7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Thermal properties of lipid bilayers derived from
the transient heating regime of upconverting
nanoparticlest

’ '.) Check for updates ‘

Cite this: Nanoscale, 2020, 12, 24169

" Carlos D. S. Brites, ©©* Paola A. Rojas-Gutierrez, ©°

Ricardo L. Longo, {2 *© Christine DeWolf, |
*® and Luis D. Carlos (2 *?

Ana R. N. Bastos, &
Rute A. S. Ferreira,
John A. Capobianco &

Heat transfer and thermal properties at the nanoscale can be challenging to obtain experimentally.
These are potentially relevant for understanding thermoregulation in cells. Experimental data from
the transient heating regime in conjunction with a model based on the energy conservation enable
the determination of the specific heat capacities for all components of a nanoconstruct, namely an
upconverting nanoparticle and its conformal lipid bilayer coating. This approach benefits from a very
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simple, cost-effective and non-invasive optical setup to measure the thermal parameters at the
nanoscale. The time-dependent model developed herein lays the foundation to describe the
dynamics of heat transfer at the nanoscale and were used to understand the heat dissipation by lipid
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Introduction

During metabolism cells undergo continuous heat transfer.
However, very little is known about the heat transfer at the cel-
lular level, and in particular about the thermal properties of
each of the cellular components."™ Frequently the thermal
conductivity and/or heat transfer coefficients of the lipid mem-
brane, proteins, and intracellular fluid are all assumed to be
the same, an inaccuracy highlighted by Suzuki and
Plakhotnik.> The thermal properties of the cell membrane
itself are important in thermoregulation, i.e. the heat transfer
from the cell to the surrounding environment and vice versa.
The cell membrane is best approximated by a phospholipid
bilayer that has been employed extensively for investigating
the membrane thermodynamic and thermal properties both
experimentally®” and computationally.®™*° While much of the
phospholipid literature is focused on the thermotropic phase
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behaviour, absolute measurements of intrinsic lipid bilayer
thermodynamic properties are less accessible.

Luminescent nanothermometry''™® has been widely used
in the determination of cell temperature, which relies on lumi-
nescent probes such as proteins, dyes, fluorescent gold nano-
clusters and nanoparticles.>'®'® Furthermore, the technique
has been recently used to measure the core temperature of
upconverting nanoparticles (UCNPs) coated with a lipid bilayer
enabling the direct determination of the thermal conductivity
of the coating, with advantages relative to the established
experimental electrical methods.*® However, simply measuring
the temperature, a state variable, does not provide an insight
into the dissipation of heat which is dynamic thus, requiring
that the transient regime be studied.

Herein, we employ a nanoconstruct comprising a UCNP
(LiYF4:Er**/Yb*") surrounded by a conformal supported lipid
bilayer (containing dioleoylphosphatidylcholine, DOPC, dio-
leoylphosphatidic acid, DOPA, cholesterol, and oleate)***" to
develop a model and demonstrate experimentally that the tran-
sient regime permits to obtain the specific heat capacity of
both the lipid bilayer and the UCNP. In contrast, the steady-
state regime only yields an estimate of the conduction heat
transfer of both components of the nanoconstruct. The deter-
mination of the specific heat capacity at the nanoscale is chal-
lenging, less explored and important to clarify why nanofluids
show enhanced specific heat capacities. This property has
been observed upon the addition of nanoparticles to a molten
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salt, that has technological relevance in energy storage,
however, the mechanism is not yet understood.*>

Experimental details
Materials

Dispersions of tetragonal phase LiYF,:Er*'/Yb®* were syn-
thesized via thermal decomposition. Capped UCNPs have been
coated with a conformal supported lipid bilayer coating. The
capped and uncapped (oleate-free>®) nanoparticles are dis-
persed in either ultrapure H,O or D,O (dispersion concen-
trations are based on the dry weight of nanoparticles).
Nanoparticles were characterized using transmission and scan-
ning electron microscopy and X-ray diffraction. Properties of
the UCNPs are provided in section I of the ESI and in Tables
S1 and S2.} Details of the synthesis and characterization of the
nanoparticles have been reported previously.”*

