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1 THE AIM OF THE THESIS 

 The aim of the thesis was to propose and develop a novel measurement 

system and methodology to evaluate the colloidal nanoparticles for 

photothermal therapy. The motivation for this research originated from a few 

reasons: various existing measurement systems required relatively high sample 

volumes and provided diverse results in demanding and time-consuming 

measurements, while the most popular model and analysis method led 

to numerous understatements, making comparisons of photothermal conversion 

efficiency in different materials unreliable.  

 Subsequently, the goal was to evaluate numerous light-to-heat converting 

nanomaterials and determine which ones have the greatest application potential. 

So far, only a limited number of studies had been conducted in which some 

nanomaterials have been compared on a single system, while such a comparison 

was urgent, desirable and prerequisite to rank the nanoheaters suitable for 

photothermal therapy application. Therefore, the studies described in this thesis 

included materials belonging to different classes: plasmonic, semiconductor, 

carbon, iron oxide-based, and nanocrystals doped with lanthanide ions. Of the 

latter, the aim was also to determine if the selection of dopant ion, doping level 

and the choice of matrix have a significant impact on the photothermal efficiency, 

which has not been systematically studied yet. On the other hand, expanding the 

knowledge of the mechanisms and photothermal conversion efficiency 

of nanomaterials, as well as the ability to compare different nanomaterials 

directly and quantitatively, contribute not only to a better understanding of the 

phenomena taking place, but also to determination of further directions for the 

design of materials for biomedical or technology applications.   
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2 SCIENTIFIC ACHIEVEMENTS OF THE AUTHOR 

2.1 Projects 

03/2022 – 05/2022 NCN PRELUDIUM 19 2020/37/N/ST5/00536 
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Position: project contractor 
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Evaluation of photothermal conversion efficiency 
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measurement of luminescence intensity as a function 
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Preparing interim and final project reports.  
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DOI: 10.1021/acsami.1c12409. 
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2. Agnieszka Paściak, Riccardo Marin, Lise Abiven, Aleksandra Pilch-
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Bezkrovnyi, Łukasz Marciniak, Corinne Chanéac, Florence Gazeau, Rana 
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DOI: 10.1021/acsami.2c08013. 
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3 ABSTRACT 

 Nanomaterials that convert light energy into heat have been known for 

many years and have found applications in various fields such as renewable 

energy and medicine. In particular, high hopes are related to their possible use 

in photothermal therapy. However, even though a large number of materials 

have been already demonstrated and many studies have been conducted on the 

subject, a quantitative comparison of nanoheaters has not yet been carried out 

in a way that allows for creating an unambiguous ranking of them. In addition, 

photothermal conversion efficiencies for similar materials were significantly 

different in publications from different research groups, which calls into question 

the methodology used. Moreover, the measurement systems known so far 

required large sample volumes and time-consuming measurement, or did not 

allow routine measurement of a larger number of diversified samples. 

 To overcome these flaws, within the scope of the dissertation, a novel 

measurement system was designed and constructed that enables rapid, 

reproducible and accurate measurement of small sample volumes. Furthermore, 

existing models used to analyze photothermal conversion efficiency results were 

compared and a model was selected that leads to consistent results regardless 

of the measurement conditions. Moreover, the methodology was proposed that 

enables quantitative comparison of nanomaterials belonging to different classes. 

In particular, the figure of merit proposed by the author, i.e. external light-to-heat 

conversion efficiency (eHCE), allowed for quantitative comparison of various 

materials in terms of their applicability. Then, materials characterized 

by different physicochemical properties were compared, including plasmonic, 

semiconductor, carbon, iron oxide-based, and nanocrystals doped with 

lanthanide ions using exactly the same methodology and the same optical setup. 

For the latter class, it was also examined how the choice of dopant ion affect the 

photothermal conversion efficiency. Analysis of the results showed that the 

parameter which was previously considered as the major indicator of the 

suitability of nanoheaters for application, did not actually vary strongly for most 
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of the samples examined, however, with the newly proposed eHCE parameter, 

logarithmic differences were observed between samples. The most promising 

class of materials for photothermal therapy was found to be plasmonic materials, 

with copper sulfide nanoparticles taking a lead.  

 Moreover, a systematic study of a group of materials doped with different 

rare earth ions and in different matrices has been conducted and the significant 

impact of these factors on photothermal properties was observed. While 

significant cross-relaxation (known as concentration quenching) takes place 

in lanthanide doped materials, their modest or weak absorption cross section 

hinders their application in photothermal therapies. Nevertheless, among 

materials doped with rare earth ions, NdVO4 deserves special attention for 

photothermal application due to its superior absorption properties and proven 

non-toxicity. 

 The presented methodology and achieved results contribute to the 

systematization of knowledge on the efficiency and suitability of nanoheaters, 

help to better understand the phenomenon of photothermal conversion 

of nanomaterials, and may be useful to rank and select the most promising 

photothermal materials for medical applications.  
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4 ABSTRACT [PL] 

 Nanomateriały przekształcające energię świetlną w ciepło są znane 

od wielu lat i znajdują zastosowanie w różnych dziedzinach, takich jak 

odnawialne źródła energii, czy medycyna. Szczególnie duże nadzieje związane 

są z możliwością ich wykorzystania w terapii fototermicznej. Jednak pomimo 

tego, że zaprezentowano i scharakteryzowano już dużą liczbę materiałów, nie 

przeprowadzono dotychczas ilościowego porównania nanogrzałek w sposób 

pozwalający na stworzenie ich jednoznacznego rankingu. Co więcej, 

efektywności konwersji światła na ciepło dla podobnych materiałów były 

istotnie różne w pracach różnych grup badawczych, co poddaje w wątpliwość 

stosowaną metodologię. Ponadto znane dotychczas systemy pomiarowe 

wymagały dużych objętości próbek i czasochłonnego pomiaru lub nie pozwalały 

na rutynowy pomiar większej liczby różnorodnych próbek. 

 W celu wyeliminowania tych problemów, w ramach rozprawy 

doktorskiej, zaprojektowano i skonstruowano nowatorski układ pomiarowy, 

który umożliwia szybki, powtarzalny i dokładny pomiar małych objętości 

próbek. Ponadto porównano istniejące modele stosowane do analizy wyników 

efektywności konwersji światła na ciepło i wybrano model, który niezależnie 

od warunków pomiarowych prowadzi do spójnych wyników. Zaproponowano 

metodologię umożliwiającą ilościowe porównanie nanomateriałów należących 

do różnych klas. W szczególności, zaproponowana przez autorkę miara, 

tj. zewnętrzna sprawność konwersji światła na ciepło (eHCE), pozwoliła 

na ilościowe porównanie różnych materiałów pod względem możliwości ich 

zastosowania. Następnie porównano materiały charakteryzujące się różnymi 

właściwościami fizykochemicznymi, w tym materiały plazmoniczne, 

półprzewodnikowe, węglowe, materiały na bazie tlenku żelaza oraz 

nanokryształy domieszkowane jonami lantanowców przy użyciu tej samej 

metodologii i zaprezentowanego układu optycznego. Dla ostatniej z tych klas 

sprawdzono również, jak wybór jonu domieszki wpływa na wydajność 

konwersji fototermicznej. Analiza uzyskanych wyników pokazała, że parametr, 
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który wcześniej był uważany za najważniejszy wskaźnik przydatności 

nanogrzałek, w rzeczywistości nie różnił się znacznie dla większości badanych 

próbek, jednak w przypadku nowo zaproponowanego parametru eHCE 

zaobserwowano różnice rzędów wielkości pomiędzy próbkami. Najbardziej 

obiecującą klasą materiałów do terapii fototermicznej okazały się materiały 

plazmoniczne, spośród których najlepszy okazał się siarczek miedzi. 

 Przeprowadzono także systematyczne badania grupy materiałów 

domieszkowanych różnymi jonami metali ziem rzadkich oraz w różnych 

matrycach i zaobserwowano istotny wpływ tych czynników na właściwości 

fototermiczne. Podczas gdy w materiałach domieszkowanych jonami 

lantanowców zachodzi relaksacja krzyżowa (znana jako wygaszanie 

koncentracyjne), ich niewielki lub średni przekrój absorpcyjny utrudnia ich 

zastosowanie w terapiach fototermicznych. Niemniej jednak, spośród 

materiałów domieszkowanych jonami metali ziem rzadkich, NdVO4 zasługuje 

na szczególną uwagę w zastosowaniu fototermicznym ze względu na swoje 

wyróżniające się właściwości absorpcyjne i udowodnioną nietoksyczność. 

 Przedstawiona metodologia oraz uzyskane wyniki przyczyniają się 

do usystematyzowania wiedzy na temat sprawności i przydatności nanogrzałek, 

pomagają w lepszym zrozumieniu zjawiska konwersji fototermicznej 

nanomateriałów, a także mogą być przydatne do uszeregowania i wyboru 

najbardziej obiecujących materiałów fototermicznych do zastosowań 

w medycynie. 
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5 INTRODUCTION 

5.1 Nanomaterials 

Nanoparticles have been gaining increasing attention over time. 

A nanoparticle is defined as a “particle of any shape with dimensions in the 

1 × 10–9 and 1 × 10–7 m range” (IUPAC). The upper limit results from the fact that 

the novel (relative to bulk materials) properties of these materials typically occur 

at a critical length scale below 100 nm. With such small dimensions, the surface-

to-volume ratio increases, which often translates into novel properties that are 

not observed for larger counterpart materials. The field of nanotechnology 

is currently one of the fastest growing fields, thanks to the powerful tools 

available for their characterization, as well as modern synthesis methods that 

make it possible to precisely produce nanomaterials with predetermined 

characteristics such as composition, size, shape and structure to provide unique 

or unprecedented properties of nanoparticles. 

Nanoparticles can be applied in e.g. UV filtering 1, water purification 2, 

exhibit antibacterial activity 3 or enable enhancement of parameters such 

as durability 4, fluorescence brightness 5 etc. Moreover, they can ensure unique 

optical or magnetic properties as well as offer the possibility to selectively deliver 

(by proper surface biofunctionalization), controllably release, monitor and 

encapsulate cytotoxic drugs 6.  

Nanoparticles which demonstrate the ability to generate heat, called 

nanoheaters, are another class of functional nanoparticles that are promising for 

numerous technologies and medical treatment applications. Nanoheaters are 

used in renewable energy, e.g. solar vapor generation and storage 7, 

in photocatalyst 8 or photo-actuators 9, i.e. for 3D printing 10. In medicine, heat 

generation might be applied in cancer therapy 11, dentin hypersensitivity 

treatment 12, retinal degenerative diseases therapy 13, hair removal 14, acne 

treatment 15, antibacterial therapy 16,17 or sterilization 18.  
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Efficient localized heat generation in nanomaterials can be induced 

by a non-contact manner, i.e. by optical excitation or applying alternative 

magnetic field, thus providing greater capabilities than conventional heaters, 

which is critical  especially in medicine. Nanoheaters, which generate heat under 

optical excitation, due to the conversion of light into heat, are the main focus 

of this dissertation. The therapeutic use of nanoheaters stems from the various 

effects of temperature on tissues, which are described in the 

following subsection. 

 

5.2 Hyperthermia and photothermal therapy 

 The hyperthermia (HT) refers to raising the temperature of a part (local 

HT) of or the whole-body (systemic HT) above normal for a defined period 

of time 19. Typically applied thermal therapies are in the following temperature 

ranges 20: 

• 40-41 °C – low-temperature hyperthermia /diathermia (DT) 

• 42-45 °C – moderate hyperthermia (mHT) 

• > 50 °C – thermal ablation (TA) 

In DT range 21, no significant modifications at cellular level occur and 

homeostasis can be maintained. Nevertheless, the blood flow is enhanced and 

ion diffusion rate across cellular membranes increases, which leads to positive 

health effects, such as accelerated tissue repair. DT is usually a long-term (6-72 h) 

treatment 20 and is primarily used in physiotherapy. 

In 43-45 °C range the biochemical reactions rate notably increases, which 

cause oxidative stress, results in proteins, lipids and nucleic acids degradation 22. 

mHT find application especially in cancer therapy. Even though in general there 

is no significant difference in thermal sensitivity of tumor and healthy cells, the 

tumor has different architecture of the vasculature, which cause increased 

susceptibility to mHT 23. On the other hand, the research on hepatoma cells has 

proven that at 43 °C in aerobic conditions, protein synthesis 24 and cellular 
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respiration 25 have been suppressed. Furthermore, the divergences in cell 

membranes lability in cancer and healthy cells has been speculated 25. The cell 

death due to mHT occurs in the apoptosis path 23. Clinical trials using mHT show 

strong evidence of the effectiveness of this therapy 26, but it is recommended for 

mHT to be used synergistically with other therapies such as chemo- 

or radiotherapy, because of raised therapeutic effect in increased temperatures. 

mHT treatment usually last 15-60 min 20.  

Above 50 °C DNA become damaged, protein undergoes denaturation and 

subsequent cell death occurs 27. Tissues undergo coagulation, and ablation, when 

the temperature exceed 60 °C. At the temperature above 100 °C, vaporization 

of the tissues takes place. The method is therefore effective to destroy malignant 

tissues, but it does not provide selectivity for cancer treatment. Moreover, there 

is a strong risk of the damage of adjacent tissues. Typically in TA treatment the 

exposure time is short, lasting 4-6 minutes 20. 

In terms of area of effect HT can be divided into 3 categories: localized 

hyperthermia, regional hyperthermia and whole body hyperthermia 19. Of these, 

localized hyperthermia is the most beneficial as it allows for a limited negative 

impact on healthy tissues or limited side effects typically observed in a whole 

body hyperthermia. Depending on the type of heat induction,  the most common 

approach is to use ultrasound, radiofrequency or microwave applicators 19. 

Localized HT usually requires mediators to convert one form of energy 

into heat and confine this activity to limited tissue volume. This is usually 

performed with nanoparticles capable to efficiently convert alternating magnetic 

field of electromagnetic radiation from NIR spectral region to heat. So far, only 

few nano-drugs for cancer therapies have been approved by the FDA 28. I.e., 

in dentistry, indocyanine green dye is allowed for photothermal antibacterial 

therapy. Therapeutic nanoparticles raise more and more attention, because of the 

advantages - in particular their high selectivity and confinement of action 

(i.e. localization), that they offer over the other methods. Nanoparticle-based 
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thermal therapies include photothermal therapy (PTT) and magnetothermal 

therapy (MT).  

PTT is usually conducted in mHT or TA temperature range, often 

synergically with other methods, e.g. chemotherapy 29,30 or photodynamic 

therapy 31. The major advantage of PTT is its minimal invasiveness and low risk 

of patient complications 32. Moreover, this therapy can prevent cancer 

recurrence 33. The light source in PTT is usually a laser operating in the 

NIR range. 

 

5.3 Materials for photothermal therapy  

 Nanoparticles that are dedicated to PTT, called nanoheaters (NHs) must 

meet a number of requirements and should be comprehensively examined before 

being introduced for clinical studies. These requirements should include 

following factors: 

• Physical (small size 34, high absorption cross-section at NIR region, high 

photostability, high light-to-heat conversion efficiency) 

• Biological (nontoxicity 5,35,36, biodegradability 37, bio-excretion 38, 

biocompatibility, circulation time and clearance 35) 

• Chemical (chemical stability, coating type) 

• Economical (low synthesis costs and preparation time) 

• Functional (selective targeting of tumor tissues, multifunctionality, e.g. 

drug carriers, MRI agents, nanothermometry) 

 Size of NHs should not exceed 200 nm to prevent issues such 

as occlusions, kidney blocks or thrombus 34. On the other hand, other studies put 

more stringent conditions, as they show that less side effects are provided 

by nanoparticles that are smaller than 50 nm 39. The selection of stimulation 

wavelength is referred to water and tissue absorption. Because of strong 

absorption of water at ~1000 nm, and strong absorption of tissues components at 
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UV and VIS, the use of radiation from biological spectral windows in NIR is the 

most beneficial. First biological window (NIR-I) falls within the wavelength 

range: 700-980 nm, and second (NIR-II): 1000-1400 nm 21. Among these, NIR-I 

is characterized by lower water absorption, making this range preferable. NIR 

spectral region is also beneficial for biomedical and theranostic (therapeutic and 

diagnostic) procedures for one another reason. Some of the therapies gain from 

feedback control – either drug release or heat deposition can be spectroscopically 

monitored and the choice of NIR excitation wavelength prevents the strong 

autofluorescence of tissues. In this case it is recommended that the absorption 

and emission bands of fluorescence agents are spectrally narrow to provide 

a reliable monitoring of the treatment progress 40. 

To achieve better stability and biocompatibility, nanomaterials are 

covered with an inert or functional coating. For example, a silica coating 

enhances thermal stability 41, stabilizes NPs shape and surface, and improves 

colloidal stability 42. Anyway, further surface biofunctionalization is required 

to target required sites in tissues and cells. One of the most effective methods 

to create a targeted delivery system is the use of antigen-antibody bonding 

in tumor tissues. Specific antigens are expressed on the surface of affected cells 

and suitable antibody-nanomaterial conjugate can bond with them. 

Functionalization of nanoparticles is achieved by adsorption, covalent linkage, 

or using adaptor molecules 6. 

To date, numerous light-to-heat converting structures have been 

proposed. Among them, the most popular are organic agents 43–57. Extensive 

research is also being conducted on inorganic materials, of which the most 

popular are metallic nanoparticles that exhibit plasmonic properties 58–66. 

Semiconductors 67–72, metal oxides (e.g. iron oxide 73–75), lanthanide-doped 

nanocrystals 76–83, materials based on carbon 45,84,85, silicon 86 or titanium 87, etc., 

are also comprehensively studied.  

The photothermal conversion is carried out through a variety 

of mechanisms that, in many cases, are not yet well understood. In general 
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it could be claimed that multiphonon relaxation of the excited states is the origin 

of heat generation. When the material is illuminated with a laser beam of a strictly 

defined energy corresponding to the difference in energy levels between the 

ground and an excited state, an electron transition occurs. Then, a return of the 

excited electrons to the lowest level takes place through internal conversion and 

vibrational relaxation, e.g., to the excited singlet state (in the case of organic 

molecules), the valence band (in semiconductors) or the ground state 

(in lanthanides). In the following subsections, a main characterization of the most 

commonly mentioned classes of NHs and a brief description of the mechanisms 

of photothermal conversion in different classes of materials will be presented. 

5.3.1 Plasmonic nanomaterials 

Plasmonic nanoparticles are among the most extensively studied materials 

for their conversion of light to heat. They include metals such as gold 58–60,66, 

silver 61, platinum 62 and their derivatives, such as copper sulfide 69, titanium 

nitride 63, bismuth sulfide 64 and selenide 65, etc. The field that studies the thermal 

effects of plasmonic materials has been called thermoplasmonics 88. The 

mechanism responsible for heat generation is called localized surface plasmon 

resonance. It relies on collective oscillations of electron density on the surface 

of nanostructures through coupling with electromagnetic waves 88. The 

movement of conduction electrons is enhanced and increases the frequency 

of collisions with lattice atoms, causing the generation of Joule heat. When 

surface plasmons are in resonance with an incident electromagnetic wave, the 

maximum of the delivered energy is converted into heat. Absorption, and at the 

same time photothermal properties of plasmonic materials strongly depend 

on the morphology of nanoparticles. The heating properties of plasmonic 

nanomaterials can be evaluated theoretically, using Mie theory 89. However, this 

theory requires the accurate information about material geometry and thermal 

conductivity as well as the light distribution on the nano scale, and these are often 

hard to determine. For this reason, more universal experimental methods are 

usually applied.     
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Many morphologically different materials with varying optical properties 

have been proposed (Figure 1), including: nanospheres 58 , nanorods 59, 

nanostars 60, nanohexapods and nanocages 66 and others. Spherical and rod-

shape nanoparticles are the most commonly investigated nanostructures. They 

differ considerably in absorption properties: gold spherical nanoparticles have 

one absorption peak in the Vis range connected with the transverse mode and 

nanorods have also the NIR absorption band associated with the longitudinal 

mode 90. 

 

Figure 1. Example shapes of plasmonic nanomaterials. 

 

5.3.2 Semiconductor and quantum dots nanomaterials 

For non-plasmonic materials, heat generation is related to electron 

absorption. Intrinsic band gap absorption is associated with transitions from the 

valence state to the conduction state and the subsequent non-radiative relaxation. 

It occurs in nitrides, carbides, borides and sulfides of transition metals. 

In contrast, in the case of semiconductors with structure defect, absorption 

by surface free carriers occurs. This mechanism is similar to localized surface 
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plasmon resonance in metals 91. An example of a material in which absorption 

occurs by nonradiative carrier recombination is copper chalcogenide or silicon 92. 

A special case of semiconductor materials are quantum dots (QDs), whose 

optical properties strictly depend on size due to quantum confinement. The most 

important advantages of semiconductor quantum dots are good photostability 

and chemical stability 67. Disadvantages, on the other hand, can be the photo-

blinking or cytotoxicity found for some of them 36. Biosafety can be ensured 

by choosing Pb- or Cd-free compositions and by passivation and 

biofunctionalization of the nanomaterial surface 93. Different quantum dots have 

already been proposed for photothermal purpose, including Ag2S 68, Cu2-xS 69,70, 

Cu2-xSe 71 and germanium quantum dots 72. 

5.3.3 Organic nanomaterials 

Organic nanomaterials are the most diverse class of the nanomaterials 

used in PTT, so it is difficult to unequivocally attribute any specific properties 

to them 81. Examples of these materials are dyes 45–47, organic conductive 

polymers 48, polymer dots 49, nanogels 51, amino acids 52, polydopamine 44,  

polyaniline 53,54, lignin 55 or organic supramolecular assemblies 56,57. For example, 

polymers can have good stability and good absorption capabilities in the NIR 81. 

In the case of dyes, they are characterized by unique absorption properties and 

also free radical generation, which may allow the combination of photothermal 

and photodynamic therapy 46. However, they often suffer from photostability 

issues, which depend on the type of dye and bio-chemical environment. Next 

generation dyes exhibit improved photostability 47. In organic materials the non-

radiative transitions are mainly responsible for the photothermal conversion 

mechanism 94. 

5.3.4 Carbon-based nanomaterials 

Carbon nanomaterials raise special interest for PTT due to the high 

absorption cross-section at visible and NIR range. In example, carbon nanotubes 

exhibit absorption cross-section of 7.6 × 10−18 cm2 95. Among the carbon materials 
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for applications in PTT the most commonly mentioned nanomaterials are 81: 

graphene-based materials: graphene, graphene oxide, reduced graphene oxide, 

as well as single and multi-wall carbon nanotubes and carbon dots. It was shown 

that using graphene nanoheaters the side effects of therapy can be reduced 96. 

The toxicity of graphene oxide is considered to be less than reduced graphene 

oxide, because of the presence of hydroxide and carboxyl groups in the material 

structure. However, both were investigated in in vivo studies 85,97. Due to the 

complex structure of carbon materials, they are usually used in combination with 

other nanomaterials 81. The mechanism for converting light to heat, the same as 

of organic materials, are usually non-radiative transitions  94. 

Carbon dots (Cds) have special potential because of their small size. 

Importantly for photothermal therapy, CDs are characterized by good 

dispersibility, easy surface functionalization, low toxicity and high 

biocompatibility 98. Furthermore, they also enable multifunctionality, because 

of their tunable emission. CQDs are characterized by a large number of mobile 

π-electrons. This results in relatively strong electron-electron scattering and weak 

electron-phonon interactions. Consequently, their optical properties are more 

similar to metallic QDs (nanoclusters) than semiconducting QDs 99. 

5.3.5 Iron oxide nanomaterials 

Iron oxide NHs are used in magnetic hyperthermia thanks to their 

ferromagnetic properties. However, it has also been shown that even higher 

temperature rise can be achieved using optical excitation 74 and the best results 

are obtained by synergizing the two types of therapy 73. In terms of interaction 

with tissues, iron oxide has relatively good biocompatibility and 

biodegradability 100. To date, the mechanisms of photothermal conversion of iron 

oxide nanoparticles have not yet been fully understood 75. 

5.3.6 Lanthanide-doped nanomaterials 

In lanthanides, f-f transitions are forbidden by Laporte rule, which implies 

that the absorption cross section of these materials is relatively low. That 
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is a major drawback of these materials in the context of nanoheating, but on the 

other hand they are characterized by unique properties, i.e. narrow absorption 

and emission bands, long luminescence lifetimes, which enable their application 

in a variety of fields of science and technology such as e.g. light sources 101, 

nanothermometry 102, pressure 103 and pH 104 sensors, strip tests 105, super 

resolution microscopy 106 or single molecule sensing 107. Importantly, in PTT, 

lanthanide-doped materials allow for combining different functionalities, such 

as luminescent thermometry 82,102, bioimaging 108, magnetic resonance/computer 

tomography (MRI/CT) 109. A heater-thermometer based solely on lanthanide 

materials allows for easy spectral separation of excitation and emission bands 82.  

The use of lanthanide-doped nanomaterials is also associated with 

advantages such as ease of synthesis, high stability (and especially 

photostability 78) and low cytotoxicity 35. However, more detailed research is still 

needed on the effects of lanthanides on the human body 110, as the effects depend 

on a number of factors such as the dose, coating, and the time and mode 

of exposure 111. 

A pioneering paper on the use of materials doped with rare earth ions 

as the NHs was written in 2010 77. In subsequent years, the possibility of heating 

was also demonstrated ex vivo (by Rocha et al 79, in 2014), and later also in vivo 

80,112–114.  Of the lanthanide ions used as NHs, Nd3+ 77,82,112–116, Yb3+ 117–119 and Er3+ 

120,121 are primarily investigated, as they have distinct absorption bands within 

the biological window range. It was also shown that increased heating occurs for 

materials doped or co-doped with Ho3+ 122, Tm3+ 123, Sm3+ 124, Eu3+ 125, Dy3+ 126 

or La3+ 127 ions. 

The proposed heat generation mechanism takes into account non-

radiative processes occurring in lanthanide ions such as e.g. non-radiative 

relaxation, or emission quenching 78. These processes occur quite frequently, and 

to enhance luminescence, materials are usually designed to reduce them and 

at the same time increase the probability of luminescence. However, for materials 

with a high concentration of dopant, effective heat generation can be expected 115. 
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5.3.7 Other light-to-heat converting nanomaterials 

In addition to nanoparticles that can be directly categorized into any of the 

above groups, a number of nanoplatforms have also been proposed that combine 

two or more types of nanomaterials into one with more versatile properties, 

thereby gaining an increase in light-to-heat conversion efficiency or additional 

functionality. An example is the combination of materials that allows to take 

advantages from their best features, e.g. lanthanide materials, with relatively low 

active cross-section but good stability and emitting properties for bioimaging, 

with dyes, with high absorption coefficient 116, polymer loaded with doxorubicin 

(chemotherapeutic agent) covered by polydopamine (photothermal agent) and 

folic acid (targeting agent) 128. 

 

5.4 Photothermal conversion efficiency evaluation 

Nanomaterials for PTT are very diverse, but efforts have been made 

to compare them with each other aiming to rank their heat generation abilities. 

A commonly determined parameter that characterizes photothermal properties 

is photothermal efficiency, also called light-to-heat conversion efficiency 

or transduction efficiency 129. The commonly accepted literature models which 

allows for determining the photothermal efficiency will be presented below.  

5.4.1 Models  

Roper’s model 

The most popular model which allows to determine the photothermal 

conversion efficiency originates from the pioneering work of Roper et al. 

(2007) 129. This work concerns modeling of laser beam continuous wave 

illumination of 20 nm gold nanoparticles suspension placed in the measurement 

cell under vacuum conditions. To determine photothermal efficiency, energy 

balance equations were proposed. 

∑ 𝑚𝑖𝑐𝑝,𝑖𝑖
𝑑𝑇

𝑑𝑡
= ∑ 𝑄𝑗𝑗     (Eq. 1) 
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miCp,i are the products of the mass and heat capacity of the components of the 

system, both sample and sample cell, T is the temperature of the system 

(aggregated). Term Qj describes the source of energy induced by laser (by NPS: 

QI and by surroundings: Q0) and energy outputs, from conduction and radiation. 

