

in response to local thermal effects. In order to enhance the ultrasound signal, contrast 

agents with high ultrasonic attenuation coefficient are commonly involved. Ultrasound 
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thermometry exhibits unlimited penetration depth, but low temperature sensitivity, and 

therefore it is not suitable for photothermal therapy. X-ray computed tomography[321] 

can be employed to visualize thermally induced density changes to infer the temperature 

variations. However, likewise ultrasounds, the sensitivity of CT thermometry is low, and 

there are safety concerns related to the X-ray exposure.  

Photoacoustic (PA) nanothermometry[105,322] based on the photoacoustic 

effects produced by pulsed photothermal heating is a new method for temperature 

sensing. It is a hybrid modality merging optical and ultrasound imaging. By checking the 

dimensionless Grueneisen coefficient, which is a function of the thermal expansion 

coefficient and significantly depends on the temperature, it is possible to obtain the 

specific temperature value.[323] PA nanothermometry can be ideally combined with 

photothermal treatment, thereby simplifying the therapeutic setup. More advantages, 

such as rapid and high temperature sensitivity, large penetration depth and wide 

dynamic range endow promising features for future thermal sensing applications. 

However, the spatial resolution (~mm) of PA nanothermometry is still low to achieve 

precise temperature control at the nanoscale or microscale. Moreover, the translational 

applications of PA faces many challenges related to the high requirements of the 

actuation and detection system, such as expensive pulsed lasers, high acquisition speed, 

highly sensitive detectors and low capability for real-time recording.  

 Magnetic resonance imaging is also feasible for local thermometry[324,325] 

based on the temperature dependence of: T1/T2 relaxation times, diffusion coefficient, 

magnetization or proton resonant frequency. Due to the higher temperature sensitivity 

and linear temperature dependence, proton resonant frequency based nanothermometry 

is the preferred choice for in-vivo applications.[326,327] It is the only FDA approved method 

for temperature measurement in thermal therapies.[328,329] However, the drawbacks of 

magnetic resonance imaging thermometry are also clear. Slow response time, low spatial 

resolution and expensive facilities limit the accessibility for common treatments. 

 

3.3 Magnetic nanotherapy 

Although photothermal treatments with nanoparticles are promising for local 

nanotherapies with high efficacy and minimal side effects, they still need to be improved 
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for efficient cancer eradication, especially in solid tumours, due to the limited light 

penetration and low nanoparticle delivery efficiency. Magnetically responsive 

nanostructures could help in addressing these major drawbacks to achieve higher level 

of control on the therapeutic effects. By exploiting the magnetic actuation, magnetic 

nanostructures could travel across biological barriers, penetrate into deep locations and 

target the site of action. This active navigation process can be tracked and regulated with 

the aid of magnetic resonance imaging. In addition to the delivery improvement, the 

therapeutic efficacy could also be enhanced by other magnetic assistances, such as 

magnetic concentration, magnetic hyperthermia and magneto-mechanical effects. These 

capabilities are based on the following actuation mechanisms. 

3.3.1 Magnetic actuation mechanisms 

The magnetic field actuation on nanoparticles exhibits many advantages including 

remote wireless control, non-invasiveness, unlimited penetration, no power attenuation 

and minimal side effects. It is thus significant to analyse how magnetic nanostructures 

can be actuated under external magnetic fields and employed as nanotherapeutic tools. 

Different magnetic field amplitude and frequency trigger distinct magnetic 

responses on nanoparticles (Table 6).[330] Firstly, a uniform magnetic field exerts 

magnetic torque (TNP) on the magnetic nanoparticles that tend to align their 

magnetization parallel to the field: 

TNP = (VNPMNP) x B                                                                  (5) 

, where B is the magnetic induction, VNP is the volume of the magnetic nanoparticle and 

MNP is the volumetric magnetization. The magnetic torque is exerted until the 

nanoparticle MNP is collinear with B. Therefore, when the magnetic field slowly changes 

its direction, the nanoparticle will correspondingly follow this change.  

On the other hand, a static but spatially inhomogeneous magnetic field can induce 

the translational motion of magnetic nanoparticles towards the strongest field due to the 

generation of magnetophoretic forces Fm, which can be described as: 

Fm = VNP (MNP∇)B                                                                 (6) 
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, where MNP∇ = MNP(∂/∂x) represents the magnetic dipole moment in the x direction 

when exposed to a magnetic field gradient (dB/dx).[331] 

Table 6. Summary of magnetic actuation methods. 

Field type Actuation mechanism Bioapplications 

Uniform 

magnetic field  

 

Magnetic torque Magnetic alignment 

Magnetic field 

gradient 

 

Magnetophoretic force 

Magnetic trapping, 

Magnetic guidance,  

Targeted drug delivery 

Alternating 

magnetic fields  

(low frequency) 

 

Magnetic torque 

Magnetic nanomotor, 

magneto-mechanical 

therapy 

Alternating 

magnetic fields 

(high frequency) 

Néel relaxation/ 

Brownian relaxation/ 

Hysteresis loss 

Magnetic hyperthermia 

Superimposed 

magnetic field 

 

 

 

Nuclear magnetic resonance, 

magnetization relaxation 
MRI 

 

In contrast, alternating magnetic fields trigger a complex actuation on the 

nanoparticles, which is highly dependent on the amplitude and frequency of the field. 

With low amplitude and low frequency, rotating or oscillating magnetic fields generate a 

continuously alternating magnetic torque that triggers the physical rotation or flipping of 

the nanoparticles. Conversely, under high amplitude and frequency magnetic field, 

magnetic heating could be induced by the combination of spin friction of the magnetic 
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moment (Néel relaxation), physical rotation of nanoparticles (Brownian relaxation), or 

reconstruction of domain walls (Hysteresis loss). As observed in Table 6, the different 

magnetic actuation methods enable the development of diverse nanotherapeutic 

applications that we discuss below. 

Finally, an ultrahigh and uniform magnetic field combined with orthogonal RF 

pulses is employed to generate the nuclear magnetic resonance in different atoms, and 

particularly in hydrogen, by inducing the precession of the nuclear magnetic momentum, 

which is the basis for the widely extended magnetic resonance imaging. Three different 

imaging modalities can be distinguished: proton-density-weighted, T1 spin-lattice 

relaxation or T2 spin-spin relaxation weighted imaging. They enable 3D imaging of the 

whole body with high contrast because of the widespread distribution of protons and 

their distinct distribution in biological tissues. 

3.3.2 Magnetically actuated nanotherapy 

 Magnetically guided drug delivery 

Guided by magnetophoretic forces, magnetic nanocarriers can be remotely 

actuated, controlled and concentrated at the tumour sites to improve the low efficacy of 

passive delivery. Efficient magnetic guidance imposes several requirements for both 

magnetic nanocarriers and magnetic field.[332] The nanocarriers should possess high 

magnetization, high loading efficiency, low coercivity, moderate size (10- 200 nm) and 

good biocompatibility to achieve high delivery efficiency while being biologically safe. 

However, it is very difficult to simultaneously acquire high magnetization nanoparticles 

and good colloidal stability due to the strong magnetic dipole-dipole interactions, which 

leads to particle aggregation. Superparamagnetic iron oxides with zero magnetic 

remanence are preferred as drug carriers owing to their intrinsic stability under 

magnetic field, but their small size (< 20 nm) and low magnetization considerably reduce 

the possibility to achieve high drug loading and efficient actuation.  

Accurate and intense magnetic guidance also requires adequate magnetic fields 

with precise gradient distribution in 3D space for a well-controlled delivery process. 

However, the fast decay of field with the distance from the magnet makes it rather 

difficult to acquire strong enough magnetic force for remote manipulation. To address 

this problem, some studies proposed surgical implantation of internal magnets in the 
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vicinity of the targeted tissue to avoid the field decaying effects of external magnets, 

thereby enhancing the magnetic targeting efficiency, but at the cost of the high 

invasiveness and medical risks.[333,334]  

Although many promising preclinical results of magnetic drug delivery have been 

shown since the first trial was conducted in 1970s,[335] few magnetic carriers have been 

approved for clinical use due to their insufficient in vivo efficiency. Therefore, research 

on new nanomaterials and in vivo delivering process should be conducted. 

 Magnetic hyperthermia 

As already mentioned above, magnetic nanomaterials are able to act as magnetic 

energy harvesters under alternating magnetic field with high amplitude and frequency, 

to induce local magnetic hyperthermia (MHT). Magnetic hyperthermia nanotherapy 

effects, generated via Néel relaxation, Brownian relaxation and hysteresis loss, can be 

quantitatively evaluated by the specific absorption rate (SAR) coefficient. SAR is 

commonly determined as the power absorption per unit mass of iron (W/g):  

𝑆𝐴𝑅 =
𝐶𝑤𝑎𝑡𝑒𝑟𝑚𝑠

𝑚𝐹𝑒

𝑑𝑇

𝑑𝑡
                                                                (7) 

, where 𝐶𝑤𝑎𝑡𝑒𝑟is the specific heat capacity of the sample, 𝑚𝑠 is the total mass of the sample, 

𝑚𝐹𝑒  is the iron mass in the sample. The value of dT/dt is extracted by calculating the 

initial slope of the temperature variation curve.  

The SAR value strongly depends on the applied magnetic field conditions 

(frequency (f) and amplitude (H)), hysteresis loop area, magnetic anisotropy, size and 

aggregation degree of the magnetic nanomaterials.[336] Due to limitations in the 

applicable magnetic field imposed by safety reasons (f·H< 5x 109 Am-1s-1),[337] magnetic 

hyperthermia nanotherapy requires carefully optimizing the magnetic nanomaterials, 

which is still unclear as a result of the complex interplay between the heating 

mechanisms.  

Magneto hyperthermia nanotherapy as a single therapy modality is still restricted 

due to the rather low magnetic heating efficiency of the magnetic nanomaterials, thereby 

imposing very high nanomaterial dosage and unsafe magnetic fields.[338] Alternatively, 

magnetic hyperthermia nanotherapy can be used for magnetically triggered drug 
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delivery by combining magnetic and thermally responsive materials.[339] Taking 

advantage of the magnetic heating of nanoparticles, efficient drug release could be 

externally triggered. Some relevant studies have been summarized and listed in Table 7. 

Table 7. Magnetic hyperthermia (MHT) triggered drug release. 

Year Sample  Size (nm) 
Magnetic 

field 
Improvement 

2013[340] MNP/DOX_nanofibers   
166 kHz/ 

480A/ 362 W  
MHT induces ‘on’ and ‘off’ 

switches DOX release  

2014[341] Fe3O4/DOX NPs 70 
230 kHz/ 

8 kA m−1 

SAR (487W/g) compared with 
Resovist (236 W/g)  

2010[342] FA-CD-SPIONs 12,4 
230 kHz/  

100 Oe 
SAR (132W/g) 

2013[343] Iron oxide NPs 13 
332.5 kHz/ 

11.3 kAm-1 
SAR (49W/g) 

2010[344] 
Zinc-doped iron oxide 

nanocrystals 
40,63 

500 kHz/ 
37.4 kAm-1 

50 °C of 1 mL dispersion; 1 min 
MHT caused 40% release of 

rhodamine B dye 

Abbreviation: MNP (Magnetic nanoparticles), SPIONs (superparamagnetic iron oxides). 

 Magneto-mechanical nanotherapies 

Unlike magnetic hyperthermia, which works under high strength (tens of mT) and 

frequency (> 100 kHz) magnetic fields, magneto-mechanical nanotherapy can be more 

efficiently activated with low field strength (few mT) and frequencies of few tens of Hzs. 