Methods

Dynamic temperature measurements. The temperature
increase (AT) when the nanofluids are under NIR irradiation
at 980 nm depends on the laser power density (Pp) and on the
composition of the nanofluid (presence or absence of a confor-
mal lipid bilayer and the solvent used, as previously
observed®’), section II of the ESL{ The nanofluids were irra-
diated for 600 s by a pulsed laser (BrixX 980-1000 HD,
1.5 MHz) at 980 nm, with power densities ranging from ca.
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65 to 250 W ecm > (as described in section III of the ESI{). The
resulting temperature increase was measured over time using
an immersed thermocouple (K-type, 0.1 K accuracy) placed ca.
0.5 cm away from the limits of the laser spot and always at the
same place along the optical pathlength (Fig. 1). Because the
size of the thermocouple is small (ca. 1.5 mm), there is little
variation (<4%) of AT along the excitation cylinder of the laser
beam path. In addition, it can be shown (sections IV-VI of the
ESIT) that the temperature variation across the laser beam is
negligible (<0.06 K) because its diameter is very small. This
was estimated by using a very narrow profile and can be con-
sidered as an upper bound for the temperature variation.
Therefore, accounting for the observed Gaussian profile of the
laser beam would yield an even smaller temperature variation.
As a result, the temperature increase, AT(¢), monitored by the
thermocouple can be considered uniform (section VI of the
ESI}). During the measurements, the thermocouple was kept
at a fixed distance from the laser beam to avoid changes in the
transient regime profile.

It is relevant to determine how AT, associated with absorp-
tion, varies across and along the excitation cylinder of the
laser beam path, which will determine the accuracy and
reliability of the derived properties as well as establish the
temperature monitoring. Assuming constant thermal conduc-
tivity, and that the power absorbed from the laser beam is con-
verted into heat, the temperature variation across the laser
beam path is Tsyrface — Tcentre = (Nppop + 05)Pp/4nkL, which
under the experimental conditions used corresponds to a
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Fig. 1 (a) Schematic of the experimental setup used to record the temporal dependence of the temperature of the nanofluids under 980 nm exci-

tation. The magnification of the laser spot on the nanofluid represents the heat exchange between the solvent (H,O or D,0) and the nanoparticle
due to 980 nm excitation, and the composition of the conformal lipid bilayer coating the surface of the nanoparticle. (b) Temperature profiles of the
uncapped UCNPs and lipid bilayer-capped UCNPs dispersed in H,O, and uncapped UCNPs dispersed in D,O, measured under 980 nm excitation
(222 W cm™?) using the immersed thermocouple. Dashed lines are fits for the entire data set and continuous lines are fits of the initial period of NIR
irradiation. (c) Magnification of the first 25 s (shaded area of (b)) highlighting the fit of the model in the initial period of 980 nm irradiation.
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temperature variation of 0.061 K. Given the small size of the
focal point, AT can be assumed to be spatially homogenous
within this region (section VI of the ESIT). Regarding the temp-
erature variation along a cylinder defined by the path of the
laser beam, the exponential attenuation of the radiant power
of the laser beam causes a monotonic decrease of AT along
the optical pathlength by ca. 1.6 times (section VI of the ESIf).
Therefore, it is very important to ensure that the temperature
is always monitored in the same position. Note that tempera-
ture monitoring by ratiometric luminescence using the UCNPs
will not be addressed here.

Description of the fitting procedure. The experimental data
were fit to a first-order exponential decay function. The fit was
limited to the first regime of each transient curve, which was
established through the linearized representation of the data
(Fig. 2). For each sample, a multi-fit was performed in which
all of the transient curves were fitted simultaneously to eqn
(16). As AT, depends on the laser power density, it was fixed
for each curve and constrained by the respective errors. In the
multi-fit, the parameter r was set as a free variable and identi-
cal for all the curves enabling the determination of the ¢, and
cp, values.

