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Beyond Newton's law of cooling in evaluating
magnetic hyperthermia performance: a device-
independent procedure†

Sergiu Ruta,‡*a Yilian Fernández-Afonso, ‡b Samuel E. Rannala, c

M. Puerto Morales, d Sabino Veintemillas-Verdaguer, d Carlton Jones,e

Lućıa Gutiérrez, *b Roy W. Chantrell c and David Serantes fg

Accurate knowledge of the heating performance of magnetic nanoparticles (MNPs) under AC magnetic

fields is critical for the development of hyperthermia-mediated applications. Usually reported in terms of

the specific loss power (SLP) obtained from the temperature variation (DT) vs. time (t) curve, such an

estimate is subjected to a huge uncertainty. Thus, very different SLP values are reported for the same

particles when measured on different equipment/in different laboratories. This lack of control clearly

hampers the further development of nanoparticle-mediated heat-triggered technologies. Here, we

report a device-independent approach to calculate the SLP value of a suspension of magnetic

nanoparticles: the SLP is obtained from the analysis of the peak at the AC magnetic field on/off switch of

the DT(time) curve. The measurement procedure, which itself constitutes a change of paradigm within

the field, is based on the heat diffusion equation, which is still valid when the assumptions of Newton's

law of cooling are not applicable, as (i) it corresponds to the ideal scenario in which the temperature

profiles of the system during heating and cooling are the same; and (ii) it diminishes the role of

coexistence of various heat dissipation channels. Such an approach is supported by theoretical and

computational calculations to increase the reliability and reproducibility of SLP determination.

Furthermore, the new methodological approach is experimentally confirmed, by magnetic hyperthermia

experiments performed using 3 different devices located in 3 different laboratories. Furthermore, the

application of this peak analysis method (PAM) to a rapid succession of stimulus on/off switches which

results in a zigzag-like DT(t), which we term the zigzag protocol, allows evaluation of possible variations

of the SLP values with time or temperature.

1 Introduction

The use of nanomaterials to generate heat in a controlled

manner through remote activation using external stimuli has

resulted in the design and development of new therapeutic

approaches for cancer treatment.1 Increasing the temperature

of tumour cells can lead to their death, thereby removing or

shrinking the tumour. To achieve such an increase in

temperature, magnetic hyperthermia (MH), based on the use of

magnetic nanoparticles (MNPs) and alternating (AC) magnetic

elds, has been largely explored.

This interesting approach, however, fails on a crucial task

before its arrival in clinical practice: there is a lack of a stan-

dardized methodology to characterize the material heating

properties when exposed to the AC magnetic eld. One of the

main reasons for this is that there have been a multitude of

home-made devices generated to record the temperature vari-

ation of a suspension of nanoparticles over time when exposed

to the AC magnetic eld.

The heating efficiency of these materials when exposed to an

AC magnetic eld is quantied in terms of the specic loss

power (SLP). In addition to SLP, the heating properties of the

MNPs are also sometimes described by a different parameter

called the intrinsic loss power (ILP). The term SAR (specic

absorption rate), used very extensively in the literature, should

be kept to describe power dissipation in tissues.2 Nevertheless,

the alternative approach presented here can be applied for
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calorimetric measurements of such properties, generally

referred to either as SAR or SLP.

In any case, determining the SLP value of a specic material

with accuracy and low uncertainty is not free of difficulties as

there are many sources of error in this type of characterization

(e.g. eld inhomogeneity, location of the temperature probe,

heat losses, failure to reach an equilibrium temperature before

the beginning of the measurements, etc.).2–4 The most exten-

sively used approach to determine the SLP value of a magnetic

nanoparticle suspension is the use of calorimetric methods

using the temperature variation (DT) vs. time (t) curve.5

However, when comparing SLP values obtained by different

laboratories problems start to arise, as the measurement of the

heat released constitutes in itself a rather complicated task to

reproduce.6,7 In fact, a recent study done in 21 different labo-

ratories reported large variations between laboratories in the

heating capability of a single batch of particles.2 Such discrep-

ancies originate from differences in the measurement setups,

the analysis techniques and the eld conditions used in each

laboratory.2

In the context of magnetic hyperthermia, most of the devices

designed to measure the temperature variation DT(t) curve

when the MNPs are exposed to the AC eld are non-adiabatic.2

Therefore, the heat losses that appear during the measurement

may be signicantly different depending on the design of the

device. Moreover, several works have already described that

different mechanisms of heat losses can coincide within a given

setup8 and can have different timescales.9

As a result of all the discussed problems, researchers

working in the eld of magnetic hyperthermia still lack a reli-

able and precise method to accurately determine the SLP value

of a given particle suspension. Therefore, the development of an

alternative approach, less dependent on the measurement

devices and able to unify how the SLP values are calculated in

a precise and reproducible way, becomes critical.

The objective of the current work is to present a measure-

ment protocol that diminishes the dependence on the specic

device characteristics and environmental conditions. The work

is presented in four sections. First, the theoretical framework

behind the usual calorimetric methods is outlined, followed by

a review of the most widely used data analysis approaches to

determine SLP. This rst section also includes a comparison of

experimental measurements and SLP data calculated from

measurements performed in three different laboratories, as an

illustrative example. The second section describes the origin of

the problems that affect the SLP determination using current

methods, focusing on the coexistence of various heat loss

mechanisms and the inhomogeneous heating of the sample.

We have performed a combined experimental/theoretical effort

aimed at (i) differentiating effects attributable to the particles

themselves from those dened by the device thermal properties,

and (ii) disentangling overlapping heat-loss effects on the

determination of the heating performance, so that their roles

may be understood andminimized. The third section is devoted

to the description of the new protocol to determine SLP. The

proposed protocol, which we refer to as the “zigzag protocol”, is

based on a set of repeated short time heating–cooling cycles and

the subsequent analysis of the peaks arising when the alter-

nating magnetic eld is switched off. We show that it is more

benecial to shi the SLP determination from the initial time of

the heating curve, to the transition between heating and cool-

ing. This is because the difference in losses during the heating

and cooling phases is minimised close to the alternating

magnetic eld on/off transition, and this allows the determi-

nation and subtraction of the correct heat loss contribution.