In these conditions, the magnetic nanostructures can rotate by the induced magnetic 

torque. The generated magneto-mechanical effects can affect the cell-membrane integrity, 

promote cell rupture, break down cellular constructs and signalling pathways, thereby 

inducing apoptotic or necrotic cell deaths.[345] A significant example was showed by 

Novosad and co-workers, who successfully fabricated colloidally-stable magnetic-vortex 

permalloy microdiscs (thickness 60 nm, diameter 1 µm) with a 5 nm thick gold 

coating.[346] The in vitro tests showed 90% cell death after 10-min exposure to a low 

amplitude (9 mT) and low frequency (10- 20 Hz) magnetic field. Magneto-mechanical 

nanotherapy exhibits lower particle concentration and field dependence than magnetic 

hyperthermia nanotherapy, and can show higher therapeutic efficiency.  

Although magneto-mechanical nanotherapy seems a facile alternative for efficient 

tumour eradication, some insufficiencies and contradictory requirements should be 
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highlighted. Efficient magneto-mechanical nanotherapy requires large magnetic torque 

for manipulation, and large particle sizes for amplified destruction. Therefore, micron-

sized magnetic microstructures with high magnetization are needed. However, from the 

biological perspective, micron-size particles will be fast removed from blood and will 

retain very low delivery efficiency. Moreover, the high magnetization could induce 

magnetic agglomeration that hampers the rotation dynamics of the microstructures. To 

avoid this problem, structures with magnetic vortex have been fabricated to 

simultaneously show high saturation magnetization[347] and low magnetic remanence for 

achieving high magnetic manipulation capacity and colloidal stability. But still intense 

efforts for cutting down the structure size while keeping spin vortex arrangement should 

be made. In addition, as the efficiency of the magneto-mechanical therapy is closely 

related the rotation dynamics of magnetic nanostructures, the complicated biological 

environment with high rotation impedance should be considered in in vivo applications. 

Finally, similar with other nanotherapies, specific targeting of tumour sites has also to be 

improved. 

3.3.3 Magnetically enhanced phototherapies 

Nowadays, combined synergistic nanotherapies are becoming a popular trend to 

integrate the advantages and to avoid the insufficiencies of different therapeutic 

modalities. Based on the promising theranostic features, compatibility and external 

actuation capabilities, magnetic therapies and phototherapies could be directly combined 

to achieve synergistic effects. Therefore, to end this introduction we will analyse 

currently emerging nanotherapeutic tools that combine magnetic and optical actuations 

to achieve better control and higher efficacy by overcoming their separated limitations. 

 Magnetically enriched phototherapies 

Phototherapies suffer from low in vivo efficiency due to the low concentration of 

the passively delivered nanoagents and the limited light dose in deep tissues. Inspired by 

the magnetic guidance of nanomaterials under magnetic field gradients, phototherapy 

nanoagents with magnetic properties could be guided to the site of action to locally 

increase the concentration to develop magnetically enriched phototherapies.  
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Table 8. Examples of magnetically enriched photothermal heating. 

Year Sample  Size (nm) 
Laser λ 

(nm)  

PTT 
efficiency 

(%) 
Improvement 

2015[348] 
IONP_Au 

nanopopcorns 
158 808 61 

In vitro 
Enhanced PTT+PDT 

2015[349] 
Fe3O4 cluster 

NPs 
200 1064 20,8 

In vitro 
T2-MRI+OCT_enhanced 

PTT 

2012[350] GO–IONP 
(5-10)/ 

(50-300) 
808 - 

In vitro 
T2-MRI_enhanced PTT 

2014[351] ZnFe2O4–rGO 
20/ 

(500-
1000) 

808 - 
In vitro 

Enhanced PTT 

2015[352] 
Rattle-type 
Fe3O4@CuS 

146,9 

808 15,7 
In vitro/in vivo 

T2-MRI+UCL_enhanced 
PTT 

1064 19,2 
In vitro/in vivo 

T2-MRI+UCL_enhanced 
PTT 

2016[353] 
Cu9S5/mSiO2 

/Fe3O4 
~50 980 - 

In vitro/in vivo 
T2-MRI_enhanced PTT 

2019[354] FeCUPs 216 808 47,4 
In vitro/in vivo 

T2-MRI+UCL_enhanced 
PTT 

Abbreviation: IONP (iron oxide NPs), rGO (reduced graphene oxide), FeCUPs (FeC up-converting NPs), OCT (optical coherence 
tomography), UCL (up-converting luminescence imaging).  

Table 8 shows that the introduction of magnetic elements in hybrid nanomaterials 

endows photothermal nanoagents, not only enhancing in vitro and in vivo the 

photothermal hyperthermia efficiency, but also adding magnetic resonance imaging 

capabilities for non-invasive therapy evaluation. For example, rattle-type Fe3O4@CuS 

photothermal nanoagents show moderate photothermal conversion efficiency around 

15.7% and 19.2% under 808 nm and 1064 nm laser illumination.[352] Enriched by 

magnetic attraction, the cell survival rate decreased from 63% to 7% under 1064 nm 

laser irradiation. The in vivo magnetic resonance imaging results reconfirmed the 

increase in the nanoparticles accumulation through magnetic concentration, which 

subsequently resulted in more efficient tumour inhibition. In another interesting example, 

upconversion-magnetic nanoagents (FeCUPs) were fabricated to combine luminescence 

imaging, magnetic resonance imaging and magnetic concentration enhanced 

photothermal therapy. In the presence of a magnetic field gradient, FeCUPs could be 

visualized in vivo by magnetic resonance imaging and optical imaging concentrated in 

tumours after magnetic enrichment, and the photothermal therapy efficacy was 

synergistically enhanced.[354] Therefore, magnetically actuated nanoagents under an 
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external magnetic field gradient could help to overcome the biological barriers which are 

unavoidable in passive delivery to enrich nanoagents at local sites, thereby opening a 

promising path to improve phototherapies. 

 Synergistic magnetic/optical hyperthermia nanotherapies  

Currently, photothermal therapy with highly efficient nanoagents are eligible for 

treating superficial skin cancers. However, magnetic nanotherapies are better options for 

deep located tumours, due to the non-attenuation properties of magnetic field when 

penetrating through biological tissues, although high nanomaterial concentrations are 

required to reach the therapeutic level. By integrating magnetic hyperthermia 

nanotherapy and photothermal therapy, the hyperthermia effects induced by each of 

them could be superimposed to improve the overall therapy efficiency by reducing the 

necessary particle concentration and increasing the actuation depth.  

Table 9. Combined magnetic hyperthermia (MHT) and photothermal therapy (PTT). 

Year Sample  
Size 

(nm) 
Light 

condition 
Magnetic 

field 
Improvement 

2016[355] 
Iron oxide 
nanocubes 

20 
808 nm/ 
(0,3-2,5) 
W/cm2 

(320-900) 
kHz/ 25mT 

MHT alone (900 kHz, 25mT), 
SAR (700-900W/g); 

MHT+PTT (2.5 W/cm2), 
SAR (4850W/g) 

2016[356] 
Ag/Fe3O4 

nanoflowers 
40/22 

442 nm/  
(0,13-1,6) 

W/cm2 

310 kHz/ 
(10-80) mT 

MHT alone (310 kHz, 20mT), 
SAR (10W/g);  

MHT+PTT (0.93 W/cm2), 
SAR (130W/g)  

2018[357] 
MNP@PES-
Cy7/2-DG 

94 
808 nm/  

0,75 W/cm2 
200 kHz/ 
38 kA m−1 

 MHT alone, SAR(704,5W/g); 
MHT+PTT, SAR (2371,5W/g)  

 

For instance, Wilhelm and co-workers reported a DUAL-mode hyperthermia 

therapy based on combined magnetic hyperthermia nanotherapy and photothermal 

therapy by using iron oxide nanocubes as hyperthermia nanoagents.[355] An ultrahigh 

combined optical-magnetic SAR value (4850 W/g) was achieved compared to a 2- to 5-

fold lower SAR value (700-900 W/g) in magnetic hyperthermia nanotherapy alone. In 

vivo tests show that single-mode treatments (magnetic or laser hyperthermia) enable 

reduced tumour growth, while DUAL-mode treatment resulted in complete tumour 

regression with even lower iron dose and tolerable magnetic field strength. Although iron 

oxides could be employed for triggering magnetic hyperthermia and photothermia 
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simultaneously, the photothermal heating efficiency is rather limited compared with 

other photothermal nanoagents, such as plasmonic metal or conjugated polymers 

nanoparticles, due to their low NIR absorption. Magnetic-optical nanocomposites 

embedded with light antennas can be used to enhance the NIR absorption and the 

combined magnetic hyperthermia nanotherapy and photothermal therapy (Table 9). 

However, taking a closer look at the results from Table 9, it is obvious that photothermal 

therapy showed dominant contributions to the overall therapeutic effects compared to 

magnetic hyperthermia nanotherapy, which was corroborated by other studies.[338,358] 

Therefore, the synergistic effects of combined magnetic hyperthermia nanotherapy and 

photothermal therapy are highly dependent on photothermal therapy efficiency of 

nanomaterials. Nevertheless, the advantages of magnetic hyperthermia nanotherapy, 

such as remote induction, unlimited penetration, non-invasiveness and desirable 

biocompatibility will continually encourage the development of optimization studies for 

more efficient hybrid actuations.  

 Synergistic magneto-mechanical/ photothermal nanotherapies  

Magneto-mechanical nanotherapies[346,347,359–361] can also be combined with 

photothermal therapy to  achieve even higher therapeutic efficiencies. Chen and co-

workers reported colloidally stable hedgehog-like microspheres (diameter 1.5 μm) 

composed of needle-like Fe3O4 nanoparticles with carbon and gold double shells. They 

exhibited strong magneto-mechanical force of 35.79 pN (400 mT, 3 Hz) combined with 

promising photothermal conversion efficiency of 30.1% at 808 nm. In vitro results 

showed a large decrease in cell viability when switching from the single therapeutic 

modality to the dual-modality. The synergistic effects of combined therapy caused 

complate tumour elimination compared to only tumour growth inhibition under single 

magneto-mechanical nanotherapy.[362] Moreover, a multimodal nanotherapy with 

synergistic effects of magneto-mechanical nanotherapy, photothermal therapy, 

photodynamic therapy and chemotherapy was explored by Wo and co-workers using 

core-shell composites (Magnetic nanoparticles/SiO2/graphene quantum dots-DOX).[363] 

Significant cell killing efficiency was achieved by the therapeutic combination. The low 

field requirements of magneto-mechanical nanotherapy and the high therapeutic effects 

by the combination with optical therapies might provide interesting developments in the 

near future.  
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4 Objectives of the Thesis 

Cancer treatment is still challenging due to the lack of efficient therapeutic tools. 

The conventional cancer therapies suffer from high invasiveness, serious side effects, 

lack of efficacy and high multidrug resistance. The main aim of nanotherapies is 

confining the local therapeutic effects at the site of action to achieve higher specificity 

and minimal side effects. However, the low delivery efficiency and subsequent limited 

therapeutic effects of the therapeutic nanoagents largely restrict their further clinical 

use. Therefore, there is an urgent need for developing multiparameter-responsive 

nanomaterials with external actuation capacities to improve the delivery efficiency and 

to externally control the therapeutic effects. 

To achieve these goals, magneto-plasmonic nanomaterials could provide a 

promising path due to their external and non-invasive multi-actuation capabilities, with 

synergistic effects for combined nanotherapies. However, merging magnetic and 

plasmonic nanomaterials together with current bottom-up fabrication methods is 

highly challenging for highly efficient advanced nanotherapeutic applications.  

Therefore, the main objectives of the Thesis are summarized in the following list:  

1. Developing a simple, cost-effective, scalable and highly controllable 

nanofabrication method to merge ferromagnetic and optically responsive 

nanomaterials for efficient externally controlled therapeutic applications.  

2. Achieving highly tunable ferromagnetic nanostructures which are able to merge 

high colloidal stability, strong magnetic manipulation and efficient optical heating 

in the near-infrared biological windows.  

3. Providing the required physiochemical properties for biomedical applications, 

such as nontoxicity, biocompatibility, biodegradability, suitable size (10- 200 nm) 

and easy functionalization. 