Upconversion quantum yield. Absolute upconversion
quantum yield values were measured in the Quantaurus-QY
(C13534, Hamamatsu) system equipped with an integrating
sphere as sample chamber and two multi-channel analyzers
for signal detection in the visible and the NIR spectral ranges.
A 980 nm external laser diode (FC-980 5 W, CNI Lasers) was
used as the excitation source. Since the emission quantum
yield of UCNPs depends on the excitation power density,>*>¢
the comparison of the performance of upconverting phos-
phors should be made using the saturation regime, corres-
ponding to the maximum emission quantum yield value.””
Here, P, = 950 W cm ™2 (considering the illumination area in
the sample holder, 0.0025 cm?, according to the manufacturer)
in the saturation regime. The measurements were done in
quartz cuvettes of 1 cm optical path, filled with 2 mL of
UCNPs at 0.6 g L™ concentration. As a reference sample, the
empty cuvette was used. Three measurements were made and
the mean value is reported. According to the manufacturer,
the measurements present a relative error of 10%.

Results and discussion

Laser heating of nanofluids containing upconversion nano-
particles, UCNPs, including capped-UCNPs, has been per-
formed, and by analyzing the temperature increase at steady-
state, the thermal conductivities of the nanofluids were
determined.”®*" However, for analysis of the transient regime,
a time-dependent approach is necessary and additional con-
siderations are in order.

Modelling laser heating of nanofluids: power balance

As a laser beam travels through a nanofluid, photons are
absorbed by the medium and this absorbed energy is con-
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Fig. 2 Time-dependence of the reduced temperature for the (a)
uncapped UCNPs and (b) lipid bilayer-capped UCNPs dispersed in H,O,
and (c) uncapped UCNPs dispersed in D,O, measured by the immersed
thermocouple. The logarithmic representation of the reduced tempera-
ture profiles allows the identification of the time range in which In[1 —
0(t)] is linear. The horizontal bars mark the time interval (At) in which
these linear fits are verified. The solid lines are the best fits to eqn (16) (r?
> 0.970) and the dashed lines are guides for the eyes.

verted into heat, which will cause an increase of temperature.
Under the experimental conditions, the optical pathlength is
ca. 100 times larger than the diameter of the laser spot, so the
laser beam can be considered as a long cylinder and the heat
will be dissipated radially from the surface of this cylinder. As
a result, the heat dissipation along the laser path is negligible
and considering that only the particles within this cylinder
will absorb and cause heating, the process can be described by
a one-dimensional (radial) heat transfer with cylindrical sym-
metry. To model this heating process, each of the components
of the nanofluid (UCNPs, lipid bilayer and solvent) will be con-
sidered as independent. The total absorption cross-section will
then be the sum of the absorption cross-sections of the indi-
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vidual components. This applies similarly to the heat transfer
properties of the nanofluid, particularly, heat capacity.

The time at which the irradiation starts (the initial time) is
denoted by ¢,. The temperature, T(¢), increases up to a con-
stant value, the so-called steady-state regime, T'(ts) = Tss. The
period during which the temperature increases from the initial
equilibrium temperature of the sample, T(t,) = T,, to its
steady-state value, Ty, denoted by At = t, — t,, defines the
transient regime.