Therefore, a more precise determination of SLP values is ob-

tained. The nal section provides validation of the proposed

SLP calculation methodology. The theoretical validation

includes the numerical generation of a test case where SLP

values vary over time, to calculate the error in the SLP value. We

then validate this approach using as an example an experi-

mental inter-laboratory comparison in which three different

devices are used to characterize the same magnetic nano-

particles, showing how the differences between the SLP values

estimated using the most common standard protocols are

diminished when the proposed zigzag protocol is applied.

2 The basics
2.1 Newton's law of cooling

In general, to have a correct description of the temperature

evolution during the hyperthermia process, it is necessary to

consider the detailed temperature prole both in time and

space. This requires solving the heat diffusion equation

including the sample (heat source region), the container and

the surrounding environment:

rrcr
vTð~r; tÞ

vt
¼ VðkrVTð~r; tÞÞ þ S; (1)

where Tð~r; tÞ is the temperature, and provides the time (t)

evolution of the temperature. r is the density, c the heat

capacity, k is the thermal conductivity and S is the heat source

term. The subscript “r” indicates that eqn (1) needs to be

considered in each point in space.

The existing calorimetric methods used to determine the SLP

value, which we will refer to as the “classical models”, are based

on simplied temperature dynamics where, rather than using

the fundamental heat equation (eqn (1)), the temperature

evolution is dened in terms of Newton's law of cooling as:10

dT

dt
¼ �aðT � TambÞ þ S; (2)

where a is a phenomenological heat loss coefficient of the

system, S denes the heating source (hSLP) and Tamb is the

environmental temperature. Newton's law of cooling is

a simplied version of the heat diffusion equation and the

validity can be checked based on the Biot number.11 In this case,

the temperature T is considered constant inside the sample.

The validity of this approach is, however, limited as will be

discussed later.

Note that eqn (2) requires the temperature within the heat

source region to be uniform. In other words, under this

assumption, the complex temperature prole inside and

around the sample (eqn (1)) is replaced by just two

Nanoscale Adv. © 2024 The Author(s). Published by the Royal Society of Chemistry
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temperatures: one for the sample, T, and a second one for the

surrounding medium, Tamb. Assuming that both the heat

source (S) and the heat loss coefficient (a) are constant over

time, the SLP value should be obtainable from the time evolu-

tion of the heating curve, which from eqn (2) results in:

TðtÞ ¼ Tamb þ
S

a
½1� e�at�; (3)

where:

S ¼
SLP� rNP

�

1

cvol
� 1

�

rwcw þ rNPcNP

: (4)

In eqn (4), r and c stand for the density and specic heat,

respectively, of the nanoparticles (NP) and the dispersion

medium (w stands for water), and cvol corresponds to the

volume fraction (%) occupied by the particles.

2.2 Usual methods to determine SLP: diversity of results

Under the standard experimental procedure, the initial sample

temperature is in equilibrium with the environmental temper-

ature. Since S ¼ lim
t/0

dT

dt
, and S is uncorrelated from the thermal

losses of the system (namely the “a” parameter), determining

SLP from the initial slope of the DT(t) curve (DT(t)= T(t)− Tamb)

would allow, in principle, the intrinsic SLP value to be obtained

while neglecting the role of the thermal characteristics of the

measurement device. Such an approach constitutes the so-

called initial slope method (ISM), where the SLP can be

computed from the linear t to the initial DT(t) curve. In this

approach the adiabaticity assumptions imply that, at the initial

time, heat losses can be neglected. Such estimates are subject to

huge uncertainty due to dynamic changes in the heat loss

mechanisms inside the sample and even from the measure-

ment device/environment. In other words, both the character-

istics of the experimental set up and time frame in which the

slope of the DT(t) curve is calculated will have a strong impact

on the SLP estimation, leading to unreliable values also with

very high uncertainties associated.

In order to solve some of the problems associated with the

ISM, other alternatives based on a more complex analysis of the

initial slope have been proposed. A detailed discussion on such

methods can be found in Wildeboer et al.3 Briey, the Box–

Lucas method (BLM) uses a different equation to adjust the

initial slope.12 Alternatively, the Corrected Slope Method (CSM)

analyzes several time intervals of the initial slope and uses

a correction for an estimated linear heat loss to extract the SLP

data. To illustrate how the use of these different data analyses

affects the calculation of the SLP value, we have analyzed

a suspension of magnetic nanoparticles (dextran coated, 32.0 ±

6.7 nm average size, see Section 1 of the ESI† for further char-

acterization details) using the ISM, BLM and CSM approaches;

see Fig. 1. In addition, the samples were measured in three

different devices operating under very similar conditions (163.3

kHz and 35 mT for device 1, 165 kHz and 35 mT for device 2,

and 172.4 kHz and 35 mT for device 3, in all cases using

a suspension of 1 mL with an iron concentration of 1 mgmL−1).

For a given device, signicant differences, up to 16%, were

observed in the SLP values calculated by the different methods

(see specic values in Fig. 1). When comparing devices, SLP

values calculated from device 2 were signicantly larger than

those obtained with the other two devices, the lowest obtained

value (194 W g−1 Fe3O4) being for the CSM with device 1 and the

highest for the same method in device 2 (294 W g−1 Fe3O4),

which corresponds to a 34% difference in the obtained values.

From this analysis, it is clear that there is a large uncertainty in

the SLP value associated with both the device used for the

measurements and also the method selected for the data

analysis.

In addition to the data analysis methods focusing on the

analysis of the initial slope of the heating curve, an alternative

approach is the Decay Method (DM), that includes in the

sample characterization recording both the heating curve, when

the alternating magnetic eld is switched ON, and the cooling

curve, once the alternating magnetic eld is switched OFF.