QI could be defined as: 

𝑄𝐼 = 𝐼(1 − 10−𝐴λ) ∗ 𝜂𝑇    (Eq. 2) 

I is the incident power of the laser, Aλ is the absorption of NPs at wavelength λ, 

defined by Beer-Lambert's law, ηT is the light-to-heat conversion efficiency. It was 

found that for small (<11°C) temperature increments, radiative heat transfer is of 

relatively minor importance and can be neglected. Hence, the heat released to the 

environment by the system can be described by the following formula: 

𝑄𝑒𝑥𝑡 = ℎ𝐴(𝑇 − 𝑇𝑎𝑚𝑏)    (Eq. 3) 

where T is the temperature of the system and Tamb is ambient temperature; h is 

a heat transfer coefficient and A is thermal exchange surface area. However, the 

latter values do not need to be known exactly, as they can be approximated from 

the cooling time constant τs: 

𝜏𝑠 ≡
∑ 𝑚𝑖𝑐𝑝,𝑖𝑖

ℎ𝐴
     (Eq. 4) 

After illuminating the sample with a laser beam and stabilizing the temperature, 

the following equality occurs: 

𝑄𝐼 + 𝑄0 = ℎ𝐴(𝑇𝑚𝑎𝑥 − 𝑇𝑎𝑚𝑏)   (Eq. 5) 

After substituting Equation 2 and Equation 5, the following equation is obtained: 

η𝑇 =
ℎ𝐴(𝑇𝑚𝑎𝑥−𝑇𝑎𝑚𝑏)−𝑄0

𝐼(1−10−𝐴𝜆)
=

∑ 𝑚𝑖𝐶𝑝,𝑖𝑖 (𝑇𝑚𝑎𝑥−𝑇𝑎𝑚𝑏)

𝜏𝑠
−𝑄0

𝐼(1−10−𝐴𝜆)
   (Eq. 6) 

The Q0 can be determined analogously to QI, basing on knowledge of the 

maximum temperature and time constant of the same system in which the 

nanoparticles are not suspended.  
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Chen’s model 

Chen et al. (2010) 130 proposed some modifications to the Roper model, 

which, however, were not very widely adopted. In Chen work, the sample was 

placed in a spectrophotometric cuvette. The reflection coefficient from the front 

of the cuvette was taken into account and Eq. 2 took the form: 

𝑄𝐼 = 𝐼(1 − 𝜉)(1 − 10−𝐴λ) ∗ 𝜂𝑇     (Eq. 7) 

Herein, I is the laser power corrected for reflection, and 𝜉 is the fraction of energy 

that is absorbed by the adjuvant medium and the holder. Furthermore, the 

energy dissipated from the system was represented by a Taylor series of ΔT: 

𝑄𝑒𝑥𝑡 = 𝐵𝛥𝑇 + 𝐶𝛥𝑇2     (Eq. 8) 

Where B and C are parameters determined from the cooling part of the 

temperature curve. The final equation allowing to determine efficiency from this 

model is as follows: 

ɳ =
𝐵(𝑇𝑚𝑎𝑥−𝑇𝑎𝑚𝑏)+𝐶(𝑇𝑚𝑎𝑥−𝑇𝑎𝑚𝑏)

2−𝐼𝜉

𝐼(1−𝜉)(1−10−𝐴λ)
    (Eq. 9) 

Wang’s model 

Wang et al. (2014) 60 demonstrated a different perspective on the light-to-

heat conversion model. The energy balance equation was written in 

a simplified form: 

𝑑(𝑇−𝑇0)

𝑑𝑡
= 𝑎 − 𝑏(𝑇 − 𝑇0)     (Eq. 10) 

Of the parameters in this equation, a is the rate of energy absorption (K/s) and 

b (1/s) is the rate constant associated with heat loss. 

a =
𝑃∙(1−10−𝐴λ)∙ɳ

∑𝑚𝑖∙𝐶𝑝,𝑖
    (Eq. 11) 

b =
ℎ𝑆𝐴

∑𝑚𝑖∙𝐶𝑝,𝑖
     (Eq. 12) 

Integrating of Eq. 10 results in the temperature change equation: 

𝑇(𝑡) = 𝑇0 +
𝑎

𝑏
[1 − 𝑒−𝑏𝑡]    (Eq. 13) 
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The parameters a and b can be then evaluated from fitting of the experimental 

data from the heating part of heating-cooling equation and can be then 

substituted to the final photothermal conversion efficiency equation in which 

P is a laser power and remaining parameters are the same as in Roper model: 

ɳ =
𝑎∙∑𝑚𝑖∙𝐶𝑝,𝑖

𝑃∙(1−10−𝐴λ)
     (Eq. 14) 

Wang’s work also pointed out that in the case of a spectrophotometric 

cuvette which is a holder for liquid sample, not whole mass of the cuvette 

is involved in the thermal exchange and thus should not be included in the 

analysis. In order to determine how much of the mass should be included, 

an experiment was proposed in which the laser beam was replaced by a resistive 

heating wire, and it was assumed that such an element provides energy with 

100% efficiency. 

5.4.2 Experimental setups 

One of the first proposed experimental system for photothermal 

conversion efficiency determination was demonstrated by Roper et al. (2007) 129 

(Figure 2), who placed the suspension of nanoparticles in the micro cell 

(15.9 x 4.4 x 0.6 mm of which 9.9 x 4.0 x 0.2 mm was volume of sample). The 

solvent was distilled, deionized and vacuum degassed water. The sample cell 

was placed in the vacuum chamber during the measurements. The temperature 

was measured by K type thermocouple.  
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Figure 2. One of the first proposed experimental systems for light-to-heat conversion efficiency 
determination (Roper et al.) 129: sample cell (left) and experimental system (right). 

The other, simplified experimental system was proposed by Chen et al. 

(2010) 130 (Figure 3) , which turned out to be much simpler to reproduce, hence 

it has been adopted by many research groups. The sample was placed 

in a spectrophotometric cuvette, over a magnetic stirrer. The laser beam passed 

through the centre of the cuvette and the thermocouple was immersed in the 

suspension. The cuvette was covered from above with polystyrene. 

  

Figure 3. Experimental system presented by Chen et al. (left) 130 and by Wang et al. (right) 60. 

Apart from the traditional thermocouple measurements, other techniques are 

applied, i.e. fluorescent thermometry 76,82,131, infrared camera measurements 132–

134 (Figure 4) or magnetic resonance imaging 135.  

   

Figure 4. Experimental setup using thermal camera (left) 133 and example data obtained from 
thermal imaging camera (right) 134 
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A different measurement system to the above was demonstrated 

by Richardson et al. (2009) 136 (Figure 5). Instead of placing the sample 

in a container, it was held on a syringe, in the form of a droplet. This solution 

allowed a clear reduction in measurement time and reduced the contact between 

the sample and the environment during measurement. Temperature was 

measured using a thermocouple, which clung to the drop. However, hanging the 

drop in the correct location relative to the laser beam was difficult to reproduce 

and evaporation of small droplets was found to disturb the reliable 

measurements, thus the system was very rarely replicated 137. 

 

Figure 5. Droplet experimental system presented by Richardson et al. 136 

Another approach was also proposed in which gold nanoparticles were 

embedded in ice. The heat generated by the materials when illuminated caused 

the ice to melt, which was analyzed using a time-resolved Raman signal 138. This 

approach appears complicated, so it is not considered a routine way to determine 

photothermal conversion efficiency. 

The variety of measurement techniques proposed and used so far have 

indicated numerous issues and drawbacks. For example, in the case of infrared 

camera measurements, it is important to note that the camera only records the 

surface temperature and not the internal temperature of the system. Especially in 

larger measuring systems, thermal gradients can occur and the way how the 

temperature is measured can determine the result 132. To date, there have been 
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no clear guidelines on how temperature should be measured and the lack 

of consensus on which model should be chosen for data analysis when 

determining the light-to-heat conversion efficiency.  

Bio-related studies 

According to the recommendations from the European Upconversion 

Network 110 the introduction of a nanomaterial for therapeutic use should begin 

with verification that the material is effective and can be inserted inside the 

organ/tissue/cell. Cytotoxicity should then be determined. Based on this, the 

maximum dose is selected, and it is necessary to verify that it allows to obtain 

therapeutic effect. The next step, after verifying the photothermal conversion 

efficiency of nanomaterials and in vitro studies of cytotoxicity, is to test them 

under in vivo conditions 80,112–114. Typically, such experiments are carried out on 

mice. They allow verification of whether the generated heat can cure the tumor, 

as well as checking the biocompatibility and the clearance mechanism.  

Clinically applied PTT is based on the absorption properties 

of chromophores naturally occurring in tissues, which are illuminated by laser 

radiation 139. The US Food and Drug Administration has approved the 

Indocyanine Green dye for use in photothermal therapy. Also, the use of 980 nm, 

150 W (Visualase Thermal Therapy ®) and 1064 nm, 12 W (NeuroBlate ®) lasers 

has also been approved. The use of nanoparticles, on the other hand, still needs 

to be studied more thoroughly, because up to now only single clinical early-phase 

pilot studies have been conducted using nanomaterials 11.  

It is also necessary to standardize the methods used so far, since the 

commonly determined photothermal conversion efficiency does not directly 

translate into photothermal effects achieved in the tissue. 

5.4.3 Photothermal conversion efficiency of exemplary nanomaterials 

Nanomaterials belonging to various classes are characterized by different 

photothermal capabilities. Representative examples of nanomaterials, along with 

their photothermal conversion efficiencies, are summarized in Table 1.  
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Table 1. Photothermal conversion efficiency η of exemplary colloidal nanoparticles measured 
at various sizes and excitation wavelengths λ. 

 Material Size [nm] λ [nm] η [%] Ref 
P

L
A

S
M

O
N

IC
 

Au nanoparticles 20 532 100 136 

Bumpy Hollow Gold Nanospheres 56-90 790 97-99 58 

Au nanorods  44 x 13 815 61 140 

Au/AuS nanoshells 50 815 59 140 

Biodegradable Au nanovesicles 26 808 37 141 

Au nanoparticles 20 514 3-10 129 

S
E

M
IC

O
N

D
U

C
T

O
R

 Si 8 808 75 92 

Si 4 808 58 92 

Ag2S 9.8 785 35.0 142 

Black porous silicon 156 808 33.6 86 

Cu9S5 70 x 13 980 26 143 

Cu2-xSe 16 800 22 71 

O
R

G
A

N
IC

 Conjugated polymer dots 30 808 65 49 

Porphyrin-containing conjugated polymer 39 808 63.8 144 

Dopamine-melanin 160 808 40 145 

Prussian blue - 808 19.8 114 

C
A

R
B

O
N

 

Amido modified carbon dots 4.1 660 77.6 146 

Supra carbon dots 12 808 53.2 147 

Carbon dots (N-O-CDs) 1.2-3.3 808 38.3 148 

Carbon dots 6-10 635 36.2 148 

Glucose-derived carbonaceous nanospheres 30-100 808 35.1 149 

IR
O

N
 

Iron oxide functionalized with TAT 5 808 43 150 

Iron oxide functionalized with TAT 20 808 37 150 

Fe3O4 nanoclusters 21 1064 20.8 151 

Fe@Fe3O4 13.4 808 20.3 152 

L
A

N
T

H
A

N
ID

E
-D

O
P

E
D

 NaNdF4 9-25 800 85-74 115 

NdVO4, 2.4 808 72 112 

NaNdF4 @prussian blue 29 808 60.8 114 

NaDyF4:10%Nd-GA-Fe 9 808 60.1 126 

NaDyF4:Yb@NaLuF4:Yb,Er@PDA –Mn 48.3 808 40.8 153 

NdVO4/Au 21 808 32.2 113 

NaNdF4 19 808 8.7 114 
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The table shows quite striking results - both the highest (100%) but also 

the lowest (3%) photothermal conversion efficiency was obtained for plasmonic 

materials. Among semiconductor materials, values of 22-75% were obtained. 

Particularly noteworthy in this group are silicon-based materials with high 

photothermal conversion efficiencies. Organic and carbon-based materials also 

show widely varying photothermal conversion efficiencies (19.8-65% and 35.1-

77.6%). Low photothermal conversion efficiencies compared to the other groups 

were obtained for iron-based materials. However, these materials, unlike all the 

others, allow additional heat generation under the influence of a magnetic field. 

On the other hand, in the group of nanocrystals doped with rare earth ions, very 

different results were obtained for very similar materials. 

As is evident, it is difficult to assess unequivocally, basing solely on the 

literature data, which class of materials show greatest promise to become 

effective reliable nanoheaters. The matter is further strongly complicated by the 

experimental conditions. Most of the works listed in Table 1 used the Roper 

model for calculations, however, different experimental systems were used. 

In addition, variety of nanomaterials is characterized by different absorption 

cross sections, which further disturbs the interpretation of the results. 

Furthermore, factors such as size 60,115,150, morphology 58,60,154,155 or wavelength 69,92 

were found to affect the photothermal conversion efficiency. 

The difficulties in directly identifying the best nanoheaters basing on the 

literature were the direct motivation for the author's further research, described 

in the subsequent chapters of this dissertation. 
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6 EXPERIMENTAL  

6.1 Materials 

The studies were performed on variety of nanomaterials synthesized in different 

European laboratories. These nanomaterials were in the form of colloids. The 

main role of the author of the dissertation was to characterize and compare the 

mentioned nanomaterials in terms of their photothermal ability.  

Au@SiO2 and NaNdF4@PAA doped with Dy3+ and Sm3+ (instead of Nd3+ 

ions) was synthesized by Aleksandra Pilch-Wróbel (Institute of Low 

Temperature and Structure Research, Polish Academy of Sciences, PAS). Gold 

nanorods (AuNRs) were synthesized by Katarzyna Prorok (Institute of Low 

Temperature and Structure Research, PAS). Ag-Ag2S dimers and CuS covered 

by citrate and by glutathione was prepared by Riccardo Marin (Universidad 

Autónoma de Madrid). -Fe2O3 and Ag2S nanoparticles covered 

by mercaptoundecanoic acid (MUA), polyethylene glycol (PEG) and dithiolated 

diethylenetriamine pentaacetic acid (DTDTPA) were synthesized by Lise Abiven 

(Sorbonne Université, CNRS).  Black porous silicon was prepared by Wujun Xu 

(University of Eastern Finland). -Fe2O3@Au was synthesized by Rana Bazzi and 

Stephane Roux (Université Bourgogne Franche-Comté, CNRS). Carbon 

nanodots, NdF3 and Nd2O3 nanoparticles were synthesized by Małgorzata 

Misiak (Institute of Low Temperature and Structure Research, PAS). NaYF4 

doped with Nd3+, Yb3+ and Tm3+ and co-doped with Sm3+ and Dy3+ were 

prepared by Karolina Trejgis (Institute of Low Temperature and Structure 

Research, PAS). NdVO4 and NdAlO3 were prepared by Karolina Elżbieciak-

Piecka (Institute of Low Temperature and Structure Research, PAS). 

 

6.2 Methods 

6.2.1 Structural and morphological properties 

1. The X-ray diffraction profiles (XRD) of BPSi and γ-Fe2O3 were collected 

on a Bruker D8 Advance. XRD of Ag2S was measured by diffractometer 
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Bruker D8 Discover equipped with a EIGER2 R 500K 2D detector. XRDs 

of CuS and Ag-Ag2S nanoparticles were measured on a Rigaku D/max-

γB diffractometer. A filtered Cu Kα radiation (λ = 1.5418 Å) was used. 

XRDs of AuNRs, NaNdF4:Dy@PAA, NaYF4:Yb3+, NaYF4:Yb3+,Sm3+ 

NaYF4:Nd3+, NaYF4:Nd3+,Sm3+, NaYF4:Tm3+, NaYF4:Tm3+,Sm3+, 

NaYF4:Tm3+,Dy3+, NaNdF4, NdF3, NdVO4, NdAlO3 and C-dots were 

collected on an X’Pert PRO X-ray diffractometer equipped with a PIXcel 

ultrafast line detector, a focusing mirror, and soller slits for Cu 

Kα radiation.  

The resulting data were plotted using OriginPro software and compared 

with the reference peaks corresponding to each sample. 

2. Transmission electron microscope (TEM) images of AuNRs, 

NaNdF4:Dy@PAA nanoparticles and carbon dots were obtained using 

a Philips CM-20 Super-Twin instrument operating at 160 kV. TEM images 

of Ag2S, γ-Fe2O3, and of γ-Fe2O3-Au were obtained by an FEI Tecnai Spirit 

G2 instrument operating at 120.0 kV. TEM images of CuS and Ag-Ag2S 

nanoparticles were obtained by JEOL JEM1400 Flash at an acceleration 

voltage of 100 kV. BPSi was imaged with High-Resolution TEM, JEOL 

JEM2100F. TEM images of NaNdF4, NaYF4:Yb3+, NaYF4:Yb3+,Sm3+, NdF3 

(synthesized in water and in CHCl3,) Nd2O3, NdVO4, NdAlO3 were 

obtained using a Titan G2 (S)TEM 60-300 instrument at 80 kV. TEM images 

of NaYF4:Nd3+, NaYF4:Nd3+,Sm3+, NaYF4:Tm3+, NaYF4:Tm3+,Sm3+, 

NaYF4:Tm3+,Dy3+ were determined using a Philips CM-20 Super-Twin 

instrument operating at an acceleration voltage of 160 kV. 

Nanoparticle sizes were determined by the author of this dissertation, by 

analyzing TEM images in ImageJ software. 

6.2.2 Optical properties 

1. The extinction spectra of CuS and Ag-Ag2S nanoparticles were obtained 

by UV−Vis−NIR spectrophotometer (Perkin Elmer Lambda 1050). The 

extinction spectra of remaining samples were measured in the 



35 
 

transmission mode using a Cary Varian 5E UV-Vis-NIR spectrometer. 

A deuterium (for UV) and halogen (for Vis/NIR excitation) lamp were 

used as excitation sources. In the UV and Vis range, the R928 

photomultiplier was used as a detector, and a cooled PbS detector was 

used for the NIR range.  

2. The photoluminescence quantum yield (QY) of carbon dots (CDs) was 

evaluated using the FLS 980 spectrograph equipped with custom 

designed integrating sphere. The irradiation source was a 445 nm laser 

diode (1.5 W, Changhun New Industries). The Al2O3 powder was used as 

a reference. QY was evaluated using the following equation, where hem is 

a number of photons emitted and habs is a number of photons absorbed, 

and I is an intensity obtained for CDs and reference: 

𝑄𝑌 =
ℎ𝑒𝑚

ℎ𝑎𝑏𝑠
=

𝐼𝐶𝐷𝑠−𝐼𝑟𝑒𝑓

𝐼𝑟𝑒𝑓−𝐼𝐶𝐷𝑠
    (Eq. 15) 

Absorption intensity was calculated in 435-453 nm range and emission 

intensity was calculated in 460-640 nm range. 

6.2.3 Photothermal properties – cuvette measurement system 

Evaluation of the photothermal properties of colloidal nanomaterials 

required the preparation of experimental systems from scratch basing on the 

available literature. The photothermal conversion efficiency of Au@SiO2 

nanoparticles was evaluated using the cuvette experimental system, which was 

constructed similarly to the system proposed by Chen et al. 130 presented 

in Figure 3. However, the temperature was measured with a thermal imaging 

camera (FLIR T540) in a position that allows direct measurement of the colloid 

temperature (Top), and in a position perpendicular to the cuvette (measurement 

through glass, Side). Measurement conditions were also modified by using 

a magnetic stirrer. 

Laser diode (532 nm, 1 W, Changhun New Industries) was used as a light 

source and the excitation optical power was ~200 mW (power density 

~1.6 W/cm2). Beam shape was obtained using a beam shaping system consisting 
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of an objective (45/0.65) and a pair of plano-convex lenses (f=150 and f=100, 

Thorlabs). Optical power meters were used to record optical power (photodiode 

S120C head and PM100USB power meter, Thorlabs). The measurements were 

conducted in an air-conditioned room, at a temperature of 23 oC, with constant 

humidity conditions. The system was additionally isolated from the impact 

of external interferences by a styrofoam cage. 

6.2.4 Calibration of the experimental system for photothermal efficiency 

evaluation – Wang’s method 

The Wang model requires an accurate determination of the effective mass 

of the system. For this purpose, the laser beam was replaced by a resistance wire, 

so it was possible to assume that 100% of the supplied energy was converted 

to heat. When the sample holder is a quartz cuvette, a technical solution is needed 

that will not damage the cuvette. Hence, a heating element was prepared from 

scratch (Figure 6). This was an approximately 1 cm segment of 0.3 mm thick 

Kanthal wire which was welded on both edges with silver-plated copper wire, 

which acted as a current input. This element was placed inside a quartz cuvette 

in a position that corresponds to the position of the laser beam. Other 

components of the measurement system were in the same position as in the 

experiment. A current of 0.25-1.02 A was set on a regulated DC power supply 

(MCP M10-QS3020, Poland), while the voltage on the heating wire was registered 

with a multimeter (UNI-T UT39A). From these data, the resistance (R=380 Ω) 

of the heating element and delivered power (P) at different set currents were 

evaluated and used for further calculations. 
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Figure 6. Heating element for Wang's calibration 

 

6.2.5 Photothermal properties – droplet measurement system 

The photothermal conversion efficiency of all the investigated samples 

was evaluated using the droplet measurement system designed by the author 

of this dissertation. Details of the system structure are presented in the patent 

described in Section 7.2. Various laser diodes were used during photothermal 

conversion studies (from Changchun New Industries Optoelectronics 

Technology Co., Ltd.): 400 nm (100 mW), 445 nm (1.5 W), 532 nm (1 W), 668 nm 

(1 W), 793 nm (3 W), 808 nm (2 W), 940 nm (2 W), 980 nm (10 W), and 1060 nm 

(2 W). Optical power was registered by power meters (photodiode S120C head 

and PM100USB power meter, Thorlabs). Typically, excitation laser power was 

90 mW, and the optimal optical power was adjusted by moving the droplet in the 

optical axis to change the beam diameter.  
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6.2.6 Measurement procedure 

The technical details of the measurement procedure are described in detail 

in publications [P1] and [P2], as well as in the patent. Briefly, after adjusting the 

measurement system and appropriate dilution of the sample, the optical power 

in the system and the reference power were recorded and the desired optical 

power was ensured. Then, in the case of the droplet system, the sample droplet 

was formed and its position was adjusted relative to the laser beam, or the sample 

was placed in a cuvette in the given position in the system. The humidity 

chamber was then sealed (in the case of the droplet system) and the system was 

covered with a polystyrene cover and was left to achieve thermal stabilization 

(~5 min for the droplet system and ~1 h for the cuvette system). The laser diode 

was then turned on to warm up, and the sample temperature and optical power 

recording was started. After recording of the initial temperature, the laser beam 

was attached to the system by unlocking the mechanical shutter and the 

temperature rise curve was recorded. After the temperature was stabilized 

(about 2 min for the droplet system and about 45 min for the cuvette system), the 

laser diode was turned off and the temperature decrease curve was recorded. 

At the end, to determine the mass of the sample, the photo of the droplet was 

registered or the cuvette containing the sample was weighed.  

The procedure described above was carried out independently for the 

reference (water) and for the measured sample.  Figure 7 schematically illustrates 

the droplet measurement system and the optical power and temperature profiles 

during the measurement.  
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Figure 7. Droplet optical system: a) system scheme b,d) droplet image (optical and 
thermographic), c) registered profiles of optical power and temperature during 
measurement [P2]. 
 

 Basing on the acquired data, i.e., temperature curve, optical power 

(reference and determined behind the sample) and sample mass, calculations 

were carried out according to the equations described in the Introduction (Eq. 6, 

Eq. 14) or the modified Wang equation proposed in the paper [P2]. The 

methodology used and example data were uploaded and made publicly 

available - the photothermal conversion efficiency calculations in Excel is posted 

as Supplementary material to the paper [P2] available online at the journal's 

website (https://pubs.acs.org/doi/10.1021/acsami.2c08013). 

 

  

https://pubs.acs.org/doi/10.1021/acsami.2c08013
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7 RESULTS AND DISCUSSION 

 In the described series of publications, the photothermal conversion 

efficiency of nanomaterials belonging to different classes was studied. 

To compare the nanoheaters, it was necessary to develop and evaluate a new 

methodology, because the methodology most commonly applied in the literature 

led to inconsistent results. For this reason, the first part of this chapter includes 

a description of methodology and a patent on the droplet measurement system 

for determining the photothermal conversion efficiency, which were both 

proposed and evaluated by the author of this dissertation. The second part 

shortly describes publications in which different nanoheaters were examined and 

compared using the droplet system.  

 

7.1 Development of the methodology of photothermal conversion efficiency 

evaluation  

7.1.1 Standardization of Methodology of Light-to-Heat Conversion 

Efficiency Determination for Colloidal Nanoheaters [P1] 

The P1 work was motivated by the author’s observation that the literature 

has reported extremely different photothermal conversion efficiencies for very 

similar materials. Specifically, Roper et al. 129 showed that for gold (~20 nm) 

nanocrystals the determined efficiency is 3-10% (depending on the light 

modulation). In contrast, Richardson et al. 136 for similar materials (also ~20 nm 

gold nanocrystals) obtained the efficiency close to 100%. In addition, a numerous 

papers concerning nanoheaters were cited in which thermal kinetics were 

presented, but the photothermal conversion efficiency was not determined at all, 

which may indicate that it was problematic for some reason.  

Moreover, it has been noticed that there was no single “gold standard” 

of photothermal conversion efficiency measurement, and the use of different 

measurement methods and models can cause large discrepancies in the results 

obtained by different researchers. In consequence, the reliable comparison of 

various NHs was not available at that stage. To prove that the existing methods 
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were poorly reliable, a series of experiments were conducted in which one 

sample (the same batch of Au@SiO2) was measured in five different 

measurement configurations (Figure P1.1), and then the results were calculated 

using two different models, including the most commonly used Roper model 129 

and the less popular Wang model 60.  

 

Figure P1.1 General scheme of methods and setups used to determine ηQ. (A) Schematic 
presentation of the elements and methods used in heat balance physical model (bottom row), 
photostimulation (middle row), and the exemplary results of typical ηQ measurements (top row); 
τh and τc denote inverse of heating and cooling rates, respectively, at saturation stage Eabs = Eext, 
where Eabs and Eext are absorbed and external energies, the ΔT is maximum temperature 
rise; mx and cx denote the mass and heat capacity of the cuvette (x = C) and of the sample (x = S), 
the sample is heated at stage II, while stabilizing at stage I and cooling down at stage III; schematic 
presentation and example photos of experimental setup variants: (B) Thermographic camera 
(TGC) records the temperature of side wall of the cuvette, (C) TGC records the temperature of 
colloidal nanoparticle solution directly from the top of the cuvette, (D) TGC records the 
temperature images of a small droplet of colloidal HTNPs. PM is optical power meter, BFS is 
a beam focusing system, S is a sample. Mild sample stirring may be applied in (B) and (C) setups. 
 

Among the considered measurement configurations were: a sample 

placed in a cuvette with an optional magnetic stirrer whose temperature was 

measured with a thermal imaging camera in two ways (from the surface of the 

sample, and, as in some works, through a glass cuvette), and a sample in the form 

of a droplet. Measurements of the sample temperature in different configurations 

resulted in different rise and fall of temperature curves (Figure P1.2). 
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Figure P1.2. Heating and cooling of Au@SiO2 sample in various experimental configurations. (A) 
Temperature curves in the “standard” setup with TGC in top and side view, with and without 
mechanical stirring. (B) Corresponding temperature images (obtained from the side view, in 
a setup without mechanical stirring) at heating (B) and cooling (C) stages. (D) Temperature 
heating–cooling curves obtained in a setup with droplet and corresponding temperature images 
of (E) heating and (F) cooling. Experimental variants are presented in Figure P1.1. 
 

In the calculations according to the Roper model, it was assumed (as in the 

original work) that all the elements that make up the system take part in the heat 

exchange, including in particular the cuvette that acts as a sample holder. For the 

Wang model, on the other hand, a resistance wire experiment was performed to 

simulate a material with a 100% efficiency and determine the effective mass. The 

results showed that using of the Wang model leads to convergent results (81% 

for the tested Au@SiO2 sample), regardless of the measurement system. 

In contrast, the most popular Roper model leads to divergent results (51-107%) 

and is highly dependent on the assumption which mass volume should 

be considered as participating in the heat exchange. It turns out that different 

effective mass of the same cuvette was determined by the Wang method for the 

different measurement configurations. Consequently, the Wang model has been 

shown to perform more reliable than any other previous model. This is also the 

most important conclusion from this publication.  



43 
 

In the case of the droplet system, because a sample holder is not present, 

9the mass included in the calculation was assumed to be the mass of the droplet. 

This assumption led to the same photothermal efficiency as in the case of the 

most sophisticated systems with a spectrophotometric cuvette. This means that 

this system can also be successfully used to evaluate the photothermal 

conversion efficiency of colloids. The exact design and advantages of the author's 

measurement system, which enables the measurement of a sample as a droplet, 

are presented in the following patent. 

7.1.2 Experimental system and method for determining the photothermal 

efficiency of colloidal nanomaterials in VIS and NIR range [Patent] 

 The inspiration for constructing of the measurement system came from the 

understanding of the drawbacks of measurement systems found in the literature. 

In particular, the standard system with a spectrophotometric cuvette 

requires a large sample volume, and the measurement is very time-consuming 

(a single measurement takes about 3h per sample). On the other hand, systems 

that allow the measurement of small sample volumes suspended in droplet form 

are characterized by a number of physical, metrological and technical problems 

that have not been solved yet. The following are the problems encountered, and 

the solutions proposed by the author of this dissertation, which were used in the 

measurement system and covered by the patent claims. 

1. The need to accurately measure the temperature of a small object such as 

a droplet 

The use of a traditional thermocouple does not provide the required 

accuracy since the head of the thermocouple is of comparable size to the 

drop. On the other hand, the use of a standard thermal imaging camera 

does not allow for higher image magnification. In addition, the 

manufacturer of the thermal camera declares an accuracy of 2 °C, which is 

insufficient for such precise measurements. Thus, a solution was proposed 

in which a germanium lens was used for magnification, while to increase 



44 
 

the accuracy of the measurement, it was based on a reference 

measurement. 

2. The need to maintain a stable droplet of a set volume during the 

measurement 

Maintaining a drop of a fixed size is a difficult task. While solutions have 

been proposed in which the droplet was dispensed using a syringe 136 or 

one-end-sealed PTFE pipette 137, these solutions do not allow free 

modification of the droplet size and producing a droplet requires skill. The 

problem was solved by using an automatic pipette connected to 

a designed mechanical valve, with the help of which the access of air is cut 

off after the droplet is formed to prevent backflow. 

3. The need to reduce sample evaporation 

Directly related to the aspect of maintaining a droplet of a set size is the 

reduction of evaporation, because a droplet of small volume (~10 μL) 

under average laboratory conditions evaporates very quickly. The 

proposed solution is to switch into conditions of increased humidity, in 

a sealed humidity chamber. 

4. The need to precisely control the position of the droplet 

In the literature solutions, the position of the drop was not modified. 

Meanwhile, the ability to move the droplet in the optical axis allows to 

adjust the power of the beam, and in the plane perpendicular to the beam 

axis - to adjust the position of droplets of different sizes. This capability 

was provided by using an XYZ micrometric screw-controlled table to 

which the droplet dispensing part was mounted. 

