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ABSTRACT: Heat transfer and thermal properties at the nanoscale can be challenging to obtain
experimentally. These are particularly 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 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, which can, in turn, be used
to describe heat dissipation at the cellular level.

KEYWORDS: transient regime, heat transfer, upconversion nanoparticle, lipid bilayer, heat

capacity, nanothermometry

During metabolism cells undergo continuous heat transfer. However, very little is known about
the heat transfer at the cellular 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 membrane, 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 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 %7 and computationally.®'® While much of the phospholipid literature is focused
on the thermotropic phase behavior, absolute measurements of intrinsic thermodynamic properties

are less accessible.



Luminescent nanothermometry '!'"!> has been widely used in the determination of cell
temperature, which relies on luminescent probes such as proteins, dyes, fluorescent gold
nanoclusters 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,
dioleoylphosphatidic acid, DOPA, cholesterol, and oleate)**2! to develop a model and demonstrate
experimentally that the transient 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 determination of the
specific heat capacity at the nanoscale is challenging, 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 salt, that have technological relevance in energy storage,

however the mechanism is not yet understood.??

RESULTS AND DISCUSSION

Laser heating of nanofluids containing upconversion nanoparticles, UCNPs, including
capped-UCNPs, has been performed and by analyzing the temperature increase at steady-state, the
thermal conductivities of the nanofluids were determined.?” 2! However, for analysis of the

transient regime a time-dependent approach is necessary and additional considerations are in order.



Modeling 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 converted 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 symmetry. To model this heating
process, each of the components of the nanofluid (UCNPs, lipid bilayer and solvent) will be
considered as independent. The total absorption cross-section will then be the sum of the
absorption cross-sections of the individual 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 t,. The temperature,
T(t), increases up to a constant value, the so-called steady-state regime, T (tss) = Tss. The period
during which the temperature increases from the initial equilibrium temperature of the sample,

T(ty) = Ty, to its steady-state value, Tys, denoted by At = tgs — t,, defines the transient regime.

Energy conservation dictates that, on average, the total energy of an isolated system is

constant, i.e. it is conserved over time. Thus, the power (or energy rate) gained, Wg,ip, has to be

equal the power lost (or dissipated), Wjyst:

Wgain = Wiost (D
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 homogeneous



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.?* 2> 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 laser beam, so that Wy, = Waps, where the rate of energy
absorption, Wy, can be determined as (see Supporting Information)

Waps = (Npp0p + Np oL + 05) Pp 2
where Npy, is the number of nanoparticles exposed to the laser beam, op (in m™2) is the absorption
cross section of a single nanoparticle, oy, (in m~2) is the absorption cross section of the lipid bilayer
coating, gy, (in m~2) is the absorption cross section of the solvent within the path of the laser
beam, and P, (in Wm™2) 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 solution 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 radiation, ii) increase of internal energy due to heat capacity, and iii)
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 thermal diffusion) and the Dufour
(heat flow caused by a concentration gradient) will not be considered. Derivations and calculations

of the main contributions to heat dissipation are presented in the Supporting Information.
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 (t) at the surface of the cylinder to Ty. According to Fourier’s
law of heat conduction,?® the rate of heat dissipation by conduction, Wegnq (in W), is proportional
to the temperature gradient. Given the spatial homogeneity of the system and the small temperature
increase cause by the laser heating, the temperature gradient can be approximated by its finite
difference form as

aT(r,t) AT (1) -
T = csKm T = ACShCondAT(t)’ hcond = A_]: (3)

Weond(t) = AcsKm
where A (in m?) is the cross-sectional area of the heat flux, K, (in W m~* K™1) is related to the
thermal conductivity of the medium, Agqng (in W m™2 K=1) 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, h¢ong,
with the thermal conductivity, k.