Observing the different curves displayed in Fig. 1, where small

changes (and even abrupt jumps) in the data may lead to

signicant changes in the slope, one may easily imagine that

extending the tting range would help minimising the depen-

dence on the specic features of the curves. Furthermore, given

that there are only two unknown values in eqn (1), it might seem

reasonable to devise two different scenarios to t two similar

curves, so that we have two equations with two unknowns.

Therefore, the decay method uses the cooling phase to obtain

a characteristic time of the system cooling down and the steady

state temperature. However, from an experimental point of

view, this method requires longer characterization times, to

ensure that the steady state temperature has been reached and

Fig. 1 Description of the different SLP-determination analyses, with
three different measurement devices located in three different labo-
ratories. Measurements were performed using a 1 mL suspension of
the same particles (dextran coated, 32.0 ± 6.7 nm average size) at
a concentration of 1 mgFe mL−1. AC field conditions were 163.3 kHz
and 35 mT for device 1, 165 kHz and 35 mT for device 2 and 172.4 kHz
and 35 mT for device 3. The solid lines are the fitting curves. Details of
the calculations can be found in Section 2 of the ESI.†

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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also to characterize the cooling phase; therefore, this approach

is much less frequently used than those described earlier.

However, it is not just a matter of time: as will be explained in

the next section, the t of the cooling curve is not straightfor-

ward and, thus, the use of the decay method to obtain the SLP

value also has associated systematic errors.

3 Identifying the problems –
applicability of Newton's law

The applicability of Newton's law of cooling has been investi-

gated by Vollmer.11 Vollmer states ve conditions for the validity

of Newton's law of cooling. Three of these relate to the nature of

the cooling process: for example, in the case of radiative transfer

the temperature difference must be small enough that the heat

transfer can be approximated by its linearised form, also the

convective heat-transfer coefficient must stay constant during

the cooling process. In the context of the current work, (1) it is

also assumed to be the case that the only internal energy source

of the object is the stored thermal energy, which of course

distinguishes the heating and cooling phases of the hyper-

thermia measurement, and (2) it is shown that Newton's law of

cooling applies only if the object is characterized by a single

temperature. It is important to note that in ref. 2 it was found

that in 6 out of 17 laboratories Newton's law was demonstrably

not valid. This has also been recently analysed in detail by

Hanson et al.13 In the following we examine these factors in the

context of measurements of hyperthermia. We use the general

expression for heat ow, eqn (1), including a generic source

term which is appropriate for both magnetic hyperthermia and

photothermia. We demonstrate numerically that a measure-

ment protocol, the Peak Analysis Method (PAM), can success-

fully be used to measure SLP values even when Newton's law of

cooling is demonstrably not valid. Departure from Newton's law

of cooling is characterised by the Biot number,11 which

describes the heat transfer rate inside and outside the

measurement vial.

Aiming to elucidate what might be the underlying reasons

for the diversity in SLP values, not only between different

devices but also when applying different protocols to the same

data DT(t), in this section we perform a detailed analysis of the

underlying physical background: the assumption that Newton's

law of cooling is applicable. Thus, we analyse in detail the two

implicit simplications assumed in deriving eqn (3) from eqn

(2). The rst is that there is only one heat-loss channel, dened

by the “a” parameter. The second is that the temperature of the

sample is homogeneous. The differences between the ideal

situation assumed in Newton's law and the real system are

schematically depicted in Fig. 2.

3.1 Assumption 1: a single heat-loss channel

The rst simplication performed to reach eqn (3) from eqn (2)

assumes that there is only one heat-loss channel, dened by the

“a” parameter. As explained in the previous section, the decay

method uses the cooling phase (where SLP = 0, as no alter-

nating magnetic eld is applied) to obtain the

phenomenological heat loss coefficient “a”, and that value is

taken to obtain the SLP from the heating phase. Since Newton's

law of cooling, eqn (2), corresponds to a single exponential

decay, the exponential t of the cooling part would provide the

“a” value that could be used to t the heating part. However, as

discussed in the insightful work by Landi,10 it is oen observed

that a single exponential t does not match the experimental

cooling part. This is illustrated in Fig. 3, where a single “a” value

to t the cooling part of the DT(t) cannot be obtained in

a measurement performed using the same particles described

in the previous section. In fact, depending on how the t of the

cooling part is performed, very different “a” values are obtained

(see the caption of Fig. 3 and Section 2 of the ESI† for details).

The lack of a single “a” value, indicative of the presence of

several heat-loss mechanisms, is more clearly emphasized when

plotting
dðDTÞ

dt
vs. DT, which according to eqn (2) should be

a straight line if a single heat loss mechanism is occurring. As

the inset in Fig. 3 shows, this is clearly not the case. The heat

loss mechanisms and the corresponding “a” parameter are

highly inuenced by the device setup and environmental

conditions, which can differ signicantly from one laboratory to

another. The presence of several heat-loss mechanisms has also

been recently reported by Iglesias et al.8 In summary, several

heat loss mechanisms may simultaneously occur during the

calorimetric methods to determine the SLP value, being

a source of the variable results reported in the literature.

3.2 Assumption 2: homogeneous temperature

The second simplication performed to reach eqn (2) from eqn

(1) is that the temperature of the sample is homogeneous.

Fig. 2 Schematic illustration of the differences between the ideal
scenario under which Newton's law of cooling would be applicable
(i.e. homogeneous temperature, and one heat-exchange mechanism;
left panel); and the real situation in which the sample temperature is
not homogeneous, and heat can be exchanged through different
channels (right panel).

Nanoscale Adv. © 2024 The Author(s). Published by the Royal Society of Chemistry
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Essentially this requires the temperature within the vial to be

uniform, which has been observed experimentally to not be the

case, as temperature gradients are clearly observed when using

infrared cameras to monitor the whole volume of the

sample.14,15 This factor was investigated in ref. 11 and quantied

using the ‘Biot number’ Bi, which is a dimensionless quantity,

usually describing the ratio of two adjacent heat-transfer rates,

in this case inside and outside the vial. In the context of the

current investigation we use the denition Bi = kwall/kuid.