Energy conservation dictates that, on average, the total
energy of an isolated system is constant, ie. it is conserved
over time. Thus, the power (or energy rate) gained, Wyain, has
to be equal the power lost (or dissipated), Wiog:

Wgain = Wiost (1)

This is the power balance equation, which can be obtained
from the transient heat transfer differential equation derived
using, for example, the shell balance approach*® under homo-
geneous conditions of the thermal conductivity and of the
temperature gradient. The power balance equation has been
successfully applied to several nanosystems, particularly in
describing processes such as laser-induced incandescence.>**°
The simplicity to setup and to solve this equation is one of its
appeals because only the processes of power gains and power
losses associated with the experimental conditions are
required. In the case of laser heating of nanofluids, the power
gain is basically that absorbed from the laser beam, so that
Weain = Wabs, where the rate of energy absorption, W,ps, can be
determined as (section IV of the ESIT)

Wabs = (Nppop + Nppor, + 6sp)Pp (2)

where Np), is the number of nanoparticles (dimensionless)
exposed to the laser beam, op (in m?) is the absorption cross-
section of a single nanoparticle, o7 (in m?) is the absorption
cross-section of the lipid bilayer coating, os;, (in m?) is the
absorption cross-section of the solvent within the path of the
laser beam, and Py, (in W m™?) is the incident power density.
The absorption cross-sections were determined from the
absorption spectra of the nanofluids and the number density
of each species was calculated from its concentration in solu-
tion and its mass or from its molar mass and density for a
pure substance. The power dissipation has several pathways
and mechanisms that need to be identified, quantified, and
evaluated.

Power lost or dissipated

The main mechanisms and pathways of energy dissipation are:
(i) heat transfer via conduction, convection, and thermal radi-
ation, (ii) increase of internal energy due to heat capacity, and
(iif) upconversion emission by the UCNPs. Other sources of
heat dissipation such as evaporation, ionization, dissociation,
etc. will not be considered because of the stability of the
systems and the relatively small temperature increase. In
addition, the effects of the coupling between the flow of heat
and the flow of matter, e.g. the Soret (or thermophoresis, or
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thermal diffusion) and the Dufour (heat flow caused by a con-
centration gradient) effects will not be considered. Derivations
and calculations of the main contributions to heat dissipation
are presented in section V of the ESL.}

Power dissipation via heat transfer

The heating of the nanofluid within the path of the laser beam
creates a temperature gradient between the excitation cylinder
and the bulk of the sample that is at room temperature. So,
the temperature varies radially from T(¢) at the surface of the
cylinder to Ty. According to Fourier’s law of heat conduction,®
the rate of heat dissipation by conduction, W,onq (in W), is pro-
portional to the temperature gradient. Given the spatial hom-
ogeneity of the system and the small temperature increase
caused by the laser heating, the temperature gradient can be
approximated by its finite difference form as

oT(r,¢) AT(¢)

Wcond(t) =Acskm T > AcsKm T (3)
Km
:AcshcondAT(t)7 hcond = E

where A (in m?) is the cross-sectional area of the heat flux, iy,
(in W m™" K™ is the thermal conductivity of the medium,
heona (in W m™ K™) is the thermal conduction coefficient,
and Ar is a radial distance over which the temperature
decreases from T(t¢) to room temperature T,. Notice that this
typical radial distance, Ar, relates the thermal conduction
coefficient, A.ong, with the thermal conductivity, .

A hotter region can also dissipate heat to a colder region via
convection. So, according to Newton’s cooling law the convec-
tive heat dissipation, Weon,(t),>" by the laser heated nanofluid
is

Wconv(t) = AcshconvAT(t) (4)

where Heony (in W m™ K™') is the convection heat transfer
coefficient. In general, the convection process can be classified
as free, forced, and phase change (e.g. boiling or condensation).
Matter at a temperature above 0 K emits thermal radiation
with an upper limit to its emissive power given by the Stefan-
Boltzmann law, which is proportional to the fourth power of
the temperature. It also absorbs thermal radiation from the
environment, which is governed by the same law. However,
when the body is at a temperature 7(¢) higher than its sur-
roundings Ty, a net power dissipation, W;,q(t), will be estab-
lished due to thermal radiation, which can be expressed as®!