4. Demonstrating in-vitro and in-vivo the local therapeutic efficacy of the 

ferromagnetic-plasmonic nanomaterials in magnetically controlled photothermal 

therapies.  

5. Demonstrating the multimodal imaging capabilities to enable non-invasive 
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visualization of the nanotherapeutic agents and to monitor their effects.  

6. Developing a novel nano-heating/thermometry concept for improving the 

control in local photothermal therapies. 

7. Merging the multi-therapeutic, imaging and sensing capabilities in totally 

biodegradable ferromagnetic-plasmonic nanocapsules to achieve enhanced opto-

magnetic drug delivery and local therapeutic control. 
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Chapter 1 

1.1 Magnetically amplified photothermal therapies and multimodal 

imaging with magneto-plasmonic nanodomes 

The main target of the Thesis has been the development of highly tunable 

ferromagnetic and plasmonic nanomaterials capable of being externally actuated and 

controlled by light and magnetic fields for efficient nanotherapy activation, 

amplification and regulation.  

As the first Chapter of the Thesis, this article has undertaken the most 

fundamental work, which includes: i) developing the nanofabrication process; ii) 

optimizing the magnetic and optical properties; iii) demonstrating in vitro the 

biomedical applications in magnetically amplified photothermal therapies and 

multimodal imaging. 

The combination of top-down (e.g. colloidal self-assembly) and bottom-up (e.g. 

physical vapor deposition) processes has been employed to fabricate multifunctional 

nanodomes, i.e. nanostructures composed of a polymer core and ferromagnetic-

plasmonic semi-shell. Great efforts have been made to optimize the self-assembly of the 

polymer nanoparticles to achieve dense monolayers of isolated nanodomes with high 

yields. This fabrication strategy allows merging ferromagnetic and plasmonic materials 

and achieving high tunability in their properties by independently adjusting the size of 

the core and the thickness and composition of the semishell. Interestingly, the 

functionalization can be directly performed on the substrate and the functional 

nanodomes can be directly dispersed in water solutions by mild ultrasonication. 

To merge and optimize the magnetic and plasmonic properties, 

(polystyrene)@Fe/Au nanodomes have been extensively studied to enable magnetic 

and optically controlled nanotherapies. The Fe and Au materials have been selected due 

to their biocompatibility and magnetic and plasmonic properties. The 100 nm 

polystyrene core has been chosen to enable plasmonic resonance bands in the near 

infrared range (700- 900 nm) and to keep a size within the preferred size range (10- 

200 nm) for nanotherapeutic applications.  
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The Fe layer offers thickness dependent tunable ferromagnetic properties with 

either single domain or vortex (Fe > 15 nm) magnetic structures. Despite the strong 

ferromagnetism, high colloidal stability of the nanodomes has been kept due to either 

the distance between neibouring particles (thick Au lalyers and polysterene cores) or 

the magnetic vortex configuration (near-zero remanence), which reduce the magnetic 

dipole-dipole interaction and the magnetic attraction between the nanostructures.  

Interestingly, theoretical finite difference time domain (FDTD) simulations, 

predicted that the Fe layer induces a large reduction in the scattering cross-section of 

the nanodomes but it enables keeping high absorption cross-section, which are ideal 

properties to maximize the optical heating efficiency. The experimental results have 

confirmed this theoretical prediction, by showing the very high photothermal 

conversion efficiency with 808 nm laser (ca. 65%), even for high Fe ratios. Remarkably, 

the high magnetic strength of the Fe layer has been exploited to concentrate the 

nanodomes at the illumination region and to achieve a substantial additional local 

temperature increase.   

The Fe/Au semishell also gathers multi-parametric bioimaging features. The high X-ray 

attenuation of the Au layer has been exploited to visualize the internalized nanodomes 

by frozen HeLa cancer cells by X-ray tomography microscopy at ALBA synchrotron. 

Moreover, the Fe layers yields strong T2 contrast (relaxivity r2 = 266 mM−1s−1), which is 

substantially higher than commercial iron oxide contrast nanoagents.    

The in vitro assays, which have been carried out in collaboration with the Cell 

Biology Unit of the UAB, have shown the non-toxicity of the nanodomes even in the case 

of high magnetic enrichment in initially high nanodomes concentrations (100 μg/mL). 

Moreover, the magnetic concentration at the illumination region have enabled nearly 

100% reduction of the cell viability with low particle concentration (10 μg/mL) and 

mild NIR laser intensity (5 W/cm2) to demonstrate the high biomedical potential of the 

magnetically enhanced photothermal therapies. 
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1.2 Personal Contribution 

Since this work is based on a multi-disciplinary topic, this article involved 

collaborators from different disciplines. Thus, it is important to mention which were my 

contributions for this article. 

My independent work included: i) Fe/Au nanodomes fabrication (colloidal self-

assembly, electron beam evaporation, ultrasonication dispersion) and optimization, ii) 

characterizations of physiochemical properties (lithography pattern, size, surface 

charge) using scanning electron microscopy (SEM) and dynamic light scattering (DLS) 

and optical properties (extinction spectra) using vis-near infrared spectroscopy, iii) 

photothermal efficiency measurements using a custom-made optical system (built in 

collaboration with Borja Sepúlveda), iv) magnetic trapping efficiency measurements. 

I participated in other experiments, where the tests were carried out mainly by 

some colleagues, but I was personally involved in the experiments. These include i) 

transmitted electron microscopy (TEM; Belen Ballesteros, ICN2), magnetization 

characterization using vibrating sample magnetometer (VSM; Jordi Sort, Universitat 

Autònoma de Barcelona), ii) theoretical calculations of optical properties using finite 

domain time domain (FDTD) method (Borja Sepúlveda).  

Some experiments were carried out by collaborators, although I provided with 

the necessary nanodome samples. These include cell cultures, scanning electron 

microscopy of cell cultures, cell viability tests. These studies were mainly performed by 

the co-authors of this article (Antonio Aranda, Laia Pou and Carme Nogués, Bioscience 

Faculty of Universitat Autònoma de Barcelona); or scientific services i) mass 

concentration tests using inductively coupled plasma mass spectrometry (ICP-MS 

Serviceat Universitat Autònoma de Barcelona), ii) T2 contrast signal detection using 

nuclear magnetic resonance (NMR) machine (NMR Service at Universitat Autònoma de 

Barcelona), iii) X-ray microscopy (ALBA synchrotron). 
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Chapter 2 

2.1 Simultaneous local heating/thermometry based on plasmonic 

magnetochromic nanoheaters 

The motivation for Chapter 2 came from a very relevant detail of the in vitro tests in 

Chapter 1. The magnetically amplified photothermal therapy with 100μg/mL of 

nanodomes induced a near 100% cell death after 24h. In contrast, the sample with 

10μg/mL nanodomes showed a “delayed” cell death, with a cell viability reduction from 

90% after 24h to 0% after 48h. This interesting behaviour indicates a regulated 

apoptosis rather than a severe necrosis, under these conditions. This result highlighted 

the necessity to locally detect and control the induced temperature changes during 

optical heating to control the condition to favour the apoptosis pathway. Therefore, in 

Chapter 2 we focused on developing the nanodomes and the detection tools to integrate 

in the same nanostructure the capabilities of efficient photothermal heating and 

temperature self-monitoring. 

The initial work of Chapter 2 was motivated by the interesting magnetochromic 

effects, i.e. the change in the optical spectra under a homogeneous magnetic field, of the 

magneto-plasmonic nanodomes.  

The structural asymmetry of the nanodomes generate intense optical anisotropy 

due to the presence of different optical resonances along two orthogonal orientations of 

the nanodomes with respect to light polarization. Therefore, different resonance bands 

can be excited when the orientation of the plane of semishells is parallel or 

perpendicular with the polarization of the incident light. As the nanodomes in solution 

can be aligned with their magnetization parallel to the external magnetic field, intense 

spectral changes can be magnetically induced when the incident light is linearly 

polarized.   

To maximize the optical changes under an external magnetic field, we exploited our 

hybrid nanofabrication strategy to design (Co/Au) nanodomes merging unprecedented 

out-of-plane magnetization and maximized optical anisotropy in the NIR in an almost 

spherical structure. This unique combination permitted the very efficient rotation of the 

nanodomes under low external alternating magnetic field, and the generation frequency 
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dependent strong opto-magnetic modulation. This strong modulation could even be 

observed in very diluted dispersions which were undetectable by high-end UV-Vis 

spectrometers. 

A custom-made opto-magnetic characterization setup enabled us analyzing and 

monitoring in real-time the nanodomes rotation as a function of the magnetic 

frequency. In particular, the phase lag between the applied magnetic field and the 

optical signal is highly dependent on the fluid viscosity, which in turn has a strong 

dependence on the temperature, especially for water solutions. Therefore, 

quantification of such phase-lag was employed to monitor the viscosity reduction in the 

surrounding fluid of the nanodomes during optical heating, as the novel simultaneous 

nano-heating/thermometry concept, by using a single NIR light beam for actuation and 

detection. 

This nanothemometers exhibited a detection limit around 0.05 °C, which is 

comparable to the state-of-art luminescent nanothermometers, but using a much simpler 

and cost-effective detection system. The capacity to integrate efficient heating and 

nanothermometry in a single nanostructure and using a single light beam are additional 

relevant advantages.  

To demonstrate the capability to work in practical biomedical conditions, in vitro 

tests were done in highly concentrated cell dispersions (6×106 cells mL−1), showing a 

detection limit of 0.15 °C, despite the strong and dynamic scattering interferences 

caused by the moving cells. Moreover, to avoid the concerns of Co toxicity, we proved 

that 5 nm Fe/ 35 nm Au nanodomes with in-plane magnetization and high optical 

anisotropy could be also employed as nanothermometer probes showing a detection 

limit of 0.08 °C. 

In conclusion, the unprecedented capacity to merge high photothermal heating and 

local temperature detection sensitivity in low-cost and scalable nanostructures and 

with a simple detection set-up highlight the great biomedical potential of this 

nanotechnology. 
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2.2 Personal Contribution 

Due to the complex theoretical and experimental work, this article is accomplished 

by multiple collaborations. Thus, it is important to mention which were my 

contributions for this article.  

My independent work included: i) Co/Au nanodomes fabrication, ii) 

characterizations of physiochemical properties (lithography pattern, size, surface 

charge) using scanning electron microscopy (SEM) and dynamic light scattering (DLS) 

and optical properties (extinction spectra) using vis-near infrared spectroscopy, iii) 

photothermal heating measurements using a custom-made optical system (built in 

collaboration with Borja Sepúlveda), iv) opto-magnetic modulation measurements 

using a custom-made magnetic-optical combined system (built in collaboration with 

Borja Sepúlveda), v) simultaneous nanoheating/thermometry with the nanodomes in 

water and cell dispersions, vi) fast optical heating and thermal detections in 

microfluidic channel. 

I participated in other experiments, where the tests were carried out mainly by 

some colleagues, but I was personally involved in the experiments. These include i) 

high-resolution transmission electron microscopy (HR-TEM) and energy-dispersive X-

ray (EDX) (Alberto Lopez-Ortega, CIC nanoGUNE), magnetization characterization using 

vibrating sample magnetometer (VSM; Jordi Sort, Universitat Autònoma de Barcelona), 

ii) theoretical calculations of optical properties using finite domain time domain (FDTD) 

method (Borja Sepúlveda).  