We investigate this non-uniform heating within the sample

by simulating the heating and cooling processes using a simple

1D heating model (Fig. 4). The reality of heat loss processes in

practical experimental set-ups is complex, possibly involving

more than one heat-loss process, and is difficult to model. Our

approach was intended to illustrate the heating and cooling

processes using a simple and physically transparent model,

which is successful in highlighting the need for an advanced

measurement protocol and evaluating its likely efficacy prior to

experimental validation. We modeled the increase/decrease of

temperature with the SLP driving term on/off. The conjecture

was as follows: when the alternating magnetic eld is ON, the

SLP is localised giving rise to a rapid (uniform) heating with

losses mainly through the boundary of the sample holder,

whereas, when the alternating magnetic eld is OFF, during the

cooling phase, there will be a slow migration of heat out of the

system due to small gradients within the sample holder. In 1D

the time variation of the temperature (with DT = T − Tamb) is

given by:

vDT

vt
¼ a

v2DT

vx2
þ S; (5)

where a = k/(rC) is the thermal diffusivity, and for simplicity of

notation S ¼
SLP

rc
will be used. Eqn (5) is solved numerically

with interface conditions between the uid and the vial corre-

sponding to heat loss by conduction and by convection. These

conditions are given in the Methods section and in Section 3 of

the ESI.†

Results from this analysis can be found in Fig. 4, which

shows plots of the temperature prole during heating and

cooling. Vertical lines show the extent of the heated uid. Data

are shown for high (kwall = 0.8 W m−1 K−1) and low (kwall =

0.01 Wm−1 K−1) thermal conductivity of the vial. As expected, it

can be observed that the temperature gradients occurring

within the liquid sample differ signicantly between the heat-

ing and cooling phases as a consequence of the heat ow and

heat loss processes. Moreover, the impact of the thermal

conductivity values of the vial has also been tested (see Fig. 4).

Fig. 3 Single heating and cooling cycle measurement of the same
particles from Fig. 1. Three different approaches to fit the cooling part
using a single exponential have been performed. The blue fit (dotted
line) was performed using the initial time part of the cooling curve,
obtaining a = 0.0020. The red fit (dashed line) was a free fit to the
entire cooling part, with a= 0.0015. The green fit (continuous line) was
obtained from the final part of the curve, with a = 0.0017. (Inset)

Representation of the
dðDTÞ

dt
vs. DT of the same data. If a single heat

loss mechanism was occurring, the data should be a straight line
according to eqn (2). Results indicate that there is not a single heat loss
mechanism. Straight lines are a guide for the eye.

Fig. 4 Plots of the temperature profile during heating and cooling.
Vertical lines show the extent of the heated fluid. (A) High thermal
conductivity of the vessel (kwall = 0.8 W m−1 K−1) and (B) low thermal
conductivity (kwall= 0.01 Wm−1 K−1) of the vial. The effect of improved
insulation as expected leads to a larger temperature rise, and addi-
tionally a lower temperature gradient within the vial. The red and
orange lines correspond to the heating process, with the orange line
corresponding to the end of the heating process, whereas the blue
colour corresponds to the cooling process. The S parameter corre-
sponds to an SLP of 1000 W g−1.

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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In the case of high thermal conductivity of the vial the

temperature gradient varies strongly across the heated uid and

also varies considerably with time. As expected the increased

insulation leads to a higher temperature rise. It also leads to

proles with rather less curvature. These results are consistent

with the analysis of ref. 11. Specically, in panel A of Fig. 4 the

corresponding Biot number is Bi = 1, which is consistent with

the observed strong temperature variation, whereas for panel B

the Biot number is Bi = 0.0125, which is in the region where

weak temperature variations are expected.

These results illustrate the fact that heat losses and

temperature gradients within the sample can be strongly

dependent on the details of the experiment and in particular the

thermal properties of the container. This clearly indicates that

the validity of Newton's law of cooling cannot be generally

assumed to be true. However, in the following we show, using

the general heat ow equation, that it is possible to dene

a peak analysis method, under which protocol it is possible to

estimate heat losses and precisely compensate for the calcu-

lated SLP even when Newton's law of cooling does not apply.

The protocol is validated by experiments in 3 different

measurements in 3 laboratories.

4 A new approach to calculate the
SLP

In order to solve the problems associated with the presence of

temperature gradients and the co-existence of simultaneous

heat loss mechanisms described in the previous section, we

have generated an alternative protocol to perform the calori-

metric experiments and the data analysis using which it is

possible to signicantly diminish the role of the heat-loss

mechanisms associated with the different devices. This

protocol is based on the following principles. First, there is

a shi in the data that is going to be analyzed, from the initial

slope measured via the classical methods, to the peak generated

when the eld is switched off. Second, instead of doing a single

measurement, a series of on/off switches of the alternating

magnetic eld are performed resulting in a zigzag shape DT(t)

curve. The reasons behind these two modications are

explained in detail below.

4.1 Change of paradigm: the peak analysis

The main reason to shi the data analysis from the initial slope

to the peak generated by the alternating magnetic eld on/off

switch is that if we were able to measure the cooling curve

immediately aer heating, the effect of losses at the transition

between heating and cooling phases and also the coexistence of

longer relaxation time loss mechanisms on SLP determination

would be minimised. Further, as we show later, by measuring

the decay curve it becomes possible to correct accurately for the

heat losses thereby removing a signicant systematic error in

SLP measurements. This is illustrated in Fig. 5, where the 1D

model described in the previous section has been used to plot

the gradient along the sample at some specic time points

during the heating and the cooling parts during the DT(t)

measurement. We show that, when we are looking at data far

away from the peak, the temperature proles are very different

at a given temperature during the heating and cooling phases.