Wrad(t) = e0spAcs[T*(t) — To"] = Acshraa AT(2) (5)

where 0 < ¢ <1 is the emissivity of the heated region and ogp
(in W m™> K" is the Stefan-Boltzmann constant. The last
equality in eqn (5) is obtained when the thermal radiation
coefficient, ,q (in W m™> K™"), is defined as

hrad = €0s[T(t) + To)[T*(t) + To?] (6)

It is noteworthy that all three contributions to the power
dissipation via heat transfer, namely, the approximated
expression in eqn (3) for conduction, eqn (4) for convection,

This journal is © The Royal Society of Chemistry 2020
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and eqn (5) for thermal radiation have the same functional
form, so they can be combined into

Wht(t) = hhtAcsAT(t) (7)

where Wy, is the power loss due to heat transfer and Ay, (in W
m~? K™) is the heat transfer coefficient, which is a sum of the
conduction, convection and thermal radiation coefficients.
Given the experimental conditions, one of these coefficients
might dominate and thus determine the main mechanism of
heat transfer.

Power loss via upconversion emission

The UCNPs in the nanofluid absorb radiation from the near-
infrared laser and emit radiation in the visible region. This
process will then decrease the amount of absorbed energy that
is transformed into heat, so it will not contribute to the
heating of the nanofluid and can be considered as dissipated
power. From the definition of the quantum yield and the ener-
gies of the absorbed and emitted photons during the upcon-
version (UC) process, the power loss due to upconversion emis-
sion, Wy, can be expressed as

12 —
Wue = —=2 pucNepopPp ~ 10~ Ne popPp (8)
abs

where Japs and Jep are the absorption and emission wavenum-
bers, ¢yc is the quantum yield of the upconversion process, Np,
is the number of UCNPs within the path of the laser beam, op is
the absorption cross-section of a single UCNP, and Pp, is the
power density of the incident laser beam. The ¢y values for the
uncapped and lipid bilayer-capped LiYF,:Er**/Yb*" UCNPs dis-
persed in water were measured as (0.040 + 0.004) x 10" and
(0.120 + 0.010) x 10™*, respectively, justifying the last approxi-
mation in eqn (8) (Fem/Pabs = 0.5). As far as we know, this is the
first report of absolute emission quantum yields in LiYF:Er*"/
Yb®* UCNPs. The values obtained here are of the same order of
magnitude as those recorded for SrF,:Er*‘/Yb®>" UCNPs,*®
although smaller than those reported for LiYF,:Tm’"/Yb**
UCNPs dispersed in toluene and NaYF,:Er**/Yb*" UCNPs sus-
pended in water.>**> However, we note that the use of different
solvents, hosts, dopant ions, dopant concentrations, and par-
ticle sizes preclude the direct comparison between values.

Notice that power loss via emission at ca. 980 nm by Yb**
and in the NIR region by Er*" were not considered because the
energy transfer upconversion rates from excited Yb*" to Er’*
are much larger than the radiative decay of excited Yb**.?*7°
Consequently, emissions in the NIR region are not observed,
as shown in Fig. S5 (section IX of the ESIf).

Power loss via the increase of internal energy

Because the nanofluid within and surrounding the excitation
cylinder of the laser beam has a heat capacity, cy, it can store
energy and the rate of energy storage or the rate of internal
energy increase, Wiy(t), is

dr(e)

Wint(t) = mncy “dr (9)

This journal is © The Royal Society of Chemistry 2020
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where my (in kg) is the mass of the nanofluid and ¢y (in
J K" kg™") is the heat capacity of the region where the temp-
erature is increasing. As it was assumed that the species consti-
tuting the nanofluid are independent, its capacity to store heat
can be separated into two contributions

MyCN = MpCp + MsCs (10)

with mp and cp being the mass and heat capacity of the nano-
particles, mg and cs the mass and heat capacity of the solvent.
Furthermore, when the nanoparticles are capped by a lipid
bilayer, then

mnCN = MpCp + MsCs + Mycy, (11)

where my, and ¢;, are the mass and heat capacity of the lipid
bilayer.