Some experiments were carried out by collaborators, although I provided with 

the necessary nanodome samples. These include i) cell cultures (Antonio Aranda, Carme 

Nogués, Bioscience Faculty of Universitat Autònoma de Barcelona), ii) LabVIEW 

software programming for opto-magnetic detections (Borja Sepúlveda). 
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Chapter 3 

3.1 Biodegradable ferromagnetic-plasmonic nanocapsules for 

externally controlled and non-invasively monitored nanotherapies 

The aim of this part was to merge the actuating and sensing capabilities 

demonstrated in the previous articles and to maximize the biomedical translatability by 

developing fully biodegradable ferromagnetic-plasmonic nanocapsules loaded by 

anticancer drugs. This combination will enable magneticaly controlled drug 

concentration, controlled drug release, chemotherapy and co-adjuvant photothermal 

therapy, non-invasive visualization and multisensing (nanothermometry and 

biosensing).    

To achieve these goals in Chapter 3 we incorporated a biodegradable PLGA polymer 

core encapsulating the antitumor drug Paclitaxel, and a Fe/SiO2 semi-shell to obtain 

fully degradable ferromagnetic-plasmonic nanocapsules. The PLGA core was chosen due 

to its biocompatibility, hydrolysis based degradability, and high drug loading capacity. 

The fabrication of the drug loaded PLGA nanoparticles was undertaken by our 

collaborators from Institute for Drug Research in Jerusalem.  

One of the main challenges of this work was optimizing the self-assembly of the 

loaded PLGA nanoparticles, which involved careful adjustment of the nanoparticles size 

and charge, their water stability and the substrate surface charge density. The PLGA 

hydrolisis also imposed a tight synchronization with our colleagues to prevent their 

degradation before the self-assembly and ensure the reproducibility. In addition, due to 

the lower glass transition temperature of PLGA with respect to polystyrene, the 

material electron-beam evaporation conditions should be carefully controlled to 

minimize overheating. To maximize the dispersibility in water, the thickness of Fe/SiO2 

was slightly reduced, while the size of the PLGA (150 nm) was increased. The low 

evaporation temperature of Fe and SiO2 also helped in the dispersibility. 

The PLGA nanoparticles exhibited large drug loading efficiency (32%), and a 

controlled release of 40% during the first 4 days and the rest during the full degradation 

of the PLGA which takes ca. 1 month. 
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The Fe/SiO2 semi-shell enabled increasing the magneto-phoretic manipulation 

efficiency due to the decrease of the particle mass. The observed high magnetic trapping 

efficiency (30% per single pass at flow rates 1000 µL/min) in microfluidic channels 

mimicking blood circulating conditions highlights their capacity for strong magnetic 

control of the drug transport. In addition, Fe/SiO2 semi-shell showed very intense T2 

contrast in nuclear magnetic resonance with improved relaxivity r2 = 368 s-1 mM-1.  

On the other hand, the highly damped plasmonic behaviour of the Fe layer endowed 

the nanocapsules intense broadband optical absorption and minimized scattering. 

These features are crucial to keep very high photothermal conversion efficiencies in the 

first and second biological windows (63% and 67% for 808 nm and 1064 nm lasers, 

respectively).  

The results from in vitro tests showed that the PLGA@Fe/SiO2 nanocapsules possess 

very low toxicity in long-term cell cultures and strong label-free contrast in confocal 

imaging to assess the internalization by the cultured cells. Importantly, the preliminary 

results from in vivo tests confirmed the minimal toxicity of the nanocapsules in mice 

after tail vein injection. The high T2 signal allowed non-invasively visualizing the 

accumulation of the free circulating capsules in the liver, and the almost total recovery 

of the signal 4 days after the intravenous injection. 

Finally, the significant optical and magnetic anisotropies of the Fe/SiO2 semi-shell 

could also be exploited for opto-magnetic sensing to integrate the simultaneous nano-

heating/thermometry concept and the biosensing application to monitor the formation 

biofilms or to detect specific biomolecules at the nanocapsules surface, even under 

complex optical conditions.  

To summarize, the PLGA@Fe/SiO2 nanocapsules could retain the magneto-

plasmonic properties for efficiently merging magnetic concentration, controlled drug 

release, photothermal therapy, non-invasive visualization and sensing. In addition, their 

lower cost, biocompatibility and biodegradability contributed to highlight the great 

potential as a multifunctional biomedical platform.  
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3.2 Personal Contribution 

This manuscript is based on a project with international collaborators, thus the 

results should be attributed to the collaboration among all the collaborators. Thus, it is 

important to mention which were my personal contributions for this manuscript.  

My independent work, which included i) PLGA@Fe/SiO2 nanocapsules design, 

fabrication and optimization, ii) characterizations of physiochemical properties 

(lithography pattern, size, surface charge) using scanning electron microscopy (SEM) 

and dynamic light scattering (DLS) and optical properties (extinction spectra) using vis-

near infrared spectroscopy, iii) photothermal heating efficiency measurements, iv) 

opto-magnetic modulations, v) simultaneous  nanoheating/thermometry, vi) 

degradation process evaluation of nanocapsules by monitoring the optical extinction 

variations, vii) magnetic trapping efficiency measurements. 

I participated in other experiments, where the tests were carried out mainly by 

some colleagues, but I was personally involved in the experiments. These include i) 

transmitted electron microscopy (TEM; Belen Ballesteros, ICN2), magnetization 

characterization using vibrating sample magnetometer (VSM; Jordi Sort, Universitat 

Autònoma de Barcelona), ii) theoretical calculations of optical properties using finite 

domain time domain (FDTD) software (Borja Sepúlveda), iii) in vitro cytotoxicity using 

Alamar Blue dyes under confocal imaging (Carme Nogués, Bioscience Faculty of 

Universitat Autònoma de Barcel), iv) in vivo cytotoxicity and distribution using T2 signal 

in nuclear magnetic resonance (NMR Service at Universitat Autònoma de Barcelona).  

Some experiments were carried out by collaborators, although I provided with 

the necessary nanodome samples. These include i) cell cultures and cell viability tests 

(Carme Nogués, Bioscience Faculty of Universitat Autònoma de Barcelona), ii) 

biosensing of polydopamine coating on the surface of nanocapsules (Aritz Lafuente, 

master student in ICN2); or scientific services i) transmission electron microscopy 

(TEM Service at Universitat Autònoma de Barcelona), ii) mass concentration tests using 

inductively coupled plasma mass spectrometry (ICP-MS Service at  Instituto de Ciencia 

de Materiales de Madrid), iii) T2 contrast signal detection using nuclear magnetic 

resonance (NMR) machine (NMR Service at Universitat Autònoma de Barcelona). 
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Biodegradable ferromagnetic-plasmonic nanocapsules for externally 

controlled and non-invasively monitored nanotherapies 

Abstract 

Current nanotherapies require new tools to enhance their efficacy and to externally 

control their therapeutic effects, especially in cancer therapies. These critical needs could 

be achieved by developing nanomaterials enabling the external control of their 

accumulation at the site of action, as well as non-invasive visualization and detection of 

the actuation strength to tune the therapeutic effects. Here we present novel 

biodegradable hybrid (organic/inorganic) ferromagnetic-plasmonic drug loaded 

nanocapsules. This multi-active nanocapsules, composed of poly-lactic-co-glycolic-acid 

(PLGA) core loaded with paclitaxel anticancer drug and partially coated by a Fe/SiO2 

semishell (PLGA@Fe/SiO2), combine high drug loading efficiency with strong 

ferromagnetic response, colloidal stability, extremely high optical heating efficiency, 

intense NMR contrast for in vivo visualization, and complete biodegradability.  

The strong ferromagnetism of the PLGA@Fe/SiO2 nanocapsules enables efficient 

concentration by external magnetic field gradients via magnetophoretic forces. A high 

magnetic trapping efficiency (> 30%) per single pass is demonstrated in microfluidic 

channels mimicking blood circulation conditions. Their high magnetization also provides 

very intense T2 contrast in nuclear magnetic resonance (relaxivity r2 = 368 s-1 mM-1). The 

Fe semi-shell also presents a highly damped plasmonic behaviour leading to intense 

broadband optical absorption and minimized scattering. These properties are crucial to 

achieve high photothermal conversion efficiencies in the first and second biological 

windows (63% and 67% for 808 nm and 1064 nm lasers, respectively). 

The evolution of the optical and magnetic properties of the nanocapsules during the 

PLGA degradation can be exploited as internal sensors to non-invasively monitor the 

nanocapsules degradation by optical spectroscopy or NMR imaging. The nanocapsules 

have demonstrated low in vitro toxicity in long-term cell cultures and strong label-free 

contrast in confocal imaging. Preliminary results in vivo have shown minimal toxicity 

effects in mice. Their high T2 contrast has allowed visualizing the accumulation of the free 

circulating capsules in the liver, and the almost total recovery after 4 days.    
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Finally, the opto-magnetic analysis of the nanocapsules rotation under low 

amplitude and low frequency magnetic fields enables monitoring the changes in their 

external environment. We have demonstrated the application of the opto-magnetic 

detection for nanothermometry to monitor in real-time the induced temperature 

increase by laser heating (detection limit 0.15 °C), and for biosensing to monitor the 

formation of biofilms under complex optical conditions.  

All these features are highly promising for developing advanced externally 

controlled, biodegradable, nanotherapeutic agents with enhanced therapeutic efficacy by 

merging efficient magnetic concentration, photothermal therapy, non-invasive 

visualization and sensing.    
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1. Introduction 

Nanotherapies based on organic nanoparticles (e.g. liposomes, dendrimers, micelles, 

polymer particles) with linked or encapsulated drugs have emerged with the aim of 

overcoming the side effects of chemotherapies by increasing both circulation time and 

accumulation of the drug inside solid tumours by exploiting their high drug loading 

capacity and the Enhanced Permeability and Retention (EPR) effect in leaky tumour 

neovasculature. However, they have not fulfilled the high therapeutic expectations due to 

the passive delivery of the nanoparticles, which impedes achieving high nanoparticle 

concentrations inside solid tumours and efficient drug delivery in tumour cells.[364,365] 

The main obstacles that nanoparticles face in clinical therapies are: hepatic, renal or 

immune system clearance that can drastically reduce the probability to target tumours; 

inherent elevated hydrostatic pressure in solid tumours that inhibits nanoparticle 

extravasation; poor diffusion inside solid tumours due to the dense extracellular matrix, 

or intracellular trapping of the nanoparticles in endosomes, which hampers the drug 

delivery to the sites of action in the cytoplasm or nucleus.[365] These hurdles are behind 

the clinical approval of only very few nanotherapies to date, which have not 

demonstrated the high efficacy gains expected from the preclinical assays.[366] 

Magnetic nanostructures have been proposed to externally control and improve 

nanotherapies delivery.[132,367–369] However, these nanostructures are mostly based on 

small superparamagnetic iron oxide nanoparticles that exhibit weak magnetic response, 

which severely hampers their efficient external actuation with magnetic fields, and due 

to their small size they have limited drug loading capacity. The use of small 

superparamagnetic nanoparticles for biomedical applications has been imposed by the 

difficulty to achieve strong and stable ferromagnetic nanoparticles by chemical synthesis, 

as result of the irreversible aggregation caused by their intense magnetic dipole-dipole 

interactions. Interestingly, nanoparticles combining plasmonic and iron oxide 

nanoparticles and for simultaneous light and magnetic actuations have also been 

proposed,[132,368] but these systems show similar weak magnetic response and limited 

drug loading capabilities.[369–372] 

Therefore, there is a pressing need to develop novel drug vehicles with improved 

capacity of external control, as a way to achieve more efficient local release of the drug 

and enhanced therapeutic activity. In addition, the capacity to integrate therapeutic 
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actuation and sensing in the same nanostructure can open new technological pathways 

to gain more therapeutic control and to merge diagnosis and treatments.   

