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Abstract

Luminescent nanomaterials have shown promise for thermal sensing in bio-applications, yet
little is known of the role of organic coatings such as supported lipid bilayers on the thermal
conductivity between the nanomaterial and its environment. Additionally, since the supported
lipid bilayer mimics the cell membrane, its thermal properties are fundamentally important to
understand the spatial variations of temperature and heat transfer across membranes. Herein we
describe a new approach that enables direct measurement of these thermal properties using a
LiYF4:Er**/Yb** upconverting nanoparticle encapsulated within a conformal supported lipid
bilayer and dispersed in water as a temperature probe yielding the temperature gradient across
the bilayer. The thermal conductivity of lipid bilayer was measured as function of the
temperature, being 0.20+0.02 W-m™!-K™! at 300 K. For the uncapped nanoparticles dispersed
in water, the temperature dependence of the thermal conductivity was also measured in the 300—
314 K range as [0.63-0.69]20.11 W-m!-K™!. Using a lumped elements model, we calculate the
directional heat transfer at each of the system interfaces, namely nanoparticle-bilayer and
bilayer-nanofluid, opening a new avenue to understand the membrane biophysical properties as

well as the thermal properties of organic and polymer coatings.

Introduction

Temperature is a fundamental intrinsic property of all systems that governs the physical,
chemical and biological properties and processes.!'*] With respect to cellular and molecular
biology, temperature can vary between cell types, environments and conditions, and as a result
exerts control over cellular processes, biochemical reactions and organization/structure.*”]
Fluorescence imaging is a powerful method of intracellular thermometry owing to its high

spatiotemporal resolution, and various types of luminescent nanothermometers have recently

been developed for this purpose.®!!! Examples include green fluorescence protein,!'?! small
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organic molecules,!'¥) quantum dots,!'* polymers!'> '*) and polymer dots!'” and lanthanide-
doped nanoparticles.!'82°! Moreover, intracellular temperature mapping has revealed the

[12-16] However, extreme

existence of spatial variations in temperature within single cells.
temperatures are well-known to have adverse impacts on biological systems at both extremes,
i.e. both hypothermia and hyperthermia. These adverse impacts include cell death which has
additionally generated interest in heating as a mode of selectively, eradicating unwanted cell

(21, 22 In addition, several examples of luminescent materials

types, for example cancer cells.
have been proposed for in vivo temperature sensing applications, including Ag>S nanodots to
monitor brain thermoregulation,®*! and lanthanide-doped nanoparticles for 2D subcutaneous
dynamic thermal imaging.[**! The latter rely on the favorable optical properties of the lanthanide
ions which includes the well-described process of upconversion. Upconversion is an anti-Stokes
process by which near infrared (NIR) irradiation is converted into Ultraviolet-Visible and NIR
emissions. The lanthanide-doped upconverting nanoparticles (UCNPs) present additional
properties favorable to temperature sensing that include their resistance to photodegradation,
ability to withstand high temperatures, insolubility in water generating stable colloidal solutions
and chemical stability (e.g. lack of oxidation). In fact, UNCPs have emerged in the last decade
as accurate luminescent thermometers!?>->! for diverse applications, such as understanding heat
transfer in nanofluids (defined as the colloidal suspension of nanoparticles)*°! and monitoring
the reverse quenching process in optoelectronic devices.*!!

Er*" is commonly employed as the dopant for thermal sensing because of the thermally
coupled 2Hi1/2 and *S3 energy levels. The energy separation between the barycenter of these
two states is AE~700 cm™!, and, thus, their relative populations are temperature dependent
following the Boltzmann distribution. The rate of equilibration of these two states is on the

order of 10'2 s, which then dominates over the radiative, non-radiative and energy transfer

rates.
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While different nanomaterials have been proposed for in vitro and in vivo temperature
sensing (as mentioned above), very little is known about the heat transfer properties between
the nanoparticle and its cellular or tissue environment. An important question is whether the
addition of an organic coating, to functionalize the nanoparticle for biocompatibility, water
dispersibility and targeting, impacts its ability to accurately sense the local temperature,
specifically if the transfer of heat from the external environment reaches the nanoparticle. If the
coating comprises a lipid bilayer, then this also provides valuable information about the transfer
of heat across cellular membranes. To date, the thermal conductivity across a lipid bilayer has