Power balance equation and analysis

The power dissipated from the laser heated nanofluid can
then be approximated by the sum of contributions in eqn (7),
(8), and (9), that is, Wipst = Whe(t) + Wuyc + Wine(t). Considering
that the power gain for the laser heating of the nanofluid is
due to absorption from the laser beam: We,in, = Waps, which is
assumed to be completely converted into heat, the following
expression for the power balance, eqn (1), can be obtained

dAT(t)
de

where AT(t) = T(t) — Ty, so dAT(t)/dt = dT(¢t)/d¢t. This equation
has the following solution

Wabs - hhtAcsAT(t) + WUC + mnCn (12)

t
AT() = ATy (1 —e ;)
1 _ Wabs — Wuc ~ Wabs

T mNCNATSS - mNCNATSS

(13)

for the initial condition: AT (¢) = 0, with W,,s being the power
absorbed from the laser beam.

An interesting feature of the model quantified in eqn (13) is
that the measurement of the temperature increase AT(¢) could
be performed by luminescence thermometry with the UCNPs
and/or with a thermocouple. These measurements should
yield different temperatures because of their distinct locations
within the nanofluid. However, it is expected that both
measurements would provide the same temperature profile
during the transient regime because the medium between the
laser beam and the thermocouple is constant. To ensure this
latter statement, the thermocouple should be always placed at
the same position relative to the laser beam. In the present
experimental setup, the excitation of the UCNPs will depend
on their positions along the optical path, so a direct tempera-
ture measurement from the luminescence is not viable and
further modeling or a different experimental setup is required.
Hence, the increase AT(t) during the transient regime was
determined only by a thermocouple with a narrow area.

It is evident from eqn (8), that the power dissipated by the
upconversion process, Wyc, is smaller than ca. 0.05% of the
power absorbed by the UCNPs within the laser beam. As a
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result, the ratio Wyo/Waps is smaller than 107> (section V of the
ESIt), which justifies the approximation in eqn (13).

The solution of the equation describing the laser heating of
a nanofluid also provides the following expression for the
increase of temperature at the steady-state regime

hnAcs ’ (14)
Wabs = (Nppop + Nppor, + 0s) + Pp

where the approximation W,,s — Wyc = Waps Was used.
Considering the sample temperature T, = 300 K and a tempera-
ture increase AT = 10 K, the flux of heat dissipation via
thermal radiation, Wy,q/Acs, is negligible (100 times smaller)
compared to the flux of heat dissipation via conduction,
Weond/Acs, for a dilute aqueous dispersion. Since the disper-
sions are not stirred during the laser heating process, the heat
transfer via convection may be considered negligible, so that
conduction becomes the main mechanism of heat transfer
and Ay = heona. Therefore, analysis of the steady-state regime
yields eqn (14), which is consistent with previous work that
reported this property the thermal conductivity properties of
luminescent and composite nanofluids.°

It is noteworthy that the transient regime described by eqn
(13) does not require the determination of the heat transfer
properties of the nanofluids, as long as ATy is considered a
parameter that can be determined experimentally. In other
words, the transient regime is fully described by ATy and 7
which can be related to the heat transfer properties and the
heat capacities of nanofluids, respectively. In fact, the heat
capacity, ¢y, of the nanofluid can be obtained as

_ Wapst
ATgmy’ (15)
Wabs = oxPp = (Nppop + Nppor, + 0s)Pp

N

where, as mentioned before, the power absorbed, W,s, can be
determined from the laser power density, Pp, and the absorp-
tion cross-section of the nanofluid, o = Nppop + Nppor, + os.
The temperature increase at steady-state, ATy, can be
measured for each laser power density employed,** whereas ¢
can be obtained from the fitting of the temperature increase
during the transient regime. Regarding the determination of z,
it is relevant to notice that the AT(¢) vs. t data are dominated
by the steady-state regime, as shown in Fig. 1b, c and
Fig. S2a.t

Thus, a direct fit of eqn (13) is not appropriate and the fol-
lowing linearized form using the reduced temperature, 0(¢),
was employed where 7 was obtained from the inverse of the
slope of the linear regime (Fig. 2 and Fig. S2bf).