5. The need to provide easily accessible interchangeable components that are 

in direct contact with samples 

Replacement tips used as standard for 2-200 μL automatic pipettes are 

used to dispense the sample. 
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A scheme of the measurement system that allows for measuring of the 

photothermal conversion efficiency with the elimination of the above-mentioned 

problems is shown in Figure 8. The patent application includes claims regarding 

the design of the measurement system (e.g. the design of the droplet dispensing 

system and measurement chamber) and its specific methodology (e.g. the 

collection and positioning of the sample, method of providing increased 

humidity during measurement, determining the droplet volume). 

 

 

Figure 8. Scheme of the measurement system for measuring photothermal conversion efficiency 
of colloidal materials 1) light source (laser diode) 2) input optical fiber 3) adjustable shutter 
4) focusing lens 5) semi-transparent element 6) optical power meter (reference measurement) 
7) beam focusing system (focusing lens + objective) 8) sample in the form of a droplet 
9) interchangeable tip (for automatic pipette) 10) sealed humidity chamber 11) flexible sealing 
of the upper part of the chamber 12) adapter between the tip and the flexible tube attached to the 
XYZ table providing mobility of the tip 13) scale for camera calibration and droplet size 
determination 14) precision dispenser (e.g. pipette) 15) dispenser (e.g. syringe) 16) three-way 
valve 17) transmission element for radiation from the working range of the thermal imaging 
camera (e.g., germanium lens) 18) thermal imaging camera 19) optical power meter (measuring 
transmission behind the sample) 20) thermal insulation. 
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7.2 Photothermal conversion efficiency evaluation of colloidal 

nanomaterials 

7.2.1 Quantitative Comparison of the Light-to-Heat Conversion Efficiency 

in Nanomaterials Suitable for Photothermal Therapy [P2] 

The P2 paper concerns the comparison of materials belonging to different 

classes in terms of their photothermal properties. It was motivated by three 

issues. First, there was a large discrepancy in the results obtained by different 

researchers for similar materials on different measurement systems, making their 

direct comparison difficult. Second, there is no direct translation of the parameter 

determined so far (internal light-to-Heat Conversion Efficiency, iHCE) into 

suitability for photothermal application. This is due to the fact that iHCE 

is a value that determines which fraction of the absorbed energy will 

be converted into useful heat. However, in the application it is also significant 

how much of the energy will be absorbed, as there are materials with very high 

photothermal conversion efficiency, but relatively low absorption cross-section. 

A third issue was the lack of works illustrating how photothermal conversion 

efficiency changes as a function of wavelength. Single papers have examined the 

material at 2-3 wavelengths 69,92, but no systematic study of the effect 

of wavelength on photothermal conversion efficiency has yet been conducted. 

To address these issues, a new parameter, external light-to-heat conversion 

efficiency, eHCE, was proposed that considers both internal HCE and the mass 

absorption coefficient a determined for a specific wavelength. This parameter 

allows quantitative assessment of the suitability of the material for PTT in terms 

of their heating properties: 

𝑒𝐻𝐶𝐸 = 𝐻𝐶𝐸 ∙ 𝑎(𝜆)    (Eq. 16) 

Wang model was also extended to include the heating of solvent. This was not 

necessary for the aqueous suspension of nanoparticles measured at 532 nm in the 

[P1] work, however, it was crucial for determination of internal HCEs at >700 nm 

excitation because then the heating of the solvent itself is becoming significant 

and non-negligible: 
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HCE =
𝑎∙𝑚𝑑∙𝐶𝑝,𝑑−�̇�0

𝑃∙(1−10−𝐴λ)
=

(𝑎𝑠−𝑎0)∙𝑚𝑑∙𝐶𝑝,𝑑

𝑃∙(1−10−𝐴λ)
    (Eq. 17) 

Herein, parameters as and a0 are fitting parameters corresponding to Eq. 13 

of temperature increase of sample and water respectively, md, Cp,d are mass and 

heat capacity of a sample droplet, and the other parameters are the same 

as explained in Section 5.4.1 in the description of the Wang model. 

In the P2 publication seventeen materials belonging to five different 

classes were examined. For each of them, the photothermal conversion efficiency 

was determined, and for materials that showed absorption capabilities in a wider 

spectral range, iHCE and eHCE were determined for six wavelengths (445 nm, 

668 nm, 794 nm, 806 nm, 980 nm, 1060 nm). Each measurement was repeated 

at least three times. 

The iHCE analysis for various materials (Figure P2.1) led to surprising 

conclusions. For most materials, there was no clear trend in the change of iHCE 

as a function of wavelength. In addition, of the materials tested, the vast majority 

exhibited iHCE >80%, which is consistent with some work 60,130,136,137 but 

inconsistent with others 114,140,148,151. The discrepancies may be related to the 

system used and the selected model, as described in [P1]. However, high iHCEs 

are expected, as this means that there is low scattering of the laser beam energy 

and negligible emission. This was also the case for these samples. 
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Figure P2.1 Ranking of the studied nanoheaters. Wavelength dependent (a) Internal and (b) 
External light-to-heat conversion efficiency. 

 

The calculated eHCE values show that different materials exhibit eHCEs 

that vary by orders of magnitude. This makes it possible to explicitly select the 

best materials. In the visible range, the highest eHCE of >10 L/g· cm is achieved 

by black porous silicon. For PTT applications, however, the NIR range is of 

greatest importance. In this range, copper sulfide nanomaterials deserve special 

attention. The ranking of the tested materials at the optimal wavelength for PTT 

(794 nm) is shown in Figure P2.2.  
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Figure P2.2. External light-to-heat conversion efficiency at 794 nm: ranking of the investigated 
nanoheaters (PL – plasmonic, SC – semiconductor, MO – metal oxide, LN – lanthanide-doped 
nanomaterials). 

 

 

7.2.2 Highly-doped lanthanide nanomaterials for efficient photothermal 

conversion – selection of the most promising ions and matrices [P3] 

The P3 work concerns the photothermal conversion efficiency of materials 

doped with lanthanide ions. These materials, although known as heaters for 

more than a decade 77, have not yet been comprehensively studied for their 

photothermal properties, as there are no comparisons in the literature 

of materials doped with different ions and no proven impact of matrix selection 

on photothermal properties. For this reason, the following dopant ions were 

chosen: neodymium, thulium and ytterbium ions, co-doped with samarium and 

dysprosium ions. Dysprosium ions have also been studied in the literature, but 

preliminary unpublished results indicated that these ions show exceptionally 

low absorption in the NIR range, and the heat generation was weak. Also, the 

photothermal conversion efficiency of five different matrices (two fluorides, 

oxide, vanadate and perovskite) was investigated.  

Of the three ions studied (Figure P3.1), the material doped with 

neodymium ion achieves the highest iHCE (>90%). This is probably because 
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in thulium ions, excitation with a wavelength of 794 nm can be followed 

by emission at ~1800 nm, while ytterbium is characterized by a large energy gap 

between the ground level 4F7/2 and the first excited level 4F5/2.  

  

Figure P3.1. Absorption spectra in chloroform (A, C, E) and temperature increase in function of 
illumination time determined for samples dispersed in water and for the solvent (water - blue 
curve) itself: NaYF4:Yb,Sm measured at 970 nm, NaYF4:Nd,Sm measured at 794 nm, 
NaYF4:Tm,Dy,Sm measured at 794 nm. The A parameter is the measured absorbance and 
numbers given in % are iHCEs with standard deviation. 

 

The co-doping of samarium ions resulted in improved efficiency only 

when the absorbing ions were ytterbium ions, which was explained by a denser 

Sm3+ energy ladder and the possibility of non-radiative transitions. In contrast, 

for the other ions, samarium caused a slope in photothermal efficiency. The 

hypothesis explaining this dependence relates to the uneven location of these 

elements in the structure of the nanomaterial. On the other hand, co-doping with 
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Dy3+ of Tm3+ doped NaYF4 resulted in improved efficiency, likely due 

to additional cross-relaxation capabilities. 

Based on these results, it was concluded that the best efficiencies (both 

iHCE and eHCE) were obtained for samples containing neodymium, without co-

doping of Sm3+. Therefore, samples doped with 100% Nd3+ ions in different 

matrices were prepared and photothermal conversion efficiency was evaluated 

for 794 and 806 nm (Figure P3.2). 

  

Figure P3.2. Absorption spectra (A,B) and temperature increase curves of fully concentrated Nd3+ 
doped samples under 794 (C), and 806 nm (D) laser beam excitation (90 mW), A is the measured 
absorbance and numbers given in % are iHCEs values with standard deviation. 

 

The largest temperature rise was obtained for NaNdF4 at both 794 and 

806 nm. However, it should be kept in mind that these measurements were 

conducted at different concentrations (due to their different preparation 

methods), hence iHCE and eHCE are more authoritative values.  
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The morphology of the nanoparticles and the way they are suspended 

in water are also of significant importance. For example, NdF3 synthesized 

in water with a larger size is characterized by a significantly lower iHCE 

(in comparison to the smaller NdF3 transferred to water by HCl method) because 

of the scattering properties. However, in terms of eHCE, this material performs 

far better, as the more complex shape of the nanoparticles provides greater 

absorption capacity. 

 The highest iHCE was obtained for NaNdF4. On the other hand, after 

considering the mass absorption coefficient, it turns out that the best eHCEs are 

achieved by NdVO4 at 806 nm (0.08 L/g· cm) and NaNdF4 at 794 nm 

(0.04 L/g· cm). NdVO4, moreover, can find application in PTT due to its low 

cytotoxicity 156 and the possibility of being covered by additional coatings 113. 
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8 CONCLUSIONS 

 The conclusions of the work presented within this dissertation on the 

photothermal conversion efficiency can be divided into three areas: 

measurement systems, models, and ranking of nanomaterials. 

Concerning the measurement systems, the standard cuvette system was 

evaluated in four different measurement configurations considering the effect 

of stirring and the choice of the area of which the temperature is measured. 

The system in which the sample is in the form of a droplet was also investigated. 

The droplet system was optimized to eliminate the drawbacks of the other 

existing systems, i.e., the measurement accuracy was improved, a solution was 

introduced to maintain a stable droplet of a given size for the duration of the 

measurement and its positioning, the effect of evaporation was reduced, and the 

possibility of using interchangeable tips was provided. The technical solutions 

used are described within the patent. 

Concerning the models, the most commonly used Roper model and less 

known Wang model were evaluated experimentally. The research conducted 

as a part of the [P1] publication indicate that the former model is highly 

susceptible to assumptions about the effective mass of the system and can 

be strongly affected by measurement conditions. In contrast, the latter model 

leads to consistent results regardless of the measurement system used. This 

is a finding of particular importance to the photothermal conversion community, 

as it demonstrates an important reason, why the results obtained from the Roper 

model do not allow for a reliable comparison of materials between different 

laboratories. Thus, the Wang model was used to determine the photothermal 

conversion efficiency. To make the model more versatile, it was expanded 

to include a term related to the heating of the solvent itself, which is crucial for 

measurements at wavelengths above 700 nm, and therefore most of the analysis 

performed for PTT purposes. It was found that the photothermal conversion 

efficiency is not a sufficient parameter to determine the effectiveness 

of a nanoheater in an application use. For this reason, an eHCE parameter was 
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proposed that is the product of the photothermal conversion efficiency and the 

mass absorption coefficient at a given wavelength. This parameter allowed for 

a quantitative comparison of different materials in terms of application, which 

is a novelty against the background of the works appearing in the field. 

The proposed methodology allowed to verify the internal and external 

photothermal conversion efficiency of seventeen materials belonging to different 

classes [P2]. Plasmonic (gold, copper sulfide), semiconductor (silver sulfide, 

porous silicon), nanocrystals doped with lanthanide ions, iron oxides, and carbon 

dots samples were investigated. Most of these materials were found to exhibit 

high (80-100%) internal photothermal conversion efficiency, which would 

indicate relatively small variations between the samples. However, when the 

eHCE was compared, differences of orders of magnitude were obtained between 

various samples. This is an additional confirmation that the eHCE allows for 

a practical ranking of nanoheaters. Plasmonic copper sulfide proved to be the 

best among the materials evaluated in the NIR range. In contrast, black porous 

silicon was outstanding in the visible range. High eHCEs were also obtained for 

Ag2S quantum dots. These results provide a preliminary ranking showing 

a perspective on which materials acting as nanoheaters are likely to be the focus 

of future attention, validated in vitro and then considered for PTT. 

In the [P3] a particular attention was paid to materials doped with rare earth 

ions, due to the lack of systematic studies of this class of nanoheating materials 

in the literature. It was found that the choice of matrix and dopant ion 

significantly affects the photothermal conversion efficiency (both internal and 

external). Of the ions studied (Nd3+, Yb3+ and Tm3+), the Nd3+ ion shows the best 

photothermal properties. In turn, the most promising matrix in terms 

of application from the investigated matrices (fluorides, oxide, vanadate, 

perovskite) was vanadate. These results will contribute to a better understanding 

of the phenomenon of photothermal conversion in nanocrystals doped with 

lanthanide ions, as well as the other factors that influence it such as nanoparticle 

size or water conversion approach.  
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ABSTRACT: Localized photothermal therapy (PTT) has been
demonstrated to be a promising method of combating cancer, that
additionally synergistically enhances other treatment modalities
such as photodynamic therapy or chemotherapy. PTT exploits
nanoparticles (called nanoheaters), that upon proper biofunction-
alization may target cancerous tissues, and under light stimulation
may convert the energy of photons to heat, leading to local
overheating and treatment of cancerous cells. Despite extensive
work, there is, however, no agreement on how to accurately and
quantitatively compare light-to-heat conversion efficiency (ηQ) and
rank the nanoheating performances of various groups of nanoma-
terials. This disagreement is highly problematic because the
obtained ηQ values, measured with various methods, differ
significantly for similar nanomaterials. In this work, we experimentally review existing optical setups, methods, and physical
models used to evaluate ηQ. In order to draw a binding conclusion, we cross-check and critically evaluate the same Au@SiO2 sample
in various experimental conditions. This critical study let us additionally compare and understand the influence of the other
experimental factors, such as stirring, data recording and analysis, and assumptions on the effective mass of the system, in order to
determine ηQ in a most straightforward and reproducible way. Our goal is therefore to contribute to the understanding,
standardization, and reliable evaluation of ηQ measurements, aiming to accurately rank various nanoheater platforms.
KEYWORDS: photothermal conversion efficiency, photothermal therapy, gold nanoparticles, standardization, nanoheaters

1. INTRODUCTION

Photothermal therapy (PTT), alternatively named hyper-
thermia (HT), has been proposed to become adjuvant cancer
treatment1 to other well-known therapeutic methods such as
photodynamic therapy2 or chemotherapy.3 This remote,
minimally invasive (due to the need to inject exogenous
functional nanomaterials) technique can not only combat
cancer by itself, but has shown synergistic enhancement of
therapeutic effects as compared to singular treatments. It is
widely accepted that photothermal therapy exploits natural
negative susceptibility of cancerous tissues to increased
temperatures, as compared to normal tissues.4 This can be
explained on the basis of biochemistry and biophysics at the
cellular level; for example, the research conducted on
hepatoma cells has shown that at increased temperature (43
°C) in aerobic conditions, cellular respiration5 and also protein
synthesis6 have been inhibited. Moreover, the difference in
lability of cell membranes (surface or lysosomal) in healthy
and cancerous cells has been raised.5,6

There are numerous ways cancerous tissues can be
overheated above the physiological level (typically 39−45
°C).7 Whole-body hyperthermia is highly exhausting for

patients, and thus has been replaced with localized heat
deposition methods exploiting hyperthermic nanoparticles
(HTNPs). Such an approach requires further extensive studies
and versatile chemical, physical, biochemical, and biological
examination and evaluation of performance of various
nanoparticles before they can be accepted for medical use in
vivo. Among these features the chemistry (e.g., simple and
cost-effective synthesis and the stability of colloidal NPs),
biosafety (e.g., circulation time, deposition of HTNPs within
organs and their clearance from the body,8 lack of inherent
primary or secondary toxicity), functionality (e.g., simple
biofunctionalization and selective targeting of the cancerous
tissues, heating and thermometry within a single nanoparticle
for feedback controlled HT), and efficiency (i.e., light-to-heat
conversion efficiency (ηQ) of HTNPs, and lethal light dose−
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response) are the most important parameters and methods to
understand, optimize, or verify.
So far, numerous photothermal nanoheaters that fulfill most

of the above-mentioned requirements have been proposed,9

and their fundamental properties as well as feasibility for PTT
has been demonstrated. In particular, these HTNPs include
gold nanoparticles (AuNPs) in different shapes (nano-
spheres,10 nanorods,11 nanostars,12 and others), as well as
lanthanide doped nanoparticles,13,14 quantum dots,15 organic
dyes,16 transition metal dichalcogenides,17 polymers,18,19 and
carbon-,20,21 iron-,22 and titanium-based23 nanomaterials. In
addition to these materials, semiconductor24,25 and dielec-
tric26,27 materials have also shown very promising properties of
converting light into heat, and even higher absorption
coefficients were found as compared to plasmonic ones. The
selection of the most appropriate NPs for PTT is not trivial
because many features such as particle size, irradiation
wavelength and time, ηQ, absorption cross-section, and shell
surface are equally important for the potential adoption of
particular NPs for PTT therapy. A small particle size and
narrow size distribution is recommended to enable HTNPs to
pass through the vascular system. For systemic administration,
particle size should be smaller than 200 nm,28 although there
are studies that claimed that size under 50 nm provides fewer
side effects.29 Second, the specific interaction and accumu-
lation of HTNPs in cancerous tissues require appropriate
antibody-conjugation of the NPs,30 while the nanoparticles
should exhibit low inherent cytotoxicity, good biocompatibility
and the possibility of fast clearance from the body after
therapy. Third, the photoexcitation light wavelength (specif-
ically for light induced heating) must fit one of the optical
biological windows31 to enable deep light penetration through
the skin without excessive absorption and scattering, as well as
without excessive heating and damaging of tissues by the light
itself. Last, but not least, high ηQ values are required likewise

high light-absorption cross section of given HTNPs, owing to
restricted maximum permissible exposure (MPE) dose on the
skin surface (according to the IEC-60825-1 and ANSI Z136.1
standards)32,33 as well as unknown, and hypothetically low
concentration of HTNPs in the targeted tissue.
The figure of merit for the PTT, which determines the

feasibility of using a particular type of nanoparticles for HT
and is comprehensively studied here, is light-to-heat con-
version efficiency. However, due to the fact that in the
literature on nanoheaters the efficiency of converting light into
heat is not always determined,9 it is difficult to quantitatively
compare them in this respect. There have been many attempts
to determine ηQ,

12,34−36 but the main objection is that the
results obtained by most of them depend on the measurement
conditions. Notably, many reports can be found that
significantly differ in the evaluated ηQ for the same or very
similar materials. We, therefore, see an urgent need to
standardize the measurement techniques and experimental
factors, which may ultimately affect the quantitative evaluation
of ηQ between materials. A standardized ηQ measurement and
analysis will in consequence enable proper comparison and
ranking of various materials in different laboratories. Hence, we
have critically assessed various existing light-to-heat conversion
physical models, as well as built various optical setups (Figure
1) and evaluated many experimental factors using exactly the
same batch of Au@SiO2 NPs. We have chosen this HT
nanomaterial as a prototypical example, because gold nano-
particles are one of the most common and intensively studied
classes of HTNPs. The silica coating improves colloidal
stability,37 enhances biocompatibility, stabilizes NPs shape and
surface, and enhances thermal stability.38 Moreover, using NPs
that are dispersible in water, which is a prerequisite for
bioapplications, makes it easier to compare them with other
agents and easier to further functionalize them.

Figure 1. General scheme of methods and setups used to determine ηQ. (A) Schematic presentation of the elements and methods used in heat
balance physical model (bottom row), photostimulation (middle row), and the exemplary results of typical ηQ measurements (top row); τh and τc
denote inverse of heating and cooling rates, respectively, at saturation stage Eabs = Eext, where Eabs and Eext are absorbed and external energies, the
ΔT is maximum temperature rise; mx and cx denote the mass and heat capacity of the cuvette (x = C) and of the sample (x = S), the sample is
heated at stage II, while stabilizing at stage I and cooling down at stage III; schematic presentation and example photos of experimental setup
variants: (B) Thermographic camera (TGC) records the temperature of side wall of the cuvette, (C) TGC records the temperature of colloidal
nanoparticle solution directly from the top of the cuvette, (D) TGC records the temperature images of a small droplet of colloidal HTNPs. PM is
optical power meter, BFS is a beam focusing system, S is a sample. Mild sample stirring may be applied in (B) and (C) setups.
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It has been proposed and demonstrated that heat generated
in nanoscale plasmonic particles may depend on the
nanoparticle morphology, beam incidence orientation, and
may display high nonuniformity around such singular objects
or aggregates.39 In our work, however, we adopt a simplified,
but more general approach, by treating the colloidal nano-
particle solutions as homogeneous materials without entering
into their nanoscale nature, which seems to be adequate for
numerous types of other nonplasmonic nanoheaters, such as
lanthanide doped NPs, quantum dots, and carbon based
nanomaterials.
Almost all of the currently existing models are based on the

analysis of experimentally measured temperature response
kinetics resulting from heating the sample by a continuous
wave laser beam. At first, ambient temperature is recorded
(phase I in Figure 1A) and is followed by optical stimulation,
which due to light-to-heat conversion increases the temper-
ature of the sample (phase II in Figure 1A). Ultimately,
saturated temperature is reached, and after switching the
photostimulation off, the sample spontaneously cools down
back to ambient temperature (phase III in Figure 1A). These
heating−cooling kinetic profiles are key for evaluating the
capability and efficiency of the water dispersed colloidal
nanoparticle heaters to increase local temperature under
photostimulation.
The starting point of ηQ calculations for the majority of

existing models is the heat balance equation (eq 1), which
describes the heating of the nanoparticle solution by
continuous wave lasers. When ultrashort pulses of the
excitation are applied, the equation should be expanded to
take into account the average pumping power based on the
energy, pulse duration, and pulse frequencies. Nevertheless, the
major aim of our manuscript is to quantitatively investigate and
compare light-to-heat conversion efficiency of the same batch
of the sample with various optical setups, sample holders, and
models, aiming to develop a most convenient and reliable
quantification methodology.

∑ = + −mc
T
t

Q Q Q
d
d Lp 0 ext (1)

Σmcp is a sum of products of mass and heat capacities of all
system components, T

t
d
d
is the rate of temperature increase, Qext

is external heat flux, QO + QL is heat produced by converting
the absorbed light into heat, by either solvent (QO) or by the
nanoparticles (QL). The QL is determined with the following
equation:

η= − − λQ I(1 10 )A
QL (2)

where I is a laser power, Aλ is the absorbance at irradiation
wavelength λ and is measured experimentally using Lambert−
Beer’s law. In equilibrium conditions, ∑ =mc 0T

tp
d
d

in eq 1

and ηQ can be calculated as34
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(3)

In this model, Qext could be computed from experimental
cooling kinetics, where h is the heat transfer coefficient, A is
the surface area for heat transfer to surroundings, Tamb is the

temperature of surroundings, and T is the current temperature.
In equilibrium conditions, the actual temperature equals
steady-state temperature T = Tmax = Tamb + ΔT. According
to literature,34 these parameters could be approximated by a
sum of products of mass and heat capacities of all system
components and cooling time coefficient τc. As we will discuss
later, it is clear from eq 3 that there are a number of
experimental factors which will ultimately affect the ηQ
absolute value. For example, either the accuracy of τc
determination, interpretation of which elements of the system
should be considered in the sum of mass and heat capacity
product Σimicp,i, or the method of actual temperature
determination (Figure 1B−D) are all not trivial and may
significantly affect the final results. For example, the results
from the simulation presented by Marin et al.40 differ from
63.8% to 91.4% for the same sample with different setup
characterizing data. The τc is typically calculated as the
exponential slope coefficient of the cooling part of heating−
cooling kinetic profiles (Figure 1A). However, such an
approach is not intuitive from the physics perspective, and it
is noteworthy that the heating and the cooling time coefficients
in all of our experiments differ. For instance, in the “top view”
experiment (Figure 1C) with stirring, a cooling time coefficient
was longer than the heating time coefficient. Although
Richardson et al.35 approximated the heating time rate for
the cooling part of the profile, we suppose that the time rates
may vary due to different heat propagation mechanisms, for
example, collective heating and cooling by heat diffusion. It
was found out that cooling rate is affected strongly by the
material from which the holder (adjacent to the sample during
the experiment) was made. The heater should be more
effective if it heats the given volume faster, thus the heater’s
efficiency should be proven by the heating time rate.
As opposed to Roper’s model, Wang’s model12 is also

derived from the heat balance model (eq 1), but is converted
into a different form:

Δ = − Δd T
dt

a b T
(4)

where

η
=

−

Σ
=

Σ

− λ

a
m C

b
hA
m C

(1 10 )
,

A
Q

i i i i i ip, p, (5)

Based on that, the ηQ was calculated from equation:

η =
Σ

− − λ

a m C

I(1 10 )Q
i i i

A
p,

(6)

where parameter a (K/s) describes how much of the incident
power I (W/cm2) can be effectively stored by the system of
heat capacity Cp, that translates into how much the
temperature changes per unit time. It must be underlined
here that due to the different optical properties of nanoma-
terials at different wavelengths, ηQ depends on the excitation
wavelength. Therefore, it is important to provide not only the
ηQ, but wavelength specific ηQ (λ), which also means the ηQ
cannot be directly compared in similar materials unless the
excitation wavelength and absorption coefficient (at least) or
spectra are provided. The a can be calculated from the rising
part of the heating−cooling kinetic profiles:

= + [ − ]−T t T
a
b

( ) 1 e bt
0 (7)
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Theoretically, based on the assumption that the time
constant of heating and cooling are identical12,35 and assuming
that the mass and heat capacities of the measuring system
components are taken into account in the same way, both
models should lead to similar results. However, this
assumption may be wrong because Wang’s model accounts
for the mass of the system differently, that is, an effective mass
of the measurement setup is considered instead of a simple
sum of contributions from all the components. Moreover, as
alluded to above, recent research shows that nanoparticles heat
up more quickly than they cool down,41 which raises new
questions for the characterization of nanoheaters. Since the
development of these phenomenological models and exper-
imental methods, whose similarities and differences were
presented above, many different materials have been
characterized for their suitability for PTT. Nevertheless, the
variability of experimental setups, measurement conditions,
and assumptions used for data acquisition and analysis, make
the conducted studies almost impossible to directly compare.
Large discrepancies in experimentally obtained ηQ values can
be found in the scientific literature for similar nanoheaters, and
cannot be unequivocally ascribed to the actual differences in
nanoparticles used.

2. RESULTS AND DISCUSSION
2.1. Light-to-Heat Conversion Efficiency: The Models.

Because there is no agreement in the literature on which
method of the ηQ determination is the most accurate, we were
motivated to quantitatively compare the existing models and
measurement setups. Not only did we evaluate the same batch
of the sample, but also verified how variants of the
experimental conditions (e.g., mechanical stirring or still
colloid, side-wall or direct colloid temperature evaluation, the
way the temperature is recorded, corrected, and analyzed, etc.)
might affect the final ηQ result. A schematic comparison of all
the experimental systems is presented in Figure 1B−D. We
were also aiming to build an optical setup that is simple
enough to be easily reproduced in any lab, with as few
customized solutions or components as possible.
Most of the studies following the Roper’s concept34 exploit a

standard 1 × 1 cm cuvette as a sample holder. A significant
amount of sample (ca. 2 mL) is required, and the experiment
itself is time-consuming (ca. 45 min for heating and 60 min for
cooling to reach stable temperature). Simultaneously, it is
technically challenging to eliminate long-time drift of light
sources, detectors and external temperature. Moreover, it was
supposed that the mass input of the cuvette itself, which is a
relatively large heat receiver, might disrupt the results. This
motivated us to test another setup, originally proposed by
Richardson et al.35 The cuvette with a colloidal sample was
replaced by a droplet of the colloidal sample formed gently
with a micropipette tip (Figure 1D). This technically simple
approach requires much smaller volumes of colloid, and offers
much faster temperature stabilization (<5 min vs >45 min
required for the cuvette) during heating and cooling stages.
However, because of the high surface-to-volume ratio of the
droplet, solvent evaporation cannot be neglected and has
proven to affect the actual temperature readout and
consequently ηQ. To minimize evaporation, the humidity
condition in the measurement chamber was intentionally
increased by placing wet blankets inside and sealing the
chamber with Parafilm to prevent humidity changes during
measurement. A second way to reduce evaporation and also to

minimize the impact of specific heat changes as a function of
temperature is to intentionally avoid excessive heating, for
example, by keeping the temperature rise below 10 degrees
during the heating stage and keeping the measurement time as
short as possible. Additionally, we paid special attention to
keeping the dosing system airtight to avoid droplet regression.
The droplet was dispensed with the pipet, and after its
formation, a simple mechanical custom-made valve was used to
prevent sucking it back. Other details of experimental setup
performance are presented in the Materials and Methods and
in the Supporting Information (Details of data analysis).
Finally, the calculation of ηQ requires prior characterization

of the optical setup and knowledge of, among others, a mass of
the components which stay in direct contact with the heating
volume of the nanoparticles. Many reports assume a fixed mass
of a whole cuvette for example, but actually Wang et al.
proposed a simple and elegant solution for this ambiguous
factor.12 By using exactly the same optical setup, the optical
heating of colloidal nanoparticles was replaced with a Joule
resistance wire of known (measured) resistance. It was
assumed that electricity is transformed into heat energy with
100% of efficiency, because the setup lacks elements in which
energy could be transformed into other forms. Such an
approach enabled determination of the product of mass and
heat capacities of all system components using eq 8, where the
a factor is a fitting parameter (in eq 7) achieved for electrical
heating calibration, based on heating−cooling kinetic profiles.