5,13234 a5 the conventional experimental

only been estimated using computational methodologie
electric methods (e.g. the 3w-method) cannot easily access this property. For example,
Youssefian et al. used computational methods to show that the thermal resistance was
dependent on the temperature gradient across the bilayer, albeit using relatively high
temperature gradients up to 68 K.

Wang!*¥ and Atial®! highlighted the lack of suitable tools for determining thermal properties
at interfaces. Thus, the need to understand heat transfer and accumulation in biological systems,
arising from energy inputs to nanodevices, and the mechanisms of thermal management were
cited as key questions to be addressed. Frequently the heat transfer is inferred from
measurement of bilayer responses but, to our knowledge, were not directly measured or
quantified.*¥ Herein we describe a new experimental approach that enables direct measurement
of the thermal properties of biological membranes using luminescence thermometry. The
approach relies on an accurate determination of the thermal gradient across the bilayer which is
only possible with the independent measurements of the core temperature inside the bilayer and
the external medium temperature. The conformality of the bilayer is essential, as it has been

predicted using computational methods that the heat dissipation by structured water between a

solid surface and a lipid bilayer increases with the thickness of the water layer.**! Thus, we
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employ LiYF4:Er**/Yb*" UCNPs encapsulated within a conformal supported lipid bilayer as
luminescent thermal probes in order to calculate the temperature gradient between the particle
and the surrounding medium. Moreover, we develop a steady-state temperature model based on
the lumped resistance of the components that completely describes the directional heat transfer
at each of the system interfaces, namely nanoparticle-bilayer and bilayer-aqueous medium, to
determine experimentally the thermal conductivity of the supported lipid bilayer and its
temperature dependence between 295 and 315 K. Additionally, the thermal conductivities of
the LiYF4:Er**/Yb*" core and of the nanofluid with LiYF4:Er**/Yb*" UCNPs are calculated.
Nanofluids are promising substitutes for conventional liquid coolants, due to a much higher

temperature-dependent thermal conductivity (at very low particle concentrations).¢!

Upconverting nanoparticles and lipid bilayer capped wupconverting
nanoparticles

The oleate-capped LiYF4:Er**/Yb?" UCNPs were synthesized using a thermal decomposition
method (see Experimental for details) and show a diamond-like morphology with an average
size of 86.4+9.5 nm (long diagonal) by 52.2+5.3 nm (short diagonal) with an aspect ratio of 1.7
(_ and Table S1 in Supporting Information) obtained from transmission electron
microscopy (TEM, Figures Sland S2 in Supporting Information). From the high resolution
TEM image, the distance between the lattice fringes was measured to be 4.6 A, which
corresponds to the d-spacing of the (101) planes in the tetragonal LiYF4 structure.
LiYF4:Er**/Yb* UCNPs coated with a supported lipid bilayer were prepared using a previously
published procedurel*”! (see Experimental for details).

The absorption spectra of uncapped UCNPs and lipid bilayer capped UCNPs in water
suspension (1.0 g'L™!) were measured (Figure S5 in Supporting Information) and the

corresponding molar extinction coefficients at 980 nm are determined to be 1.5500+0.0003 and
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2.4500+£0.0001 M "'cm™ for the uncapped UCNPs and the lipid bilayer capped UCNPs,
respectively (Eq. S1, Supporting information). The absorption cross section was also estimated,
yielding values of (1.1600+0.0002)x102! and (1.1770+0.0008)x10* nm? for the uncapped
UCNPs and the lipid bilayer capped UCNPs, respectively (Eq. S2 and S3, Supporting
information).