Inf1 —0(t)] = —%t, o(t) = AATT(t)

(16)

As shown in Fig. 2 and Fig. S2b,T the transient regime is
accurately described by the linearized model which enables
the establishment of the limits of the first regime of the tran-
sient curve. This analysis was applied to samples of pure
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Table 1 Properties of nanofluids derived from laser heating for a power
density of 222 W cm—2

Fluid Woaps (MW) AT (K) 7(s)

Pure water 8.93 +0.83 8.2+0.1 0.31 +0.01
UCNPs in H,O 9.03 £0.72 13.8+0.1 0.51 +0.03
Capped-UCNPs in H,O 9.08 £ 0.92 16.2 £ 0.1 0.60 + 0.03
UCNPs in D,O 0.35+0.24 3.9+£0.1 4.21 £0.39

water, and dispersions of uncapped and capped UCNPs in
H,0 and D,O for several laser power densities. An example of
the transient properties is shown in Table 1. The complete
data related to these properties are presented in the ESI
(Tables S6-S87).

As expected from the absorption spectra of the fluids, the
absorbed power, Wy, is dominated by H,O, and even for D,O
its contribution is significant. The lipid bilayer also has a sig-
nificant impact on the optical properties of the UCNPs. In fact,
the lipid bilayer doubles the absorption cross-section of the
UCNPs, from 0.16 to 0.32 nm?®, despite the small increase of
ca. 14% of the geometrical cross-section, from 2255 nm” for
the uncapped UCNP to 2570 nm” for the capped UCNP. This
significant increase of the absorption cross-section at 980 nm
is due to the presence of high energy oscillators such as O-H,
N-H, and C-H associated with the lipid bilayer and with
hydration molecules in the nanoconstruct (supported lipid
bilayer-coated UCNPs). However, despite W, being domi-
nated by water, the nanoparticles have a significant effect on
the thermal properties of the fluid, causing a steep increase of
AT and 7.

Analysis of the transient regime at three power densities for
water (Fig. S4 and Table SIf) yielded a heat capacity of 4177 +
367 J kg~' K', which agrees within the uncertainty with the
reported value of 4181 + 4 J kg™" K" at 298 K,*® showing the
reliability of the proposed approach. For the nanofluid com-
prising uncapped UCNPs in H,O, the heat capacity of water
shown above was subtracted and a value of 715 + 57 J kg™ K™*
for the uncapped UCNPs was obtained. This value is in reason-
able agreement with that reported for LiYF, crystals at room
temperature (790 ] kg™' K™').*”73° Despite the instability of the
suspension of UCNPs dispersed in D,O, a value for the heat
capacity of uncapped UCNPs of 709 + 93 J kg™' K" could be
derived from measurements at two laser power densities
which is also in agreement with the reported value for LiYF,
crystals. Through this analysis, the main sources of the uncer-
tainty of the heat capacity are the quantities appearing in eqn
(15), namely: (i) mass of the UCNPs; (ii) number of species
exposed to the laser beam; (iii) absorption cross-sections; (iv)
power density and (v) measured parameters 7 and ATg. Note
that this analysis also considers the specific heat capacity to be
independent of temperature. Nonetheless, because the temp-
erature increase over the transient regime is at most ca. 10 K
(Fig. 1c and Fig. S4t), this limitation causes a small relative
uncertainty of ca. 0.03% and 3% in the final values for water
and the uncapped UCNPs, respectively.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison of the heat capacity values of lipid bilayers, ¢, obtained using different techniques

‘L
Compound Okg 'K  (Kmol'K')  Technique Ref.
Oleate : DOPA : DOPC : cholesterol (21:51:5:24) 5039 + 211 2.93 £0.12 Transient heating of nanofluids This work
DPPC 3678 2.7 Atomistic molecular dynamics simulations 44
DPPC 2166 1.59 . . . . b
DPPE“ 2268 1.57 Differential scanning calorimetry 45

“ DPPE: dipalmitoylphosphatidylethanolamine. ” Measured at 293 K.