Here we present novel biodegradable ferromagnetic nanocapsules which can merge 

high drug loading capacity with the following unique set of multi-actuation therapeutic 

and sensing capabilities: i) highly efficient magnetic manipulation and concentration via 

magnetophoretic forces and retained colloidal stability, ii) highly efficient and broadband 

optical heating in the two biological windows as adjuvant therapy, iii) opto-magnetic 

nanothermometry to control in real-time the optical heating, iv) intense label-free optical 

and magnetic resonance imaging to non-invasively visualize and track the nanocapsules 

and to monitor their degradation, and v) highly sensitive biosensing capabilities. This set 

of features together with the low in vitro and in vivo toxicity offer new externally actuated 

and monitored therapeutic-sensing nanovehicles with high potential to improve the local 

efficacy of nanotherapies.   
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2. Fabrication and structural properties 

The active biodegradable ferromagnetic nanocapsules are composed of poly-lactic-

co-glycolic-acid (PLGA) nanoparticles (diameter ca. 150 nm) loaded with the anticancer 

drug paclitaxel, which are partially covered by a metallic Fe (20 nm) and a SiO2 (10 nm) 

layers (Figure 1a).  

 

Figure 1. Structural properties. a) Schematic of the drug loaded ferromagnetic nanocapsules 

components and their functionalities. b) SEM image of the self-assembled PLGA nanoparticles 

evaporated with Fe (20 nm) and SiO2 (10 nm). c) TEM images of the ferromagnetic nanocapsules 

after dispersion in water for 3 h. d) TEM image of the nanocapsule after 1 month degradation in 

water.  

The fabrication of nanocapsules is based on a cost-effective and scalable combination 

of bottom-up and top-down processes, which can be divided in three steps. The first step 

is the synthesis of the drug loaded PLGA nanoparticles based on a nanoprecipitation 

method (Supporting Information experimental section). According to dynamic light 

scattering measurements, the PLGA nanoparticles exhibit an averaged hydrodynamic 

diameter of 200 nm (polydispersity index 0.04) and a zeta potential of -30 mV. The drug 
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loading efficiency, quantified by high performance liquid chromatography (HPLC) after 

dissolving the nanoparticles in acetonitrile, is 32%.  

The second step consists of the electrostatic self-assembly of the drug loaded PLGA 

particles on a solid support (e.g. silicon wafers or plastic films), yielding a uniform 

monolayer of randomly distributed and well separated PLGA nanoparticles (Figure 1b). 

Finally, the Fe and SiO2 layers are deposited by electron beam evaporation leading to a 

“nanodome” structure (Figure 1c). The metallic Fe layer provides the ferromagnetic and 

plasmonic properties, while the SiO2 is used to protect the Fe from rapid oxidation and 

for future functionalization.  

The ferromagnetic-plasmonic nanocapsules are finally dispersed in water or buffer 

by mild ultrasonication, giving rise to stable colloidal dispersions with zeta potential of -

25 mV and average dynamic light scattering size of 200 nm. Once dispersed in water, the 

PLGA hydrolysis triggers the nanocapsule degradation and the release of the paclitaxel 

drug. According to HPLC measurements, approximately 40% of the drug is released 

within the first 4 days, and the rest is released during the full PLGA nanoparticle 

degradation, which nearly takes one month (Figure 1d). 

 

3. Magnetic and optical properties 

The diameter of the nanocapsules and the thickness of the Fe layer have been 

designed to achieve highly anisotropic magnetic and optical nanostructures with high 

magnetization saturation and intense optical absorbance.  

The magnetic anisotropy is clearly observed in the in-plane and out-of-plane 

magnetization loops of Figure 2a, showing the predominant in-plane magnetization in the 

nanocapsules. Importantly, the in-plane magnetization reversal loop shows a vortex 

magnetic configuration (see Figure 2a inset) with near zero remanence and high M(H) 

slope. As a consequence, the magnetic dipole moment and dipole-dipole interaction of the 

nanocapsules are negligible in the absence of magnetic field, which is crucial to keep 

stable colloidal dispersions. Moreover, the magnetization can be saturated with only 750 

Oe, thereby enabling strong actuation with moderate magnetic field gradients. The high 

magnetization of the metallic iron layer also allows non-invasively imaging the 
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nanocapsules by nuclear magnetic resonance. The nanocapsules exhibit a very strong T2 

signal in NMR showing a relaxivity r2 of 368 s-1 mM-1 (Figure 2b), which is much higher 

than that of commercial contrast agents based on iron oxides (e.g. Feridex and Resovist).  

 

Figure 2. Magnetic and optical properties of the PLGA@Fe/SiO2 nanocapsules. a) In plane and out-of-plane 

magnetization loops showing the ferromagnetic behaviour, the magnetic anisotropy and the vortex 

magnetic structure (inset image shows a schematic magnetic vortex configuration). b) Nuclear magnetic 

resonance T2 contrast and r2 relaxivity. c) Theoretical extinction cross section (Cext) for different 

orientations of the nanocapsules with respected of the polarization of the incident light. d) Experimental 

optical extinction of the nanocapsules in the presence of a static magnetic field H when light polarization is 

parallel to H. 

The Fe layer also exhibits anisotropic optical properties, as observed in the finite 

difference time domain (FDTD) calculations of the extinction cross section of the 

nanocapsules for different orientations with respect to the light polarization (Figure 2c). 



128 

 

The combination of anisotropic optical and magnetic properties enables intense opto-

magnetic effects, i.e., changes in the extinction spectrum of the colloidal dispersions 

induced by static or alternating magnetic fields. In the absence of a magnetic field the 

particles are randomly oriented nanoparticles and the experimental extinction shows a 

very broad and flat spectrum (Figure 2d). The application of a static and homogeneous 

magnetic field H tends to align the nanocapsules with the plane of the Fe layer parallel to 

the magnetic field due to the generation of a magnetic torque. Interestingly, magnetic 

fields as low as 40 Oe are sufficient to align the colloidal ferromagnetic nanocapsules. The 

magnetic alignment results in a substantial absorbance increment in the whole visible-

NIR spectrum when the light is polarized parallel to the magnetic field (Figure 2d), which 

is related to the higher extinction cross section of nanocapsules in this orientation. Such 

modulation of the optical extinction is highly relevant for the development of the sensing 

tools described below.  

Remarkably, the highly damped plasmonic behaviour of the metallic iron semishell 

induces a large reduction of the scattering cross section of the nanocapsules, but keeping 

high and broadband absorption cross section (Supporting Information Figure S1), which 

are ideal features for achieving high photothermal conversion efficiencies. 

 

4. External controls: magnetic manipulation and optical heating  

The ferromagnetic vortex behaviour of the nanocapsules is ideal for external 

magnetic manipulation since it allows combining colloidal stability and the generation of 

strong magnetophoretic forces. To demonstrate the magnetic actuation strength of the 

nanocapsules via magnetophoretic forces we analyze the magnetic trapping efficacy by a 

magnet in a microfluidic channel mimicking the flow conditions in blood vessels. The 

experimental setup and more details about the experiments are included in supporting 

information (Figure S2). The percentage of trapped particles by the magnet is quantified 

by measuring the relative decrease of the absorbance (A/A) of the nanocapsules 

dispersions that are flowed through the microfluidic channel at controlled flow rates by 

using a syringe pump.  As can be observed in Figure 3a, even in a single fluidic pass, an 

extremely high trapping efficiency (>30%) can be achieved for flow rates lower than 1 
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mL/min.  For higher speeds the trapping percentage is stabilized at ca. 15% per pass. 

These results are highly promising for efficient magnetic trapping in small capillaries.  

 

Figure 3. Magnetic and optical external actuation tools. a) Magnetic trapping efficiency in a 

microfluidic channel at increasing flow rates. b) Demonstration of the efficient optical heating in 

the first and second biological windows with 808 nm and 1064 nm lasers (incident light power 200 

mW, nanocapsules concentration 9.75 g/mL, and volume 600 L).    

On the other hand, the high absorption and reduced scattering cross sections of the 

nanocapsules (Figure S1) enable highly efficient optical heating in the near infrared 

spectral regions with the maximized penetration in tissues (Figure 3b). Indeed, the 

photothermal conversion efficiency in the first (wavelength 808 nm) and second 

biological windows (wavelength 1064 nm) are as high as 63% and 67% (Figure S3), 

respectively, which is comparable with state-of-the-art nanoplasmonic heaters.[373,374] 

The slightly increased temperature variation at 1064 nm observed in Figure 3b is a 

consequence of the small water heating contribution at this wavelength.  

 

5. Non-invasive and label-free monitoring of the nanocapsules degradation  

Interestingly, as the PLGA@Fe/SiO2 nanocapsules are degradable, the optical and 

magnetic properties of the Fe layer can evolve during the degradation process due to its 

tendency to oxidize. This evolution can be exploited to non-invasively detect and monitor 

the degradation process. To demonstrate it, we disperse the nanocapsules in an agar 

hydrogel (0.5% mass concentration) in PBS (1X) buffer solution to trap the nanoparticles 

a) b)

0 2000 4000 6000

0

20

40

60

80

100

Tr
ap

pi
ng

 e
ffi

ci
en

cy
 (%

)

Flow rate (L/min)

 

 

0 1000 2000 3000

28

30

32

34

T
 (

ºC
)

Time (s)

 1064 nm

   808 nm

 

 



130 

 

in the gel and to avoid concentration changes due to the nanoparticle sedimentation with 

time.  

Regarding the optical properties (Figure 4a), the broadband absorbance spectrum of 

the nanocapsules initially shows a decrease in the whole vis-NIR range (first 7 days), 

which is followed with an increase of the absorbance in the ultraviolet and blue parts of 

the spectrum, and a reduction of the NIR range (day 7- day 31). This optical evolution is 

consistent with the partial transformation of the metallic iron into iron oxides.[375]  

 

Figure 4. Non-invasive monitoring of the nanoscapsules degradation. a) Evolution of the vis-

NIR spectrum and b) magnetic resonance r2 relaxivity evolves as the nanocapsules degrade in PBS.  

The NMR tests of the PLGA@Fe/SiO2 nanocapsules has also been conducted 

(supporting information section 3). The r2 relaxivity also exhibits an interesting 

behaviour (Figure 4b). There is an abrupt decrease in the r2 signal during the first 4 days, 

after which the relaxivity decreases at a slower rate. This behaviour can be exploited to 

efficiently visualize the in-vivo magnetic concentration of nanocapsules, to indirectly 

follow the drug release during the first days, and to finally track their long term 

biodistribution. The high r2 value after one-month degradation proves that the 

nanocapsules can keep a high magnetic strength despite of their dispersion in a highly 

corrosive PBS environment. 

 

6. In vitro cytotoxicity and label-free imaging  
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Another highly relevant aspect for biomedical applications is the necessity of 

minimizing the toxicity of the nanotherapeutic agents. To ensure the biomedical potential 

we have exposed SKBR3 cells to two different concentrations (10 g/mL and 40 g/mL) 

of the unloaded PLGA@Fe/SiO2 nanocapsules. (Supporting information section 6).  

 

Figure 5. In vitro characterization. a) Long term viability of the SKBR3 cell exposed to 10 and 40g/mL 

of the unloaded PLGA@Fe/SiO2 nanocapsules. b) Confocal image of cells after incubating 3h with 

40g/mL nanocapsules. The white arrow shows the internalized nanocapsules (green). 

We have analyzed the long-term cytotoxicity in SKBR3 cells by Alamar Blue assay 

cells during 11 days. The results show a minimal decrease in the cell viability with respect 

to the control sample, which confirms the expected low cytotoxicity of the PLGA@Fe/SiO2 

nanocapsules. 

In addition, the intense and broadband optical extinction of the nanocapsules is able 

to serve as valuable label-free visualization tool. The large attenuation of the transmitted 

light by the nanocapsules enables accurate visualization by bright field and confocal 

microscopy (green dots in Figure 5b) in both transmission and reflection modes. In 

particular, confocal imaging can be used to assess in vitro cell internalization efficiency of 

the nanocapsules, as it can be easily combined with conventional cell fluorescence 

imaging (Figure 5b).  