The upconversion emission spectra were recorded in the 298-327 K range upon 980 nm
laser excitation (_). A significant variation in the thermometric parameter A, defined
as the ratio between the intensity of the 2Hi12—*1152 and *S132—*1152 transitions (Eq. S4 in
Supporting Information, Figure 1f), is observed for the uncapped and lipid bilayer capped
UCNPs dispersed in H20O and DO (Figures S6 and S11 in Supporting Information). Adopting

38 the temperature of the suspensions was

a strategy reported by some of us previously,
determined using A and Eq. S5 (Supporting Information), knowing AE, the intensity ratio in the
limit of low excitation power (Ao) and the corresponding temperature (7o). An excellent
agreement is observed between the temperature obtained from the immersed thermocouple and
that calculated using Eq. S5 (Figure 1g), demonstrating that UCNPs can operate as primary
thermometers in all three nanofluids. The relative thermal sensitivity values at 300 K are 1.23,
1.26 and 1.27 %K ! for the uncapped UCNPs dispersed in H»0O, the lipid bilayer capped UCNPs
dispersed in H>O, and the uncapped UCNPs dispersed in D-O, respectively. The corresponding
temperature uncertainties are 0.26, 0.20 and 0.11 K (Egs. S5, S6 and details of in Supporting
Information Section IV).

Irradiating the nanofluids with NIR radiation (980 nm) we observe a typical transient heating
that is recorded by the immersed thermocouple as the temperature increase (A7) (_).
A dependence of AT on the laser power density (Pp), on the presence or absence of a conformal

lipid bilayer and on the solvent used is observed. Note that, in this work, we will not discuss the

transient regime and will focus on the temperature recorded in the stationary regime. Comparing
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the steady-state maximum temperature increase (A7) recorded for pure water with that of the
individual nanofluids it is possible to determine the thermal conductivities of the conformal
lipid bilayer and nanofluid (and also their temperature dependences in the 291-315 K interval),

and to model the heat transport for distinct heating conditions, as will be detailed below.

Determining the thermal conductivity of the nanofluids

For water, the experimental ATy, values were calculated using:™*!

al?A

AT, = 1
m Tk, As P (M

where a is the absorption coefficient at 980 nm, L is the laser pathlength, A4y is the laser beam
spot area, k, 1s the thermal conductivity of water (the particle’s surrounding medium), and As
is the cross-sectional area of the heat flux (see Tables S1 and S2 in Supporting Information).!
It should be noted that we are assuming that x,, is constant over the range of the maximal
temperature increase (ATm), following the model describing the temperature increment of
metallic particles under NIR irradiation.!'® *°1 Although there is a small temperature dependence
of xy (in the temperature increment of Fig. S15, 10 degrees, the variation in xw is ~2%, Figure
S3, Supporting Information), the experimental results are in a good agreement with the ATy,
values obtained from Eq. 1 (Figure S15, Supporting Information), indicating that we can
rationalize the water heating process in the temperature range investigated using this model.
For the uncapped UCNPs dispersed in D0, the observed increase in temperature arises from
the UCNPs radiation-to-heat conversion, as D,O does not absorb significantly at 980 nm.[*!!

Following the uniform-temperature approximation*’! (Supporting Information, Section V),

AT can be expressed as:

https://doi.org/10.1002/adfm.201905474
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NUp

AT, =—P,
m A BprpKp P

(2)

where N is the number of UCNPs exposed to the laser radiation, op is the nanoparticle absorption
cross-section at 980 nm, fp is the nanoparticle geometrical correction factor due to its faceted
structure (Eq. S16, Supporting Information), rp is the equivalent radius of a sphere with the
same volume as the nanoparticle, and xp is the thermal conductivity of D,O (particle’s
surrounding medium). We also assumed xp to be constant over the measured temperature range
(in the temperature increment of Fig. S15, 4 degrees, the variation in xp is ~1%, Figure S4,
Supporting Information). Due to the instability of the UCNPs dispersed in D,O under laser
excitation, the measurements were only performed for two laser power densities. Employing
the values in Table S2 (Supporting Information), the resulting values predicted using Eq. 2 are
in agreement with that obtained experimentally (Figure S15, Supporting Information), evidence
that the UCNPs perform as radiation-to-heat converters.