Σ =m c
P
a

( )i ip, (8)

From this equation it is possible to evaluate the effective
mass of each component, but an assumption that some of them
contribute fully in heat exchange is required. For measure-
ments from the top view, it was assumed that colloidal sample
mass contributes fully (temperature of sample is homogeneous
or close to homogeneous). For the stirring experiments, the
full mass of stirrer bar was included (because the stirrer is
inside the colloidal sample), and for side-view experiments, the
full mass of black tape of known emissivity (directly observed
by TGC) was also included. The mass of the heating wire used
in the calibration experiments was negligible because its mass
of 5 mg and heat capacity equal to 460 J/kg·K (as compared to
∼2g of sample with heat capacity 4180 J/kg·K and ∼6.5 g
weight of the cuvete with heat capacity 729 J/kg·K). Therefore,
the remaining mass was assumed as an effective mass of cuvette
meff. This approach also enabled one to minimize the impact of
differences in mass of sample due to dosing imperfections (m =
2 g ± 0.007 g). Experiments were conducted with different
input power (see Calibration Experimental Details in Materials
and Methods), so the effective mass of the cuvette was
obtained from each experiment independently and then
averaged for each configuration. The measurement was carried
out for each of the experimental variants separately for at least
four different applied current values. The effective mass has
been determined independently for each of the measurements
to take into account small fluctuations in the mass between
these repetitions. Then the obtained effective mass of the
cuvette was averaged and these averaged meff, individually
calculated for a given experimental configuration, were further
used in calculations of ηQ for light induced heating experi-
ments.

2.2. Light-to-Heat Conversion Efficiency: The Meas-
urements. To evaluate how various measurement setups,
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preconditions, and technical or physical assumptions affect the
value and accuracy of ηQ determination, we have decided to
study the photothermal properties of gold nanoparticles.
AuNPs are one of the most frequently examined light-to-heat
converting nanoparticles for hyperthermia treatment because
of ease of synthesis, stability in water, biocompatibility,37 and
high photoinduced heat generation efficiency.35 The latter
feature originates from localized surface plasmon resonances
owing to cooperative oscillations of electrons.42 Although the
spectroscopic properties of plasmonic nanoparticles strongly
depend on their size and shape asymmetry,43,44 astonishingly,
AuNPs of the same size and shape have demonstrated very
different ηQ values in existing reports,34,35 which inevitably
means the final ηQ value depends on the experimental setups,
specificities of synthesis made in various laboratories as well as
a priori assumptions made during data evaluation. Therefore,
the present, and ambiguous, status in photothermal conversion
efficiency measurement techniques encouraged us to quanti-
tatively compare the same batch of AuNPs@SiO2 sample in
different experimental conditions.
The ηQ evaluation (eq 3) requires accurate determination of

the (i) absorption coefficient at the photostimulation wave-
length, (ii) incident photoexcitation intensity, as well as the
(iii) effective mass of the measurement setup, (iv) temperature
rise (Tmax − Tamb), and (v) the inverse cooling rate (i.e.,
cooling time coefficient, τc). While the first two parameters can
be easily and precisely measured, the precision of ηQ
determination requires the last three factors be accurately
established as well, which is not trivial. For example, in Roper’s
experimental setup,34 the thermocouple (TC) was located on a
surface of a measurement cell directly behind the laser beam,
which provides temperature readout close to maximum
temperature in a measurement cell. However, the temperature
determined in such a way could be underestimated due to the
glass cell thickness. In the stationary state, the temperature of

nanoparticles and the adjacent media are the same,45 thus the
temperature of nanoparticles should be measured at a location
where the temperature of the colloidal sample is closest to an
average temperature. Because of these issues, we have decided
to use an alternative approach, by measuring temperature on a
surface of the colloidal sample by a thermographic camera
(TGC). Although much more costly, the ambiguities related to
the positioning of the thermocouple can be neglected.
Although the TGC was used before,46 the related ambiguity
is however associated with the way the Tmax is determined, the
highest versus averaged values, or the area of averaging
temperature over the heated volume may significantly affect
the ultimate ηQ calculations. This equivocality originates from
the presence of temperature gradients (as shown in Figure 2).
Our calculations show that considering local maximum
temperature and the full mass of the sample in the model
proposed by Roper et al.34 leads to efficiencies exceeding 100%
in some of the evaluated measurement setups (detailed
discussion below). In the course of the performed evaluation
and optimization, we found out that the most accurate results
require averaging the temperature from the whole available
sample surface, because the model actually treats the sample as
a homogeneous material that naturally exchanges heat with the
environment.
The photostimulation of colloidal nanoparticles by a

collimated laser beam will always generate temperature
gradients, which are impossible to resolve with a thermocouple
having a size comparable to the droplet itself. Moreover,
monitoring the temperature with the unsupervised orientation
of a thermocouple against the position of the laser beam
becomes a serious issue as the beam may accidentally hit and
heat the TC directly. Additionally, the same photoexcitation
intensity obtained with a Gaussian profile laser beam will
generate more heat in the beam center as compared to top-hat
profile, thus either conscious data correction must be

Figure 2. Heating and cooling of Au@SiO2 sample in various experimental configurations. (A) Temperature curves in the “standard” setup with
TGC in top and side view, with and without mechanical stirring. (B) Corresponding temperature images (obtained from the side view, in a setup
without mechanical stirring) at heating (B) and cooling (C) stages. (D) Temperature heating−cooling curves obtained in a setup with droplet and
corresponding temperature images of (E) heating and (F) cooling. Description of experimental variants is presented in Figure 1C, experimental
parameters are described in SI Table S1.
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performed, or temperature gradients must be diminished by
mechanical stirring and temperature homogenization.36,40 The
stirring is additionally expected to speed up the cooling process
through an increased dissipation surface, which is actually not
included in the most popular Roper’s model. Without stirring,
the highest temperature increase is observed in the upper part
of a sample due to the convection and heat flow. In general, the
fluid convection depends on the system volume and geometry.
This phenomenon is difficult to describe numerically in the
context of light-to-heat conversion efficiency, but Wang’s setup
assumes taking into account the mean temperature of the
stirred sample. As a matter of fact, the highest temperature
increase is observed on the top of the sample when it is not
stirred and when convection occurs (Figure 2A) and that is the
reason for differences in calculated parameters a and ηQ when
the same mass of system components is assumed for all
variants (Figure 3). That makes the efficiency, calculated in
conventional way, dependent on stirring.
These observations motivated further modification of the

“standard” experimental setup, our aim was to make the
measurement independent of convection in a way other than
the mechanical stirring of the sample, which is originally not
considered in the Roper’s model. For that reason, we have
decided to build and evaluate the setup proposed by
Richardson et al.,35 where the sample is confined to a hanging
drop of colloidal nanoparticles, without any container (such as
cuvette). However, unlike Richardson, we have measured the
temperature increase by TGC with a magnifying germanium
lens, instead of using a thermocouple positioned inside the
droplet. Our approach increases the costs of the setup, but
saves numerous technical and TC position adjustment
difficulties, and additionally avoids errors caused by the heat
transfer by thermocouple conduction. This last feature is
especially appealing, as a small volume of nanoheaters
purposely does not heat the sample (i.e., droplet) by more
than 10 degrees. Moreover, various ways to derive Tmax can be
easily implemented and validated, such as finding the
maximum value, or an averaged T value over part or the
whole T image of the droplet. We learned that the most

appropriate approach is to average the temperature across the
entire observed surface of the droplet. Developing a stand-
ardized way to quantify light-to-heat conversion requires quite
strict conditions and balancing between numerous factors and
issues. The use of the droplet removes all issues related to the
impact of sample holder on data acquisition and interpretation,
and significantly shortens acquisition time (down to a few
minutes per heating and cooling cycle). Another advantage of
the droplet system is the fact it can be relatively easily
reproduced in other laboratories. The obvious risk is the fact
that the droplet evaporates at increased temperatures, thus care
must be taken to keep the maximum temperature increase
below 10 °C and control humidity within chamber. While the
wet towel can be barely considered as a sophisticated scientific
tool, in the course of numerous trials and experiments, we
came to this simple, yet effective solution and find it most
reliable. We have been monitoring the humidity within the
sample chamber with a dedicated humidity digital reader, but
this knowledge does not allow to correct variation of humidity
post factum. In the course of experiments, we have been
continuously visualizing the droplet and we noticed the droplet
shrinks by ca. 16% after 10 min of the experiment in open
humidity chamber, including 2 min of laser beam illumination
(resulting at ca. 9 °C temperature increase), while in the same
conditions, in increased humidity conditions droplet shrinks by
ca. 9%. Intensive shrinkage ends up with shorter laser path
within the droplet, increased concentration of colloidal NPs
per droplet and other perturbations occurring to the
temperature readout by the thermographic camera. And
again, knowledge about the decreasing droplet size and the
existing models do not allow to correct for this issue post
measurement. Concluding, there are many technical challenges
related to the optical system design, sample container,
calibration, data reproducibility and accuracy, agreement with
the model, capability to repeat measurements, etc. that we have
verified and discussed in the paper. Our motivations for the
research were therefore 4-fold: (1) to directly and quantitively
evaluate and compare various setups using the same batch of
the sample, (2) to evaluate setups that are sufficiently simple to

Figure 3. Calibration and experimental light-to-heat conversion data obtained in a spectrometric cuvette (10 mm optical path). (A) Calibration of
the a factor (to ultimately derive the effective mass) versus power delivered in resistant wire (based on the method presented by Wang et al.12)
various measurement setups (pure solvent - empty symbols; pink diamond - top view; orange triangle - top view with stirring; cyan circle - side view
with stirring; purple rectangle - side view; the corresponding solid symbols represent Au@SiO2 sample). (B) ηQ in a function of cuvette mass
included in calculations: the physical mass of cuvette is 6.55 g; other vertical lines represent calculated effective mass corresponding to particular
experimental variants. By including an effective mass correction in data analysis from various setups (top view, pink; top view with stirring, orange;
side view with stirring. cyan; side view, purple), coherent ηQ were found with an average value 80.2% ± 2% for all these presented setups (red
diffused horizontal line represents mean value with 2% standard deviation, detailed data of individual experiments are presented in SI Tables S2 and
S3). Multiple lines in (B) originate from a few repetitions of the same experiment.
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reproduce in other laboratories without sophisticated, costly
and complex optical setups, (3) to evaluate light-to-heat
conversion nanoparticles that are dedicated for biomedical
hyperthermia, (4) to enable fast and easily repeatable
measurements with small volumes of NPs water colloids.
Targeting specifically hyperthermia application means that
temperature increase of 10 degrees from the initial temperature
should be sufficiently broad operation temperature range. This
apparent restriction has one another important advantage,
namely, low thermal stability at high temperatures found in
many of existing photothermal agents can be disregarded from
analysis. In consequence of the assumptions we made, many
other problems can be avoided, for example ηQ should be
independent from the operating temperature range (the
verification experiment of the temperature impact on ηQ is
shown in SI Figures S1 and S2). Moreover, the potential
specific rates of thermal decomposition of various PTT agents
can be excluded from the analysis, which simplifies the
interpretation and quantitative comparisons as well as disable
the misestimation of the light-to-heat conversion efficiency for
such thermally unstable photothermal agents. Hence, the
estimations of the ηQ upon lower excitation power in
standardized conditions, as presented in this manuscript,
should enable reliable quantitative comparison between
various nanoheaters. However, based on the calculated ηQ
for given material and using the eq 6, one may easily
extrapolate and predict the temperature rise at increased
concentration of nanoheaters, or at increased pumping
intensity, when higher temperatures must be obtained as
during PTT. We therefore believe that the proposed method is
a very simple and effective way of circumventing the above-
discussed issues.
Besides the issues discussed above, there is still no

agreement in the literature about which component masses
of the measurement setup should be included in eq 3.
According to the original Roper’s model,34 all elements should
be incorporated (i.e., the whole colloidal solution of NPs, the
cuvette and even the thermocouple itself) and this
interpretation was further frequently reproduced in other
works.47,48 Some other approaches, like in the droplet model
by Richardson,35 included only the mass of the colloidal
solution and excluded the cuvette mass from calcula-
tions.44,49−51 Marin et al. evaluated light-to-heat conversion
from a theoretical perspective, and concluded that excluding
the cuvette mass from calculations resulted in experimental ηQ
being closer to the calculated theoretical value.40 The
importance of this factor is evident, as the results from the
simulation presented in this work differ by almost 30% for the
same sample with different setup characterizing data.
Alternatively, Lindley and Zhang10 suggested that only the
part of the cuvette in direct contact with the colloidal
nanoheaters solution should be included in the evaluation to
avoid overestimation of the ηQ value. Another alternative way
of solving that issue was proposed by Wang et al.,12 who
proposed to experimentally establish the “effective” mass of a
cuvette that participates in heat exchange and should actually
be included in the calculations. The most important differences
in existing measurement assumptions related to the various
models are presented in Table 1 and SI Table S5. Additionally,
details about the Chen’s model are presented in the SI (Chen’s
model). All these above-described models are frequently
referred to in publications that aim to present new nanoma-
terials or make a comparison of existing ones (e.g., T
ab
le
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Roper,15,47−49,51,52 Chen,10,16 and Wang53). Replacing the
colloidal nanoheaters by an electrically driven resistance wire
phantom, Wang discovered that only, ca. 20% of the bona fide
mass of the cuvette actually had to be included in the data
analysis. This value may vary depending on a particular
configuration, but (i) because the electrically driven wire
phantom has a known resistance and efficiency, (ii) it is power
supplied with easily measurable current, and (iii) because it is
studied with exactly the same sample holders and detection
setup configuration as in the light-to-heat conversion measure-
ments, the calibration procedure is simple to implement and
enables one to account for the effective mass of the sample
holder. In our measurements, we applied a similar calibration
procedure using the same experimental conditions as those
further used to quantify light-to-heat conversion efficiency with
nanoparticle heaters (Figure 3A), which enabled us to compare
the efficiencies obtained by different methods for the same
sample (Figure 3B). As expected, the calculated “effective
mass” showed some degree of variability depending on the
actual measurement configuration (Figure 3A). For “top”
measurement variants, the heating rate is dependent mostly on
convection or mechanical stirring of the sample, so the impact
of the cuvette is lower than in “side” variants, in which the heat
conduction through the wall of a quartz cuvette plays an
important role. The comprehensive comparison of the above-
described methods of light-to-heat efficiency, performed for
the same batch of AuNP@SiO2 is presented in Figure 3B. The
obtained efficiencies are compared in Table 2 with other
literature reports on ca. 20 nm diameter spherical Au
nanoparticles. The comparison of efficiency of other plasmonic
and nonplasmonic nanomaterials is presented in research
works.9,54 Detailed (not averaged) experimental data are
presented in SI Tables S2−S4. The results obtained with the
Roper’s model vary considerably. The ηQ for the “top”
configuration is the highest among all the obtained with this
model. The most probable reason for ηQ to exceed 100% is
generation of significant temperature gradients and the fact this
is not the entire volume of the sample that gets heated
homogeneously, but the heating is induced and monitored

only in its top part. This result is closest to Richardson’s result,
however Au@SiO2 NPs are expected to have lower light-to-
heat conversion efficiency than Au NPs because the coating
leads to higher scattering due to the increase in size. It is worth
noting that results obtained with a modified Wang’s model
lead to the same ηQ value, independently from the measure-
ment conditions. Only in the “top” variant, the ηQ is slightly
lower, but this is probably caused by difficulties in reproducing
the laser beam by a heating wire: cables connecting the heating
wire with the current leads were attached from above, and thus
can disturb the precise determination of the effective mass in
this variant. This case indicates how important it is to correctly
determine the effective mass in an irregular geometry system.
On the other hand, the effective mass of the pipet tip, which
served to create the droplet was found negligible, as expected.

3. CONCLUSION
Light-to-heat conversion efficiency is one of the most
important figures-of-merit in the studies of materials dedicated
to the photothermal therapy of cancer. The ηQ should enable
one to quantitatively and reliably compare, and further
optimize, various nanoheaters between various laboratories.
Unfortunately, large discrepancies in ηQ are commonly found
even for very similar nanoheaters, making this quantity
unreliable for its purpose. Through careful evaluation of
theoretical models, numerous assumptions and experimental
setups made for the same batch of AuNPs@SiO2 nanoheaters,
we have critically evaluated existing systems and models, and
thus contributed to the understanding and standardization of
ηQ determination. More specifically, despite the fact that ηQ is
nominally a material constant, its determined value was found
to depend on numerous measurement conditions and
assumptions, such as the mass of the system and its geometry,
the presence of colloidal sample stirring, and the specifics of
how and where the temperature was measured. Before a
ranking of different HTNPs can be reliably made, a unified
approach to ηQ is a prerequisite.
Our measurements confirm that (simple to implement)

effective mass correction enables to obtain coherent and

Table 2. Comparison of ηQ Obtained for Various Diameter Spherical Au Nanoparticlesa

material NP size (nm)
λEXC
(nm) mEFF temperature detector

experimental setup
comments model ηQ (%)

Au NPs34 20 514 whole glass
cell

TC outside cell small sample cell in a
vacuum chamber

R 3.4−9.9

Au NPs35 20 532 droplet TC inside droplet sample is a droplet R 100
Au NPs50 15 532 solvent only TC inside cuvette MS, open cuvette R/C 78.4
Au nanospheres−theoretical
abs/ext value50

− − − 99.6

Au@SiO2 nanospheres [this
work]

13 ± 2 (Au), ∼ 140
(Au@SiO2)

532 solvent only TGC; through glass MS on R 57.5
MS off 50.8

solvent only TGC; sample surface
temperature

MS on R 63.1
MS off 67.5

cuvette
included

TGC: through glass MS on R 90.5
MS off 80.8

cuvette
included

TGC sample surface
temperature

MS on R 98.4
MS off 106.7

“effective
mass”

TGC through glass MS on W 80.5
TGC sample surface W 80.6

droplet TGC sample surface sample is a droplet R 66.8
W 81.1

aThe following abbreviations were used for the models: R, Roper’s model; R/C, Roper’s model with Chen’s modification (stirring); W, Wang’s
model; TC, thermocouple; TGC, thermographic camera; MS, magnetic stirring; λEXC, irradiation wavelength; mEFF, part of mass of a cuvette.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c12409
ACS Appl. Mater. Interfaces 2021, 13, 44556−44567

44563

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12409/suppl_file/am1c12409_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c12409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


directly comparable ηQ values even though significantly
different measurement setups were applied. Alternatively, we
have also critically evaluated and presented an improved
measurement system exploiting the droplet based concept,
which not only eliminated the need for effective mass
correction, but most of all reduced the volume of the sample
ca. 100-fold and reduced recording time up to 10-fold as
compared to other conventional measurement systems.
Additional modifications, aiming to reduce sample evaporation
during measurements were proposed to further minimize
artifacts and improve the reliability of the obtained efficiency
values.

4. MATERIALS AND METHODS
Au@SiO2 Preparation. Gold(III) chloride hydrate (99.995%),

tetraethyl orthosilicate-TEOS (99%), ammonia solution (28−30%),
were purchased from Sigma-Aldrich. Ethanol (96%) was purchased
from Avantor and sodium citrate was purchased from MERCK. All
chemical reagents were used without further purification.
Au NPs were prepared by reduction the gold salt with sodium

citrate.55,56 The freshly prepared water solution of sodium citrate was
added to 9.95 mL of water solution of HAuCl4 in constant
temperature (80 °C) under vigorous stirring. The color of the
mixture turned wine red after few minutes which indicates the
production of Au nanoparticles. The protocol of synthesis is
illustrated in Figure 4.
Then, Au NPs were coated with silica. The as-prepared Au

nanoparticles were mixed with a proper amount of ethanol (12 mL),
distilled water (500 μL), TEOS (20 μL), and ammonia (500 μL). The
solution was maintained at room temperature for 24 h under vigorous
stirring. Next, the mixture was centrifuged (10 000 rpm, 10 min) and
the obtained pellet was purified by ethanol and dispersed in distilled
water.
The photostability was checked independently (SI Figure S3). Four

cycles of heating and cooling were performed on the same droplet of
AuNPs from the same batch as previously. Sample was diluted before
experiment to decrease maximum temperature and reduce evapo-
ration. Results have shown that maximum temperature was not
decreasing in the next cycles.
Experimental Details. The first experimental variant is based on

the Roper’s setup.34 It consists of the activation light source−laser
diode (532 nm, 1 W, Changchun New Industries Optoelectronics

Technology Co. Ltd.), optical setup for photon beam collimation,
fluorescence cuvette containing 2 mL solution of nanoparticles,
thermographic camera (TGC) (FLIR T540, accuracy ±0.5 °C with a
reference, thermal sensitivity <40 mK, 24° @ 30 °C) and thermo-
higrometer (ETI Ltd., type 6500). The cuvette was inserted into the
holder which remained in minimal contact with the upper part of the
cuvette to reduce heat transfer to other elements of the system. The
cuvette entrance wall was set at the angle of 7° to the laser beam to
avoid multiple reflections, and the exit wall was set at the angle of
approximately 15° to the TGC to eliminate camera own reflections
from the perpendicular wall of the cuvette. This wall of the cuvette
was covered with piece of black tape of known emissivity (E = 0.96, m
= 0.15 g, 3M, Poland) for accurate measurement with a TGC. The
system was isolated from external light and heat by a 5 cm thick
styrofoam cage. Measurements were conducted in an air-conditioned
room at 23 °C and constant humidity conditions during all
experiments. The laser power of 200 mW was set and mean power
density was 1.6 W/cm2. The laser beam (spot size 4 mm) was hitting
the center of the entrance wall under 7° angle, to avoid multiple
reflections in quartz cuvette.

Because significant heating can be expected for highly concentrated
samples due to plasmonic effects, we measured our samples in diluted
form (to keep heating of no more than 10 °C above RT) and indeed
in the course of the experiments we did not observe any concentration
dependent effects. In a typical measurement “side-view” procedure
(Figure 1B), the sample was dispersed on the ultrasonic scrubber and
inserted (2 mL, 2 cm height) into the cuvette, which was fixed into
stable position by cuvette holder. The focus of the TGC was set to the
side surface of the cuvette (90° angle to the laser beam axis) and was
kept the same for all the measurements. Then the setup was left for
approximately 20 min to reach stable temperature distribution in the
field of view of the TGC. The laser diode was turned on at least 2 min
before each experiment, but the beam was blocked by a mechanical
shutter to prevent sample illumination before the actual experiment
started. Recording temperature images by TGC and recording laser
power with power meter (photodiode S120C head and PM100USB
power meter, Thorlabs) started simultaneously. After 70 s the laser
beam shutter was unlocked and heating curves were registered. Then,
after 45 min laser was turned off and the cooling curve was registered
for the next 60 min.

Data from the TGC was analyzed in FLIR Tools software.
Temperature of sample was averaged from the whole cuvette surface
area staying in direct contact with the colloid. The ηQ calculations
derived from the cooling curve were based on equations presented by

Figure 4. (A) Scheme of two-step synthesis of Au and Au@SiO2 nanoparticles, (B) absorption spectra of the colloidal solution of Au@SiO2
nanoparticles in water, (C) TEM images with size distribution of pristine and SiO2 covered AuNPs.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c12409
ACS Appl. Mater. Interfaces 2021, 13, 44556−44567

44564

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12409/suppl_file/am1c12409_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12409?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12409?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12409?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12409?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c12409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Roper et al.,34 while the ones derived from the heating curve, were
using equations presented by Wang et al.12 Other details of data
analysis and well as error analysis are presented in SI (Details of data
analysis). Because in the described setup significant gradients of
temperature were noted in the initial phase of heating−cooling kinetic
profiles, we verified the impact of gentle magnetic stirring on the
output temperature profiles quality. For that purpose, the magnetic
base was placed below the cuvette bottom (without direct contact),
and a small magnet bar (3 × 1 × 1 mm) was dropped into the cuvette.
The stirrer was turned on 1 h before the experiment started to obtain
a stable temperature gradient in the sample environment.
Next the experimental setup was modified to provide direct

colloidal surface measurements (“top view” variant, Figure 1C). TGC
was positioned above the experimental setup with a 9° angle between
objective axis and colloid surface. Black tape of known emissivity was
removed from the cuvette because it was not required in this setup
configuration (water emissivity is known, E = 0.90). In this case, the
temperature recorded by the camera was acquired through the round
neck of the cuvette, thus the temperature was averaged from ellipsoid
part of the TVC image (whole available sample surface). Similarly to
the “side view” experimental setup, the influence of magnetic stirring
was verified.
Experiment with “droplet” configuration required similar optical

setup, but it requires also independent sample dosing system (SI
Figure S4). Also measurement procedure was more complicated in
this case (see SI Droplet setup-detailed experimental procedure and
issues).
Calibration Experimental Details. Instead of a laser beam, 0.3

mm kanthal resistance wire of known (measured) resistance was used.
The current was supplied to the heating wire using silver-plated
copper wire. The wire was carefully fixed at position, where
photostimulating laser beam was heating the sample to keep the
position of the TGC and all other components in the given
configuration exactly the same as during photostimulation experi-
ments. The heating element was welded to silver-plated copper wire
to obtain a stable electrical connection. A current of 0.25−1.02 A was
set on the regulated DC power supply (MCP M10-QS3020, Poland)
and the voltage on the heating wire was recorded with a multimeter
(attached to the wire slightly above the height of the cuvette). Based
on this data, resistance (around 380 ohms) and supplied power (P)
were determined.
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Details of data analysis

Droplet size was determined from thermographic camera data in TGC camera FLIR Tools 

software: the number of pixels forming a drop was determined and based on the scale (i.e. 

plastic tip end diameter) the real droplet volume was calculated. Temperature was averaged 

from the whole available droplet surface excluding edges (pixels in temperature range 

between temperature of droplet and temperature of background). Due to the fact that the 

thermographic camera accuracy is 2 °C, we made efforts to improve this value by 

concurrently taking the reference measurement of a background, which remained at a constant 

temperature and we have subtracted the noisy background signal. As we have checked, this 

operation did not introduce any additional measurement errors, and allowed to eliminate 

artifacts, such as imperfections of the thermographic camera. In the case of a droplet, wet 

tissues placed nearby the droplet were chosen as background measurement area, to include the 

temperature difference between droplet and environment caused by water evaporation. In case 

of measurements in cuvette, the background signal originated from black tape above the 

Standardization of Methodology of Light-to-Heat Conversion 
Efficiency Determination for Colloidal Nanoheaters



S2

cuvette (black tape was also placed on the cuvette to minimize reflections from quartz glass 

cuvette). Data from FLIR Tools and Thorlabs optical power meters was exported, and then 

analyzed in Origin 2019 software.

Droplet setup – detailed experimental procedure and issues

The optical power calibration measurement was carried out to determine the ratio between 

reference and measurement optical power. The dosing system was sealed and refilled with 

water to avoid uncontrollable droplet regression or ejection. Thermographic camera was set 

perpendicular to the droplet dispensing system. Humidity chamber was also optimized – a 

vessel with water has been placed below the droplet and tissues soaked with water were 

placed nearby. Water reference measurements were conducted before and after sample 

measurements. Before experiment, sample was dispersed on the ultrasonic scrubber. After 

dropping, the position of droplet was adjusted and the chamber was isolated with Parafilm. 

Beam shutter was set in OFF position and the whole setup was covered by Styrofoam and 

black fabric. Power meters were zero adjusted and the setup was left alone until the 

temperature difference between the droplet and surroundings was less than 0.2 degree, which 

indicated that the humidity inside the chamber was stabilized. Then the laser was turned on 

and after 2 minutes the measurement by thermographic camera and power meters started. 

Initial 30 s were “dark” measurement, then the shutter was removed and the sample was 

heated by laser irradiation. After 3 minutes, when the temperature of the droplet became 

stable, the laser was turned off, and sample was cooling down. After 7 minutes when 

temperature turned back into initial state, the measurements were stopped. All further data 

analysis was performed off-line.

We have made effort to make the system possibly reliable. We have resolved many 

experimental issues:
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1. We found out that various nanomaterials might have different contact angles, so the 

maximum droplet size may differs. It also may depend on surface charge of the pipette tip. 

The system has to include droplet position regulation (we have built simplified system which 

allows for that, but we recommend to use XYZ stage).

2. Droplet acts like a lens, so its position has to be fixed in the way that enables light 

transmission measurements throughout the exact Z-axis of the setup.

3. We found out, that our pipette itself is not tight enough to preserve droplet from retraction. 

To solve that, firstly we have tried to use solenoid valve, but it generated significant amount 

of heat which disrupted measurements. From that reason we have decided to use a mechanical 

valve (home-made one, commercially available ones should also work). We found out that the 

system is tight when all connections are filled with water.

4. Droplet is relatively small object (no more than 3 mm in diameter), so to register distinct 

picture of it, thermographic camera (FLIR T540) with a macro IR lens should be located close 

enough. Because the power supply electronics of the camera generates heat which through 

specular reflection from flat gall surfaces may affect the measurements, we have decided to 

use magnifying germanium lens (Ø=1”, F=50 mm, Thorlabs) with transmission matching the 

transmission of the TGC camera lens.

5. We have discovered that humidity plays significant role in temperature measurements, 

especially when the amount of sample is small: we have built a humidity chamber to 

minimize the evaporation. 

Power dependence of Au@SiO2 nanoparticles light-to-heat conversion efficiency 

The measurement of light-to-heat conversion efficiency as a function of laser power was 

carried out in the droplet system using originally synthesized NPs about 1.5 years after the 
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sample synthesis. Some changes were observed in samples properties (Figure S1) such as: 

smoothing of the peak at approx. 600 nm, reduced scattering (these changes are probably due 

to sedimentation of synthesis residues or aggregates on the bottom of the sample) and a 

relatively higher peak height corresponding to the maximum of plasmon resonance (which 

could be caused by sample evaporation). During experiments (Figure S2) the temperature 

increased by no more than 9 °C above room temperature for pump laser power in the 9 to 

118 mW range. The obtained results display very similar values, which stay within 

measurement accuracy and neither a rising nor falling trend could be observed. High standard 

deviations for several points are mainly caused by the dispersion of droplet sizes, which was 

monitored during the experiments with the calibrated thermographic camera.