In contrast, when we are closer to the peak, these gradients are

similar and the form of the temperature prole is essentially

unchanged around the peak temperature.

In fact, we can write the heat diffusion equation for the two

processes: (1) heating when the alternating magnetic eld is

ON:
�

�

�

�

vDTr

vt

�

�

�

�

heating

¼ ar

�

�

�

�

v2DTr

vr2

�

�

�

�

heating

þ S; (6)

and (2) cooling, when the alternating magnetic eld is OFF:
�

�

�

�

vDTr

vt

�

�

�

�

cooling

¼ ar

�

�

�

�

v
2
DTr

vr2

�

�

�

�

cooling

: (7)

A reasonable assumption, veried by the simulations (see

the discussion around Fig. 5 and 6), is that at the transition

between heating and cooling the spatial derivatives will be very

similar, and thus subtracting eqn (6) from eqn (7) leads to as

precise as possible a determination of S and implicitly SLP:

S ¼

�

�

�

�

vDTr

vt

�

�

�

�

heating

�

�

�

�

�

vDTr

vt

�

�

�

�

cooling

: (8)

Therefore, shiing the data analysis from the initial slope to

the peak seems a feasible way of avoiding the problems asso-

ciated with the temperature gradients that originated within the

sample during the heating and cooling processes. Moreover,

this methodology will compensate for uncertainties associated

with the temperature probe position.

4.2 Repeated alternating magnetic eld ON/OFF switches

The peak analysis proposed in the previous section could be

done for one heating–cooling cycle or multiple heating–cooling

Fig. 5 Plots of the temperature profile during a single heating and
cooling experiment. The vertical lines show the extent of the heated
fluid. Near the peak, the gradient in the heating curve and the cooling
curve is similar. Further away from the peak, when the temperature of
the suspension is 9.5 °C, larger differences in the temperature gradi-
ents inside the vessel are observed.

Nanoscale Adv. © 2024 The Author(s). Published by the Royal Society of Chemistry
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cycles. Other groups have already proposed the use of a “step-

ped heating procedure”16 to acquire heating and cooling data at

different temperatures or to verify the absence of parasitic

signals from the thermocouple.17 In addition, the idea of

applying the alternating magnetic eld intermittently has also

been recently described as a way to control the global temper-

ature reached in tissue phantoms.18,19

Our proposal is that, given that the data needed for the peak

analysis described in the previous section corresponds only to

the values closest to the peak, the temperature prole remains

essentially constant and the SLP value can be determined using

eqn (8). It follows that there is no need to wait for the temper-

ature to reach an equilibrium (neither in the heating, nor the

cooling part), and a sequence of fast cycles of ON/OFF alter-

nating magnetic eld can be performed. This approach will

provide two main advantages. First, the calculation of SLP

values in several “peaks” will allow calculation of the error

associated with the SLP determination in repeated measure-

ments faster than repeating “classical methods” several times.

Furthermore, it will allow tracking of any possible changes in

SLP values due to differences in the global temperature, also

providing a tool to calculate the SLP at body temperature. To

verify the use of this pulsed alternating magnetic eld

approach, we have quantied the degree of temperature

homogeneity inside the sample (as illustrated in Fig. 4). The

curvature of the temperature proles as a function of temper-

ature is presented in Fig. 6. We calculate a radius of curvature as

given in the Methods section. The characteristic radius of

curvature is calculated at the center of the heated vial.

We have compared the temperature prole when performing

a single heating and cooling cycle and the zigzag protocol using

the simple 1D model outlined earlier. Because the radius of

curvature is innite at time t = 0 we choose to characterise the

curvature as the inverse of the radius of curvature calculated as

given in the Materials and methods section (eqn (14)). In the

single heating/cooling cycle, it can be observed that there is

a signicant variation of the curvature during the heating

process (red line in Fig. 6). Additionally, a more complex vari-

ation of the curvature with time occurs when the eld is turned

off (the cooling phase). We can observe that the behaviour is not

symmetric for heating and cooling, supporting our hypothesis

that the heat-loss mechanisms are complex and cannot be

assumed to be the same during the two phases. As expected the

curvature converges at the transition between heating and

cooling, thereby supporting the use of the peak analysis.

Indeed, a more linear behaviour of the curvature is observed

during the simulation of the zigzag protocol, where the

convergence between the heating and cooling parts of the curve

at the peak is clear. These results support the idea of using the

peak analysis when applying a pulsed alternating magnetic eld

to the sample.

4.3 The zigzag protocol

We have termed our proposal for the new approach to deter-

mine the SLP value the zigzag protocol (Fig. 7). This proposal

comprises two complementary ideas. The rst is shiing the

data analysis from the initial slope to the peak. As described

above, the peak analysis will allow the ideal limit to be studied

where the heat loss mechanisms in the heating and cooling

phases of the DT(t) curve approach a single value, providing

a scenario that allows the determination of an SLP value inde-

pendent of the device. Moreover, performing a zigzag type of

measurement, where the alternating magnetic eld is inter-

mittently switched ON and OFF, it is possible to determine the

error associated with the SLP value using different fast repeti-

tions of the peak analysis, assuming a constant value of the SLP.

A Standard Operating Procedure to perform this analysis has

been developed and is provided in Section 4 of the ESI.†

4.4 Time dependent SLP

We have shown theoretically that the PAM method provides

determination of the SLP with reduced systematic errors

introduced by thermal transport processes in comparison with

Fig. 6 Comparison between single heating/cooling cycle (A) and
repeated heating–cooling cycles (B). The plots show the curvature of
the temperature profile inside the heated fluid. The negative sign
indicates the concave profile of temperature and the value indicates
the degree of homogeneity of the temperature profile. The inset in (a)
is the curvature as a function of temperature for alternating magnetic
field ON (red: heating) and alternating magnetic field OFF (blue:
cooling). This shows a complex temperature evolution inside the fluid
both during the heating and cooling process, which is not symmetric.
The results correspond to case A from Fig. 4.