As the water and the nanoparticles can both convert NIR radiation to heat and assuming that
both contribute independently to the measured temperature increase, ATn for the uncapped

UCNPs dispersed in water is expressed by the linear combination of Eq.1 and Eq. 2:

1 I%2A N
(“ by P ) . (3)

AT, = — + P,
" Ke\ A 41 Bprp

where «r is the thermal conductivity of the nanofluid (uncapped UCNPs dispersed in water).
Using the experimental data of ATw vs. Pp (Figure 2c¢), xr was estimated for each Pp. A
temperature dependence of xr was observed (Figure 2d), which is typical for aqueous
nanofluids.'*?! The addition of the uncapped UCNPs (volume fraction of 0.06%) yields
approximately an 8% enhancement in the thermal conductivity with respect to water

([0.609-0.638]+0.004 W-m™!-K™!, in the temperature range 300-320 K, Figure 2d),'**! in line
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with those reported for nanofluids of metallic nanoparticles dispersed in water.*?] The
established experimental techniques for determining the thermal conductivity at room
temperature and its temperature dependence are contact electrical methods (e.g., transient hot

42441 that use complicated experimental setups and data

wire and 3-o methods, respectively)!
treatment, and are limited to non-conductive nanofluids. The optical method described here, in
contrast, allows to easily measure the temperature dependence of the thermal conductivity of

the nanofluid, with the advantage of being applicable to virtually any transparent fluid

independently of its electrical conductivity.

Determining the thermal conductivity of the lipid bilayer

For the lipid bilayer capped UCNPs dispersed in water, the colloidal suspension temperature
increases due to the radiation-to-heat conversion by both the water and the UCNPs (the lipid
bilayer does not absorb 980 nm radiation) that are assumed to contribute independently to AT,
as described above (Figure 2c¢). The heat generated by the UCNPs is dissipated to its immediate
surrounding medium, which in this case is the lipid bilayer. Thus the thermal conductivity of

the lipid bilayer (x1) must be taken into account and can be estimated using Eq. 4:

1 [(al?A N N
((X b oy, ) op l . (4)

AT, = |— + +
" l’cf As Ay m, 4 BprpKy,

where o1 and fr. are the lipid bilayer absorption cross-section and geometrical correction factor
(Eq. S17, Supporting Information), respectively, and 71 is the radius of a sphere with the same
volume as the lipid bilayer. These parameters are given in Tables S1 and S2 in Supporting
Information.

In this model, we are assuming that if any heat was to be generated by the lipid bilayer, it

would be primarily dissipated through the water, due to the higher lipid bilayer contact surface
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area with the water in comparison with that of the UCNP. Therefore, the lipid bilayer
contribution in Eq. 4 is divided by the thermal conductivity of the nanofluid (x¢). In this case,
we assume «r to be the same as that calculated for the uncapped UCNPs dispersed in water, due
to the low contribution of the lipid bilayer in the xr value. The heat generated by the UCNPs
must be dissipated through the lipid bilayer and, consequently, the UCNP contribution term in
Eq. 4 uses the lipid bilayer thermal conductivity. The o value was calculated by subtracting the
absorbance values at 980 nm of the two samples (Figure S5), which is equivalent to considering
that the absorption difference between the lipid bilayer capped UCNPs and the uncapped UCNP
is only due to the conformal lipid bilayer around the nanoparticle. From the experimental data
of ATw vs. Pp (Figure 2¢), and taking into account the temperature dependence of «r (Figure 2d),
xL was estimated for each Pp using Eq. 4. Figure 3a shows the thermal conductivity of the lipid
bilayer as a function of laser power density used in this study. To the best of our knowledge,
this is the first time that the in-situ thermal conductivity of a lipid bilayer has been determined
experimentally as function of temperature, for which there is an excellent agreement between
the experimentally determined value for xi and the predicted ones for lipid bilayers.*> 4!