Figure S1. Absorption spectra of the sample used for power dependent ηQ experiment: 
original and freshly measured (dark purple) and 1.5 years old (light pink) samples.
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Figure S2. Dependence of the light-to-heat conversion efficiency on self-generated 
temperature for the Au@SiO2 sample. The error bars show standard deviation calculated from 
at least 3 measurements.
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Figure S3. Heating and cooling curves of diluted Au@SiO2 sample: laser power: 116.9 mW, 
sample absorbance: 0.054, sample mass: 10.8 μg
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Figure S4. Droplet experimental setup photography
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Table S1. Experimental parameters

Experiments in cuvette:

Main parameters Thermovision 
parameters

Type of excitation Continuous wave Emissivity (-) 0.90 / 0.96
Laser power (mW) ~200 Camera angle (°) 7
Power density ( ) ~1.6 Distance (m) 0.2
Laser contact surface 

(mm2)
~12.6 

(FWHM=4mm)
Humidity (%)
(laboratory) ~50

Q0 ( ) 0 Air temperature (°C) 23

Csample ( ) 4190 Reflected 
temperature (°C) 23

Droplet experiment:

Main parameters Thermovision 
parameters

Type of excitation Continuous wave Emissivity (-) 0.9
Laser power (mW) ~115 Camera angle (°) 0

Density power ( ) 235 Distance (m) 0.1
Laser contact surface 

(mm2) 0.049 Humidity (%)
(chamber) ~80

Q0 ( ) 0 Air temperature (°C) 23

Csample ( ) 4190 Reflected 
temperature (°C) 23
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Table S2 Detailed data of experiments performed in cuvette, the ± values are standard deviation of the obtained results.

Exp. dT Abs [-] I [mW] Tau 
decay

 [s]

Tau 
rise 
[s]

Sample 
mass 

[g]

a 
(Wang)

Efficiency – Roper 
(m=mass of 

sample + stirrer 
bar if used)

Effective 
mass of the 
cuvette [g]

Efficiency – Wang 
(effective mass)

Side 1 4.62 0.417 198.9 613.5 579.8 2.02 0.00808 51.8 77.8
Side 2 4.65 0.417 197.6 617.3 558.6 2.00 0.00842 51.7 81.0
Side 3 4.56 0.417 197.1 632.9 551.9 1.98 0.00830 49.0

50.8
± 1.6

4.42
± 0.25

79.5

79.4
± 1.7

Top 1 5.87 0.421 199.7 591.7 545.7 2.01 0.01088 67.3 66.3
Top 2 5.98 0.421 199.9 584.8 544.9 1.97 0.01111 67.9 66.2
Top 3 6.04 0.421 198.6 588.2 568.0 1.94 0.01067 67.5

67.6
± 0.4

-1.16
± 0.77

62.9

65.1
± 2.0

Side Stirring 1 4.83 0.402 201.0 574.7 598.6 2.01 0.00808 59.8 78.5
Side Stirring 2 4.67 0.402 200.4 581.4 552.7 2.01 0.00846 57.3 82.4
Side Stirring 3 4.70 0.402 203.9 595.2 561.8 2.01 0.00842 55.3

57.5
± 2.3

4.08
± 1.05

80.6

80.5
± 2.0

Top Stirring 1 5.08 0.421 201.2 546.4 512.6 2.01 0.00999 64.2 80.9
Top Stirring 2 4.96 0.421 197.2 549.5 506.3 1.99 0.00985 63.1 80.6
Top Stirring 3 4.99 0.421 197.7 552.5 505.7 1.96 0.00996 62.0

63.1
± 1.2

2.02
± 0.36

80.3

80.6
± 0.3
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Table S3. Detailed results of Wang’s effective mass calibration experiment. For all experiments the same cuvette (6.5g) has been used. Values of 

specific heat capacity included in calculations were: c (H2O)= 4180  ; c (quartz glass) = 729 ; c (PCV - tape) = 1172 . Resistance 

was evaluated as a product of voltage and current minus input wire resistance, ± values are standard deviation of obtained results.

Exp. I [A] R [ohm] P = RI2 
[W]

Sample 
mass 

[g]

Tape 
mass 

[g]

Stirrer 
bar 

mass 
[g]

a 
(Wang)

Effective mass 
of the cuvette 

[g]

Effective mass 
of the cuvette 

[g]

Side 1 0.32 0.35863 0.03672 2.020 0.171 0 0.00312 4.26
Side 2 0.69 0.35749 0.17020 2.001 0.171 0 0.01437 4.47
Side 3 1.00 0.36300 0.36300 2.018 0.171 0 0.03098 4.20
Side 4 0.50 0.36900 0.09225 2.013 0.171 0 0.00763 4.74

4.42
± 0.25

Side Stirring 1 1.01 0.36280 0.37009 2.016 0.171 0.197 0.03033 4.56
Side Stirring 2 0.50 0.37100 0.09275 2.009 0 0.197 0.00747 5.17
Side Stirring 3 0.67 0.36987 0.16603 2.008 0.171 0.197 0.01468 3.38
Side Stirring 4 0.50 0.36900 0.09225 2.014 0.171 0.197 0.00775 4.16
Side Stirring 5 0.36 0.38744 0.05021 2.025 0.168 0.197 0.00403 4.85
Side Stirring 6 0.35 0.39014 0.04779 2.012 0.168 0.197 0.00452 2.35

4.08
± 1.05

Top Stirring 1 0.93 0.38816 0.33572 2.012 0 0.197 0.03204 2.49
Top Stirring 2 0.99 0.38138 0.37379 2.008 0 0.197 0.03672 2.11
Top Stirring 3 0.68 0.39153 0.18104 2.013 0 0.197 0.01823 1.74
Top Stirring 4 0.51 0.39006 0.10145 2.019 0 0.197 0.00990 2.14
Top Stirring 5 0.38 0.38774 0.05599 2.013 0 0.197 0.00569 1.61

2.02
± 0.36

Top 1 0.91 0.38586 0.31953 2.006 0 0 0.04502 -1.79
Top 2 0.50 0.37500 0.09375 2.008 0 0 0.01156 -0.42
Top 3 0.66 0.38694 0.16855 1.998 0 0 0.02266 -1.28
Top 4 0.35 0.38586 0.04727 2.008 0 0 0.00679 -1.99
Top 5 0.98 0.38178 0.36666 1.998 0 0 0.04508 -0.33

-1.16
± 0.77
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Table S4. Detailed data of experiment performed in droplet setup; the ± values are standard 
deviation of the obtained results.

Exp. dT Abs [-] I 
[mW]

Tau 
decay 

[s]

Tau 
rise 
[s]

Sample 
mass 
[μg]

a 
(Wang)

Efficiency 
– Wang 

[%]

Efficiency 
– Roper 

[%]
Drop 1 8.41 0.167 115.6 21.2 17.0 13.7 0.493 85.9 69.3
Drop 2 8.86 0.180 117.5 21.1 17.4 14.1 0.509 83.1 68.5
Drop 3 8.62 0.175 117.2 21.5 17.5 14.4 0.492 80.4 65.6
Drop 4 8.44 0.182 113.3 21.6 18.4 14.4 0.456 76.7 65.7
Drop 5 8.66 0.182 118.0 21.8 17.8 14.1 0.484 79.5 65.1

mean 8.60
±0.19

0.177
±0.007

116.3
±2.0

21.4
±0.3

17.6
±0.6

14.1
±0.3

0.487
±0.020

81.1
±3.6

66.8
±2.0
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Elaboration of experimental errors on calculations of light to heat conversion efficiency 

in the droplet configuration

Equation (6), which is used to determine light-to-heat conversion efficiency, was 

supplemented with Q0 - heat flow induced by absorption of light by solvent:

       (S1)

The measurement error was estimated using the total differential method:

(S2)

(S3)

    (S4)

(S5)

  (S6)

(S7)

The uncertainty of determination of the components of the equation was estimated based on 

the following considerations:

  – standard error from fitting curve (  plus uncertainty of temperature 

determination (Equation S9); Equation S8 was transformed into a form:

(S8)

(S9)

Here, also time of conducting experiment is included, meaning for t heading to 

infinity, the temperature difference should be established with greatest accuracy, but it 

is reasonable to conduct measurement by up to 4τ = 4/b, to minimize its impact. 
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(S10)

     (S11)

          (S12)

Due to the high temporal resolution (  = 0.03s), this part of equation could be also 

neglected.

     (S13)


     (S14)


(S15)

  (S16)

 =0,03*I

Measurement error of laser power is mostly governed by the optical power meter 

accuracy (3%).

  – Absorbance measurement error

From Lambert-Beer’s law:

(S17)

where Iw and Is are light transmission of water and sample,

(S18)

Estimating the experimental parameters

 Q0 = 0  

We did not observe heating of water while irradiating with a 532 nm beam

  
Estimated resolution of determining the mass of droplet by thermal imaging camera 
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visualization with improved edge determination (fitting the droplet edge data with a 

logistic curve)

  = 0.1 ⁰C

Estimated resolution of temperature differential measurements by thermal imaging 

camera with improved accuracy (artefacts eliminated by subtracting the background 

signal) 

%

The analysis of errors, shows that the precision of the drop weight estimation based on its 

image has the greatest impact on the precision of the droplet volume determination. The 

reason for such a high value is the fact that the end of the tip with a diameter of 0.9 + 0.1 mm 

is used as a scale for determining the drop volume. The accuracy of the measurement can be 

therefore increased by using an independent, more accurate scale placed in the field of view.

Chen’s model

Chen et al 1 firstly proposed an easy to reproduce experimental setup: a sample is in a 

spectrophotometric cuvette and the temperature of the sample is homogenous because of a use 

of a magnetic stirrer during experiments. Energy balance is the same as in equation (1), only 

the heat connected with solution was included in :

                            (S19)

In opposite to I from Roper’s model2, here I is a is the reflection-corrected laser power,  is a 

fraction of energy absorbed by surroundings (cuvette and water) and Aʎ is extinction value, 

Energy dissipated from the system was modeled by a Taylor series of ΔT:



15

                                        (S20)

B and C were evaluated from cooling data (when ), similarly than in Roper’s model,

    (S21)

Finally, light to heat conversion efficiency is:

                (S22)
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Table S5. Comparison of existing physical models
Roper 2 (cuvette) Richardson 3 (droplet) Wang 4 (cuvette + stirring 

+ “mass calibration”)

Standard setup 
description

Sample inside the sealed glass 
cell/cuvette

Droplet on the syringe Stirred sample inside the 
sealed glass cell/cuvette

Efficiency 
equation

Heat transfer 
processes 
included in 
model

Convection and conduction (no geometry 
included)

Convection of a sample Convection (spontaneous) 
and conduction 

Most 
important 
physical 
processes in 
the setup

Sample – convection

Glass – conduction

Glass-air – convection (eliminated when 
measured in a vacuum)

Sample – convection

Syringe – conduction

Sample – forced convection
Glass – conduction

Glass-air - convection

Additional 
problems

Geometry of a system is not included in 
the model

Evaporation of a sample Stirring not included in the 
model

(1) Chen, H.; Shao, L.; Ming, T.; Sun, Z.; Zhao, C.; Yang, B.; Wang, J. Understanding the 
Photothermal Conversion Efficiency of Gold Nanocrystals. Small 2010, 6 (20), 2272–
2280. https://doi.org/10.1002/smll.201001109.

(2) Roper, D. K.; Ahn, W.; Hoepfner, M. Microscale Heat Transfer Transduced by Surface 
Plasmon Resonant Gold Nanoparticles. J. Phys. Chem. C 2007, 111 (9), 3636–3641. 
https://doi.org/10.1021/jp064341w.

(3) Richardson, H. H.; Carlson, M. T.; Tandler, P. J.; Hernandez, P.; Govorov, A. O. 
Experimental and Theoretical Studies of Light-to-Heat Conversion and Collective 
Heating Effects in Metal Nanoparticle Solutions. Nano Lett. 2009, 9 (3), 1139–1146. 
https://doi.org/10.1021/nl8036905.

(4) Wang, X.; Li, G.; Ding, Y.; Sun, S. Understanding the Photothermal Effect of Gold 
Nanostars and Nanorods for Biomedical Applications. RSC Adv. 2014, 4 (57), 30375–
30383. https://doi.org/10.1039/C4RA02978J.
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(51) G01N 21/17 (2006.01) 
 G01K 11/00 (2006.01) 
 B01L 3/00 (2006.01)

(71) INSTYTUT NISKICH TEMPERATUR  
I BADAŃ STRUKTURALNYCH  
IM. WŁODZIMIERZA TRZEBIATOWSKIEGO  
POLSKIEJ AKADEMII NAUK, Wrocław

(72) PAŚCIAK AGNIESZKA; BEDNARKIEWICZ ARTUR; 
MARCINIAK ŁUKASZ

(54) Układ pomiarowy oraz sposób do wyznaczania 
sprawności konwersji światła z zakresu VIS i NIR 
na ciepło w nanomateriałach koloidalnych

(57) Przedmiotem zgłoszenia jest układ pomiarowy do pomia-
rów efektywności konwersji światła na ciepło w materiałach ko-
loidalnych posiadający układ optyczny zawierający źródło światła, 
układ soczewek do formowania skupionej wiązki światła, element 
półprzepuszczalny, miernik mocy optycznej wiązki światła, komorę 
z próbką formowaną do postaci kropli, miernik referencyjnej mocy 
optycznej i kamerę termowizyjną charakteryzujący się tym, że ko-
mora (10) ma umieszczony centralnie system dozowania próbki SD 
przyjmującej formę kropli (8) składający się z wymiennej końców-
ki (9), uchwytu XYZ (12), dozowników (14, 15) i zaworu (16), gdzie 
wymienna końcówka (9) połączona jest od góry z uchwytem 
XYZ (12), przy czym przestrzeń między komorą (10) a uchwytem 
XYZ (12) ma uszczelnienie (11) oraz w płaszczyźnie obrazowania 
kropli jest umieszczona skala (13), gdzie system dozowania próbki 
SD wytwarza krople o zadanej objętości i pozycji względem układu 
optycznego obejmującego elementy zgłoszenia od (1) do (7) i ka-
mery termowizyjnej (18). Przedmiotem zgłoszenia jest także spo-
sób pomiaru konwersji światła na ciepło realizowany przy pomocy 
wspomnianego układu pomiarowego.

(9 zastrzeżeń)
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 G01N 21/45 (2006.01)

(71) POLITECHNIKA GDAŃSKA, Gdańsk
(72) MAJCHROWICZ DARIA; WITYK PAWEŁ;  

SZCZERSKA MAŁGORZATA; LISTEWNIK PAULINA; 
TEREBIENIEC AGATA

(54) Zestaw do wykrywania wirusa SARS-CoV-2 i sposób 
funkcjonalizacji głowicy pomiarowej

(57) Przedmiotem wynalazku jest zestaw do wykrywania wirusa 
SARS-CoV-2 zawierający głowicę pomiarową sprzężoną z sprzęga-
czem światłowodowym, korzystnie jednomodowym, do którego 
na wejściu przyłączone jest źródło światła poprzez światłowód, 
korzystnie jednomodowy, a na wyjściu przyłączony jest układ de-
tekcji w postaci analizatora widma optycznego, a źródłem światła 
jest źródło szerokopasmowe o krótkiej drodze koherencji, charakte-
ryzujący się tym, że układ pomiarowy stanowi głowica pomiarowa 
będąca mikrosferą optyczną (5) ze sfunkcjonalizowaną powierzch-
nią, natomiast w głowicy pomiarowej (5) powierzchnie odbijające 
promieniowanie optyczne stanowią granice ośrodków: rdzeń (6) 
światłowodu zakończonego mikrosferą - płaszcz (7) światłowodu 
zakończonego mikrosferą oraz płaszcz (7) światłowodu zakończo-
nego mikrosferą - badane medium otaczające mikrosferę, gdzie ge-
nerowany jest sygnał interferencyjny. Przedmiotem wynalazku jest 
również sposób funkcjonalizacji głowicy pomiarowej, którą jest mi-
krosfera (5), charakteryzujący się tym, że mikrosfera (5) poddana jest 
kolejno chemisorpcji, utworzeniu warstwy SAM, dalej biotynylacji, 
w roztworze NHS-LC-biotyny w dimetylosulfotlenku (DMSO). W ko-
lejnym etapie mikrosferę (5) umieszcza się w roztworze białka S wi-
rusa SARS-CoV-2 znakowanego awidyną.

(2 zastrzeżenia)
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LISTEWNIK PAULINA; MAJCHROWICZ DARIA;  
WITYK PAWEŁ

(54) Zestaw do wykrywania wirusa SARS-CoV-2 i sposób 
funkcjonalizacji głowicy pomiarowej

(57) Przedmiotem wynalazku jest zestaw do wykrywania wirusa 
SARS-CoV-2 zawierający głowicę pomiarową sprzężoną z sprzęga-
czem światłowodowym, korzystnie jednomodowym, do którego 
na wejściu przyłączone jest źródło światła poprzez światłowód, 
korzystnie jednomodowy, a na wyjściu przyłączony jest układ de-
tekcji w postaci analizatora widma optycmego, a źródłem światła 
jest źródło szerokopasmowe o krótkiej drodze koherencji, charakte-
ryzujący się tym, że układ pomiarowy stanowi głowica pomiarowa 
interferometru Fabry-Perot (5) ze sfunkcjonalizowaną powierzchnią 
czoła światłowodu (4), natomiast w głowicy pomiarowej (5) po-
wierzchnie odbijające promieniowanie optyczne stanowią granice 
ośrodków: sfunkcjonalizowane czoło światłowodu (4) – badane me-
dium otaczające oraz badane medium otaczające - warstwa odbi-
jająca (8), którą jest lustro, gdzie generowany jest sygnał interferen-
cyjny. Przedmiotem wynalazku jest również sposób funkcjonalizacji 
głowicy pomiarowej, charakteryzujący się tym, że czoło światłowo-
du (4) poddane jest kolejno chemisorpcji, utworzeniu warstwy SAM, 
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ABSTRACT: Functional colloidal nanoparticles capable of
converting between various energy types are finding an increasing
number of applications. One of the relevant examples concerns
light-to-heat-converting colloidal nanoparticles that may be useful
for localized photothermal therapy of cancers. Unfortunately,
quantitative comparison and ranking of nanoheaters are not
straightforward as materials of different compositions and
structures have different photophysical and chemical properties
and may interact differently with the biological environment. In
terms of photophysical properties, the most relevant information to
rank these nanoheaters is the light-to-heat conversion efficiency,
which, along with information on the absorption capacity of the
material, can be used to directly compare materials. In this work,
we evaluate the light-to-heat conversion properties of 17 different nanoheaters belonging to different groups (plasmonic,
semiconductor, lanthanide-doped nanocrystals, carbon nanocrystals, and metal oxides). We conclude that the light-to-heat
conversion efficiency alone is not meaningful enough as many materials have similar conversion efficiencies�in the range of 80−
99%�while they significantly differ in their extinction coefficient. We therefore constructed their qualitative ranking based on the
external conversion efficiency, which takes into account the conventionally defined light-to-heat conversion efficiency and its
absorption capacity. This ranking demonstrated the differences between the samples more meaningfully. Among the studied systems,
the top-ranking materials were black porous silicon and CuS nanocrystals. These results allow us to select the most favorable
materials for photo-based theranostics and set a new standard in the characterization of nanoheaters.
KEYWORDS: photothermal conversion efficiency, nanoheaters, photothermal treatment, gold nanoparticles,
lanthanide-doped nanomaterials, porous silicon, semiconductor nanocrystals

1. INTRODUCTION
Photothermal conversion nanoparticles, referred to as nano-
heaters (NHs), allow one to increase the temperature of their
surroundings in a spatially localized and contactless manner,
which opens new opportunities in many areas. For example,
optical NHs can be applied in technology areas such as solar
light energy harvesting, photocatalysts or photoactuators,1 as
well as in biotechnology in the treatment of dentin
hypersensitivity2 or antibacterial therapy.3,4 Additionally,
NHs have shown great prospects in cancer photothermal
therapy (PTT),5 especially after the first report of the
successful application of NHs in clinical trials for the treatment
of prostate cancer.6 Depending on the temperature range, the
PTT takes advantage of the fact that, unlike healthy cells,
cancer cells are specifically more sensitive to overheating
beyond 41 °C (hyperthermia range), or the affected cells are
damaged by thermal ablation (temperatures above 48 °C).7

Despite the great interest and significant progress in the field
of optically stimulated heating nanomaterials, there are
numerous factors, materials, and methods to be optimized to
enable practical applications of PTT in clinics. First of all, as
for any nanomaterial-based therapeutic and diagnostic
approach, the NH’s cytotoxicity must be verified before it
could be considered for clinical trials.8−10 Also, NHs should
accumulate and reside in targeted tissues long enough to
enable conducting efficient therapy. Moreover, the suitable
NHs for PTT should ideally be biodegradable or excretable,
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which would ensure better biosafety.11 Moreover, the safety of
stimulus must be assured�in particular, a light dose and
appropriate wavelength must ensure safe and deep treatment.
For example, to overcome the absorption of water and tissue
components, the most appropriate approach is to select NHs
whose absorption lies in one of the biological spectral windows
(e.g., NIR-I: 700−980 nm, NIR-II: 1000−1400 nm).7 Among
them, the first biological window, NIR-I, is preferable due to
the significantly lower absorption of water at the PTT
photoexcitation wavelengths. From the photophysics and
materials science perspective, NHs should exhibit a high
absorption coefficient at the irradiation wavelength and high
light-to-heat conversion efficiency (i.e., internal light-to-heat
conversion efficiency; iHCE), which is defined as the capability
to convert the absorbed energy specifically into heat.
Moreover, their size should not exceed 200 nm to avoid
undesired effects, which might appear after injection, such as
thrombus, occlusions, or kidney blocks.12 Knowledge of these
physical parameters allows for an initial assessment of the
suitability of the material as a PTT NH before conducting
critical experiments on animals and clinical trials.

Different classes of NHs have been already proposed,
including organic (e.g., dyes,13−15 polymers16,17) and inorganic
systems. In the latter class, typical materials are plasmonic
nanoparticles (e.g., AuNPs,18−20 Ag NPs,21 Cu2−xS

22), semi-
conductors (e.g., quantum dots,23 silicon-based nanopar-
ticles,24 or titanium-based nanoparticles25), and lanthanide-
doped nanoparticles,26,27 along with carbon13,28,29 and metal
oxide11,30 NHs. Given the differences in their physicochemical
properties, there is an urgent need for a comparison of various
nanomaterials in view of their different morphologies, sizes,
surface chemistries as well as physical and chemical
compositions or properties such as iHCE.

iHCE conventionally determines how much of the absorbed
ultraviolet, visible, or near-infrared (UV/vis/NIR) radiation
will be converted into heat. Typically, Roper’s model is used
for that purpose, which is based on the spontaneous cooling
profile.31 However, in our previous work,32 we proved that the
analysis of the heating profile (Wang’s model20) leads to more
consistent results for various measurement configurations. In
Wang’s model, in the case of negligible heating of the solvent,
the iHCE is determined from the equation

a m C

P
iHCE

(1 10 )
i p i,

A=
· ·

· (1)

where ∑mi·Cp,i is a sum of the product of the effective mass
and heat capacity of sample and experimental system
components, P[W] is the power of the laser beam illuminating
the sample, and Aλ is the absorbance of the sample. The
parameter a[K/s] describes how the temperature of a sample
changes per unit time under the influence of absorbed energy,
and the parameter b[1/s] is the rate constant. These
parameters are determined by fitting the growing part of the
heating−cooling kinetic profiles with the equation

T t T
a
b

e( ) 1 bt
0= + [ ]

(2)

Because iHCE is often determined with arbitrary and not
justified assumptions (e.g., considering the mass of a sample
holder instead of the effective mass of the NH), which leads to
disparate results for the same material,32 it is necessary to be
able to qualitatively compare the available materials using a

standardized method. We demonstrated that the droplet-based
measuring system not only requires a small amount of sample
but also offers time-efficient measurement unlike most other
conventional systems. Using the setup and methods developed
previously,32 in this work, we performed a systematic and
quantitative comparison of colloidal, light-to-heat-converting
NHs belonging to different classes aiming to rank them
according to their iHCE. It must be clearly stated that these
various NHs convert the delivered photoexcitation energy to
heat, exploiting various physical mechanisms (discussed in
Section 3). In particular, we have examined various classes of
NH colloidal nanoparticles:

(i) Plasmonic: gold nanorods (AuNRs) and copper sulfide
coated by glutathione (CuS@GSH) and by citrate
(CuS@cit);

(ii) Lanthanide-doped nanoparticles: Nd, Nd/Sm, and Nd/
Dy codoped NaYF4 nanoparticles;

(iii) Semiconductor: silver sulfide NHs covered by poly-
ethylene glycol (Ag2S@PEG), dithiolated diethylenetri-
amine pentaacetic acid (Ag2S@DTDTPA), mercaptoun-
decanoic acid (Ag2S@MUA), Ag-Ag2S dimers, and black
porous silicon (BPSi);

(iv) Carbon: carbon dots (CDs); and
(v) Metal oxide: maghemite γ-Fe2O3 and maghemite

nanoflowers decorated with gold nanoparticles Au: γ-
Fe2O3-Au.

In the course of the study, we realized that the iHCE, which
is an internal heating efficiency, is not sufficient to rank the NH
materials for practical applications in PTT. Therefore, an
external heating efficiency (eHCE) figure of merit was
proposed, similar to the brightness in photoluminescence
metrology. Moreover, to understand which factors can affect
the efficiency of light-to-heat conversion for selected NHs, we
examined different coatings and codoping in the case of rare
earth ions. For materials with broad absorption bands, we have
systematically determined how the iHCE and eHCE depend
on wavelength, which may enhance the understanding of their
physical properties and will also allow for optimal wavelength
selection for therapy purposes.

2. MATERIALS AND METHODS
2.1. Synthesis Procedures. Since an extensive range of materials

is presented in this paper, descriptions of the synthesis and a list of the
reactants used are included in the Supporting Information
(Descriptions S1 and S2).
2.2. Material Characterization. The morphology of the samples,

AuNRs, NaNdF4:Dy@PAA, and carbon dots, on the one hand, and
Ag2S, γ-Fe2O3, and of γ-Fe2O3-Au, on the other hand, was determined
by transmission electron microscopy (TEM), using a Philips CM-20
Super-Twin instrument operating at 160 kV and an FEI Tecnai Spirit
G2 instrument at an acceleration voltage of 120.0 kV, respectively.
Before the measurement, samples were diluted with a suitable solvent
and dispersed in an ultrasonic bath; then, a droplet of the suspension
was deposited on a copper grid coated with a carbon film. BPSi was
imaged with high-resolution transmission electron microscopy (HR-
TEM) (JEOL JEM2100F). The morphologies of samples CuS and
Ag-Ag2S were investigated using a transmission electron microscope
(TEM, JEOL JEM1400 Flash) operating at 100 kV. For TEM
observations, the particles were precipitated with isopropanol
(iPrOH), recovered by means of centrifugation (30,000g for 20 min
at 4 °C), and washed once with a mixture of water and iPrOH, before
being redispersed in water.

Powder diffraction data of AuNRs, NaNdF4:Dy@PAA, and C-dots
were collected on an X’Pert PRO X-ray diffractometer equipped with
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a PIXcel ultrafast line detector, a focusing mirror, and soller slits for
Cu Kα radiation. The XRD profiles of BPSi and γ-Fe2O3 were
measured using Cu Kα radiation on a Bruker D8 Advance; in the case
of BPSi, measurements were performed with a zero-background
sample holder. For Ag2S diffractometer Bruker D8 discover equipped
with a EIGER2 R 500K 2D detector was used. For CuS and Ag-Ag2S
nanoparticles, X-ray powder diffraction (XRPD) measurements were
performed on a Rigaku D/max-γB diffractometer working in the
Bragg−Brentano geometry (θ−2θ) with a step of 0.03° in the 20−60°
range. A filtered Cu Kα radiation (λ = 1.5418 Å) was used.

Absorption spectra were obtained in the transmission mode using a
Cary Varian 5E UV−vis−NIR spectrometer. In the UV region and the
vis/NIR region, a deuterium and a halogen lamp were, respectively,
used as excitation sources. In the UV and visible ranges, the R928
photomultiplier was used as a detector, and a cooled PbS detector was
used for the NIR region. For CuS and Ag-Ag2S nanoparticles, optical
extinction spectra were recorded at room temperature with a UV−
vis−NIR spectrophotometer (Perkin Elmer Lambda1050) using a 3
nm step.

Sample concentration was estimated by synthesis conditions when
it was possible (in the case of Ln3+-doped materials, CDs, CuS, γ-
Fe2O3-Au), by redox titration of Fe3+ using Cr2O7

2− for γ-Fe2O3, or by
evaporating and weighing the material (AuNRs, BPSi, Ag2S, Ag-
Ag2S).

