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Abstract 
Understanding heat dissipation processes at nanoscale during cellular thermogenesis is essential 
to clarify the relationships between the heat and biological processes in cells and organisms. A 
key parameter determining the heat flux inside a cell is the local thermal conductivity, a factor 
poorly investigated both experimentally and theoretically. Here, using a 
nanoheater/nanothermometer hybrid based on a polydopamine shell encapsulating a fluorescent 
diamond nanocrystal, we measured the intracellular thermal conductivity of HeLa cell with a 
spatial resolution of about 200 nm. Its mean value of 0.11 Wm-1K-1 determined for the first time 
is significantly smaller than that of water. Bayesian analysis of the data strongly supports the 
existence of variation of the intracellular thermal conductivity of about 40%. These results present 
a major milestone towards understanding the intracellular heat transfer phenomena at nanoscale. 
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Introduction 
Internal heat is a distinctive feature of mammals and birds1-3, but also occurs in plants4-8, insects9, 
fishes10 and possibly in dinosaurs11. The heat originates from intracellular biochemical sources 
and then flows through cells to elevate temperature of the whole body. The body temperature, in 
turn, is a factor governing enzymatic activities including those of heat sources12. Thus, 
simultaneous observation of biochemical processes at the heat source and the dynamics of heat 
flow in situ is essential for understanding the heat management in living organisms.   
 Luminescence nanothermometry enables visualization of temperature changes in cells 
with sub-cellular resolution13,14 and is a tool suitable for achieving this ambitious goal. Several 
groups used this tool and have recently reported temperature heterogeneity over 1 K in individual 
cells15-18. These reports have prompted active discussions about the origin and the biological 
significance of the heterogeneity. However, the results have also sparked hot debates about the 
validity of the temperature measurements19-24. The issue is that the temperature rise calculated by 
theoretical models describing physics of cellular thermogenesis and intracellular space is several 
orders of magnitude smaller than the experimental values reported in the literature. One of the 
essential factors in the calculation is the thermal conductivity, a parameter determining the heat 
flux and usually assumed to be about 1 Wm-1K-1, similar to a watery environment. However, 
Bastos et al. have used upconverting nanoparticles25 to measure the thermal conductivity of a 
single lipid bilayer and reported a value of 0.2 Wm-1K-1. Theoretically, the thermal conductivity 
in cells can be about six times smaller than that in water when the boundary heat resistance, or 
Kapitza resistance is considered24. Although it is pivotal to obtain the thermal conductivity in 
living cells and assess its variation at nanoscale experimentally, no such information is available 
to the best of our knowledge. 
 A two-in-one nanodevice which provides heating and temperature sensing at the same 
time and the same spot is a straightforward strategy for measuring intracellular thermal 
conductivity locally. Tsai et al. has reported the use of fluorescent nanodiamond (FND) and gold 
nanorods (GNRs)26,27. FNDs containing negatively charged nitrogen vacancy centers (NVCs) are 
known as a fluorescent nanomaterial with exceptional photostability, showing neither 
photobleaching nor photoblinking28,29. In addition, their unique magneto-optical properties allow 
nanoscale temperature measurement through optically detected magnetic resonance (ODMR) 
technique with accuracy better than 1 K30,31. Since NVCs are deeply embedded inside a diamond 
crystal with high thermal conductivity (larger than 50 Wm-1K-1)32, its thermosensing ability is 
little influenced by environmental factors33. Physically bound FND and GNR serve as a 
nanoheater and nanothermometer at the same time26,27 because GNRs release heat when exposed 
to light via strong surface plasmon resonance34,35. However, the stoichiometry of FND/GNR ratio 
is difficult to control and GNR can be deformed by heating, which makes quantitative and 
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reproducible experiments difficult. More sophisticated hybrids need to be developed to overcome 
these difficulties.   

Herein, we propose FND and polydopamine (PDA) nanohybrids (Fig. 1A). PDA was 
originally introduced as a multifunctional polymer36, inspired by the composition of adhesive 
proteins in mussels. Under basic conditions, dopamine molecules polymerize to form a PDA layer 
on the surface of inorganic materials. PDA demonstrates a photothermal conversion efficiency of 
40%, which is much higher than 22% reported for gold nanorods37. Therefore, PDA-coated 
nanoparticles (e.g. gold, magnetic, and silica nanoparticles) have been utilized for multi-
functional hyperthermia applications, especially for cancer therapy38-42. Several papers have 
already reported PDA-coated FNDs (PDA-FNDs) as a platform for chemical functionalization43,44. 
The structure of PDA-FND is highly uniform in a batch and the thickness of PDA layer can be 
easily controlled by changing the reaction conditions44. However, photothermal effect of PDA on 
FND has not been investigated despite the fact that the hybrid has immense potential for direct 
measurements of the thermal properties of living cells. 