A hotter region can also dissipate heat to a colder region via convection. So, according to

Newton’s cooling law the convective heat dissipation, Wqpy (£),2 by the laser heated nanofluid is
Weonv(t) = AcsheonvAT (1) “)

where hcgny (in W m™2 K1) 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 T (t) higher than its surroundings Ty, a net power
dissipation, Wiy,q(t), will be established due to thermal radiation, which can be expressed as*®
Wraa(t) = e0sgAcs[T*(t) — Tg] = AcsheaalT () (5)
where 0 < € < 1 is the emissivity of the heated region and ogg (in W m™2 K™*) is the Stefan-
Boltzmann constant. The last equality in Eq. (4) is obtained when the thermal radiation coefficient,
hpaq (in Wm™2 K1), is defined as
hraq = €0sg[T (t) + To][T?(t) + T¢] Q)
It is noteworthy that all three contributions to the power dissipation via heat transfer, namely, the
approximated expression in Eq. (3) for conduction, Eq. (4) for convection, and Eq. (5) for thermal
radiation have the same functional form, so they can be combined into
Whit(t) = hntAcsAT (8) @)
where Wiy, is the power loss due to heat transfer and hy (in Wm™2 K1) is the heat transfer
coefficient, which is a sum of the conduction, convection and thermal radiation coefficients. Given
the experimental conditions, one of these coefticients 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 energies of the absorbed and
emitted photons during the upconversion (UC) process, the power loss due to upconversion

emission, Wy, can be expressed as

7,
Wyce = ;;m(;bUCNP,bO'PPD = 0.015Nph0pPp ®

abs
where 7,15 and Vg, are the absorption and emission wavenumbers, ¢y is the quantum yield of
the upconversion process, Npy, is the number of UCNPs within the path of the laser beam, op is
the absorption cross section of a single UCNP, Py, is the power density of the incident laser beam.
The last approximation is valid for UCNP nanofluids (e.g. LiYF4:6%Er**/29%Yb*") for which

Vem/Vaps = 0.5 and ¢ = 0.03.
Power loss via 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, Wip(t), is

dT
Wine(t) = mycn % O]

where my (in kg) is the mass of the nanofluid and cy (in ] K™ kg™1) is the heat capacity of the
region where the temperature is increasing. As it was assumed that the species constituting the
nanofluid are independent, its capacity to store heat can be separated into two contributions
myCy = MpCp + MgCy (10)
with mp and cp being the mass and heat capacity of the nanoparticles, mg and cg the mass and
heat capacity of the solvent. Furthermore, when the nanoparticles are capped by a lipid bilayer,

then



MmNCN = MpCp + MgCs + My,Cy, (11)

where my, and ¢y, 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 Egs. (7), (8), and (9), that is, Wy =
Wy (t) + Wyc + Wine(t). Considering that the power gain for the laser heating of the nanofluid
is due to absorption from the laser beam: Wyyi, = Wyps, which is assumed to be completely

converted into heat, the following expression for the power balance, Eq. (1), can be obtained

dAT(t)

P (12)

Wabs = hntAcsAT (8) + Wyc + macn

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

AT(t) = ATy(1 — e7H7), 1_ Wans = Wuc . _ Wabs
58 T mycyAT,s  mycyATes

(13)

for the initial condition: AT (0) = 0, with Wyy,s being the power absorbed from the laser beam.
From Eq. (8), it is evident that the power dissipated by the upconversion process, Wy, is ca.
1.5% of the power absorbed by the UCNPs within the laser beam. However, if the contribution of
the solvent is taken into consideration, then the ratio Wyc/Waps is 1.6 X 10™* for the dispersion
in H>0 and 4.1 x 1073 for the dispersion in D>O at a concentration of 0.6 (g of UCNPs)/L. Thus,
the approximation in Eq. (13) is justified.
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

Waps = (Nppop + Np o1, + 05)Pp (14)