2.2.1. Light-to-Heat Conversion Efficiency Measurements:
Procedure. The iHCE (calculated as will be defined in chapter 2.3)
was evaluated in a miniaturized setup,32 shown schematically in
Figure 1a, which requires only approximately 10 μL of sample.
Droplet (Figure 1b,d) volumes within different experiments were
typically within the 12−15 μL range and were smaller (6−9 μL) if the
surface tension of the sample was less than that of water. However,
within one experiment, care was taken to ensure that the difference
between the volume of the sample droplet and the volume of the
water droplet (reference) was less than 0.5 μL. The photoexcitation
beam spot diameter was approximately 1 mm2, and the optical path
(droplet diameter) was up to 3 mm. The following continuous-wave
laser diodes were used (all from Changchun New Industries

Optoelectronics Technology Co., Ltd.): 400 nm (100 mW), 445
nm (1.5 W), 532 nm (1 W), 668 nm (1 W), 793 nm (3 W), 808 nm
(2 W), 940 nm (2 W), 980 nm (10 W), and 1060 nm (2 W). The
kinetic, time-resolved temperature profiles were registered by a
thermographic camera (FLIR T540, accuracy ±0.5 °C with a
reference, thermal sensitivity <40 mK, 24° @ 30 °C). Optical
power behind the sample and the reference power were evaluated
with two power meters (photodiode S120C head and PM100USB
power meter, Thorlabs). The radiation power was 90 mW or less
(above 40 mW) for wavelengths >900 nm to minimize overheating of
the water in this range. Samples were diluted to obtain a temperature
rise in the 1−5 °C range. The selected power is an experimentally
determined optimum value (see Figure S1: power dependence of
internal HCE and eHCE). The 120 mW and higher illumination
power iHCEs are poorly reproducible (due to the dilution of the
sample causing small and hard-to-determine absorbance value), while
measurements at lower powers mean that the sample must be
concentrated, which may affect the droplet density and result in the
inability to maintain a stable droplet at the tip.

Measurements were conducted in a humidity chamber to minimize
evaporation of the droplet. The humidity was found to be critically
important to keep the volume of the droplet constant over ca. 8 min
of experiment under laser illumination and heat generation. To prove
it, we conducted an experiment in which we illuminated water drops
of the same volume with a 980 nm laser beam at 90 mW for a time
corresponding to standard measurements, but one measurement was
carried out in a humidity chamber and the other in the external
humidity conditions of the laboratory room (about 65%). In the first
case, the droplet shrunk by less than 2%, while in the second case, the
droplet volume was 7% lower at the end of the experiment. In
addition, at low humidity, the temperature of the droplet (visualized
by a thermal imaging camera) is lower than the ambient temperature,
which is due to its evaporation and can lead to an incorrect
temperature reading and ultimately to incorrect result evaluations
(Figure S2).

The procedure of setup alignment and droplet formation has been
described in our previous report.32 Briefly, the droplet was formed,

Figure 1. Schematic setup and methodology for measuring the efficiency of light-to-heat conversion of colloidal nanomaterials. (a) Experimental
“droplet” setup (PM, power meter; TGC, thermographic camera). (b) Photography of a typical droplet irradiated by a 668 nm laser beam. (c)
Exemplary data analysis. The graph above shows the optical power behind a drop of sample (Is) or water IHd2O and the reference power (Iref)
measured simultaneously. The temperature rise (graph below) in the sample (Ts) water colloid and the solvent itself (TH2O) must be known to
evaluate the light-to-heat conversion efficiency. (d) Typical image of a droplet during heating; a scale is visible above the droplet�elements with a
measured distance of 6.1 mm.
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positioned, and photographed on a contrasting background to
precisely determine its size. Afterward, it was sealed inside a humidity
chamber and left to stabilize its temperature for 5 min.
Simultaneously, the laser was turned on to stabilize, but the beam
was still blocked. Then, recordings by a thermographic camera and
power meters were started. After 30 s, the laser beam was uncovered
and the heating profile was registered during 2 min (Figure 1c). Then,
the laser was turned off and the cooling curve profile was registered
for up to 3 min. At the end of the recording of the thermal transient,
an additional photograph was acquired to confirm the initial
measurement of the droplet size.

2.2.2. Data Analysis. The droplet size was determined from
thermographic camera data in thermographic camera FLIR Tools
software: the number of pixels forming a drop was determined by
home-made software (i.e., height and variable diameter), and based
on the scale bar (visible in the field of view), the real droplet volume
was calculated. The temperature was averaged from the whole
available droplet surface excluding edges (pixels in the temperature
range between the real temperature of the droplet and the
temperature of the background). Since the inherent thermographic
camera accuracy is 2 °C, we made efforts to improve this value by
concurrently taking the reference measurement of a background,
which remained at a constant temperature. We have subtracted this
reference value, captured on the same picture, to minimize artifacts
originating from the electronic noise of the camera. As we have
verified, this operation allowed one to increase the accuracy of the
temperature measurement with the thermal imaging camera to less
than about 0.5 °C. Data from FLIR Tools and Thorlabs optical power
meters were exported and then analyzed in Origin 2019 software. A
similar example of data analysis using Microsoft Excel and ImageJ
software is shown in the Supporting file.
2.3. Methodology of Light-to-Heat Conversion Efficiency

Evaluation. The calculations were performed based on the Wang
model20 under the assumption that in a droplet system the effective
mass of the system was the mass of the droplet (it has been shown
that results obtained in this way correspond to the results of
measurements in a cuvette with an independently determined
effective mass).32 When the heating of the solvent is not negligible,
it is necessary to subtract the associated term (Q̇0). If the heat from

heating the solvent itself is not subtracted, the efficiency in that case
could exceed 100%, since the denominator of eq 1 takes into account
the absorbance, which is measured with a water reference. Because of
this consideration, we have calculated the iHCE from the following
equation

a m C Q
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a a m C
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( )

(1 10 )
p s pd ,d 0

A
0 d ,d

A=
· ·

=
· ·

(3)

The parameters a0 and as were both evaluated in the same way from
the heating profile of the sample and the solvent, respectively, whereas
the mass of the droplets of the dispersion or the solvent alone was
considered equal. Care was taken to obtain the solvent droplets as
close in size as possible to the sample drops.

The iHCE, by itself, does not give information on how much of the
supplied energy was converted into heat (i.e., external conversion
efficiency) but provides information on only how much of the
absorbed energy has been converted into heat (i.e., internal
conversion efficiency). Laser radiation can not only be absorbed but
also be scattered, reflected, or refracted by the material. In laboratory
practice, the extinction coefficient is used, which is the sum of the
absorption and scattering coefficients

abs sca= + (4)

If the scattering coefficient of the material has a large contribution,
this introduces an additional error that results in a reduction of the
calculated iHCE. The photons that are actually scattered could be
erroneously included, while only the absorbed ones should be
considered. Second, the light energy absorbed by some materials can
be naturally emitted as photons. The presence of a finite value of
photoluminescence quantum yield (PLQY) intrinsically limits the
capability of the material to convert absorbed photons into heat.
However, from a practical point of view, it is also necessary to
consider the absorption properties to determine the required material
concentration and to select the radiation dose. For this reason, we
propose a new efficiency measure for NHs, external HCE, which takes
into account both the iHCE determined so far and the mass
absorption coefficient a, which allows for quantitative characterization

Figure 2. Mechanisms of heat generation and absorption spectra in different classes of NHs. (a) Localized surface plasmon resonance in plasmonic
NHs. (b) Absorption spectra of gold nanospheres and gold nanorods. (c) Cross-relaxation in Nd3+ ions, which is the heat generation explanation
for Nd3+ ions. (d) Absorption spectra of NaNdF4, NaDyF4, and NaSmF4 nanoparticles dispersed in chloroform. (e) Mechanism of heat generation
in semiconductors. (f) Absorption spectra of semiconductor nanocrystals investigated in this study.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c08013
ACS Appl. Mater. Interfaces 2022, 14, 33555−33566

33558

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c08013/suppl_file/am2c08013_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08013?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08013?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08013?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08013?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c08013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of the material. eHCE represents how much of the incident pump
power is transformed into heat.

aeHCE HCE= · (5)

The mass absorption coefficient can be determined from Lambert−
Beer’s law written in the mass form

a
A

L
=

(6)

where Aλ is the absorbance at a given wavelength, ρ is the mass
concentration (mg/mL), and L is the optical path (cm). The
absorbed pump power could be underestimated for highly scattering
samples, which however we were avoiding by proper surface
modifications (to form stable colloids). We chose the mass coefficient
instead of the molar coefficient because in the case of nanoparticles,
the accurate determination of the molar concentration is challenging
due to the presence of a finite size distribution and possible
inhomogeneity in the particle composition (as is the case for the Ag-
Ag2S dimers herein studied). Moreover, when biomedical applications
such as PTT are sought after, mass concentrations are usually
preferred over molar ones.

3. LIGHT-TO-HEAT CONVERSION MECHANISMS
The most common mechanism of light-to-heat conversion
relies on multiphonon relaxation of the excited states (Figure
2). After irradiation of the material, excitation from the ground
state to the excited state occurs, which is followed by relaxation
via internal conversion and vibrational relaxation to the lowest
excited singlet state (for organic molecules), valence band (in
semiconductors), or ground state (in lanthanides). This former
mechanism may be preceded by singlet → triplet energy
intersystem crossing or energy/charge exchange, which are
competitive to radiative processes responsible for the
reemission of the delivered energy in the form of photons.
There is also a possibility of heat generation via the surface
plasmon resonance process, which is typical for metallic NHs.

Plasmonic NHs are generally metallic nanomaterials that
convert electromagnetic energy into heat through the surface
plasmon resonance process. More specifically, heating is
caused by a joule dissipation of oscillating electrons (Figure
2a). Surface plasmon resonance depends on the size and
morphology of the nanoparticles.18,20,33 These differences are
evident in the extinction spectra; for example, gold nano-
particles in the form of nanospheres have one absorption peak
between 500 and 600 nm, whereas for larger nanoparticles, the
maximum is red-shifted.33 Position of the peak far from NIR-I
makes it of limited use in photothermal therapy. In contrast,
gold nanorods have two absorption peaks (Figure 2b), one in a
similar range as nanospheres, corresponding to the transverse
mode, and a second, stronger absorption peak located in the
near-infrared, corresponding to the longitudinal mode. Gold
NHs in other shapes, such as nanostars, nanoshells,
bipyramids, hexapods, and others, have also been designed to
achieve absorption in a different range or to improve the
iHCE.34 It was demonstrated that the efficiency is higher for
nanorods than for nanostars20 and that the iHCE decreases
with increasing nanoparticle size, which can be explained by
the increased scattering of incident photons on these
nanostructures. Lindley and Zhang have shown that smooth
hollow gold nanospheres show a slightly higher efficiency than
bumpy ones.18 In addition to gold and silver NHs, Cu2−xSs,22

despite being semiconductors, also exhibit plasmonic proper-
ties due to free charge carriers. However, in this case, in place
of free electrons in the conduction band, free vacancies occur
at the top of the valence band. The plasmonic materials we

have included in our study are AuNRs, CuS@GSH, and CuS@
cit.

Lanthanide-ion-doped NHs have been primarily exploited
for bioimaging and luminescence thermometry due to their
rich energy-level diagrams, nonblinking and nonbleaching
luminescence, long luminescence lifetimes, and narrowband
absorption (Figure 2d) and emission, but they also show some
promise for heat generation.35−40 Lanthanide-doped nano-
crystals in general show high stability and low toxicity and can
be easily functionalized;35 however, their absorption cross
section is typically low, and because of that, it is debatable if
they are suitable for PTT. Strategies to address the issues
related to poor absorption cross sections by, e.g., conjugating
them to “antennas” (plasmonic, dyes, etc.) are still under
development.41 An important example of materials that meet
the requirements necessary in biomedicine is NHs doped with
neodymium ions.36,37 The advantageous feature of this ion is
the location of its excitation band in NIR-I (i.e., ∼808 nm) and
emission in both NIR-I and NIR-II (ca. 860, 1060, and 1300
nm). Pioneering work in the use of neodymium-doped
nanomaterial not only as an excellent emitter but also as an
NH was performed in 2010 by Bednarkiewicz et al.36 On the
other hand, the first team to use neodymium for ex vivo studies
was Rocha et al. in 2014.38 Since then, many attempts have
been made to use rare-earth-doped nanocrystals as heaters,
including studies on animals.39,42−44 In the case of the Nd3+

ion, the mechanism causing heat generation is the concen-
tration quenching of {4F3/2, 4I9/2} ↔ {4I15/2, 4I15/2} through
cross-relaxation transitions and through a subsequent series of
nonradiative multiphonon depopulation steps of higher excited
states (Figure 2c).40 This mechanism is probably responsible
for the conversion of light to heat in the NaYF4-based materials
we studied.

For semiconductor nanocrystals, heat generation is due to
the nonradiative recombination of free electrons and holes
(Figure 2e)45 and intraband nonradiative deexcitations. For
NHs in the quantum dot regime, absorption and emission
strictly depend on NH size, which is due to the quantum
confinement.46 Even though quantum dots have a good long-
term photostability and chemical stability,23 some of them
display photoblinking and certain compositions can be
cytotoxic.10 In this work, we study Ag2S, which is in the
quantum dot regime. However, the biosafety risks could be
reduced by surface passivation and its biofunctionalization47 or
by selecting Pb- or Cd-free compositions (e.g., CuInS2, Ag2S,
etc.). Among the semiconductors, porous silicon deserves
special attention because silicon is commonly found in tissues
as a trace element and is present in, e.g., drinking water; thus, it
can be simply absorbed and excreted safely.48 Moreover,
porous silicon has a large specific area and its surface could be
easily biofunctionalized40 for drug loading and biotargeting.49

Herein, we included black porous silicon for which the
proposed heat conversion mechanism is nonradiative carrier
recombination.50

Carbon NHs are used primarily in solar energy applications.
For photothermal therapy, carbon dots (CDs) deserve special
attention due to their small size; moreover, CDs are
characterized by their easy surface functionalization and good
dispersibility and, importantly, for their biomedical applica-
tions, low toxicity, and good biocompatibility.51 Due to the
numerous mobile π-electrons, strong electron−electron
scattering and weak electron−phonon interactions occur. It
was speculated that π-electrons act similarly to the free
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electrons in metallic nanoclusters rather than semiconductor
QDs.52 However, CDs typically have absorption in the UV/vis
range, and research is ongoing to develop techniques to shift
the absorption toward the NIR. In our research, we included
conventional CDs absorbing in UV and vis ranges.

Among the various metal oxide nanoparticles, those based
on iron oxides are the most widely used for numerous
applications. Iron oxide NHs are primarily known for their
ability to generate heat under magnetic field stimulation,
making them suitable for use in magnetic hyperthermia.
However, these materials also exhibit high absorption
capacities, making their use in photothermal therapy possible.
Moreover, it has been shown that the therapy with optical
excitation leads to better results for iron oxides, magnetite and
maghemite.53 There have also been reports of successful
combinations of these two therapies, which synergistically
improved the effectiveness of the therapy.30 Iron oxide NHs
are characterized by good biocompatibility and biodegrad-
ability.54 For these NHs, the heat generation mechanism is not
yet well understood.55 Among the investigated NHs, the γ-
Fe2O3-Au and γ-Fe2O3 belong to this group.

To quantitatively compare various colloidal nanoparticles for
their suitability in PTT, we versatilely characterized their
structural and spectroscopic properties and finally exploited a
single optimized optical setup to measure iHCE.32 Herein,
iHCE and eHCE results obtained for each material and their
wavelength dependence are presented, and the best NHs are
discussed.

4. RESULTS AND DISCUSSION
4.1. Results by Materials. Plasmonic NHs are one of the

most well-studied classes of NHs. We have determined the
iHCE of 28.8 nm × 8.0 nm gold nanorods to be close to 100%
(Figure 3 and Table S1) at 794 nm, which is similar to 94% for
63.8 nm × 24.5 nm nanorods measured by Wang et al.20

AuNRs can therefore be regarded as one of the most effective
light-to-heat-converting materials. Although for 532 and 794
nm the measured iHCE values exceed 100%, the material was

stabilized by CTAB, which increased the viscosity of the
sample and thus the droplet size needed to be reduced, which
increased the measurement error. The different viscosity can
affect the geometrical properties of the droplet, which
translates into a change in optical properties and hence
possibly introducing additional systematic error. To minimize
this impact, the sample was diluted and a water droplet with a
matching optical path was chosen as a reference.

For ca. 7−9 nm round-shaped CuS samples, which feature
plasmonic properties similar to those of AuNRs, close to 100%
iHCE was obtained. To understand whether the type of
coating affects the iHCE, CuS coated with glutathione and
citrate ions was studied at different excitation wavelengths. No
significant difference between samples covered with gluta-
thione and citrate was observed in the vis and NIR ranges,
which is in agreement with the result obtained by Marin et al.
at 806 nm.22 Although the exact iHCE values differ (94−100
vs 71%), the discrepancy may be caused by varying
assumptions about the effective mass of the measurement
system, as well as differences in the optical path, since in the
case of drops the optical path is shorter and therefore the
influence of scattering is reduced.22

In our research on lanthanide NHs, we focused on the Nd3+

ion due to its well-understood and easily controllable
photophysical properties of nanomaterials based on such an
ion. Although neodymium-containing materials have already
been published by many authors, the obtained results in the
efficiency of converting light to heat have either not been
quantified or simply significantly differ between different
studies, from 944 to 85%56 (see Table S2). As shown in the
literature, the efficiency can be influenced by the size of the
nanoparticle as well as the thickness and the type of coating,56

and these also differ in various studies. The effect of coating is
important because it functions as a thermal impedance.57 Our
results show an iHCE of 74% for the NaNdF4 covered by PAA.
To further progress with the understanding and optimization
of Ln3+-doped nanoheaters, we hypothesized that adding
dysprosium or samarium ions could increase the iHCE because

Figure 3. Ranking of the nanoheaters studied in this work. (a) Light-to-heat conversion efficiency as a function of wavelength. (b) External light-to-
heat conversion efficiency as a function of wavelength.
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these ions have a dense ladder of energy levels through which
nonradiative relaxation could occur. To verify this hypothesis,
we conducted a series of measurements for NaNdF4 materials
doped with samarium and dysprosium ions (which were
replacing Nd3+ ions in the pristine composition), coated with
PAA for greater stability. As it turned out, the addition of a
dopant did not have a positive effect: on the contrary, it caused
a reduction in iHCE (Figure S3). The possible explanation is
that the presence of samarium or dysprosium introduces
additional energy diffusion that is unfavorable for heat
generation, which occurs through cross-relaxation. Further-
more, by increasing the amount of Sm3+/Dy3+ ions replacing
Nd3+, the Nd3+ ions are more distant from each other, reducing
the possibility of cross-relaxation between them. Moreover, if
the dopant replaces the dominant ion and does not absorb
itself at the radiation wavelength, it reduces the absorption
capacity of the NH designed in this way, which is undesirable.

Our results show that the attempt of adding a dopant instead
of Nd3+ ions did not allow increasing the iHCE above 80%.
This may partially explain the nonzero quantum yield, but it is
not a complete explanation, as for highly doped NHs (25%
Nd3+), it is less than 5%.58 Xu et al. recently showed that the
iHCE decreases as the size of the nanoparticle increases (due
to less surface quenching), and the effect is even more
pronounced as the size increases after applying an inert coating
due to better surface protection.56 However, the coating of the
PAA material was necessary to obtain the time-stable and
reproducible materials.

Ag2S nanoparticles are of increasing interest due to their
large absorption cross section (3.46 × 10−22 cm2 at 800 nm)
and iHCE of 93%, according to the literature (Ag2S with PEG
coating).59 In our work, we have investigated ca. 3−9 nm dot-
shaped Ag2S with different coatings: poly(ethylene glycol)
(PEG), dithiolated diethylenetriamine pentaacetic acid
(DTDTPA), mercaptoundecanoic acid (MUA), and Ag-Ag2S
dimers. We have observed that in all of these NHs, the iHCE is
higher than 75%. We observed that at 794 nm the excitation
iHCE is the highest for Ag2S@MUA and the lowest for Ag2S@
DTDTPA. This difference could be partially explained by
PLQY (Table S3): for Ag2S@DTDPTA, the highest (0.66%)
PLQY was observed. In addition, the coating can create
impedance and induce differences between the temperature of
the medium and the temperature of the nanoparticles;57 hence,
it can differentially affect the iHCE.

In our comparison, we include a representative of silicon
materials as well, i.e., BPSi, which has an irregular shape with a
diameter of around 190 nm (Figure S4). Similar conversion
efficiencies to those of Xu et al.24 at 806 nm (34% in the
mentioned work and 36% on our measurement system) were
obtained. We also proved that higher efficiencies could be
obtained for shorter wavelengths, which suggests that this
material can be useful in sunlight-based devices.1

To broaden the range of materials, we examined ca. 8 nm N-
doped CDs. Their absorption (Figure S5) allowed us to
measure iHCE only in the visible range. Our results have
shown iHCE close to 100%. If the material does not exhibit
luminescence and scatters poorly, a high (close to 100%)
iHCE can be expected. Typically, the PLQY of CDs is on the
order of a few percentage points60 unless special efforts (e.g.,
doping) are taken to improve it, so the preferable pathways are
nonradiative relaxations. Due to the large discrepancy in the
literature regarding the PLQY of CDs, and the observation that
our CDs also show some luminescence, we performed a PLQY

measurement (Figure S6) and obtained a PLQY of 3.2% for
445 nm excitation. This means that in this case it can be
assumed that almost all of the absorbed light energy is
converted into heat and the artifacts from scattering are
practically absent. An example of a work in which red light was
used to excite CD nanoparticles was demonstrated by Ge et
al.,61 who obtained 38.5% iHCE and demonstrated in vivo
studies on mice.62 Similarly, Geng et al. presented nitrogen and
oxygen codoped CDs with 38.3% iHCE at 808 nm.63 Higher
iHCE was obtained for supra-carbon nanodots: 52% for 732
nm and 53% for 808 nm.64

Our results for materials belonging to the iron oxide class
show that both spherical γ-Fe2O3 and maghemite nanoflowers
decorated with ultrasmall gold nanoparticles are characterized
by high (>80%) iHCE. Diverse iHCEs for iron oxide NHs
mentioned in the literature were obtained. Lozano-Pedraza et
al.55 presented that for iron oxides with a dominant maghemite
phase, the NH size (in the range of 9−18 nm) does not
significantly influence the iHCE, but different shapes result in
different iHCEs. In contrast, Sadat et al.65 showed a graph
presenting the size dependence of different Fe2O3 NHs, where
the iHCE decreased with the rise in NH size from ∼80% iHCE
for 10 nm NHs covered by PAA to ∼30% for ∼100 nm NHs
covered by PS to ∼18% for Fe2O3 beads.

A direct comparison of iHCE values with literature values is
difficult because, first, iHCE is not always determined as an
exact value and, second, when it is determined, it is often
influenced by factors such as the position of the temperature
sensor and assumptions considering the mass of the sample.32

Furthermore, previous literature results were often obtained for
other wavelengths and for materials that differ in morphology.
4.2. Selection of Therapeutic Wavelength. It is

preferable to perform PTT with absorption wavelengths falling
into the biological windows. The reason for this choice stems
from the lower absorption coefficient of water and of other
components of biological tissues. Moreover, reduced light
scattering occurs at longer wavelengths. Doing so, the light
penetration depth can be extended significantly as compared to
that achievable with shorter wavelengths. Usually, the
excitation wavelengths are selected also depending on the
NH absorption maxima because by using such wavelengths the
greatest part of the excitation light can be absorbed. This is
critically important for PTT because increasing the photo-
excitation intensity is not possible beyond the permitted light
dose exposure for a given tissue or skin; typically, under
normal conditions, a maximum excitation power density of 330
mW/cm2 is commonly accepted for tissue examination, but
values of up to 2 W/cm2 are used for PTT.9 However, apart
from the absorption capacity, it is also necessary to know the
iHCE, which, as we show for some materials, strongly depends
on the wavelength (Figure 3a).

The determination of such a correlation was only possible
for materials with a broad absorption band. Although only NIR
is primarily used for therapeutic purposes, knowing how
efficiently photons of different energies are converted to heat
can be useful also to understand the mechanisms of light-to-
heat conversion. The most glaring example is BPSi, for which
the iHCE is the highest at shorter wavelengths and follows a
similar trend of the absorption spectrum. Thus, although the
material converts absorbed ∼800 nm photons with iHCE close
to 35%, for visible light, the iHCE is almost doubled while the
absorption capability also increases. A similar effect was
observed for silicon nanoparticles by Regli et al.50 In that work,
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488, 514, and 647 nm photoexcitation wavelengths were
investigated and the iHCE decreased from 64 to 51%, which
was explained by carrier thermalization contribution to
photothermal effects. They also observed that photolumines-
cence intensity in this spectral range is higher at a longer
wavelength; however, in the case of BPSi, no luminescence was
observed.

In contrast, for the CuS, the iHCE as a function of
wavelength does not change significantly. For this NH particle
type, we can assume that the quantum yield is close to zero at
all explored wavelengths. Similarly, for Ag2S, Ag-Ag2S dimers,
AuNRs, γ-Fe2O3, and γ-Fe2O3-Au, no obvious wavelength
dependence was observed. Different results were presented on
the work on maghemite,55 which showed wavelength depend-
ence in the range of 700−1280 nm, and the iHCE almost
doubled at the longest wavelength; however, these results were
obtained for a material with different morphology and size.
There are very few publications illustrating iHCE as a function
of wavelength, while for materials that show no luminescence
and where the impact of scattering on the results is negligible,
we expect a constant value of iHCE.
4.3. Selection of the Most Effective Materials and

Further Perspectives. Selection of the best material is not a
trivial task. Although Figure 3a shows that for most materials
there is no wavelength dependence of iHCE, this is not always
the case and providing the iHCE value requires specifying at
which wavelength the value was determined. Moreover,
because of the wavelength dependence of the absorption
coefficient, eHCE is also strongly affected by the wavelength
(Figure 3b). In Figure 4, we decided to limit the presentation
of the iHCE and eHCE to 794 nm, which is generally
considered an optimal wavelength for PTT. The numerical
data are given in Table S1.

From the eHCE results (Figure 3b), it can be seen that the
vast majority of the materials studied shows the best properties
for shorter wavelengths, in the visible range. This observation
defines the first challenge for NHs dedicated to PTT, namely,
to design new materials that provide a sufficiently high
absorption coefficient for the NIR-I. Furthermore, as the
wavelength increases, the absorption of water also increases,
making heating no longer selective. The evidence for this may
be the heating of a water droplet at the same power, which is
negligible in the first optical window and significant above 900
nm (Figure S7). This obstacle defined the next challenge to
search for NHs absorbing efficiently in the optical windows,
e.g., at 800 nm. The importance of the absorption coefficient is

clearly seen for BPSi, which, despite its relatively low iHCE,
has the highest eHCE coefficient in the vis range. The probable
reason for such outstanding absorption capacities is the porous
structure of the material, which translates into its relatively
lower mass at a similar volume. The highest eHCEs at NIR-I
and NIR-II are observed for CuS. The reason for the increasing
eHCE at longer wavelengths is the position of the maximum of
absorption at 926/1037 nm (citrate/GSH coating). Ag2S and
Ag-Ag2S dimers also reach high eHCEs in NIR-I. In the case of
Ag2S, the eHCE strongly depends on the coating; the value
found for the DTDTPA coating is one order of magnitude
lower than for MUA and PEG, and the highest values are
observed for MUA. The discrepancies in the values observed
for the different Ag2S might stem from the following reasons:
different size (hence different surface-to-volume ratio), differ-
ent vibrational energy of the attached molecules, and different
relative weight of the ligand shell vs the total weight of the
sample (including the inorganic Ag2S core and the ligand
shell). The high eHCE of γ-Fe2O3-Au (0.420 L/(g·cm)) with
regard to γ-Fe2O3 (0.076 L/(g·cm)) could be explained by the
higher intensity of plasmonic coupling between the gold
nanoparticles. For instance, it was reported that the optical
specific absorption rate (SAR) values (see30) increase from
2940 W/g for γ-Fe2O3 up to 4581 W/g in γ-Fe2O3-Au,66 and
the value can be further controlled by linkers. In the present
case, indeed, the plasmonic effect in gold nanoparticles
enhanced the heat generation by enhancing the absorption
capacity. The photothermal conversion depends on several
material parameters such as size, shape, surface, aggregation
status, etc., which can affect light absorption and scattering
properties, which in turn can affect the heat generation or
conversion efficiency. This creates additional difficulties in
quantitatively comparing materials with different properties.
Our intention was to select NHs with a variety of compositions
and morphologies to show a comparison of as many materials
as possible on the standardized experimental system. However,
this is only a fraction of the numerous NHs already
known.1,7,12,40 We also speculate that many of the materials
presented in numerous publications can achieve high iHCE
scores and even higher eHCE values than the ones presented
in this work. Moreover, the approach and methodology
described in this work can also be used to compare other
materials, including organic materials such as supramolecular
assemblies,67,68 amino acids,69 and dyes, which are used in
clinics (e.g., ICG;14 or next-generation dyes, e.g., croconium
dye15). In this case, scattering is unlikely to have a significant
impact on iHCE. The only limitations of the proposed method
relate to photobleaching, which makes it impossible to record a
temperature rise curve consistent with the model, as well as the
solvents’ wetting angle must allow the forming of a droplet.

The proposed ways of comparing the NHs and the observed
relative trends are envisaged to inform the design of NHs with
the potential to be translated to the bedside as they allow us to
unambiguously rank all of those different materials. Such a
ranking should be supplemented in the future by studies of
cytotoxicity, clearance kinetics, and biological interaction
studies so that a reliable and versatile comparison of various
NHs can help select the most appropriate candidate nano-
heaters for PTT in vivo.

5. CONCLUSIONS
Advanced inorganic nanomaterials belonging to five different
classes of materials were synthesized, and their iHCE values

Figure 4. External light-to-heat conversion efficiency at 794 nm:
ranking of nanoheaters investigated in this study.
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were measured using optimized and standardized experimental
setups (with different laser diode light sources of the same light
beam output). Most of the studied nanomaterials were found
to display a high (>75%) light-to-heat conversion efficiency,
which can be easily related to the low or absent luminescence.
No significant effect of the laser wavelength on the iHCE was
observed if the sample did not show scattering. Although one
may claim that scattering leads to an underestimation of the
iHCE, such materials will be less suitable for photothermal
therapy due to the high risk of healthy tissues overheating and
their lower absorptivity.