 

7. In vivo toxicity and MRI imaging and biodistribution analysis 
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Once the low cytotoxicity had been established, we analysed the in vivo toxicity and 

biodistribution in C57BL/6 mice by exploiting the intense T2 contrast in magnetic 

resonance imaging. We have injected 5 mg/Kg (i.e. 100 g) in mice (N=2) via tail vein 

injection, and we have monitored the nanocapsules distribution by T2 weighted imaging 

at different times (Figure 6) in a 7 T magnet. (Supporting information section 3). 

 

Figure 6. In vivo characterization. Magnetic resonance T2 weighted images of C57BL/6 mice before 

and after tail vein injection of 5 mg/Kg (i.e. 100 g) of unloaded PLGA@Fe/SiO2 nanocapsules. 

The NMR images show a very clear decrease in the T2 signal in the liver 1 h after the 

injection, while there is not a significant decrease in other organs, such as kidneys, or 

muscle. The T2 signal already increases at 24 h post-injection, and it is almost fully 

recovered after 96 h. The mice have not suffered any weight loss during the assay or any 

noticeable toxicity effects after 2 weeks. The secretion pathway via the liver is the 

expected route given the size and surface charge of the nanocapsules and their passive 

delivery. The overall low toxicity and the strong T2 contrast in vivo are valuable features 

for future magnetically guided and concentrated nanocapsules at the site of action by 

external magnetic field gradient.  

 

8. Sensing: simultaneous nanoheating/thermometry, and biosensing 

In addition to the capabilities of external actuation and non-invasive monitoring of 

the internal changes, the PLGA@Fe/SiO2 nanocapsules can also be employed as sensors 

to detect the changes in their surrounding environment by analyzing absorbance 



133 

 

measurements when rotating under low frequency and low amplitude alternating 

magnetic fields, which induce the nanocapsules rotation in the fluid.   

 

 

Figure 7. Opto-magnetic nanosensing. a) and b) Opto-magnetic rotation dynamics, amplitude A2 and 

phase Ph2, respectively, of the nanocapsules in an alternating magnetic field as a function of the 

magnetic frequency.  c) Demonstration of simultaneous nano-heating/thermometry by measuring the 

variation of Ph2  as the nanoparticles are heated by the 808 nm laser. d) Absorbance spectra of the 

nanocapsules dispersion during the formation of a polydopamine over-layer on the nanocapsules. e) 

Phase variation induced by the polydopamine coating as a function of time during the coating formation 

at a magnetic frequency of 37 Hz. Inset SEM image shows clear surface coating (14 nm) of polydopamine 

around the nanodomes after 90 min reaction which reconfirms the corresponding phase change f) Phase 

variation as a function of the rotation frequency after 150 min reaction. All the measurements are 

acquired at H = 40 Oe.  

The nanocapsules magnetic rotation generate intense opto-magnetic modulation 

of the transmitted light. Since the nanocapsules alignments for positive and negative H 

are optically equivalent, the opto-magnetic modulation exhibits a frequency (2) that is 

twice the applied magnetic frequency (). There are two parameters of the opto-

magnetic modulation that can accurately describe the magnetic rotation of the 

nanocapsules: i) the amplitude (A2), and ii) the phase lag between the optical signal 
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and the magnetic field (Ph2). Both parameters can be easily extracted by Fast Fourier 

Transform (FFT) analysis of the opto-magnetic modulation signal.[376] For low particle 

concentrations, A2 is proportional to the particle concentration and to the capacity to 

fully align the nanocapsules parallel to the magnetic field, which depends on the 

amplitude and frequency of the magnetic field. As the nanocapsules are dispersed in a 

viscous fluid, the particle rotation shows an increased damping with the magnetic 

frequency. As a result, the value of A2 drops as the frequency increases (Figure 7a), 

which evidences that the nanocapsules cannot achieve a complete rotation. At the same 

time, the phase lag Ph2 increases (Figure 7b). Importantly, the value of Ph2 is 

independent on the particle concentration, but it is highly dependent on the fluid 

viscosity and the H amplitude. The rise of H produces an increase of A2 and a reduction 

of Ph2, as the stronger magnetic torque allows overcoming more efficiently the fluid 

friction. The Ph2 parameter can be employed for sensing applications, to monitor the 

temperature increase generated by the nanocapsules induced optical heating and to 

detect with high sensitivity the attachment of biomolecules, as low cost nanobiosensors. 

The combination of the NIR illumination and alternating magnetic fields enables 

using the magnetically actuated rotating nanocapsules as the recently developed 

simultaneous nano-heaters/thermometers.[14] This application involves analyzing the 

light modulation signal of the nanocapsules dispersion at a fixed magnetic frequency, and 

monitoring the phase lag Ph2 variations when the laser intensity is increased to induce 

the local heating. We exploit the water viscosity reduction as the temperature increases 

and, therefore, the related reduction of Ph2 as the induced optical heating in the 

nanocapsules rises the temperature of their surrounding liquid. As shown in Figure 7c, 

Ph2 follows the exact same tendency as the temperature curve acquired by an infrared 

thermometer. According to these measurements, the conversion factor is 0.009 rad/ °C, 

and the detection limit of the temperature variations is 0.15 °C. This value is slightly 

higher than that of Au/Co nanostructures,[376] but it is sufficient for controlling the 

photothermal treatments. In contrast, the multifunctionality of the nanocapsules 

together with their simplicity and much lower cost are clear benefits over the Au/Co 

structures.Finally, the phase lag Ph2 parameter can also be employed to develop highly 

sensitive biosensors. In this application we exploit the changes in Ph2 as the 

hydrodynamic radius of the nanocapsules increase when biomolecules attach to their 
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surface. Such increase results in a higher viscous damping and, therefore, an increase in 

the phase lag between the nanoparticles rotation (optical signal) and the magnetic field. 

In order to demonstrate the power and versatility of this sensing scheme, we detected 

the formation of a polydopamine layer around the nanocapsules and the highly absorbing 

polydopamine nanoparticles in the solution. The complexity of this measurement can be 

witnessed in the visible-NIR spectra of the colloidal dispersion (Figure 7d) after the 

addition of the dopamine solution (0.5 µg/mL). After 30 min reaction the nanocapsule 

absorbance is almost hidden by the strong absorbance of the formed polydopamine 

nanoparticles in solution, and it is totally undistinguishable after 1 h reaction. In contrast, 

the opto-magnetic detection system enables extracting only the optical signal of the 

rotating magnetic particles inside of the complex absorbing medium. As the phase lag is 

totally independent of the medium absorbance, it enables detecting in real-time and 

without any interference the continuous formation of the polydopamine layer around the 

nanoparticles once the dopamine is added to the solution (Figure 7e). The total increase 

of the phase lag after 90 min reaction is approximately 0.1 rad, and corresponds to the 

formation of a 14 nm thick shell around the nanocapsules (Figure 7e inset). As the typical 

noise of the phase measurements is 0.002 rad, subnanometric layers can be easily 

detected even in an optically complex environment, and with a very cost-effective set up. 

The total phase change after stopping the reaction as a function the magnetic frequency 

shows that the highest sensitivity in the detection of the over-layer formation is achieved 

with a frequency of around 50 Hz (Figure 7f).   

 

9. Conclusions 

In conclusion, the biodegradable ferromagnetic nanocapsules constitute a novel 

nanotherapeutic concept that is able to merge externally controlled multi-therapies with 

non-invasive imaging and (bio)sensing capabilities. The high magnetic strength and 

colloidal stability are the key elements for enabling efficient external magnetic actuation 

via magnetophoretic force. Such strong magnetism also provides outstanding contrast for 

NMR imaging, showing the capacity to monitor the nanocapsules degradation. On the 

other hand, the high optical absorbance with minimal scattering enable highly efficient 

optical heating in both NIR biological windows. The change in the optical properties 

during the nanocapsule degradation is also appealing for monitoring their degradation. 
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The low toxicity in vitro and in vivo, and the capacity to non-invasively assess the 

nanocapsules biodistribution by magnetic resonance imaging add more biomedical 

potential and interest to this nanotechnology. Moreover, the combination of optical and 

magnetic actuation opens the path to develop highly sensitive opto-magnetic sensors, 

which can be applied to monitor the temperature changes during photothermal 

actuations or the specific attachment of biomolecules. The combination of all these 

features endow the ferromagnetic capsules a promising future as smart nanotherapeutic 

agents.  
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Supporting information 

 

Biodegradable ferromagnetic-plasmonic nanocapsules for externally 

controlled and non-invasively monitored nanotherapies 

 

 

1. Nanomaterials preparation section 

 Nanoprecipitation synthesis process of drug loaded PLGA nanoparticles 

Firstly, an organic solution of PLGA (100 mg) and paclitaxel (2 mg) in acetonitrile (5 

ml) containing 0.01% Tween80 are added to an aqueous solution (10 ml, 0.1%, solutol) 

at room temperature. Following 15 min of stirring, the acetonitrile is removed under 

reduced pressure using an evaporator and the loaded PLGA nanoparticles are collected. 

 Fabrication of PLGA@Fe/SiO2 nanodomes 

The applied fabrication approach is adapted from the previous developed method in 

the Chapter 1. In particular, 2mg/ mL drug loaded PLGA in Tris (20 mM) was prepared 

for colloidal lithography. 20 nm Fe and 10 nm SiO2 were deposited using electron beam 

evaporation on PLGA pattern wafer.  

 

2. Morphological, optical, magnetic and colloidal characterization 

 The morphology and distribution of the nanodomes on the Si wafer were studied 

through scanning electron microscopy (SEM) using Quanta SEM 650 (Field Electron 

and Ion Company (FEI)) at 5 kV. Transmission electron microscopy, TEM, images 

were performed in a FEI Tecnai F20. 

 Zeta potential and hydrodynamic size of PLGA and nanodomes were obtained 

through dynamic light scattering using Zetasizer Nano ZS (Malvern Instruments 

Ltd.). 
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 The mass concentration of Fe in the nanodomes dispersions was determined by 

inductively coupled plasma atomic emission spectroscopy (ICP-OES; Perking Elmer 

mod. Optima 2100DV). 

 The visible-near infrared (vis-NIR) spectroscopy studies of the nanodomes 

dispersions were carried out using Lambda25 (PerkinElmer). For the optical 

measurements, the optical spectra ranged from 400 nm to 1100 nm, which covered 

visible light and near infrared region.  

 The magnetic characterization of the nanodomes was performed on monolayers that 

were transferred to a 1 cm polydimethylsiloxane (PDMS) substrate to eliminate the 

magnetic signal from the bilayer that is deposited on the wafer surface. 

Magnetization loops were acquired at room temperature using a vibrating sample 

magnetometer (MicroSense, LOT QuantumDesign) with a maximum applied field of 

20 kOe. The measurements were performed by applying the field either parallel or 

perpendicular to the sample, i.e., in-plane or out-of-plane conditions. 

 

3. Nuclear Magnetic Resonance 

1H-magnetic resonance imaging (MRI) studies were performed in a 70 kOe Bruker 

BioSpec 70/ 30 USR (Bruker BioSpin GmbH, Ettlingen, Germany) system equipped with 

a mini-imaging gradient set (4000 Oe/m) and using a linear volume coil with 72 mm inner 

diameter. Magnetic resonance data were acquired and processed on a Linux computer 

using Paravision 5.1 software (Bruker BioSpin GmbH, Ettlingen, Germany). For the 

relaxitivity measurements of PLGA@Fe/SiO2 nanodomes, phantoms containing various 

nanodomes concentrations in 1% agarose and PBS (1X) mixture were prepared. Magnetic 

resonance images were obtained from two 2.5 mm slice thickness coronal sections with 

a field of view (FOV) of 9×6 cm2. Only transverse relaxation time (T2) measurements have 

been performed, a multi-slice multi-echo sequence was used, with TR = 3 s, TE values 

between 10 and 600 ms in steps of 10 ms, and MTX= 128×128. Data were fitted to 

exponential curves to obtain the T2 relaxation times, respectively. Transverse relaxivity 

values, r2, were obtained as the slope of the linear regression of the relaxation rates (R), 

as the inverse of the relaxation times (R2 = 1/T2) versus Fe concentration.  
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A similar approach was used to image T2 contrast in nuclear magnetic resonance 

signal of the PLGA@Fe/SiO2 nanodomes in-vivo in mice. In detail, the unloaded 

PLGA@Fe/SiO2 nanocapsules were injected via tail vein with a total volume of 100 L 

with a concentration at 1mg/mL to reach a total mass of 100 g for a standard in vivo test 

condition of mice (5 mg/Kg). The magnetic resonance imaging tests were conducted in 

different time (0h (right after), 1h, 24h and 48h) after the injection. 