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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the existing methods. In addition to reducing the errors in the

SLP calculation, the use of the zigzag protocol has other inter-

esting advantages. In the rst instance, under the assumption

of a constant (time invariant) SLP, the extra data provided by the

zigzag method allows further averaging and a reduction in the

statistical error. Further, it could also be used to accurately

determine a time varying SLP. This might arise from tempera-

ture variations in the intrinsic nanoparticle properties; for

example, in the case of magnetic hyperthermia, the use of low

Curie temperature materials to control their heat output would

give rise to a time (temperature) varying SLP.20,21 A further

example is the possibility of time dependent chaining as

observed byMille et al.22 when usingmagnetic nanoparticles. To

illustrate this aspect, we simulated a case when SLP increases

exponentially in the form SLP= SLP0[1− exp(−t/t0)]. The results

for SLP0 = 1000 W g−1 and t0 = 100 s are shown in Fig. 8. As the

transition between heating and cooling happens over a short

period of time, we can apply the PAM method for the zig-zag

protocol to obtain the SLP at each time corresponding to the

transition (as shown at the bottom of Fig. 7) meaning that we

can obtain the SLP at various time points as illustrated in Fig. 8.

As the temperature evolution was simulated, the exact SLP time

dependence is known, and this allowed us to calculate the

absolute error of the PAM method at different time points.

These results prove the capability of the zigzag method to

accurately determine SLP, not just in the case of constant SLP

but also for the case where SLP varies during the MH

measurement. We believe that this feature represents a signi-

cant advantage of this protocol. In this way, any changes in the

SLP due to particle clustering, or temperature dependence of

magnetic properties could be tracked over time. However, it

should be noted that this will require high accuracy (low noise)

measurements which should be possible by using high resolu-

tion temperature probes and improved averaging.

In summary, the zigzag protocol not only provides a better

estimation of SLP, but can also (1) provide the variation of SLP

during the heating protocol and/or (2) the SLP value at the

desired operation temperature, which is generally different

from the ambient temperature at which the “classical methods”

based on the initial slope are generally applied.

4.5 Experimental validation of the “zigzag protocol”

While the theoretical calculations provide insight into the

applicability of the proposed methodology, the nal step is to

proceed to the experimental validation of the protocol. In

particular, we use the same particles described in the rst

section (see also Section 1 of the ESI†). Suspensions of the

dextran coated particles are characterized using three different

commercial devices for the SLP analysis and a representative

measurement is depicted in Fig. 9a and b. In all devices,

a suspension of 1 mL with an iron concentration of 1 mg mL−1

prepared from the same batch is used. In all devices, very

similar AC eld conditions are used (163.3 kHz and 35 mT for

device 1 (D5 Series from nB nanoScale Biomagnetics), 165 kHz

and 35 mT for device 2 (Fives Celes, MP 6 kW) and 172.4 kHz

and 35 mT for device 3 (Nanotherics)). The sample was

measured in each device using two experimental protocols:

a single heating/cooling cycle and the zigzag protocol, where

several cycles of faster heating/cooling cycles are sequentially

performed following the Standard Operating Procedure

provided in Section 4 of the ESI.† Measurements were repeated

twice for the single heating/cooling measurements. Repetitions

of the zig/zag measurements were also performed to assess the

Fig. 7 Scheme depicting the advantages of the use of the peak
analysis method and the zigzag protocol. Shifting the data analysis to
the peak resulting from the ON/OFF alternating magnetic field switch
allows assuming similar heat loss mechanisms during the heating
marked in red in the top panel and the cooling phases marked in blue
in the top panel. Repeating the on/off switches several times in
a zigzag way allows replicates to be quickly obtained and the evolution
of the heating capacity of the particles to be tracked over time and
temperature.

Fig. 8 Example of time dependent SLP (black line, input SLP) and the
values extracted from the zig-zag method (gold dots). The results
based on the error given in the inset indicate a very accurate deter-
mination of the input SLP.

Nanoscale Adv. © 2024 The Author(s). Published by the Royal Society of Chemistry
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reproducibility of the data obtained in selected cases (see

Section 5 of the ESI†). Additionally, water samples were also

tested to evaluate the possible heat contributions from the coils

(see Section 6 of the ESI†).

When considering the single heating–cooling cycle,

measurements performed with the three devices revealed

a fairly similar initial slope. It is important to note that although

the initial slope may look similar, when the initial time was

analyzed, signicant differences appear, as shown in Fig. 1.

However, differences in the cooling phases associated with

different degrees of insulation and therefore different thermal

losses were evident (Fig. 9a). Devices 2 and 3 have a more

uniform cooling process, whereas device 1 has clearly at least

two timescales associated with the cooling. This different

degree of insulation was also observed when measuring the

water samples (see Section 6 of the ESI†) as external heating

arising from the non-adiabaticity of the devices was observed.

SLP values were calculated using the classical methods

applied to the rst 30–40 s range, as shown in Fig. 1. As

described in the rst section, striking differences in the SLP

values, up to 35%, are observed in the calculations performed

using the different classical methods applied to the initial slope

analysis (see Fig. 1). A repetition of the measurements was

performed in order to test the variations associated with the SLP

value calculation depicted in Fig. 9c. Two measurements were

performed in each device for the classical single heating/cooling

measurements and each measurement was analyzed using

different “standard models”. These results clearly show the

large uncertainty in the SLP value determination of a material

that arises from both the device used for the measurements and

also the method selected for the data analysis. Section 2 of the

ESI† shows the individual SLP values calculated for each

measurement and type of data analysis.