In contrast to expectations, for the NaNdF4 nanoparticles
codoped with rare earth ions (Sm3+, Dy3+), we found that the
cross-relaxations and multiphonon relaxations within the Nd3+

network are nevertheless more efficient that quenching at those
additional ions. For this class of materials, increasing their
suitability for photothermal therapy by improving their
absorption cross section still remains a challenge. The progress
in augmenting the absorption in combination with the feasible
single bifunctional (heating and local thermometry using
core−shell compositional architectures) lanthanide-doped
nanoparticles promises further development of functional
PTT nanoplatforms.

Although much attention has been given to the determi-
nation of the iHCE of NHs, from the perspective of ranking
different materials, it should be complemented by knowledge
of the mass absorption coefficient because iHCE alone is not
sufficient to select the optimal dose of material and optical
power. Of all of the materials measured, BPSi has the best
absorption capacity in the VIS spectral range, while in the NIR
range, the most suitable for PTT, CuS shows the most
promising properties, and their application would require the
lowest NH and irradiation dose.
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Description S1 Chemical reagents 
All of the chemical reagents in this experiment were used as received without further 

purification. Hexadecyltrimethylammonium bromide (CTAB, 99.0%), ammonium bromide 

(NH4Br), sodium bromide (NaBr), hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, 

99.9%), silver nitrate (AgNO3, 99.9%), iron(III) chloride hexahydrate (FeCl3·6H2O, 98%), 

iron(II) chloride tetrahydrate (FeCl2·4H2O, > 98%), sodium sulfide nonahydrate (Na2S·9H2O, 

99.99%), 11-mercaptoundecanoic acid (95%), poly(ethylene glycol) methyl ether thiol (6kDa), 

L-ascorbic acid (99%), sodium borohydride (NaBH4, 99%), samarium oxide (99.99%), 

neodymium oxide (99.99%), dysprosium oxide (99.99%), acetic acid (99%), diethylene glycol 

(99%), N-Methyldiethanolamine (NMDEA, ≥99%), pure oleic acid, citric acid (99%), sodium 

hydroxide (NaOH, ≥ 98%), and 1-octadecene (90%) were purchased from Sigma Aldrich 

Chemistry. Copper chloride dihydrate (CuCl2·2H2O, 99%), glutathione reduced (GSH, 98+%), 

sodium sulfide nonahydrate (Na2S·9H2O, 98%) were purchased from Alfa Aesar. Silver nitrate 

(AgNO3, 99.85%) and trisodium citrate (Na3(cit), 98% were purchased from Acros Organics. 

Sodium silicide (NaSi) was provided by SiGNa Chemistry Inc. HCl and HF were bought from 

Merck, HClO4 (65%) from Carlo Erba, ethanol (96% pure p.a.), n-hexane (95%), acetone (pure 

p.a.), and chloroform were purchased from POCH S.A (Poland). Urea (pure p.a.) was purchased 

from Chempur (Poland). Isopropyl alcohol was purchased from Fisher, roasted coffee powder 

was purchased from Hacendado, Mercadona. DTDTPA is a non commercial product and was 

prepared as previously reported 1. 

 

Description S2. Synthesis procedures 
2.1.1 Synthesis of gold nanorods 

Gold nanorods (AuNRs) were synthesized by a modified seed-mediated method 2. Au seeds are 

small nuclei made of gold, which serve as the starting point for the development of a more 

complex structure. The synthesis was performed in a water bath at 30 °C.  
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Seed solution: 25 µL of 50 mM HAuCl4 was added to 4.7 mL of 0.1M CTAB solution, the 

mixture was slowly stirred until a completely clear solution was obtained (about 5 min). Then, 

300 µL of 10 mM NaBH4 (freshly prepared) was added under vigorous stirring. The color of 

the solution changed from yellow to brownish yellow. The seed solution was stored at 30 °C 

(gently stirred). Obtained seeds were used for the synthesis of single crystal Au nanorods. 

The growth solution was prepared by adding 100 µL of  50 mM HAuCl4 to 10 mL of 100 mM 

CTAB solution. The mixture was kept for 10 min in water bath (30oC) to ensure complexation 

between gold salt and CTAB. Then, 75 µL of 100 mM ascorbic acid was added to the mixture, 

which was gently stirred (the solution became colorless). To the grown solution, 80 µL of 5 

mM AgNO3 was added. Finally, 120 µL seeds solution was added to the mixture. Obtained 

solution was vigorously stirred and the left undisturbed at 30oC for 30 min in water bath. Next, 

the solution of as-prepared nanorods was centrifuged at 8000 rpm for 30 min. The precipitate 

containing nanorods was dissolved in 3 mL hot (50 ºC) of  300  mM CTAB solution and 

transferred into a glass tube. Upon cooling at room temperature, a brown precipitate at the tube 

bottom was observed. The precipitate containing nanorods was separated carefully from the 

supernatant, finally dispersed in water (5 ml) and stored at room temperature. 

2.1.2. CuS 

The synthesis of copper sulfide (CuS) nanoparticles was performed slightly modifying the 

reported procedure 3.  In brief, 1 mL of a 0.1 M aqueous solution of Na
2
S·9H

2
O was swiftly 

injected into 20 mL of an aqueous solution of the selected ligand (trisodium citrate, Na3cit, 0.06 

mmol, 17.6 mg; L-glutathione, GSH, 0.1 mmol, 30.7 mg) and CuCl
2
·2H

2
O (0.1 mmol, 17 mg) 

in a 50-mL round-bottomed flask. After 5 min of stirring at room temperature, the flask was 

transferred to an oil bath pre-heated at 90 °C and the mixture was kept under stirring at that 

temperature for a preselected amount of time (30 min for Na3cit and 20 min for GSH). 

Subsequently, the reaction mixture was quickly cooled down to room temperature in a cold-

water bath and transferred to a 20-mL vial. For TEM observations, the particles were 

precipitated with isopropanol (iPrOH), recovered by means of centrifugation (30,000 g for 20 

min at 4 °C), and washed once with a mixture of water and iPrOH, before being redispersed in 

water. The sample was stored at 8 ºC for further use. Assuming 100% synthesis efficiency, the 

estimated material concentration was approximately 0.5 mg/mL (disregarding the contribution 

from the ligands). 
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2.1.3. NaY1-xLnxF4 

Preparation of precursor: The 2 mmol of acetate precursors ((CH3COO)3Ln) were prepared by 

mixing lanthanide oxides (Nd2O3, Sm2O3, Dy2O3 — 1 mmol) with 50% aqueous acetic acid. 

Prepared mixture was heated to 200 °C for 120 min in Teflon-lined autoclave. The final 

precursor was obtained by evaporation of solvents in vacuum and further drying  (130 °C for 

12 h). 

Preparation of differently doped NaYF4 material: The synthesis was analogous to procedure 

described before 4. The given amount (2 mmol Ln3+) of (CH3COO)3Ln precursors were mixed 

in three-neck flask with oleic acid (12 mL) and octadecene (30 mL). The solution was stirred 

and heated to 140 oC under vacuum for 30 min to form a Ln(oleate)3 complex and remove 

oxygen and water. Subsequently, the reaction temperature was decreased to 50 °C, and 8 mmol 

ammonium fluoride (NH4F) and 5 mmol sodium hydroxide (NaOH) dissolved in 20 mL of 

methanol were added to the reaction flask. The reaction atmosphere was changed to nitrogen 

and maintained till the end of the synthesis. After that, the temperature was increased to 80 °C 

to evaporate methanol. This process took approximately 30 min. Finally, the reaction 

temperature was quickly increased to 300 °C and the solution was stirred at this temperature 

for 60 min. After the synthesis, the solution was cooled to room temperature. The obtained 

nanoparticles were precipitated with an excess of ethanol and centrifuged (18 000 g for 10 min). 

The obtained pellet was purified by washing with n-hexane and ethanol. The final product was 

dispersed in 5 mL of chloroform. Based on the synthesis conditions, assuming 100% synthesis 

efficiency the estimated material concentration was 20 mg/mL. 

Polyacrylic acid (PAA) coating: To obtain water-dispersible samples, a ligand exchange 

method was applied. First, to remove the oleate ligands from the NP surface, 10 mg of NPs was 

transferred to an Eppendorf tube and centrifuged (20 min, 20000 g). The obtained pellet was 

redispersed in 500 µL of n-hexane. The mixture was sonicated as long as the pellet had been 

suspended. After that, 400 µL of acetonitrile and 100 µL of NOBF4 dissolved in acetonitrile 

(0.16 M) were added to the tube, and solution was mixed for 10 minutes. In the next step the 

oleic stripped nanoparticles were precipitated by adding 500 µL of toluene to the Eppendorf 

tube and centrifuged. Finally, the BF4
- capped nanoparticles were dispersed in 100 µL dry DMF. 

Next, 64 µL of PAA solution in water (80 mg/mL) was added to the reaction tube, and 

vigorously stirred for 20 minutes. After this time, and centrifugation (14 000 g, 15 min) the 

obtained pellet was dispersed in 500 µL of distilled water. 
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2.1.4. Ag-Ag2S dimers 

The synthesis of the Ag-Ag2S dimers was performed according to the procedure reported in 5. 

First, an aqueous coffee extract was prepared soaking 15 g of a roasted coffee powder 

(Hacendado, Mercadona, Spain) in 100 mL of de-ionized water for 2 h, followed by filtration, 

and dilution to a final volume of 120 mL. Subsequently, water (6.5 mL), coffee extract (3.5 

mL), and a magnetic stir bar were added to a 20-mL vial. The initial pH of the solution was 5.5 

and was later adjusted to 9.0-9.5 by addition of NaOH 0.5 M. In the meantime, AgNO3 (0.1 

mmol, 17 mg) was dissolved in deionized water (1 mL) and swiftly added to the diluted coffee 

extract. Upon addition of the Ag+ solution, Ag NPs started forming immediately (as denoted by 

a marked darkening of the mixture) and the pH dropped. The pH was quickly readjusted 

between 9.0-9.5 with NaOHaq 0.5 M, and then 0.5 mL of a 0.1 M Na2S solution in water was 

swiftly introduced in the reaction mixture. The color shifted almost immediately from dark 

orange to dark brown, indicating the formation of Ag2S. Stirring was continued for 2 min and 

finally the reaction mixture was quenched in 15 mL of iPrOH. After centrifugation at 3,820 g 

for 20 min, the reaction product was collected as a pellet and the slightly orange supernatant 

discarded. Finally, the dispersion was filtered through a 200-nm cellulose filter and stored at 

8 ºC for further use. 

2.1.5. Ag2S 

Ag2S nanocrystals were prepared using a hydrothermal method assisted by microwave heating 

6. Crystallization of silver sulphide from silver nitrate (AgNO3, 5 mM, 2 eq.) and sodium 

sulphide (Na2S·9H2O, 1eq.) in water solution at pH 8, is induced on a monomodal microwave 

cavity at 100 °C (300 W) during 5 min under magnetic stirring. Nanoparticle growth is 

controled by adding complexing ligands (CL) in the previous reactant’s water solution before 

heating. Three different ligands have been used for this study, mercaptoundecanoic acid 

(MUA), polyethylene glycol (PEG) and dithiolated diethylenetriamine pentaacetic acid 

(DTDTPA) with a stoichiometry of 3 eq., 2 eq. and 1.5 eq. per silver atom respectively. After 

the microwave heating program, Ag2S nanoparticles decorated with CL (Ag2S@CL) were 

washed with absolute ethanol and finally, dispersed in water. 

2.1.6. BPSi 

BPSi was prepared according to a previously published protocol 7,8. The reactants of NaSi, 

ammonium salt (NH4Br), and NaBr were mixed with the mass ratio of 1:4:4. Then, they reacted 

in a tube oven under a N2 atmosphere at 240 °C for 5 h. After cooling to room temperature, the 

raw product was washed with 2.0 M HCl and then further purified with 1% HF solution. The 

obtained product was washed with H2O and ball-milled in ethanol (1000 rpm, 30 min). The 
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BPSi NHs with desired mean diameter around 200 nm were obtained via the removal of big 

particles with 1500 RCF centrifugation for 5 min.  

2.1.7. Fe2O3 

Maghemite, Fe2O3, were synthesized by coprecipitation of iron(II) and iron (III) cations as 

previously reported 9. Magnetite spinel iron oxide Fe3O4 is first precipitated by addition of 

aqueous solution of ferrous and ferric ions (Fe(II)/Fe(III)=0.5) at pH 9 using a METROHM 3D 

Combititreur device. All solutions were carefully deaerated with nitrogen, which was 

continuously bubbled during the precipitation. After 1 hour of ageing, magnetite is 

centrifugated during 15 min at 8000 rpm and then, a perchloric acid solution (3 M) is added to 

magnetite for a fully oxidation step into maghemite -Fe2O3 
10. The estimated obtained 

concentration is 42 mg/mL. 

2.1.8.  Fe2O3 decorated with Au 

The synthesis of spinel iron oxide nanoflowers decorated with gold nanoparticles have been 

synthesized as previously reported 11. Briefly, -Fe2O3 NFs were obtained from coprecipitation 

of FeCl3·6H2O (2.164 g; 8 mmol) and FeCl2·4H2O (0.796 g; 4 mmol) in 75 mL of diethylene 

glycol (DEG). After 1 hour of stirring, 75 mL of a solution of NMDEA is first added to the 

mixture and then, 80 mL of an alkaline solution of both DEG and NMDEA (1:1, v/v). The 

resulting mixture was stirred for 3 h, and then heated during 4 h at 220 °C. The black solid is 

washed with a mixture of ethanol, ethyl acetate and nitric acid (10%). At this stage, 20 mL of 

Fe(NO3)3·9H2O (4.951.10-3 mol) is added to the nanoparticles. The mixture is heated to 80 °C 

for 45 min to achieve a complete oxidation of magnetite in maghemite. After  nitric acid 

treatment and  washing with acetone and diethyl ether, -Fe2O3 NFs are redispersed in water.  

In same time, gold nanoparticles stabilized with DTDTPA were synthesised by reduction of 

HAuCl4·3H2O (5.1·10-6 mol) in DTDTPA (5.1·10-6 mol) solution with an excess of NaBH4 as 

described by Alric et al. 12. After 1 h of vigourous stirring, 5 mL of aqueous hydrochloric acid 

solution (1 M) were added. Gold@DTDTPA nanoparticles were then precipitated and washed 

thoroughly and successively with 0.01 M HCl, water and diethyl ether. The resulting black 

powder was dispersed in 10 mL of 0.01 M NaOH solution.  

Finally, as-prepared suspension of gold@DTDTPA are modified by dopamine and mixed with 

the suspension of maghemite nanoflowers (-Fe2O3 NFs, 6 mL, 35 g Fe/L). The mixture with a 

pH of 5.5 was heated at 50 °C for 24 h. After washing with ultrapure water, acetone, and diethyl 
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ether, an aqueous suspension of -Fe2O3 NFs-Au is obtained with an iron and gold concentration 

of 25 and 5 mg/mL respectively.  

2.1.9. CDs 

N-doped carbon dots were synthesized according to the previously described method 13. Briefly, 

1 mmol of citric acid and 3 mmol urea were dissolved in 40 mL H2O and stirred until a clear 

solution was formed. The solution was then transferred to a 100 mL Teflon-lined autoclave and 

the reaction was carried out at 180 0C for 12 h. The solution was then cooled naturally to room 

temperature. The product was used for characterization and measurements without additional 

purification. Based on the synthesis conditions, the estimated material concentration is 9.3 

mg/mL. 
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Figure S1. Power dependence of internal HCE and eHCE. Measurements were 

performed for -Fe
2
O

3 
sample at 806 nm. Error bars are standard deviation from 3 

measurements. 
 

 

Figure S2. Thermal images of droplets registered at increased (top) and ambient 

(bottom) humidity conditions at 0 (left), 60 (middle) and 120 (right) seconds of 

irradiation at 980 nm, 90 mW. 
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Table S1. Comparison of the possibilities of using different materials in photothermal therapy. Data 

provided for 794 nm excitation (except for CDs which occurred at 445 nm). 

NH class NH λ with 

max. of 

Abs. 

α  

(L/(g·cm

)) 

iHCE 

794 nm (%) 

eHCE 794 nm 

(L/(g·cm)) 

plasmonic AuNRs ~780 0.627 ~100 0.627 

 CuS@citrate  926 4.49 ~100 4.49 

 CuS@glutathione 1037 3.60 94 3.38 

lanthanide

-based 

NaNdF4@PAA 794 0.0166 74 0.0122 

 NaNdF4:50%Dy 

@PAA 

794 0.0106 41 0.0044 

 NaNdF4:80%Dy 

@PAA 

794 0.0086 17 0.0014 

 NaNdF4:25%Sm 

@PAA 

794 0.0217 60 0.0130 

 NaNdF4:50%Sm 

@PAA 

794 0.0067 40 0.0027 

 NaNdF4:75%Sm 

@PAA 

794 0.0058 31 0.0017 

semicondu

ctors 

Black porous 

silicon 

UV 9.92 39 3.84 

 Ag-Ag2S UV 0.832 96 0.798 

 Ag2S@PEG UV 0.695 81 0.566 

 Ag2S@MUA UV 1.46 83 1.21 

 Ag2S@DTDTPA UV 0.0753 79 0.0598 

iron oxide -Fe
2
O

3
 

 

UV 0.0927 82 0.0763 

 -Fe
2
O

3
@Au UV 0.487 86 0.420 

carbon carbon nanodots UV 0.338 

(445 nm) 

~100 

(445 nm) 

0.338 (445 nm) 
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Table S2 iHCE of Nd3+ doped nanomaterials 

Material, diameter diameter λ [nm] iHCE [%] Ref 

NaNdF4   9-25 nm 800 85-74 14 

NaNdF4@NaYF4@NaYF4:1%Nd 25 nm 808 72 15 

NaNdF4@prussian blue 29 nm 808 60.8 16 

NaNdF4 19 nm 808 8.7 16 

NdVO4,  2.4 nm 808 72 17 

NaErF4@NaYF4@NaNdF4 – 
prussian blue  

51.1 nm 
(without 
PB), 
164 nm 

808 50.5 18 

NaYF4:Yb,Er@NaYF4:Yb 
@NaYF4:Yb,Nd 
@mSiO2/IR806@PAH-PEG-FA 

41 nm 793 46 19 

NdVO4/Au  21 nm 808 32.2 20 

 

 

Figure S3. Internal light-to-heat conversion efficiency of NaNdF4 in function of Sm3+/Dy3+ 

dopant concentration. 
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Table S3. Emission quantum yield under 808 nm CW laser irradiation at distinct laser power densities. 

The emission quantum yield values were obtained integrating the emission in the range 947.92-

1451.33 nm. 

 

Identifier 
Power Density 

(W.cm-2) 
QY (%) 

Ag2S@PEG 532 <110-5 

Ag2S@11MUA 532 0.064±0.006 

Ag2S@DPDPA 532 0.66±0.07 

 

 

 

 

Figure S4 Morphology of the materials compared in this work: a) NaNdF4: 50Sm, b) CuS 

covered by GSH c) CuS covered by citrate, d) carbon dots, e) black porous silicon, f) 

Ag2S@MUA, g) Ag-Ag2S dimers, h) γ-Fe
2
O

3
 decorated with gold nanoparticles, 

i) Ag2S@DTDTPA, j) Ag2S decorated with PEG, k) colloidal gold in the form of nanorods, l) γ-

Fe
2
O

3
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Figure S5. Absorption spectra of a) CQDs, b) NaNdF4 doped with Dy3+ and Sm3+, c) 

Ag2S, d) γ-Fe2O3 . Absorption spectra for γ-Fe
2
O

3
 decorated with gold nanoparticles, 

are given in ref of the following article in SI: 11.  
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Figure S6. Photoluminescence quantum yield (QY) measurement of CDs. QY was 

calculated basing on Equation SE1: 

𝑄𝑌 =
ℎ𝑒𝑚

ℎ𝑎𝑏𝑠
=

𝐼𝐶𝐷𝑠−𝐼𝑟𝑒𝑓

𝐼𝑟𝑒𝑓−𝐼𝐶𝐷𝑠
     (SE1) 
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Figure S7. Temperature rise curves of a 13 uL water droplet for different wavelengths 

measured at constant irradiance power (90 mW). 
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Figure S8 XRD of NaNdF4 samples doped with Dy3+ and Sm3+.  
 

 

Figure S9 XRD of CuS@GSH, CuS@cit and Ag-Ag2S samples 
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Figure S10 XRD of BPSi, CDs and AuNRs samples 
 

 

Figure S11 XRD of Ag2S samples, * is a peak from sample holder. 

 

 
Figure S12 XRD of γ-Fe2O3 sample 
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a b s t r a c t

Materials doped with rare earth ions are widely used in luminescence applications. However, alternative 
uses of these materials, such as photothermal conversion, have not yet been systematically investigated. In 
this work, we systematically and quantitatively compare internal and external photothermal conversion 
efficiency of materials doped with neodymium, thulium and ytterbium ions, and co-doped with samarium 
and dysprosium ions. Furthermore, we investigate influence of various matrix materials on photothermal 
conversion efficiency. These include fluoride, oxide, vanadate and perovskite materials. This was done to 
determine if photothermal conversion efficiency is dependent on dopant and matrix selection. Our research 
indicates that the highest internal and external photothermal conversion efficiency is achieved with neo-
dymium ions. Moreover, NdVO4 was found to be the most promising host for future applications. Although 
the internal photothermal conversion efficiency was relatively low (19%), NdVO4 exhibited significant ex-
ternal photothermal conversion efficiency of 0.08 L/g·cm at 806 nm, which is ca. 14 times higher than that of 
NaNdF4 at the same wavelength.

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction

Hyperthermic methods are efficient and minimally invasive 
cancer treatment methods [1]. However, systemic heat deposition 
can be exhausting for patients and may cause severe side effects [2]. 
Photothermal therapy (PTT) using nanoheaters (NHs) allows for high 
selectivity, thus mitigating typical side effects of hyperthermia 
treatment [3,4]. These NHs utilize light-to-heat conversion nano-
materials illuminated with NIR light to produce heat. NHs are also 
applicable in antibacterial treatments [5] and the treatment of 
dentin hypersensitivity [6]. Typically, near infrared radiation (NIR) 
and biological spectral windows (NIR-I: 700–980 nm, NIR-II: 
1000–1400 nm) [1] are preferred due to lower water and tissue 
absorption. This allows light to penetrate deep into the tissue and 
reduce the irradiation dose. Since NIR-I and NIR-II ranges are optimal 
for these applications, it is necessary to use nanoparticles that can 
effectively absorb and weakly scatter light within this range. Various 
materials belonging to different classes are known to meet these 
criteria [7,8]. Among others, various plasmonic [4,9], semiconducting 

[10] and hybrid [11] nanomaterials are characterized as having high 
absorption cross-section in the NIR range. However, these materials 
have broad absorption bands, which makes luminescence based 
temperature feedback control challenging. This makes it impossible 
to remotely (by analysis of spectral fingerprints [12–14]) evaluate 
local temperature without simultaneous heating of the material. In 
this aspect, materials doped with rare earth ions perform better as a 
result of their narrow absorption bands (to address some functions 
with light of appropriate wavelength), multi-band emission (to ra-
tiometrically read temperature) and long luminescence lifetimes 
(that enable lifetime based thermometry [15]). Additionally, these 
luminophores exhibit very efficient anti-Stokes emission which 
helps diminish sample/tissue autofluorescence or other artifacts. 
Lanthanide doped materials, especially core-shell nanoparticles, 
enable the combination of multiple different functionalities within a 
single nanoparticle, e.g. photothermal heating with nanothermo-
metry [12–14], bioimaging [16], chemotherapy [17], or bone fracture 
repair capabilities [18] which are becoming increasingly studied in 
the most recent literature. Moreover, lanthanide-doped nanoma-
terials (Ln-NMs) can be easily synthesized, are stable in different 
chemical environment and exhibit high photostability [19]. Fur-
thermore, they have low inherent cytotoxicity [20]. This is promising 
for intravenous administration and future applications in PTT. 
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Nevertheless, the research on the biological effects of lanthanide- 
doped nanoparticles is still in progress [21]. Recently, there has been 
advanced research regarding methods of delivering nanomaterials to 
tumor tissues, as well as their bio-excretion [22]. These studies are 
not only interesting for future therapies and theranostics, but may 
also help answer fundamental questions about cancer development 
and its susceptibility to various drugs and treatment modalities.

Lanthanide ion doped NH materials have been known since at 
least 2010 [23], and there have been numerous reports on their 
potential use in PTT. The absorption in lanthanide doped matrices is 
relatively low due to the forbidden nature of the optical f-f transi-
tions. Therefore, recent studies do not utilize lanthanide ions as 
absorbers, and alternative absorbers have been tested such as highly 
absorbing dyes [24], polymers [25], catecholamines [26] or metals 
[27]. Among various rare earth ions, Nd3+ [12,24,28–32] and Yb3+ 

[13,33–38] doped materials are particularly common for PTT appli-
cations. Heating effect was also observed in materials doped with 
erbium [39], holmium [40] and thulium ions [41]. Other ions, like 
Sm3+ [36], Eu3+ [42], Dy3+ [43], and La3+ [44] were also investigated, 
but their role was not directly connected with absorption of light 
due to the lack of strong absorption bands in the biological windows. 
Ln-NMs are more often used for luminescence generation than for 
PTT applications. Since different selection rules apply relative to the 
rare earth ions performing as NHs, current studies on their use as 
NHs is incomplete.

The heat generation in the Ln-NMs occurs due to numerous en-
ergy levels which, along with the long luminescence decay times, 
increase the probability that ions will interact and exchange energy. 
This often leads to multiphonon relaxation, which ultimately man-
ifests as an increase in local temperature. Usually these non-radia-
tive relaxation processes are intentionally minimized (by selection of 
low-phonon matrices, lowering of the material temperature, de-
signing materials with low ion dopant content [45]) in order to 
improve the luminescence properties. For PTT applications, however, 
maximization of these non-radiative process is desirable. Therefore, 
dopant concentration should be increased to promote cross-relaxa-
tion and multiphonon transitions. Furthermore, oxide matrices with 
high cut-off energies should be utilized to enhance the performance 
of Ln-NHs. In more advanced nanomaterials, e.g. core-shell structure 
materials, non-radiative transitions are often preceded by numerous 
energy transfers between ions [12,28]. This implies that the internal 
light-to-heat conversion efficiency (iHCE) can be affected by dopant 
ion type, dopant ion concentration, and the material structure as 
well as the surface-to-volume ratio of the nanocrystal.

The efficiency of the NHs can be qualitatively evaluated by 
measuring the increase in temperature generated by colloidal na-
noheaters under a given laser illumination [40]. As a result, a direct 
comparison of materials requires strictly identical measurement 
conditions. In order to compare materials in differing experimental 
systems, a more reliable measurement quantity is needed. This 
figure must not only indicate how much of the absorbed energy is 
converted into heat, but also account for the amount of NHs present 
as well as the absorption coefficient of the NHs at the prescribed 
excitation wavelength. Such a figure of merit was proposed in our 
previous work [8], where we determined the external light-to-heat 
conversion efficiency for each material as:

=eHCE iHCE a· (1) 

Where a is a mass absorption coefficient, and iHCE is determined 
using methods similar to those proposed in work [9] with con-
sideration of the heating of the solvent [8]:

=iHCE
a a m C

P

( ) ·
·(1 10 )

s d p d
A

0 ,

(2) 

Where m C·d p d, is a product of the effective mass and heat capacity of 
sample, P is the laser beam power, Aλ is the absorbance of the 

sample, and parameter a [K / s] is evaluated from the heating profile 
(of solvent (as) and water (a0)) represented by Eq. (3).

= +T t T
a
b

e( ) [1 ]bt
0 (3) 

In our previous work, we compared heating efficiency of different 
material classes such as semiconductors, plasmonic, a select rare- 
earth ions, quantum dots and metal oxides. In this paper, we focus 
exclusively on various dielectric materials doped with various rare 
earth ions. To the best of our knowledge, this influence has not yet 
been systematically investigated. Direct comparisons of results ob-
tained on different measuring systems using different models and 
setups is unreliable and infeasible. Moreover, there are only few 
studies in which iHCE was determined for NHs doped with lantha-
nide ions [12,24,28–32,34,46,47]. For this reason we have quantita-
tively evaluated the iHCE and eHCE of different lanthanide dopants 
(neodymium, thulium and ytterbium ions, co-doped with samarium 
and dysprosium ions) and different host materials (fluorides, oxide, 
vanadate and perovskite) aiming to identify the most important 
factors that impact iHCE and select the best possible candidates 
for PTT.

2. Materials and methods

2.1. Synthesis procedures

Nanocrystals were prepared using commercially available re-
agents without any further purification. Neodymium oxide (99.99%), 
neodymium(III) acetate hydrate (CH3CO2)3Nd·xH2O (99.9%), 1-octa-
decene (90%), oleic acid (90%), oleylamine (OAm, 70%), tri-
fluoroacetic acid (Reagent Plus, 99%), sodium fluoride (99%), 
aluminum isopropoxide (≥99.99%), hexadecyltrimethylammonium 
bromide (≥98%), ammonium fluoride NH4F (≥98.0%) and yttrium(III) 
acetate hydrate ((CH3CO2)3Y·3 H2O 99.9%) were purchased from 
Sigma Aldrich. Lithium hydroxide monohydrate (56.5%) and am-
monium metavanadate (99%) were purchased from Alfa Aesar. 
Ethanol (96% pure p.a.), methanol (pure p.a.), n-hexane (95%), 
chloroform (pure p.a.), hydrochloric acid (35–38%), acetic acid 
(99.5%) and sodium hydroxide (99.8%) were purchased from POCH 
S.A.(Poland). Thulium oxide (99.99%), dysprosium oxide (99.99%), 
ytterbium oxide (99.9%), samarium oxide (99.9%), neodymium oxide 
(99.95%) were purchased from Stanford Materials. 1,4-butanediol 
(99 +%) was purchased from POL-AURA.