10



where the approximation Wy,s — Wyc = Wy, was used. Considering the sample temperature
To = 300K and a temperature 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, W qnq/Acs, for a dilute aqueous dispersion. Since the dispersions 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 hy = h¢onq. Therefore, analysis of
the steady-state regime yields Eq. (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 Eq. (13) does not require the
determination of the heat transfer properties of the nanofluids, as long as ATgg is considered a
parameter that can determined experimentally. In other words, the transient regime is fully
described by ATss and T which can be related to the heat transfer properties and to the heat
capacities of nanofluids, respectively. In fact, the heat capacity, cy, of the nanofluid can be
obtained as

_ WabsT

= M' Waps = onPp = (Npp0p + Np o1, + 05)Pp (15)

CN

where, as mentioned before, the power absorbed, W,,s, can be determined from the laser power
density, Pp, and the absorption cross section of the nanofluid, oy = Np,0p + Np o1, + 0s. The
temperature increase at steady-state, ATy, can be measured for each laser power density
employed?® , whereas T can be obtained from the fitting of the temperature increase during the
transient regime. Regarding the determination of 7, it is relevant to notice that the AT (¢t) vs. t data
are dominated by the steady-state regime, as shown in Figure 1b,c and Figure S2a. Thus, a direct
fit of Eq. (13) is not appropriate and the following linearized form using the reduced temperature,

0(t), was employed

11



AT(t)
AT,

In[1—0(t)] = —%t, o(t) = (16)

where T was obtained from the inverse of the slope of the linear regime (Figure 2 and Figure S2b).
As shown in Figure 2 and Figure S2b, the transient regime is accurately described by the linearized
model which enables establishment of the limits of the first regime of the transient curve. This
analysis was applied to samples of pure water, and dispersions of uncapped and capped UCNPs in
H>0 and DO for several laser power densities. An example of the transient properties are shown
in Table 1. The complete data related to these properties are presented the Supporting Information
(Tables S1 and S6-S8).

As expected from the absorption spectra of the fluids, the absorbed power, W, is dominated
by H>0, and even for DO its contribution is significant. The lipid bilayer also has a significant
impact in 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 2,255 nm? for the uncapped UCNP to 2,570 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 dominated by water, the nanoparticles have a significant effect on the thermal
properties of the fluid, causing a steep increase of ATgg and 7.

Analysis of the transient regime at three power densities for water (Figure S4 and Table S1)
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,?7 showing the reliability of the proposed approach.
For the nanofluid comprising 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

12



value is in reasonable agreement with that reported for LiYFs crystals at room temperature
(790 J-kg 'K ™").2830 Despite the instability of the suspension of UCNPs dispersed in D0, 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
LiYF4 crystals. Through this analysis, the main sources of the uncertainty of the heat capacity are
the quantities appearing in Eq. (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 ©
and ATy Note that this analysis also considers the specific heat capacity to be independent of
temperature. Nonetheless, because the temperature increase over the transient regime is at most
ca. 10 K (Figure lc and Figure S4), this limitation causes a small relative uncertainty of ca. 0.03%
and 3% in the final values for water and the uncapped UCNPs, respectively.

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 LiYFs; may be
attributed to the size of the nanoparticles employed. 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.’!33

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 + mgcs + mycy, where my, and ¢y, are the mass and specific heat
capacity of the lipid bilayer, respectively. 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

13
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reported (790 J-kg™'-K™)**3 ¢, values of LiYFs. 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
kJ-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 differences (and hence molecular weight) between our multicomponent
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 calorimetry.>> Even with
correction proposed by Blume for lipid phase and chain length, the estimated molar heat capacity
of DOPC only increases to 1.98 kJ-mol !-K™!. However, molar heat capacities obtained herein are
not necessarily directly comparable with the calorimetric results owing not only to significant
differences in the composition of the bilayer but also 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 LiYF4Er’*/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 can, in turn, be used to describe heat dissipation
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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 nanofluids 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.