Then, the zigzag protocol is applied to measurements with

the three different devices (Fig. 9b). At least ten peaks are

analyzed for each device (see individual SLP data obtained for

each peak in Section 2 of the ESI†). Average values, standard

deviations and relative standard deviations (RSD) are also

provided in that section of the ESI.†

Fig. 9c shows the average data of the SLP values obtained

from several measurements of single heating/cooling cycles and

calculated using the classical data analysis approaches (ISM,

BLM and CSM) applied to the initial slope of the results. When

comparing relative standard deviations obtained for the

different calculation methodologies, interesting differences are

observed. In the case of the single heating/cooling measure-

ments, relative standard deviations are much higher for the SLP

values calculated for device 1 (RSD between 15 and 26%) than

for the other devices (RSD between 2 and 11% for devices 2 and

3) independently of the calculation method used. However,

given the large variance of some of the data sets, the statistical

analysis, comparing if any device was providing a signicantly

different value than the others, rendered negative results.

SLP values obtained from the single heating/cooling

measurements are compared to the individual SLP values ob-

tained using the peak analysis method for each of the sequential

peaks generated in the zigzag protocol over time (see Sections 2

and 7 of the ESI† for the individual values). Although not used in

this particular case, it can be noted that, as shown earlier, this

approach allows the possibility of tracking SLP variations over

time. It also allows the characterization of the SLP value of

a material occurring at a given temperature. In general, results

from the peak analysis show a much smaller variation of the SLP

values obtained in all the peaks for device 2 when compared to

the other two devices. We think the reason behind this obser-

vation is the better temperature resolution (0.01 K) of the thermal

probe of device 2, as can be observed also from the temperature

data in Fig. 9a. Nevertheless, the zigzag protocol can detect this

aspect, which can be taken into account when comparing results

between different devices and laboratories.

The average SLP value calculated from all the analyzed peaks

in the zigzag protocol is shown in Fig. 9d and compared with

the values obtained from the classical approach that focuses on

the initial slope. A good consistency among the obtained results

from the three different devices is obtained for the zigzag

protocol, especially compared with the results obtained from

the single heating/cooling approaches. Here it is important to

note that the sample size for the classical methods is different

to that of the zigzag approach, as the ten peaks were averaged.

One of the advantages of the zigzag method is that it allows

the relatively fast measurement of a great number of SLP values,

helping to reduce uncertainties. Indeed, when the average SLP

was calculated from the analysis of at least 10 peaks using the

Fig. 9 SLP calculation from experimental calorimetry measurements
using three different devices. (A) Representative measurement of the
classical single heating/cooling cycle. (B) Representative measure-
ment of the repeated heating–cooling cycles (zigzag measurements).
(C) The ISM, CSM, and BLM approaches have been used to calculate
the SLP values from single heating/cooling measurements, as the ones
shown in panel (A). SLP analysis has been performed in the same time
range shown in Fig. 1. Values correspond to the mean and standard
deviation calculated from two replicas. The Peak Analysis Method
(PAM) has been applied to each of the peaks from the zigzag
measurements shown in panel (B). (D) Comparison between the
extracted SLP values for the three devices when using different
methods for the data analysis. Note that SLP values for the PAM
method correspond to the average value for all the peaks analyzed
independently and shown in panel (C). Also note that the sample size is
different for the ISM, CSM, and BLM approaches (2 replicas) than for
the zigzag measurements (10 peaks).

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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zigzag protocol, uncertainties were highly reduced for device 1,

the device showing the larger standard deviations in the classical

methods. It should be noted that to perform a complete single

heating and cooling measurement and to allow the sample to

cool down completely, in this case, around 50min are needed. In

contrast, using the zigzag method, between 10 and 14 peaks can

be analyzed in the same time frame. This means that the time

needed to achieve a high enough number of replicates to reduce

uncertainties can be reduced dramatically (10 fold).

Although the absolute error on the average SLP value cannot be

determined given the absence of reference materials or veried

methods, the similarity of the results obtained when measuring

the SLP in three very different devices is a promising result. This

good consistency of the results is especially relevant provided the

disparity of results obtained for the single heating/cooling

measurements. It is especially interesting to consider the case of

device 3. This device presented the lowest relative standard devi-

ation in the SLP values in the data analysis using the classical

methods (RSD < 5%); however, the average SLP values obtained

from such methods are lower (230–240 W g−1 with 5% RSD) than

those obtained from the zigzag protocol (270W g−1with 8% RSD).

Nevertheless, although these results are promising, future work

should be performed to further validate this approach by research

groups with adiabatic devices.23

Overall, these experimental results support the idea of using

the zigzag protocol as an interesting alternative for the SLP

analysis independently of the device being used.

5 Conclusion

We have analysed the contribution to systematic deviations

between measurement systems arising from the different

thermal properties of the systems and sample holders. A simple

1D conduction model was used to illustrate the central factor,

specically the difference between the temperature prole

during heating and cooling. This essentially arises from the fact

that the heating is rather uniform, resulting in a relatively at

temperature prole in the vial during heating which becomes

more strongly curved during cooling. Consequently, Newton's

law of cooling is not generally obeyed. However, around the

peak temperature, when the alternating eld is switched off, the

temperature prole remains essentially constant allowing for

exact calculation of SLP by compensating for the heat losses

obtained from the cooling curve. Therefore, an alternative way

of calculating the SLP value was proposed, called the Peak

Analysis Method (PAM). This method was further extended into

a ‘zigzag protocol’ by carrying out repeated heating/cooling

cycles. The method was veried using the simple 1D tempera-

ture diffusion model and then experimentally validated using 3

different measurement systems in different laboratories. It was

shown experimentally to give signicant improvement to ach-

ieve good reproducibility within a given time frame over the

‘classical’ methods of SLP determination. Finally, we note that

the zigzag method in principle allows the determination of

a time dependent SLP as can arise, for example from the effects

of chaining.22 However, this would require more accurate

measurements of heating curves. Nonetheless, the PAM

technique and the zigzag protocol have shown a remarkable

agreement between different measurement systems and labo-

ratories and is recommended as a signicant improvement over

current measurement techniques.

6 Materials and methods section
6.1 Magnetic nanoparticle synthesis and characterization

MNPs were synthesized using an oxidative precipitation

aqueous route previously described24 with slight modications.