 

4. Magnetic trapping in the microfluidic channel 

Magnetic trapping experiments were performed by setting a spherical 19 mm 

diameter FeNdB permanent magnet (7.1 kOe at the surface) attached to a narrow 

microfluidic channel (3 mm in diameter). A nanodomes dispersion (total volume of 

1mL) was controllably flowed by a syringe pump through the microfluidic channel at 

different flow rates. Experimental setup shown in Figure S2. Optical spectra of the 

sample before and after the trapping experiments were carried out to establish the 

concentration of particles in the dispersion. 

 

5. Photothermal heating efficiency measurement 

An identical experimental setup employed in Chapter of the Thesis has been applied 

to evaluate the photothermal heating efficiency of PLGA@Fe/SiO2 nanodomes under 

808 nm and 1064 nm laser illumination. A comprehensive calculation process has been 

described in article 1 and more information about this calculation can be found in 

Appendix (at the end of the Thesis).  The incident power of 808 nm and 1064 nm lasers 

were set to be identical at 200 mW. The total volume of the nanodomes dispersion is 

600 L. The extinction values of the PLGA@Fe/SiO2 nanodomes dispersion at 808 nm 

and 1064 nm were measured to be 0.2192 and 0.1837 (Figure S3a), respectively.  The 

constant time of the system was determined as 280 s, as shown in Figure S3b. 

6. Cell culture  

Human breast cancer cells (cell line SK-BR-3) were seeded in 4-well plates with a 

density of 3x104 cells/ml. After 48 hours incubation at constant 37 0C with 5%CO2, 10 

mailto:PLGA@Fe/SiO2%20nanodomes%20dispersion%20is%200.2192
mailto:PLGA@Fe/SiO2%20nanodomes%20dispersion%20is%200.2192
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and 40 g/ml PLGA@Fe/SiO2 were added to the cell culture. Cell viability was checked 

after an incubation time of 1, 2, 6 and 11 days to evaluate their cytotoxicity.  

Alamar blue assay was used to check the cell viability. In particular, cells were 

washed with HEPES-Buffered Saline three times before adding the fresh media 

with10% of Alamar blue. After 5 hours of staining, the cell samples were measured by 

spectrophotometry. 

 

7. Sensing 

A custom-made opto-magnetic analysis system was used to determine the opto-

magnetic modulation of nanodomes in liquid. Detailed information about the setup has 

been elaborately described in Chapter 2.  

 

8. Figures 

 

Figure S1. a) and b) Theoretical simulations through finite domain time domain (FDTD) of scattering (Cscat) 

and Absorption (Cabs) cross sections of the nanocapsules for different orientations of the nanocapsules with 

respected to the polarization of the incident light. 
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Figure S2. Experimental setup for magnetic trapping experiments with magnetic fluidic channel. 

 

 

 

 

Figure S3. a) Extinction curve of the PLGA@Fe/SiO2 nanodomes dispersion for measuring the optical 

heating efficiencies under 808 nm and 1064 nm laser illumination, b) The time constant for heat transfer 

of the system is determined to be τ = 280s. 
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Chapter 4: General discussion 

This Thesis was motivated by the necessity to develop new tools for 

externally improving and controlling the therapeutic effects of nanotherapies, 

special for cancer treatments. Magnetically and optically actuated nanotherapies are 

becoming appealing alternatives for local treatments due to their non-invasiveness, 

high efficiency, multiple applications and the versatility of the nanomaterial candidates. 

However, merging these two actuation capacities in nanomaterials and fine tuning their 

properties for nanotherapy uses is challenging by standard chemical synthesis. 

Therefore, the main goal of this Thesis has been to develop novel magneto-

plasmonic nanomaterials by using non-conventional nanofabrication strategies to 

enable efficient combined optical and magnetic nanotherapy activation, 

amplification and control. In this Thesis we have demonstrated that the 

combination of bottom-up and top-down nanofabrication strategies could be an 

ideal route to gain benefits from both approaches and to minimize their drawbacks. In 

particular, colloidal self-assembly and physical vapor deposition have been combined to 

easily merge ferromagnetic and optical nanomaterials and to fine-tune their properties 

by their size and composition.  

As a demonstration of the powerful capabilities of this combined fabrication 

method, Fe/Au nanodomes were initially developed due to their capabilities of merging 

strong ferromagnetic and plasmonic properties for combined optical and magnetic 

therapeutic actuations. Due to the magnetic dipole-dipole interactions between 

nanodomes, one of the challenges was obtaining strong but colloidally stable 

ferromagnetic nanoparticles. The colloidal stability was achieved either by the distance 

between the magnetic layers of neighbouring particles (i.e., thick Au shells and the 

polymeric core) or by the in-plane magnetic vortex configuration (Fe > 20 nm) to 

minimize their magnetic attraction.  

From the optical perspective, there were concerns related to the potential 

reduction of the nanoparticles absorption due to the Fe layer, which damps the 

plasmonic behaviour. However, as a highly relevant, and somehow unexpected result, 

we showed that Fe layer provides highly suppressed light scattering but intense 

absorption due to its highly dumped plasmonic behaviour. This behaviour enabled 
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keeping very high photothermal conversion efficiencies even for high Fe contents. 

Therefore, owing to the highly tunable core-semishell structure, the excellent 

ferromagnetic and optical properties of the Fe/Au could be merged.  

The merged magneto-plasmonic properties of the Fe/Au nanodomes were 

exploited for bioimaging and nanotherapies externally actuated by magnetic fields and 

light. The large X-ray attenuation of the Au layer, high T2 signal in nuclear 

magnetic resonance of Fe layer, and the fluorescence polymer core could endow 

the nanodomes multimodal imaging capacities of X-ray computed tomography, 

magnetic resonance imaging and fluorescence imaging.  

On the other hand, the large magnetization, good colloidal stability and strong 

NIR absorption were promising for therapeutic applications including magnetic in 

magnetically enhanced photothermal therapies. We achieved high photothermal 

conversion efficiency (ca. 65%) which is comparable to typical photothermal 

therapy nanoagents (e.g. Au nanorods and nanoshells). However, the efforts for 

exploiting Fe/Au nanodomes for magnetic hyperthermia failed. The main reasons were 

the heavy mass and relatively small area of the magnetic hysteresis loop of the 

nanodomes.  

Nevertheless, the strong magnetophoretic forces that could be exerted 

nanodomes under external magnetic field gradient enabled their directed 

guidance and concentration at the site of action for amplifying the photothermal 

effects. The in vitro results showed very low cytotoxicity and could confirm the 

magnetic amplification of the photothermal therapeutic effects by the magnetic 

concentration of the nanodomes at the illumination region.  

These in vitro therapeutic assays evidenced the necessity to carefully control the 

local temperature increase during the optical actuation for controlling the cell death 

pathway. The very limited capacity to combine efficient nanoheating and local 

thermometry by current technologies, encouraged us to find ways to merge these two 

capacities in the nanodomes. The idea arose when analyzing the opto-magnetic 

properties of the rotating nanodomes under alternating magnetic fields. This analysis 

showed that we could very accurately monitor phase lag between the magnetic field and 

the optical signal, which is highly dependent on the local viscosity and completely 
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independent on the light intensity and particle concentration. These features enabled 

monitoring in real-time the induced viscosity decrease in water around the nanodomes 

by the increase of the laser power.  

In order to generate efficient magnetic rotation and to maximize the 

resultant optical modulation of nanodomes, we exploited the nanofabrication 

strategy to develop nanodomes with a high out-of-plane magnetization and a 

maximized optical anisotropy in the near infrared, by using a Co/Au multilayer 

[Co-1nm/Au-6nm]x5/ Au-5nm on a polymer core (100 nm). These features enabled 

merging very efficient optical heating and simultaneous accurate detection of the optical 

induced temperature changes by the same incident laser beam. Importantly, the intense 

opto-magnetic modulation enabled the detection of the temperature changes in very 

complex optical media of highly concentrated cell dispersion, which gives rise to strong 

dynamic fluctuations in the transmitted light. It is also worth mention, that it is not 

necessary to use such a complex magneto-plasmonic Co/Au structure, since Fe/Au 

nanodomes with a large in-plane magnetization and a high optical anisotropy showed 

equivalent heating efficiency and detection sensitivity for self-monitoring the optical 

heating effects, thereby boosting the biomedical interest.   

After showing the capacities of magnetic amplification and control 

(nanothermometry) of the photothermal therapies by the magneto-plasmonic 

nanodomes, our final aim was to maximize their nanotherapeutic potential by fully 

exploiting and integrating their sensing and actuating capabilities, and 

maximizing the multi-therapeutic efficacy in fully biodegradable nanostructures.  

To achieve this goal we first substituted the inert and inactive polystyrene core, by 

a drug (Paclitaxel) loaded biodegradable PLGA nanoparticle. This change required and 

intense optimization of the PLGA composition and tuning of the colloidal self-assembly 

conditions to achieve correctly nanoparticles monolayers on solid substrates. In 

addition, the lower glass transition temperature of the PLGA imposed a slight increase 

of the particle size to enable an efficient dispersion of the nanocapsules after the 

electro-beam evaporation process. Moreover, to improve the biodegradability and to 

reduce the cost of the nanocapsules we substituted the Au layer by a protective SiO2 

layer, and we kept the metallic Fe with low evaporation temperature, as the 



146 

 

ferromagnetic-plasmonic element to provide outstanding magnetic and optical 

properties to the nanocapsules.  

High drug loading efficiency (32%) and hydrolysis controlled sustainable drug 

release was achieved in the drug loaded PLGA@Fe/SiO2, showing a total degradation of 

the PLGA after 1 month.  

The Fe/SiO2 layer enabled improving the magnetophoretic actuation strength 

compared to Fe/Au by reducing the total mass per particle but keeping similar in plane 

vortex-magnetization. Moreover, a 50% increase in the nuclear magnetic resonance 

relaxivity r2 was achieved for highly efficient T2 imaging. The strong and broadband 

optical absorption contributed to maintain their high photothermal conversion 

efficiency in both NIR optical windows (ca. 63- 67%), which confirmed that metallic 

Fe is an excellent magneto-plasmonic nanomaterial.  

Interestingly, the evolution of the optical and magnetic properties of the Fe layer 

enabled the non-invasive visualization of the degradation process as internal 

sensing feature. We could also demonstrate that the anisotropic magnetic and optical 

properties of PLGA@Fe/SiO2 nanocapsules can be used to develop opto-magnetic 

sensors for integrating simultaneous nanoheating/thermometry concept, and for 

biosensing to detect with high sensitivity attachment of biomolecules at their surface.  

The in vitro analysis demonstrated the low long-term cytotoxicity of the 

unloaded nanocapsules as well as the capacity of label-free confocal imaging to assess 

their internalization by tumor cells.  

Finally, the preliminary in vivo tests have confirmed their minimal toxicity 

effects in mice and their biodistribution after intravenous injection by exploiting their 

very strong T2 in MRI. We could non-invasively observe by MRI the accumulation of 

nanocapsules in the liver and the almost total recovery of the signal after 4 days. The 

treated mice did not show any noticeable toxicity effect during 3 weeks after injection.    