As observed in Figure 3a, k. does not follow a linear relationship with the laser power density,
clearly presenting two regimes: (i) for laser power densities lower than 150 W-cm 2, the lipid
bilayer thermal conductivity decreases, whereas (ii) for laser power densities above 150 W-cm 2,
it increases. This is due to the marked dependence of xi. on the temperature gradient across the
bilayer that was proposed by Nakano et al!* based on simulations and determined
experimentally (for the first time) in the current work. To understand these results, it is essential
to recognize the role of the temperature gradient to which the lipid bilayer is subjected, that can
only be accessed by measuring the temperature using both the thermocouple and luminescent

thermometer.

https://doi.org/10.1002/adfm.201905474
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Understanding the role of the lipid bilayer coating on heat transfer

-compare the temperature profiles recorded with the immersed thermocouple and
that calculated using the emission spectra and Eq. S5 (Supporting Information). Within the
experimental uncertainty of both measurements, the values are similar for the uncapped UCNPs
dispersed in H2O (Figure 2e) and D>O (Figure S16 in Supporting Information). For the lipid
bilayer capped UCNPs the values measured by the luminescent thermometer are higher than
those of the thermocouple (Figure 2f), showing that the lipid bilayer behaves as a thermal barrier
between the UCNP and the water. The temperature difference between the two thermometers
depends on the laser power density used: for 150 W-cm 2 the temperature difference between
the two thermometers is maximized (~1.9 K), and for values higher than 222 W-cm 2 it is null
within the experimental uncertainty. The temperature gradient across the lipid bilayer 7p—T7%,
where 7p and Tt are the temperatures of the UCNP’s core (measured by the luminescent
thermometer) and the nanofluid (measured by the immersed thermocouple), is shown in Figure
3¢ for laser power densities up to 250 W-cm 2.

The two regimes for the k1. dependence on the laser power density are also discerned in 7p—7r.
In regime (i) the lipid bilayer behaves as a thermal barrier, presenting a thermal resistance
between the nanoparticle and the water, which leads to increasing temperature gradients
(between the two thermometers) with increasing power density. A contributing factor to the
ability of the lipid bilayer to serve as a thermal barrier was provided in the computational studies
by Nakano,**! Youssefian,*? and Potdar,** which predicted a discontinuity in heat transfer at
the interface between the two bilayer leaflets. In contrast, in regime (ii) the lipid bilayer thermal
conductivity increases since it is saturated in the amount of thermal energy it can accept/store
and therefore mitigates its ability to serve as a thermal barrier. In the saturation regime, the lipid
bilayer allows the heat exchange between the UCNP and the water, eventually leading to no

UCNP-water temperature gradient at a power density of 247 W-cm 2.
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Youssefian et al. used computational methods to predict that the thermal conductivity would
increase at higher temperature gradients due to the increased thermal resistance at the interface
of the two bilayer leaflets.[*>! At first glance this appear to contrast our results. However, as in
their work the temperature gradient was calculated considering the heat flow in the opposite
direction of that imposed in the model discussed here the two trends for the temperature
dependence of the thermal conductivity are, in fact, consistent.