Briey, a 1 M solution of FeSO4, prepared in 50 mL of 0.01 M

H2SO4, was quickly added to a basic solution prepared with

4.25 g of NaNO3 and 4.22 g of NaOH in a mixture of 137 mL of

water and 63 mL of 96% vol ethanol. The green rust suspension

obtained was stirred for 15 min and poured in a jacketed ask

previously thermalized to 90 °C with a thermostatic bath. The

MNPs were le to grow at that temperature for 6 hours. MNPs

prepared by this route were subjected to an acid treatment and

then coated with dextran.25

Size and morphology were studied by transmission electron

microscopy (TEM). A drop of the diluted sample was deposited

on a carbon coated grid, allowing it to dry at room temperature.

Micrographs were acquired in a Tecnai G2 TEM (FEI) operated

at 200 kV. The particle size was dened considering the largest

internal dimension of the nanoparticles. A total of 175 nano-

particles were manually measured and the histogram obtained

was tted with a probability density function.

Magnetic characterization of the sample was carried out in

a Quantum Design MPMS-XL SQUID magnetometer. The liquid

suspension was placed in a cotton piece allowing it to dry. Then,

this piece of cotton was placed in a gelatin capsule for the

magnetic measurements. Field dependent magnetization of the

sample was recorded at 300 K at amaximum eld of 1600 kAm−1.

The magnetic hyperthermia measurements were performed

using three different devices. Device 1 is a commercial equipment

(D5 Series from nB nanoScale Biomagnetics) with a G model

closed coil and a ber optic sensor. This device uses, as sample

holders, 2 mL disposable glass vials. Device 2 is an AMF produced

by a Fives Celes 12, 118M01 generator. This device is composed of

a combination of a CELES MP 6 kW generator capable of gener-

ating resonant frequencies in the range 100–400 kHz (tunable with

an ALU CU type capacitor box) and a 71 mm i.d. DT25901A chilled

coil. Temperature wasmeasured with anOSENSA ber optic probe

model PRB-G40-02 M-STM-MRI. This device uses, as sample

holders, plastic microtubes. Device 3 is a MagneTherm from

Nanotherics that uses 1 mL Nunc® CryoTubes® as sample

holders. Two types of measurements (classical single heating–

cooling cycle and a zigzag measurement) were performed in the

three devices using a suspension of 1 mL with an iron concen-

tration of 1 mg mL−1 and similar AC eld conditions (163.3 kHz

and 35 mT for device 1, 165 kHz and 35 mT for device 2 and 172.4

kHz and 35 mT for device 3). For the single heating/cooling

measurements, 1 mL of the particle suspension was placed into

a specic container and located at the center of the magnetic

induction coil inside an isolating holder. When the sample

temperature was stable, the ACmagnetic eldwas applied for 110–

120 s. The sample temperature during the heating and cooling

Nanoscale Adv. © 2024 The Author(s). Published by the Royal Society of Chemistry
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time was measured in each device at least 2 different times. For

the zigzag heating–cooling measurements, the suspension was

placed in the center of the magnetic induction coil inside an

insulating support. The sample temperature was stabilized before

starting the measurement. The AC magnetic eld was applied

until the sample temperature increased 2–3 °C and then the AC

eld was switched off. The magnetic eld was turned on again

when the sample temperature decreased by 2 °C. This process was

repeated several times. Even though the measurements were

performed by different operators, data analysis was performed by

the same person. Furthermore, several quality control tests were

performed. Reproducibility was assessed by repeated measure-

ments of the same sample in each device (see Section 5 of the

ESI†). The negligible contribution from the coils to the tempera-

ture of the sample was veried bymeasurements of water samples

of the same volume in each device (see Section 6 of the ESI†).

6.2 Simple (1D) model of heating

The aim is to model the increase/decrease of temperature with

the SLP driving term on/off. The conjecture is as follows: the

SLP is localised giving rise to a rapid (uniform) heating with

losses mainly through the boundary of the sample holder,

whereas during the cooling phase there will be a slow migration

of heat out of the system due to small gradients within the

sample holder. In 1D the time variation of the temperature

(with T = T − Tambient) is given by

rrcr
vT

vt
¼ kr

v
2
T

vx2
þ S

vT

vt
¼ ar

v2T

vx2
þ

S

rrcr
;

(9)

where the SLP S is taken as a constant, r is the density, c the heat

capacity and k is the thermal conductivity. a = k/(rC) is the

diffusivity. The vial is uniformly heated with SLP S for a time

theat aer which s is set to zero for the cooling phase. At the edge

of the simulation region is assumed that the temperature

equals the environment.

6.2.1 Boundary conditions. We now look at the experi-

mental case of heating in a vial. At the boundary we have to

impose continuity of the temperature and the heat ux, with the

interface condition

�kfluid

�

dT

dx

�

fluid

¼ �kwall

�

dT

dx

�

wall

(10)

In the discrete approximation, continuity of T and eqn (10)

lead to

Ti = rTi−1 + Ti+1/(1 + r), (11)

where Ti is the interface temperature, Ti−1 and Ti+1 are

temperatures immediately inside the uid and boundary

respectively, and the ratio r = kwall/kuid.

Next we consider the heat transfer to the surroundings via

conduction through the vial and by convection from the upper

surface of the uid.

The convection BC is

�k
dT

dx

�

�

�

�

x¼L

¼ hðTx¼L � TNÞ; (12)

with h being a constant. This leads to interface temperature at

the surface of the uid

Ti ¼
kTi�1 � hDxTN

ðk � DxhÞ
; (13)

where Dx is the numerical spatial discretisation.

6.3 The radius of curvature

We characterise the curvature based on a radius of curvature as

follows:

r ¼

 

1þ

�

dDT

dx

�2
!1:5

d2
DT

dx2

(14)

A “−” sign indicates the concave temperature prole and the

absolute value quanties how large the non-uniformity is, with

zero meaning constant temperature. Note that because the

initial radius of curvature at time t= 0 is innite we chose to use

r−1 as a measure of curvature.
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