To the best of our knowledge, this is the first time that the
heat capacity of a UCNP has been measured. The similarity of
the heat capacity of the UCNPs to that of the bulk LiYF, may
be attributed to the size of the nanoparticles employed
(Table S27). Specifically, although the literature provides very
little data (experimental and computational) for the heat
capacities of nanomaterials, it has been reported that particles
with sizes larger than ca. 70 nm have thermal properties
similar to the bulk material, while particles smaller than ca.
20 nm display a drastic increase in the specific heat
capacity.**™*?

To determine the specific heat capacity of the lipid bilayer
we consider that the heat capacity of the lipid bilayer-capped
UCNPs dispersed in H,O also comprises a contribution from
the lipid bilayer, namely, mycy = mpcp, + mgscs + mycy, where my,
and ¢ are the mass and specific heat capacity of the lipid
bilayer, respectively. Notice that the host LiYF, was selected
because its tetragonal structure yields eight identical {101}
faces that all have equal surface energies (0.82 J m™?), which
promotes a uniform bilayer coverage due to identical host-
lipid interactions.”> The values of the heat capacity of the
lipid bilayer are similar when determined using either the
calculated photophysical (715 + 57 J kg™' K™') or the reported
(790 ] kg™ K™')**? ¢, values of LiYF,.

Analysis of the transient regime for six laser power densities
provided an average value of 5039 + 211 J kg™" K™ (1.20 = 0.06
cal g~' K™') for the specific heat capacity of the lipid bilayer,
which corresponds to a molar heat capacity of 2.93 =+
0.12 k] mol™" K™'. This value of the molar heat capacity is
similar to those obtained by atomistic molecular dynamics
simulations** for a dipalmitoylphosphatidylcholine (DPPC)
lipid bilayer (Table 2).

Note that the differences in values for the specific heat
capacities derive from the significant compositional differ-
ences (and hence molecular weight) between our multicompo-
nent bilayer and pure DPPC. Both the current work and the
molecular dynamics simulation values are higher than the
molar heat capacities measured by differential scanning calori-
metry.”> Even with correction proposed by Blume for lipid
phase and chain length, the estimated molar heat capacity of
DOPC only increases to 1.98 k] mol™" K~'. However, molar
heat capacities obtained herein are not necessarily directly
comparable with the calorimetric results owing not only to sig-
nificant differences in the composition of the bilayer but also

This journal is © The Royal Society of Chemistry 2020

to potential differences in hydrophobic hydration.*” Notably,
prior work has focused on single component (‘pure’) systems
rather than the more biologically relevant and complex, mixed-
lipid bilayers studied here.

Conclusions

Using direct measurements of the transient regime under NIR
irradiation of an aqueous dispersion of the nanoconstruct
comprising upconverting LiYF,:Er’"/Yb®* nanoparticles coated
with a conformal lipid bilayer and a power balance model, we
demonstrate that the transient regime permits to determine
the specific heat capacities of the nanoparticle and the lipid
bilayer. The model developed can be considered the first step
towards a quantitative description of the dynamics of heat
transfer at the nanoscale, which may provide insight into the
heat dissipation at the cellular level. The approach described
is quite versatile because different solvents can be selected
that absorb in the NIR region and which can form stable nano-
fluids with a diversity of nanoparticles which do not need to
be luminescent for this generalized model. Moreover, the
model can be used to obtain valuable fundamental biophysical
characteristics of different lipid and membrane compositions,
such as those in mammalian cells, bacterial cells, and viral
lipid envelopes.
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