Additionally, the thermal conductivity of the uncapped UCNPs (&p) can also be determined
by rationalizing the heat transfer process based on the one-dimensional lumped elements model
(Figure 3d).[*¢ 471 In this model, the UCNPs, lipid bilayer and water are considered as
independent heat sources denoted by gp, g1 and gr, respectively. The thermal contact resistances
are taken as negligible in comparison with the conductive thermal resistances, denoted by Rp,

Ri and Ry, for the UCNPs, lipid bilayer and water, respectively, which are given by:

1 1 L
Rp=-——j R =————; Rg= ——-
P 41t BprpKp L 4Bk, f Agsky (5)
The heat flow for UCNPs, lipid bilayer and water are given by:
qp = NopPp; q1, = NopPp; qf = aLAyPp - (6)

The heat generated within the UNCPs flows outward, crossing the lipid bilayer to the
surrounding medium, water (positive direction). Any heat originating in the lipid bilayer would
be divided into a fraction x; moving towards the water and the remaining (1—x1) moving towards
the particle’s core. Finally, heat released by the water is distributed amongst the bulk water
(fraction x2) and inwards to the lipid bilayer (1—x2). The values of x1 and x» were calculated

using the thermal resistances:

https://doi.org/10.1002/adfm.201905474
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Ry, + R¢ R¢

T R +R.+R 2 Rp+R.+R;

(7)

Using the lumped elements model, the steady-state temperature gradient across the lipid

bilayer 7p—TF can now be expressed as:

Tp — Tt = qp(Rp + R + Rg) + qux: (R, + Re) — q.(1 — x1)Rp

8
+qx2Re — qe(1 — x2)(Rp + Ry) (®)

Accordingly to this model and to the xrand xi values estimated before, the UCNP core
thermal conductivity (xp) was calculated by fitting Eq. 8 with the experimental 7p—7F values

(Figure 3c), yielding to a value of 7.23+0.40 W-m™'-K~! which is in agreement with values

known for LiYF4 crystals at room temperature.[*3 41

Conclusions

Herein we investigated the impact of an organic coating, specifically a supported lipid
bilayer, on the ability of the UCNPs to measure temperature. We developed a model to ascertain
whether the temperature measured by the nanoparticle using luminescence and that of the
surrounding medium using a thermocouple are the same, and to determine the temperature
dependence of the thermal conductivity of the lipid bilayer. LiYF4:Er’*/Yb** UCNPs
encapsulated within a conformal supported lipid bilayer and dispersed in H>O or D>O work as
primary thermometers with a maximum thermal sensitivity of 1.27 %K ! and a minimum
temperature uncertainty of 0.11 K. For the uncapped UCNPs dispersed in water, the temperature

increment induced both by the water and the particles permitted to estimate the temperature
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dependence of the nanofluid thermal conductivity, that show a up to ~8% enhancement,
relatively to the values of pure water. In the case of uncapped UCNPs, in either HO or D>0,
the good agreement between the thermocouple and the luminescent thermometer indicates full
thermal equilibrium. On the other hand, in the case of the lipid bilayer capped UCNP, a
temperature gradient is observed and found to depend on laser power density. The gradient
arises due to both the water and the UCNP acting as independent radiation-to-heat converters.
We experimentally determined a lipid bilayer thermal conductivity (0.20£0.02 W-m™'-K™! at
300 K) that decreases as a function of the temperature gradient across the lipid bilayer, which
until now has only been predicted using numerical simulations. Furthermore, using a one-
dimensional lumped elements model we demonstrate that at low power densities the lipid
bilayer can serve as a thermal barrier, limiting the heat transfer between the UCNP and water.
However, once a threshold power density (about 150 W-cm™?) has been exceeded, the bilayer
can no longer serve as a thermal barrier, and the temperature differential between the two
thermometers decreases until thermal equilibrium is reached. This must be taken into
consideration when using coated nanoparticles for luminescence nanothermometry, especially
in biological applications in which the UCNPs are used to measure the intracellular temperature.
In such cases, where a coated particle (or an uncapped particle that acquires a protein corona)
are used, the luminescent thermometer may not accurately reflect the cell temperature.
Moreover, as the supported lipid bilayer mimics the cell membrane, the proposed method to
estimate its thermal conductivity and understand its role on heat transfer has significant
implications due to the importance of understanding the spatial variations of temperature and

heat transfer across membranes.
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Experimental Section