Therefore, the drug loaded biodegradable PLGA@Fe/SiO2 nanocapsules have 

demonstrated great capacities to merge efficient magnetic concentration, photothermal 

therapy, non-invasive visualization and sensing together, which encourage their 

further development for future advanced nano-multi-therapies. 
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Chapter 5: Conclusion 

Intense efforts have been devoted in this Thesis to develop new nanotools for 

externally improving and controlling the therapeutic effects for cancer treatment. To 

end the Thesis, a brief but comprehensive list of the main conclusions is presented here.  

1. The hybrid top-down (colloidal self-assembly) and bottom-up (electron beam 

evaporation) nanofabrication approach is a simple, scalable, cost-effective and 

controllable method to enable the development of highly tunable magneto-plasmonic 

core-semi-shell nanostructures. 

2. The metallic Fe layer does not strongly reduce the optical absorption, but heavily 

suppresses the scattering, which endows the nanodomes great capacity for merging 

outstanding ferromagnetic and photothermal properties.  

3. The ferromagnetic behaviour of the nanostructures can be tuned by controlling the 

thickness of the Fe layer and the diameter of the dielectric core from single domain to 

vortex, keeping high colloidal stability. 

4. A very high photothermal conversion efficiency in both biological windows (63- 67%) 

has been obtained after completely eliminating the Au layer to minimize the light 

scattering and to achieve intense broadband absorbance. This value is comparable 

with the best plasmonic nanoheaters. 

5. Co/Au multilayers, e.g. [Co-1nm/Au-6nm]x5/Au-5nm, can be employed to achieve 

anisotropic out-of-plane magnetization and to maximize the optical anisotropy in the 

nanodomes for opto-magnetic sensing applications.  

6. The combination of optical and magnetic anisotropies with the high optical heating 

efficiency of the nanodomes has enabled the development of the novel simultaneous 

nano-heating/thermometry concept with a single NIR laser. The lowest detection 

limit (0.05 °C) is obtained for the Co/Au multilayers, but biomedically relevant 

resolution (0.15 °C) can be achieved even for the nanodomes with a single Fe layer. 

7. The nanodomes exhibit multiparametric bioimaging capabilities. The Au layer 

provides strong X-ray absorption, and the Fe layer high T2 contrast in magnetic 

resonance imaging. The highest NMR r2 relaxivity (368 s-1 mM-1) has been achieved 
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for the Fe/SiO2 nanodomes, whose value is much higher than that of commercial iron 

oxide contrast agents. The Fe can also generate intense absorption contrast for label-

free confocal imaging, and the polymer core can incorporate fluorophores for 

fluorescent imaging and flow cytometry.  

8. The nanodomes have shown very low cytotoxicity in vitro even in the cases of local 

magnetic enrichment and long-term cell cultures.  

9. The in vivo biodistribution analysis by magnetic resonance imaging shows 

preferential accumulation in the liver and almost total recovery of the signal 4 days 

after the intravenous injection.  

10. The drug loaded PLGA@Fe/SiO2 nanocapsules show very promising features for 

controlled multi-therapies by merging: high biodegradability, efficient magnetic 

concentration, high photothermal conversion efficiency (63-67%), strong label-free 

confocal imaging contrast, very high T2 contrast for magnetic resonance imaging, 

simultaneous nano-heating/thermometry, highly sensitive biosensing, and low in 

vitro and in vivo toxicities. 
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Chapter 6: Future Perspectives 

Although very promising features have been demonstrated on the novel highly 

tunable nanodomes, many research efforts must be made to translate this 

nanotechnology to the clinic:  

1. Nanofabrication scaling-up. The nanodomes yield of current fabrication method is 

less than 400 µg per wafer (4 inch), which is currently limited by our e-beam 

evaporation system. This quantity is enough for in vivo assays in mice. The quantity 

can be scaled up by achieving higher polymer particle surface density, by the use of 

industrial evaporation systems that allow multiple and bigger size samples to be 

loaded and evaporated sequentially and automatically. However, this is not enough 

for widespread biomedical application in humans. The large-scale production could 

be achieved by combining spray drying of the polymer nanoparticles and in situ 

sputtering in the same column, together with roll-to-roll technology to recover the 

evaporated particles in plastic rolls, thereby enabling easy preservation and direct 

dispersion in water based solutions.    

 

2. Biodegradability control. The NMR and TEM analysis have shown that the Fe/SiO2 

shell is slowly degraded. The longer-term degradability of PLGA@Fe/SiO2 should be 

tracked for times longer than 1 month. The degradation rate could be increase by 

reducing the thickness of the SiO2 layer and/or increasing its porosity.  

 

3. Drug release control. The capacity of the ferromagnetic-plasmonic nanocapsules to 

control the drug release rate by photothermal heating or magnetic rotating should be 

evaluated for achieving enhanced and externaly controlled drug release. 

 

4. Surface functionalization for in vivo application. The functionalization of the 

PLGA@Fe/SiO2 nanodomes with antifouling agents (e.g. PEG) and specific ligands (e.g. 

antibodies) should be optimized, to improve the circulation time and the cell targeting 

abilities. 
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5. The capacity of multiple nanotherapeutic application by the loaded 

PLGA@Fe/SiO2 nanocapsules, merging chemotherapy, magnetically amplified and 

controlled photothermal therapy and magneto-mechanical therapy, should be 

demonstrated in vitro and in vivo. 

 

6. The biosensing applications based on the opto-magnetic modulation could be 

exploited for intracellular interaction sensing and for distinguishing the cell death 

pathways after therapeutic actuation.  

 

7. Novel functionalities could be incorporated by using other cores, such as porous 

silica or metal organic frameworks (MOFs), with large pores for drug delivery with 

large loading efficiency. Photodynamic agents could be included either at the surface, 

inside the nanoporous cores or embedded as a part of the structure to permit 

magnetically controlled photodynamic therapies.  

 

8. Novel magneto-electric, photo-electric and electro-chemically active nanodomes 

could be achieved by changing the composition of the semishell.    

  



151 

 

Chapter 7: Appendix 

Photothermal conversion efficiency calculation  

A general introduction of the calculation process of photothermal conversion efficiency 

of nanoparticles in liquid is introduced here by following Roper’s report. Take the 

nanoparticles dispersion as a system, light irradiation and system dissipation could 

work as power input and output respectively and nanoparticles act as energy translator. 

The energy balance of this system could be expressed by Eq 1:  

∑  𝑖 𝑚 𝑖𝐶𝑝,𝑖
𝑑𝑇

𝑑𝑡
= 𝑄𝑙𝑎𝑠𝑒𝑟 − 𝑄𝑑𝑖𝑠                                                     (1) 

, where 𝑚 and 𝐶𝑝 are the mass and heat capacity of nanoparticles solution respectively, 

𝑇 is the solution temperature, 𝑡 is time, 𝑄𝑙𝑎𝑠𝑒𝑟 is the energy inputted by light irradiation 

and 𝑄𝑑𝑖𝑠 is heat dissipating energy from solution system to surrounding air. The laser 

induced heat input item 𝑄𝑙𝑎𝑠𝑒𝑟 consists of two heating sources 𝑄𝑤𝑎𝑡𝑒𝑟 and 𝑄𝑁𝑃. The item 

𝑄𝑤𝑎𝑡𝑒𝑟 represents the water heat induced by light irradiating, which is a constant value 

and easy to be obtained through heating pure water without nanoparticles under the 

equivalent experimental conditions. And 𝑄𝑁𝑃 represents the heat translated by 

nanoparticles from laser irradiation at a certain wavelength, which could be determined 

according to Beer-lambert law: 

𝑄𝑁𝑃 = 𝐼(1 − 10−𝐸𝜆)𝜂                                                    (2) 

, where I is the incident laser power, 𝜂 is the light-to-heat photothermal conversion 

efficiency, and 𝐸𝜆 is the light extinction of nanoparticles at wavelength of λ. The 

item 𝑄𝑑𝑖𝑠 represents the output power by the heat dissipation from the 

nanoparticles dispersion, which is nearly proportional to the linear thermal driving 

force:  

𝑄𝑑𝑖𝑠 = ℎ𝑆(𝑇 − 𝑇𝑎𝑚𝑏)                                                    (3) 

, where h is the heat transfer coefficient between the nanoparticles dispersion and 

the ambient surrounding, S is the surface area of the nanoparticles dispersion 

container, and 𝑇 is the real-time temperature of the nanoparticles dispersion, 𝑇𝑎𝑚𝑏 

is the ambient temperature of the surrounding. Once the laser power is defined, the 

heat input (𝑄𝑤𝑎𝑡𝑒𝑟 + 𝑄𝑁𝑃) will be finite. The heat output (𝑄𝑑𝑖𝑠) is related to the 
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changing temperature according to the Eq. 3. Then it is necessary to analyze the 

temperature evaluation process of the nanoparticles dispersion. 

  

Figure 1. Typical optical heating curve comprised of heating up (a), thermal stabilization (b) and 

cooling down(c) processes. 

Figure 1 is a typical temperature evaluation curve with CW laser heating including 

heating up (a), thermal stabilization (b) and cooling down(c) processes. 

Considering the case of (b) when the temperature of the nanoparticles dispersion 

reaches the maximum value, there is a thermal balance of laser laser input and heat 

loss: 

𝑄𝑙𝑎𝑠𝑒𝑟 − 𝑄𝑑𝑖𝑠 =  𝑄𝑁𝑃 + 𝑄𝑤𝑎𝑡𝑒𝑟 − 𝑄𝑑𝑖𝑠 = 0 

 

𝐼(1 − 10−𝐸𝜆)𝜂 + 𝑄𝑤𝑎𝑡𝑒𝑟 =  ℎ𝑆(𝑇𝑚𝑎𝑥 − 𝑇𝑎𝑚𝑏) 

And photothermal conversion efficiency (η) with laser wavelength at 𝜆 can be 

derived as follows:  

η =
ℎ𝑆(𝑇𝑚𝑎𝑥−𝑇𝑎𝑚𝑏)−𝑄𝑤𝑎𝑡𝑒𝑟

𝐼(1−10−𝐸𝜆)
                                                   (4) 

In order to get the value of η, hS for heat dissipating should be carried out. 

Therefore, the cooling stage (c) will be further considered and analyzed. During the 

cooling process, there is no light irradiating while the temperature of the 

nanoparticles dispersion is decreasing down all the way until reaching 𝑇𝑎𝑚𝑏: 

∑  𝑖 𝑚 𝑖𝐶𝑝,𝑖
𝑑𝑇

𝑑𝑡
= 𝑄𝑑𝑖𝑠 = ℎ𝑆(𝑇 − 𝑇𝑎𝑚𝑏)                                     (5) 
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Here for convenience reason,θ, a dimensionless parameter representing the relative 

driving force of cooling process could be defined:  

θ =  
𝑇−𝑇𝑎𝑚𝑏

𝑇𝑚𝑎𝑥−𝑇𝑎𝑚𝑏
                                                            (6) 

To get rid of the integral heat energy during the process, 𝜏𝑠 as a system time 

constant during the cooling process will be introduced as: 

𝜏𝑠 =
∑  𝑖 𝑚 𝑖𝐶𝑝,𝑖

ℎ𝑆
                                                               (7) 

 

Therefore, summarized from Eq6 and Eq7, it could be concluded:  

dθ

𝑑𝑡
=

1

𝜏𝑠
θ                                                                    (8) 

By setting the boundary condition when the cooling process starts: t=0, θ=1, Eq8 

could be solved as: 

θ = e
(

t
𝜏𝑠

)
 

lnθ =
1

𝜏𝑠
𝑡                                                                   (9) 

From Eq9, it will be easy to deduce that there is a linear relationship between lnθ and 

the time starting from cooling process. The slope of the fitting curve is (
1

𝜏𝑠
) value, from 

which the value of 𝜏𝑠 and ℎ𝑆 could be obtained. And then substituted in Eq4, η can be 

finally acquired.  
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