2.1.1. NaY1−xLnxF4 nanocrystals
The materials were synthesized by thermal decomposition 

method in oleic acid and 1-octadecene solvents [48].
Preparation of the lanthanide acetates: For the preparation of 

1.5 mmol of acetates, 0.75 mmol of respective lanthanide oxides 
(Yb2O3, Sm2O3, Dy2O3, Tm2O3) were used in combination with 50% 
acetic acid solution. The mixture was then heated to 200 °C for 
120 min in a Teflon-lined autoclave. The final product was obtained 
by evaporation of the solvents under vacuum and final drying at 
145 °C for 12 h.

Preparation of the colloidal fluoride nanoparticles: Appropriate 
amounts of yttrium acetate and particular lanthanide (Ln) acetates, 
depending on the synthesized host, were placed in a 250 mL three- 
neck round-bottom flask with 22.5 mL octadecene and 9 mL oleic 
acid. The solution was then magnetically stirred and heated to 140 °C 
under vacuum conditions. Once the solution reached 140 °C, it was 
stirred for an additional 30 min to form Y(oleate)3 and Ln(oleate)3 

complexes and to remove residual water and oxygen. In parallel, 
0.2222 g (6 mmol, molar ratio F-: RE3+ = 4) of ammonium fluoride 
and 0.1500 g (3.75 mmol; molar ratio Na+: RE3+ = 2.5) of sodium 
hydroxide were weighed and placed into another vessel. 10 mL 
methanol was then added and the mixture magnetically stirred. 
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Next, the temperature of oleates was reduced to 50 °C and a gentle 
flow of nitrogen was introduced. When the temperature of the so-
lution reached 50 °C, a methanol solution of NaOH and NH4F was 
quickly added to the flask and stirred for 30 min. After 30 min of 
stirring, the temperature was increased to 85 °C and the flow of ni-
trogen was ceased, leaving the solution in a vacuum environment. 
This was done to completely evaporate the methanol from the re-
action mixture. After the methanol evaporated, the reaction tem-
perature was increased to 300 °C with a minimum temperature rise 
rate of about 15 °C/min. Temperature was held at 300 °C for 60 min 
under the nitrogen flow. The final transparent dispersion was then 
cooled to room temperature. Ethanol was added to the solution, 
causing NPs to precipitate. NPs were then isolated from the solution 
by centrifugation at 10,000 rpm (22,360.0 rcf) for 10 min. For pur-
ification, the resulting pellet was dispersed in a minimal amount of 
n-hexane. An additional precipitation was performed through ad-
dition of more ethanol. The NPs were again isolated by centrifuga-
tion at 14,000 rpm (43,825.6 rcf) for 10 min. The final product 
stabilized with OA ligands, was dispersed in 3.75 cm3 of chloroform.

2.1.2. NdF3 nanocrystals - thermal decomposition
NdF3 nanocrystals were synthesized by thermal decomposition 

of trifluoroacetate precursor in high boiling point solvents according 
to a previously published protocol [49]. Prior to synthesis, the Nd 
(CF3COO)3 precursor was prepared by initial dissolution of 2.5 mmol 
Nd2O3 in trifluoroacetic acid and water (v/v 1:1). Excess acid was 
then evaporated, and the precursor was dried in a three-necked 
round bottom flask on a hot plate for 12 h at 125 °C. Next, 35 mL oleic 
acid and 35 mL 1-octadecene were added to the flask. The residual 
water and acid were removed under vacuum at 120 °C. The tem-
perature was then increased to 300 °C, and the solution was stirred 
for 30 min in a dry N2 atmosphere. The solution was then cooled to 
room temperature and nanocrystals were precipitated through the 
addition of 20 mL ethanol. Nanocrystals were then separated by 
centrifugation (22, 360 rcf 10 min) and washed with n-hexane and 
ethanol (4 mL and 16 mL respectively). Nanocrystals were cen-
trifuged again and redispersed in 10 mL chloroform.

2.1.3. NdF3 nanocrystals - in aqueous solution
Water dispersible NdF3 nanocrystals were synthesized by pre-

cipitation from NdCl3 and NaF solution according to previously 
published protocol with some modifications [50]. First, 0.1 mmol 
NdCl3∙6 H2O (prepared earlier from Nd2O3) was dissolved in 10 mL 
deionized water (solution A). In the second flask, 0.3 mmol NaF was 
dissolved in 10 mL deionized water (solution B). Then, the solution B 
was added dropwise to the solution A and stirred 1 h at 75 °C. The 
nanocrystals were then separated by centrifugation (22, 360 rcf 
10 min), washed with deionized water and ethanol, centrifuged and 
redispersed in 2 mL deionized water. The opalescent colloidal solu-
tion was stored at 4 °C.

2.1.4. NdAlO3 nanocrystals - in aqueous solution
The synthesis of NdAlO3 perovskite was performed in a 

Novoclave reactor (type 3/100 mL, 400 bar, 500 °C from Büchi AG 
Switzerland) according to a modified version of the protocol de-
scribed in the literature [51]. Stoichiometric amounts of acetate 
hydrate and aluminum isopropoxide were dissolved in 35 mL of 1,4- 
butanediol. In order to ensure homogeneous dispersion of the sub-
strates within the solvent, the solution was stirred and ultra-
sonicated for 30 min. Subsequently, the as prepared solution was 
poured into a reactor vessel and stirring commenced immediately. 
The reactor was heated up to 285 °C and kept at this temperature for 
3 h under constant mechanical stirring (400 rpm). Afterwards, the 
reactor was left to cool down and to reach room temperature. The 
NdAlO3 suspension was centrifuged and precipitates were washed 

with water and ethanol several times. The final product was dis-
persed in water and partially dried for further investigation.

2.1.5. NdVO4 nanocrystals
The NdVO4 nanocrystals were synthesized according to a mod-

ified procedure described in literature [32,52]. To synthesize neo-
dymium nitrate, Nd2O3 was dissolved in deionized water with 
diluted hot ultrapure nitric acid. This was followed by triple re-
crystallization process. Since ammonium metavanadate (NH4VO3) is 
insoluble in water, a 16 mL, 0.6 M solution of NaOH was prepared. 
0.3743 g NH4VO3 was added to this solution under constant, vig-
orous stirring. Subsequently, 8 mL of 0.4 M Nd(NO3)3·6H2O aqueous 
solution was added to the solution dropwise. The suspension was 
stirred for 20 min followed by a pH adjustment to 4.5–5. The solu-
tion was then transferred to a 100 mL stainless steel autoclave and 
maintained at 180 °C for 24 h. The NdVO4 precipitates were sepa-
rated via a centrifuge and washed several times with deionized 
water and ethanol. The final product was dispersed in water for 
further investigation.

2.1.6. Nd2O3 nanocrystals
The synthesis was performed according to the previously pub-

lished protocol used for Gd2O3 nanoparticles synthesis [53]. Prior to 
synthesis, acetate precursors were prepared by dissolution of 
6 mmol LiOH and 1.5 mmol Nd2O3 in acetic acid and water (1:1 v/v). 
Excess acid was evaporated and the precursors were dried on a 
hotplate at 145 °C. Then, 12 mL oleic acid, 18 mL oleylamine and 
30 mL 1-octadecene were added to three necked flask with dried 
acetate precursors. The solution was then stirred under vacuum at 
140 °C for 1 h before being heated to 320 °C in a N2 atmosphere. The 
solution was stirred at this temperature for 1 h. The solution was 
then cooled to room temperature and nanocrystals were pre-
cipitated by the addition of methanol. Nanocrystals were then cen-
trifuged (22 360 rcf 10 min) and washed four times with n-hexane 
and methanol. The washed nanocrystals were then redispersed in 
6 mL CHCl3.

2.1.7. Transfer of nanocrystals to water
The oleate capped hydrophobic nanocrystals dispersed in non- 

polar solvent were transferred to water by first removing hydro-
phobic ligand from their surface via hydrochloric acid treatment 
(0.2 M or 2 M HCl) [54]. The procedure was modified to obtain 
transparent colloids. 10 mg of nanocrystals in CHCl3 (from 100 to 
300 µL depending on the sample concentration) were transferred to 
the Eppendorf tube and 1 mL of 0.2 M HCl (2 M HCl in case of 
NaYF4:50%Yb sample) was added. The solution was vortexed for 
20 min and the chloroform fraction was removed. The nanocrystals 
were separated from water fraction by centrifuging (21 000 rcf 
10 min) and redispersed in 0.5 mL H2O for further experiments.

Nd2O3 nanocrystals cannot be transferred to water by simple acid 
treatment due to their fast dissolution. As a result, transfer was 
supported by CTAB (Hexadecyltrimethylammonium bromide) [55]. 
100 µL of Nd2O3 (∼ 5 mg) in CHCl3 was added to 5 mL 0.05 M CTAB. 
The solution was then stirred in an open vial for ∼1 h at 75 °C until 
the solution become more transparent. After evaporation of 
chloroform, the nanocrystals were separated by centrifugation, wa-
shed with distilled water two times, and then redispersed in 
250 µL H2O.

2.2. Characterization of materials

The morphology of the samples (NaNdF4, NaYF4:Yb3+, 
NaYF4:Yb3+,Sm3+, NdF3 (synthesized in water and in CHCl3,) Nd2O3, 
NdVO4, NdAlO3) was determined by Titan G2 (S)TEM 60–300 in-
strument at an acceleration voltage of 80 kV. The morphology of the 
samples (NaYF4:Nd3+, NaYF4:Nd3+,Sm3+, NaYF4:Tm3+, NaYF4:Tm3+, 
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Sm3+, NaYF4:Tm3+,Dy3+) was determined using a Philips CM-20 Super- 
Twin instrument operating at 160 kV. Prior to measurement, samples 
were diluted with a suitable solvent, dispersed in an ultrasonic bath, 
then a droplet of the suspension was deposited on a copper grid 
coated with a carbon film.

Powder diffraction data were collected on an X′Pert PRO X-ray 
diffractometer equipped with PIXcel ultrafast line detector, focusing 
mirror and Soller slits for Cu Kα radiation.

Absorption spectra were obtained in the transmission mode 
using a Cary Varian 5E UV-Vis-NIR spectrometer. A halogen lamp 
was used as excitation source. A R928 photomultiplier was used as a 
detector for the VIS range, and a cooled PbS detector was used for 
the NIR region.

Concentration of samples was estimated as dry remnants residue 
from unit volume of colloidal solution.

2.2.1. Light-to-heat conversion efficiency evaluation
iHCE was evaluated in a droplet-based experimental system used 

in previous investigations [56]. The sampling volumes for individual 
measurements were 11–14 µL and ca. 9 µL in case of Nd2O3 stabilized 
with CTAB. The photoexcitation beam spot diameter was approxi-
mately 0.2 mm, and the actual optical path in the sample was 
measured for individual samples as droplet diameter (typically less 
than 3 mm). The following continuous wave laser diodes were used: 
793 nm (Changchun New Industries Optoelectronics Technology Co. 
Ltd., 3 W), 808 nm (Changchun New Industries Optoelectronics 
Technology Co. Ltd., 2 W), 980 nm (Changchun New Industries Op-
toelectronics Technology Co. Ltd., 10 W). The experimentally mea-
sured wavelengths of the laser diodes at the set excitation power 
were 794, 806 and 970 nm. The kinetic, time resolved temperature 
profiles were registered by thermographic camera (TGC) (FLIR T540, 
accuracy ±  0.5 °C with a reference, thermal sensitivity < 40 mK, 24° @ 
30 °C). Optical power illuminating the sample and reference power 
were evaluated with two power meters (photodiode S120C head and 
PM100USB power meter, Thorlabs). The radiation power was 90 mW 

or 40 mW at 970 nm to minimize overheating of the water. The 
samples were diluted to obtain a temperature increase of no more 
than 5 °C in order to minimize droplet evaporation. The measure-
ment procedure was described in detail in our previous work [56].

3. Results and discussion

In order to select the most effective NH we prepared two series of 
nanomaterials: NaYF4 matrix doped with Yb3+, Nd3+ and Tm3+ ions 
and additionally co-doped with Sm3+ and Dy3+ ions. Moreover, we 
compared different Nd3+ doped matrices, such as NaNdF4, NdF3, 
Nd2O3, NdVO4, NdAlO3. These results are presented and discussed in 
the following paragraphs.

3.1. Selection of rare-earth ion for photothermal conversion

As mentioned in the introduction, only the NHs characterized by 
strong absorption bands in the optical biological windows are in-
vestigated for PTT. Only three ions fulfil these requirements: Yb3+, 
Nd3+, Tm3+. Even though Dy3+ ions also have an absorption band in 
the NIR-I (∼808 nm), its molar absorption coefficient is too low for a 
reliable measurement. In order to verify which of the aforemen-
tioned three Ln3+ ions are most suitable for PTT, a series of colloidal 
NaYF4 fluorides doped with 50% of the absorber ion was prepared. 
Further co-doping of these samples was performed to further un-
derstand the potential impact of additional energy transfer channels 
on the ability to increase iHCE. This was done by substituting 50% of 
the doped Y3+ ions with samarium, dysprosium or yttrium itself, 
which do not absorb significantly at the provided excitation wave-
length. A 793 nm laser beam was selected for Nd3+ and Tm3+ ex-
citation and a 980 nm was chosen for Yb3+. We did not observe 
measurable luminescence of these samples, and therefore were not 
capable to determine their emission quantum yields.

The morphology analysis confirmed that non-aggregated, 
homogeneous nanocrystals with narrow size distributions were 

Fig. 1. Structural characterisation of NaYF4 colloidal nanoparticles doped with RE ions: A) X-ray diffraction spectra, B-H) morphology and size distribution of samples: B) 50%Yb, 
C) 50%Yb, 50%Sm D) 50%Nd, E) 50%Nd, 50%Sm, F) 50%Tm, 50%Dy, G) 50%Tm, H) 50%Tm, 50%Sm.
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synthesized. Although all samples were synthesized under exactly 
the same conditions, and their shapes are spherical, these is some 
variation in average size across samples (Fig. 1). We ascribe this 
variation to the impact lanthanide dopants have on the crystal-
lization process. In particular, materials co-doped with Sm3+ ions 
were significantly smaller in size. Regardless of the co-dopant type, 
the average size of the Sm3+ co-doped samples is below 15 nm. 
Spherical samples containing Nd3+ ions also exhibit a diameter of the 
order of 12 nm (NaYF4:50%Nd), and NaNdF4 nanorods, have a width 
of less than 20 nm. Counterparts not containing these ions were 
typically twice the size of ions doped with Sm3+ and Nd3+. These 
samples were 30–40 nm in diameter or thickness. The significantly 
smaller size of the nanocrystals doped with Sm3+ and Nd3+ ions is 
also reflected in the broadening of the diffraction peaks [57–59]
(Fig. 1A). This smaller nanocrystal size can be attributed to the 
atomic number and considerably larger ionic radius of these two 
ions, which for Sm3+ is 0.958 Å [60], for Nd3+ 0.983 Å [60]. Larger 
nanocrystals were achieved for ions with higher atomic number, 
such as Yb3+ or Tm3+, whose ionic radii are 0.868 Å [60] and 0.880 Å 
[60], respectively. Additionally, the larger ionic radius of Nd3+ and 
Sm3+ relative to Y3+ ions (ionic radius 0.900 Å [60]) causes a 
broadening of the unit cell volume, resulting in a shift of the dif-
fraction peaks of nanocrystals containing these ions towards lower 
angles compared to the reference pattern (ICSD 04–011–3581). 

According to data from the literature, the atomic number and ionic 
radius of RE3+ ions, also impact the free energy of the system, which 
further influences the shape of the nanoparticles [61–63]. As shown 
in other investigations, nanoparticles heavily doped with Nd3+ ions 
have a characteristically elongated shape. Our synthesized NaNdF4 

particles also present an elongated shape, consistent with observa-
tions in these previous works.

Heating of Yb3+ doped materials at 980 nm has been observed 
many times [13,33–38]. This is often observed simultaneously with 
radiative emission for thermometric purpose. However, the iHCE 
was not evaluated in those studies. For NaYF4 doped with 50%Yb3+ 

and for samples co-doped with 50%Yb3+ and 50%Sm3+, there is an 
observed increase in temperature and a measured iHCE of 64% and 
87%, respectively. (Fig. 2C). Samarium co-doping results in a smaller 
size, and smaller NHs show higher iHCEs. This has also been ob-
served in other studies [29,38]. Moreover, bare (without a passive 
shell) and heavily (50%) Yb3+ doped nanoparticles are relatively ef-
ficient absorbers (Fig. 2A), and they are prone to energy migration 
within Yb3+ network (Fig. 3A) toward the surface, where, the O-H 
vibrations effectively depopulate Yb3+ ions and further contribute to 
enhanced heating [64,65]. Although the sample co-doped with sa-
marium ions shows higher iHCE, it exhibits lower absorption at 
970 nm. After accounting for this phenomenon, we can conclude 
that these samples do not have significantly different eHCEs 

Fig. 2. Absorption spectra in chloroform (A, B, D, E, G, H) and temperature increase as a function of illumination time for samples dispersed in water and for the solvent itself 
(water - blue curve and pure NaYF4 - grey curve: NaYF4:Yb,Sm measured at 970 nm (C), NaYF4:Nd,Sm measured at 794 nm (F), NaYF4:Tm,Dy,Sm measured at 794 nm (I). The A 
parameter is the measured absorbance and numbers given in % are iHCEs with standard deviation.
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(2.39·10−3 vs 2.14·10−3 L/g·cm). Therefore, the addition of samarium 
is not practical in this case. It is also worth noting that at 970 nm, 
strong absorption band of water exists which results in substantial 
heating of water, thus rendering this excitation wavelength in-
adequate for biomedical applications. The temperature curves for 
the sample containing pure NaYF4 matrix coincide with those ob-
tained for water. The small absorption peak visible at 965 nm 
(Fig. 2B) corresponds to oleic acid present on the surface of nano-
crystals [66].

The co-doping of samarium to a sample containing 50% of Nd3+ 

(Fig. 2D-E) did not increase temperature nor enhanced the iHCE 
(Fig. 2F). This result opposes the results obtained by Xu et al. [67] for 
NaY(WO4)2 microstructures. Those samples containing 1% Nd3+ ions 
doped with increasing concentrations of samarium (0.1–5%) ex-
hibited an increase in temperature corresponding to increasing do-
pant concentrations. This was explained by cross-relaxation 
between neodymium and samarium ions. However, for highly doped 
samples we expect that cross-relaxation solely between neodymium 
ions is more likely (Fig. 3B). As a result, one observes a higher iHCE 
for samples without samarium ion doping.

For Tm3+ doped NHs, only ∼50% iHCE was achieved (Fig. 2I), 
which is less efficient light-to-heat conversion relative to those 
doped with Nd3+ or Yb3+. The efficient 3F4→3H6 emission in NIR (at 
ca. 5600 cm−1) may be responsible for this observation. Slightly 
better heating performance was measured for the sample doped 
with 50% Tm3+ and co-doped with Dy3+. We speculate the 3H4(Tm3+) 
→ 6F5/2 (Dy3+) energy transfer is more efficient and Dy3+, having 
more energy levels, can exploit multiphonon relaxation and help to 
convert the absorbed energy into heat (Fig. 3C). The absorption 
spectra of Tm3+ and Dy3+ at ca. 800 nm (Fig. 2G-H) show significant 
absorption coefficient for both ions as well as significant spectral 
overlap. This shows that Dy3+ can potentially absorb 794 nm radia-
tion or participate in energy exchange from Tm3+. This would ulti-
mately lead to enhanced heating. A smaller temperature increase 
was measured for the Sm3+ co-doped sample, and no Sm3+ absorp-
tion can be observed in the 12550 cm−1 spectral range, preventing 
direct absorption of ca. 800 nm radiation by Sm3+. The energy can be 
transferred from excited Tm3+ ions (3H5 (Tm3+) to 6F7/2(Sm3+)), but 

the population mechanism of 3H5 level of Tm3+ is hindered by effi-
cient cross-relaxation (3H4;3H6)→(3F4;3F4) + ca. 1350 cm−1. This dis-
ables the population of the 3H5 level (Fig. 3D).

Different lanthanides have different tendencies regarding loca-
tion in the nanoparticle. Specific ions can be located either inside the 
nanoparticle grain or at its boundary [68]. For example, Li et al. [69]
demonstrated that in NaGdF4:Yb,Er sample the highest concentra-
tion of Yb3+ ions was in the inner layer of the nanoparticles. This 
mechanism could explain lower iHCE for 50%Tm 50%Sm samples as 
compared to 50%Tm sample. If Sm3+ are located mostly in the outer 
shell, it could act as an effective passive layer, thus decreasing the 
possibility of heat exchange at the surface. This would require ad-
ditional extensive research and is beyond the scope of this work.

Comparison of the obtained data with the literature data is dif-
ficult, as there are limited papers covering lanthanide ions con-
tribution to the temperature gain (Table 1), and the iHCE was not 
determined in numerous papers covering this phenomenon 
[13,14,33,43,70–73]. Furthermore, iHCE depends on the morphology, 
size, coating and concentration of the dopant. These features of 
nanomaterials are not easily reproduced. For example, a very high 
(close to 100%) iHCE was measured for the NaNdF4 sample. The re-
sults are not consistent with the literature possibly due to differ-
ences in methodology. Different assumptions made in the commonly 
used Roper model can lead to divergent results [56]. However, our 
results of high iHCE of NaNdF4 are similar to those of Xu et al. [29]. 
The magnitude of eHCE for samples doped with Nd3+ is an order of 
magnitude higher than that of fluorides doped with Yb3+ and Tm3+ 

ions. Therefore, Nd3+ was selected for the further investigation.

3.2. Impact of matrix on photothermal conversion

Dopant ion is not the only factor to consider when selecting the 
most efficient NHs. To determine how the host material impacts the 
iHCE and eHCE, a series of fully-concentrated Nd3+ samples were 
prepared (Fig. 4).

NdF3 samples were prepared in two ways. Synthesis of NdF3 in 
water produced c.a. ∼90 nm large nanoflowers, while synthesis in-
volving thermal decomposition of trifluoroacetates in high boiling 

Fig. 3. Energy diagrams and possible non-radiative transitions within nanocrystals consisting of: a) Yb3+ and Sm3+, b) Nd3+ and Sm3+, c) Tm3+ and Dy3+, d) Tm3+ and Sm3+ ions. The 
indicated energy transfer consider energy matching only, but do not consider the actual oscillator strengths and the probabilities of these various transitions which differ between 
various hosts.
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Table 1 
HCEs of lanthanide-doped NHs. 

Material Diameter (nm) λEXC (nm) iHCE (%) eHCE (L/g·cm)·10−3 Ref

NaNdF4 9–25 800 85–74 – [29]
NaNdF4 @NaYF4 @NaYF4:1%Nd 25 808 72.7 – [28]
Er@ 70Yb@ 60Nd 18–21 800 40 – [12]
NaNdF4 19 808 8.7 – [24]
NaErF4 @NaYF4 @NaNdF4 @citric acid 51 (without citric acid) 808 18.6 – [30]
NdVO4, 2.4 808 72.0 – [31]
NdVO4 ∼60 808 23.5 – [32]
NaErF4 11 1530 75.0 – [46]
NaErF4 11 980 39.0 – [46]
MoS2:5%Eu3+ nanoflowers ∼150 808 49.0 – [42]
Prussian blue-Yb ∼150 808 55.0 – [47]
BaLa2(MoO4)4:Er3+/Yb3+ 50–300 980 46.7 – [34]
SrF2:Yb,Er 10–41 980 32.0–11.5 – [38]
NaYF4:50%Yb 33 970 64.4 2.39 This work
NaYF4:50%Yb50%Sm 11 970 86.8 2.14
NaYF4:50%Nd 12 794 96.9 21.1
NaYF4:50%Nd50%Sm 12 794 90.3 20.7
NaYF4:50%Tm 36 794 46.2 2.52
NaYF4:50%Tm50%Dy 31 794 53.1 2.88
NaYF4:50%Tm50%Sm 11 794 36.5 1.97

Fig. 4. Structural characterisation A) X-ray diffraction spectra and morphology and size distribution of B) Nd2O3, C) NaNdF4, D) NdF3, synthesised in CHCl3, E) NdF3, synthesised in 
water, F) NdAlO3 and G) NdVO4.
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solvents yielded ∼10 nm NHs with non-uniform morphology. Nd2O3 

synthesized in high boiling organic solvents could not be directly 
transferred into water by acid treatment due to rapid dissolution of 
these nanoparticles, generating a NdCl3 solution. Therefore, CTAB 
surfactant was used to obtain stable colloidal solution of Nd2O3 @ 
OA,OAm/CTAB nanocrystals in water. Unfortunately, the presence of 
organic ligands and CTAB can alter the thermal properties of the 
sample. They form a layer that can act as a thermal insulator and can 
change the wetting angle of the droplet.

NdVO4 synthesized in water is characterized by its small size 
(∼15 nm) and varied morphology. NdAlO3, however, formed large 
aggregates larger than 500 nm.

The absorption spectra of neodymium in different matrices 
(Fig. 5A,B) are similar to the excitation spectra presented by del Rosal 
et al. [74]. The only notable difference concerns NaNdF4. The peak 
maxima at ∼800 nm are shifted and have different relative in-
tensities.

Measurements were performed at 794 and 806 excitation wa-
velengths (Fig. 5C,D). It was anticipated that the samples with ma-
trices of high phonon energy would exhibit the highest iHCE. 
However, results show this effect is not as strong as expected 
(Table 2). The highest iHCE at 794 nm was seen in 30 × 17 nm NaNdF4 

nanorods. This can be explained by the small size and relatively low 
scattering of the nanorods. iHCE indicates how much of the absorbed 
energy will be converted into heat. An iHCE less than 100% indicates 
that either the sample is emitting or scattering is occurring. The size 
of the nanoparticles has a notable impact on the iHCE. For example, 
Xu et al. showed the iHCE size-dependence of NaNdF4 nanocrystals: 
a decrease in the iHCE was observed with increasing nanocrystal size 
[29]. Our results confirm this dependence for 90 nm NdF3 synthe-
sized in water. The efficiency is significantly lower (51%) than in 
10 nm NdF3 synthesized in CHCl3 (85%). The vanadate sample also 

features a low iHCE. Although the grain sizes are small, this sample 
had a tendency to aggregate into larger structures (as confirmed by 
an enhancement on the UV absorption spectrum). This may have 
contributed to increased scattering. Perovskite samples exhibit both 
small absorption and small temperature rise. Unfortunately, it was 
not possible to obtain stable colloidal perovskite nanomaterial. As a 
result, it is difficult to accurately evaluate the iHCE. The high iHCE 
values measured for NaNdF4, affirms that nanoparticle transfer to 
water by acid treatment produces stable nanocolloids. Furthermore, 
no visual changes were observed in samples transferred to water by 
this method.

Due to issues obtaining colloidal solution of Nd2O3 in water, we 
investigated the Nd2O3 stabilized by CTAB. In this case, we observed 
a low iHCE, likely due to a high degree of scattering. This most 
probably results from the presence of OA,OAm/CTAB layer on the 
nanocrystal surfaces. This sample was more turbid than the samples 
prepared with HCl.

The eHCE parameter is more meaningful than the iHCE with 
respect to PTT applications. Despite the scattering and the relatively 
lower iHCE for NdVO4 at 806 nm, this material exhibited the best 
performance. NdVO4 has already been tested for cytotoxicity and 
examined under in vivo conditions in mice [31,32] and in human cell 
lines [79]. The material we examined exhibited a tendency to form 
agglomerates which slightly compromised its stability in water. 
However, there is a possibility to improve its stability and bio-
compatibility by, for example, coating it with additional layers, such 
as poly(vinyl pyrrolidone) [32], or polydopamine and bovine serum 
albumin [79]. At 794 nm, NaNdF4 nanorods demonstrated the 
highest eHCE of the examined materials. eHCE is highly wavelength 
dependent since, in the case of LnNMs, the absorption capacity 
strongly relies on how close the excitation wavelength is to the ab-
sorption band maximum.

Fig. 5. Absorption spectra (A,B) and temperature increase curves of fully concentrated Nd3+ doped samples under 794 (C), and 806 nm (D) laser beam excitation (90 mW), A is the 
measured absorbance and numbers given in % are iHCEs values with standard deviation.
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4. Conclusion

The influence of various lanthanide ions on iHCE and eHCE was 
investigated in this study. Among Yb3+, Nd3+ and Tm3+ ions, the 
highest iHCE was obtained by Nd3+ ion doping. The additional do-
pant of Sm3+ did not improve the samples’ iHCE. Dy3+ doped sample 
containing Tm3+ ions exhibited slightly improved iHCE, however, it 
has no significant effect on the external HCE. The impact of matrix 
type on iHCE and eHCE of samples was investigated. It was found 
that, contrary to expectations, the iHCE is not directly related to 
phonon energy of the matrix Most notably, we observed that particle 
size has a very strong impact on the obtained results. The most 
promising results were found for the smallest materials due to their 
low scattering. Among the investigated materials, NdVO4 was ob-
served to be the best for future PTT use regarding external photo-
thermal conversion efficiency (eHCE (806 nm)= 80.5·10−3 L/g·cm). 
Moreover, the vanadate matrix is known as a non-toxic material and 
can be easily biofunctionalized making them an excellent candidate 
for photothermal therapy. Among the other samples, fluorides 
(NaNdF4, NdF3) demonstrated good stability, and NaNdF4 exhibited 
high external HCE at 794 nm (42.3·10−3 L/g·cm).
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