Materials: Oleate-capped LiYFs4 nanoparticles doped with Er’*" (0.6%) and Yb** (29%)
LiYF4:Er**/Yb* UCNPs, were synthesized as described previously.’® The removal of the
oleate was achieved via treatment with HCI as described in ref °!!. These uncapped UCNPs are
dispersed in either ultrapure water (18.2 MQ-cm obtained from a Barnstead system) or D,O
(99.9% obtained from Sigma-Aldrich). LiYF4:Er**/Yb*" UCNPs coated with a supported lipid
bilayer were prepared without removal of the oleate coating using a previously published
procedure.” The lipids 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphate (DOPA) and 1,2-di-
(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar
Lipids Inc. Cholesterol (99+ %) and all synthetic reagents were purchased from Sigma-Aldrich.
The lipid bilayer was prepared in a 64:7:29 DOPA:DOPC:Cholesterol ratio in HEPES buffer.
Assuming no loss of oleate, the final bilayer composition was estimated to be
Oleate:DOPA:DOPC:Cholesterol (21:51:5:24).537!

Upconverting nanoparticle structural and chemical characterization: The images of oleate-
capped LiYF4:Yb**/Er** UCNPs were collected using a Jeol JEM-2100F microscope operating
at 200 keV. The sample was prepared by dropping the nanoparticle dispersion (1.0 g L™! in
toluene) onto a 300-mesh Formvar/carbon coated copper grid (3 mm in diameter) followed by
evaporation of the solvent. Negative stain images were obtained using a Tecnai 12 Biotwin
TEM microscope (FEI Electron Optics) equipped with a Tungsten filament at 120 keV and
AMT XR80C CCD Camera System. The sample was prepared by dropping 5 uL of sample
solution (1.0 g L") onto 200-mesh carbon coated SPI grid and leaving it to be adsorbed during
1 minute before drying it gently with a filter paper. Immediately afterwards, it was stained with
5 nL of 2% uranyl acetate solution and after 1 minute the excess of uranyl acetate solution was
removed using a filter paper.

ICP-MS measurements were carried out to determine the nanoparticle concentration after
coating the UCNPs with the supported lipid bilayer. The samples were analyzed using an
Agilent 7500ce ICP-MS equipped quartz Scott-type spray chamber, an off-axis Omega lens ion
focusing, and octopole reaction system with a quadrupole mass spectrometer analyzer operated
at 3MHz. Details of the methods can be found in ref *”) and summarized in the Supplementary
Information.

Visible-NIR absorption spectroscopy: Visible and NIR absorption spectra were recorded at
room temperature, using a dual-beam spectrometer Lambda 950 (Perkin-Elmer) with a 150 mm

diameter Spectralon integrating sphere over the range 200-1200 nm with a resolution of 1.0 nm.
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The baseline was recorded with two 10 mm path-length quartz cuvettes (2 polished windows)
containing the reference fluid, H>O or D,0O. The molar extinction coefficient was estimated
from the Lambert-Beer law.

Dynamic temperature measurements: The pure water and the nanofluids were irradiated by a
pulsed laser (BrixX 980-1000 HD) at 980 nm with power densities ranging from ca. 65 to
250 W-cm 2. In the heating regime, the water and the nanofluids were irradiated during 600 s
with a pulse frequency of 1.5 MHz, and the consequent temperature increase was measured
over time, using an immersed thermocouple (K-type, 0.1 K accuracy) in the water and the
nanofluids, and also by upconversion thermometry in the nanofluids. For water, the cooling
regime is achieved turned off the pulsed laser and the consequent temperature decrease was
measured with the above-mentioned thermocouple. For the nanofluids, however, because the
laser is required for the excitation of the nanoparticles the cooling regime was achieved using a
much lower pulsed frequency (0.25—0.50 Hz) and a linewidth between 0.100 and 0.250 s, in
order to allow the temperature decrease and its measurement using upconversion thermometry
and the thermocouple. In both regimes, the emission spectra of the nanofluids were recorded by
a portable spectrometer (MAY A Pro 2000, Ocean Optics) with an integration time of 0.500 and
0.250 s, for the nanofluids with the uncapped and lipid bilayer capped UCNPs, respectively.
The integration time was chosen in order to maximize the number of recorded spectra, and the
spectrum signal-to-noise ratio.