METHODS

Nanofluids: Dispersions of tetragonal phase LiYF4:Er’**/Yb®" were synthesized via thermal
decomposition. Capped UCNPs have been coated with a conformal supported lipid bilayer coating.
The capped and uncapped (oleate-free*®) nanoparticles are dispersed in either ultrapure H>O or
D»0. Nanoparticles were characterized using transmission and scanning electron microscopy and
X-ray diffraction. Properties of the UCNPs are provided in Tables S2 and S3. Details of the
synthesis and characterization of the nanoparticles have been reported previously.?!

Dynamic Temperature Measurements: The temperature increase (AT) when the nanofluid
is 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 conformal lipid bilayer, and the solvent used, as
previously observed?’). The nanofluids were irradiated for 600 s by a pulsed laser (BrixX 980-
1000 HD, 1.5 MHz) at 980 nm, with power densities ranging from ca. 65 to 250 W ¢cm 2. 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 (Figure 1a). Because the size of the thermocouple is small (ca.

1.5 mm), there is a small variation (< 4%) of AT along the laser beam path, so AT monitored by
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the thermocouple can be considered uniform (Supporting Information). The laser power density
was calculated as described in the Supporting Information.

It is relevant to determine how the temperature increase, AT, associated with absorption, 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 conductivity, and that the power absorbed from the laser beam is converted into
heat, the temperature variation across the laser beam path is Tsyrface — Tcenter =
(Npyop + 05)Pp/(4mkL), which under the experimental conditions used corresponds to a
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 (Supporting Information). Regarding the temperature
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 (Supporting Information). Therefore, it is very important to ensure that the
temperature is always monitored at the same position. Note that temperature monitoring by
ratiometric luminescence using the UCNPs will not be addressed in these experiments.

Description of the Fitting Procedure: The experimental data were fitted 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 (Figure 2). For each sample, a
multi-fit was performed in which all of the transient curves were fitted simultaneously to Eq. (13).
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 T was set as a free variable and identical for all the

curves enabling the determination of the ¢, and ¢y, values.
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Figure 1. (a) Schematic of the experimental setup used to record the temporal dependence of the

temperature of the nanofluids under 980 nm excitation. The magnification of the laser spot on the

nanofluid represents the heat exchange between the solvent (H2O or D>0O) 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-cm2) 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 (c) highlighting the fit of the model in the initial period of 980 nm

irradiation.
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Figure 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 temperature,
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6(t) = AT (t)/ATss, profiles allows the identification of the time range in which In[1 — 8(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 Eq. (16) (r2 > 0.970) and the dashed lines are guides for the eyes.

TABLES

Table 1. Properties of nanofluids derived from laser heating for power density of 222 W cm™2.

Fluid Wps (mW) AT, (K) T (s)
Pure water 8.93+0.83 8.2+0.1 0.31+0.01
UCNPs in H,O 9.03+0.60 13.8+0.1 0.5140.03

Capped-UCNPs in HO  9.08+0.52 16.2+0.1 0.60+0.03

UCNPs in DO 0.35+0.17 3.9+0.1 4.21+0.39

Table 2. Comparison of the heat capacity values of lipid bilayers, c1, obtained using different

techniques.
Compound o Technique Ref
u iqu .
P Jkg K1) (kJ'mol -K™) a
transient heating .
oleate:DOPA:DOPC:cholesterol . This
(21:51:5:24) 5039 + 211 2.93+0.12 of nanofluids work
atomistic
DPPC 3678 27 molecular 3
dynamics
simulations
DPPC 2166 1.59 differential
scanning %
DPPE @ 2268 1.57 calorimetry °

3DPPE: dipalmitoylphosphatidylethanolamine; ® measured at 293 K.
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A simple, cost-effective experimental method and associated
model that uses the transient heating regime to derive the
nanoscale thermal properties of a nanoconstruct in which a
conformal lipid bilayer is supported on a upconverting
nanoparticle can be used to described heat dissipation at the

cellular level.

25