Thermal conductivity: Using the steady-state maximum temperature increase recorded with an
immersed thermocouple for each of the individual nanofluids at different laser power densities,
the thermal conductivities of the nanofluid and the conformal lipid bilayer were estimated as
function of temperature using Eq. 3 and Eq. 4, respectively. Comparing the temperature values
measured by the thermocouple and by the luminescent thermometer in the capped UCNPs
dispersed in water, and considering the lumped elements model (Eq. 8), the thermal

conductivity of the UCNP was estimated.
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Figure 1. Schematic representation of the (a) uncapped and (b) lipid bilayer capped
LiYF4:Er**/Yb* UCNPs. The magnification (c) depicts a simplified one-dimensional model for
the lipid bilayer coating. (d) and (e) Temperature dependent upconverting emission spectra of
uncapped and lipid bilayer capped UCNPs dispersed in water, respectively. (f) Temperature
calibration upon 980 nm irradiation of uncapped UCNPs dispersed in H>O (red) and D>O
(black), and of lipid bilayer capped UCNPs dispersed in water (green). The solid lines
correspond to the temperature calculated using Eq. S5 and the shadowed areas are the
corresponding uncertainties. (g) Comparison between the temperature determined using Eq.S2
(y-axis, calculated temperature) and that measured by an immersed thermocouple (x-axis,
measured temperature) upon 980 nm irradiation. The line corresponds to y=x. In (d), (e), (f),
and (g) the 980 nm laser power density is 67 W-cm 2.
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Figure 2. Temperature increase profiles induced by 980 nm laser irradiation at laser power
densities of (a) 125 and (b) 222 W-cm 2, measured by an immersed thermocouple. In the
cooling steady-state regime of the two water-based nanofluids the water’s absorption of the
irradiating laser pulses induces a ~0.5 degree temperature increment. (¢) Temperature increase
induced by laser excitation as function of the laser power density for uncapped UCNPs and lipid
bilayer capped UCNPs dispersed in water, measured by the immersed thermocouple. The lines
serve as a guide for the eyes only. (d) Thermal conductivity of the uncapped UCNPs dispersed
in water as a function of temperature. The line corresponds to the standard reference data of the
water thermal conductivity.[*¥] Temperature profiles of the (e) uncapped UCNPs and (f) lipid

bilayer capped UCNPs dispersed in water, measured by the immersed thermocouple (circles)
and luminescent thermometer (squares).
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Figure 3. Thermal conductivity of the lipid bilayer as a function of (a) laser power density or
(b) temperature gradient between the upconversion thermometer and the immersed
thermocouple at the stationary regime. (¢) Temperature difference in the stationary regime
(Tr—Ty) for lipid bilayer capped UCNPs dispersed in water, obtained experimentally (symbols)
and calculated using Eq. 8 (line). (d) One-dimensional lumped elements of the thermal circuit
model for the lipid bilayer capped UCNPs. The ground symbol denotes the reference
temperature, and the arrows represent the heat flows. Ra is thermal resistance describing the
convective heat transfer from the nanofluid container to the surrounding quiescent air.
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The thermal properties of organic coatings on inorganic nanoparticles, for example
biomimetic lipid bilayers, play a key role in their application as intracellular temperature
probes. The measurement of the core temperature using upconversion thermometry enabled
direct determination of the bilayer thermal conductivity, opening avenues for studying
fundamental membrane biophysical properties and thermal properties of organic and polymer
coatings for a wide range of nanomaterials.

Keywords: luminescence, nanothermometry, upconversion nanoparticle, thermal conductivity,
lipid bilayer
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