In this paper, we first characterize the physical properties of PDA-FND such as 
thickness of the PDA layer and the size of the FNDs and investigate how they affect the heat 
release. We confirm the structural stability of PDA-FND and reproducible heating cycles while 
measuring the temperature with accuracy around 1.0 K using individual PDA-FND particles. 
Then we validate our method by comparing the results of numerical simulations and the measured 
temperature increase when the particles dispersed on a substrate are in contact with air, water or 
oil for which the thermal conductivity coefficients are known from the literature. Finally, we 
measure thermal conductivity inside living single cells with a submicron spatial resolution.  
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Results 
Synthesis and characterization of PDA-FNDs 
Dopamine molecules are polymerized into PDA on the surface of FNDs in Tris-HCl buffer (pH 
8.5), thus yielding PDA-FND after centrifugation and washing (Fig. 1A). The size, shape, and 
thickness of PDA layer of PDA-FNDs were evaluated by dynamic light scattering (DLS) and the 
transmission electron microscopy (TEM). The mean hydrodynamic diameter of bare FNDs was 

105 nm, and PDA-FNDs prepared with 50, 300 and 500 µg/ml dopamine hydrochloride solutions 
had mean diameters of 135 nm, 162 nm and 182 nm, respectively (Fig. 1B and Table S1). TEM 
images show that FNDs have sharp edges and wide distribution in size and shapes (Fig. 1C). 
After PDA coating, FNDs have relatively smooth edges. Zeta potentials of the samples also 
support the successful synthesis of PDA-FNDs (Fig. S1). The thickness of PDA layer increases 
with the concentration of dopamine hydrochloride solution. The average thickness of the coating 

layer prepared with 50, 300, and 500 µg/ml of the dopamine hydrochloride solutions were 5 ± 1, 
30 ± 4, and 58 ± 3 nm, respectively (Fig. 1D). The thickness of PDA layer appears to be constant 
regardless of the size of FNDs. The gradients of the straight lines in Fig. 1D are small (0.72%, -

0.83%, and -4.6% for 50-, 300- and 500-µg/ml samples, respectively).   
 
Dual functionality of PDA-FND nanoparticles  
PDA-FND is a hybrid of luminescent nanothermometer and an optically controlled nanoheater. 

The ground state of NV– center in FND is a spin-triplet. The split of the spin sublevels 𝑚" = 0 
and 𝑚" = ±1 denoted as 𝐷(" ≈ 2.87	GHz is temperature-dependent with a reported gradient45 

γ ≈ −74	kHz	K78  (Fig. S2). Photoluminescence excited at 532-nm decreases when the 
transition from 𝑚" = 0 to either of 𝑚" = ±1 states occurs at resonance with applied external 
microwave (MW) radiation (Fig. 2A). The contrast of the ODMR signal decreases at larger 
excitation powers probably due to the photo-induced conversion of NV– centers to ODMR-
inactive neutral nitrogen-vacancy NV0 centers46.  

The values of 𝐷(" vary from particle to particle in the range of 2869.0 – 2870.0 MHz 
at 0.95 mW excitation due to an inherent heterogeneity of FNDs33,47, but 𝐷(" decreases at higher 
laser powers as expected in the case of rising temperature (Fig S3). Heterogeneity of 𝐷(" 
prevents absolute measurements of temperature but one can obtain by monitoring the shift of 𝐷(" 
values the temperature difference d𝑇;<→;>  caused by the change of the excitation power from 

𝑃8 to 𝑃@. The values of d𝑇;<→;>  are about 4 times larger in particles prepared using 500 µg/ml 

dopamine hydrochloride solution in comparison to pristine FNDs (Figs 2B and S4). The PDA-

FNDs prepared under 50 µg/ml dopamine hydrochloride solution showed intermediate 
photothermal efficacy, which means that the thin PDA can serve as a scaffold for further 
functionalization with some precaution related to heating. The result safeguards some 
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applications using a thin layer of PDA against undesirable heating of the functionalized material48-

50. Because PDA-FNDs prepared from 500 µg/ml solution have a large photothermal effect but 
do not significantly hinder FND fluorescence, they were used in subsequent experiments. 
 To assess the photostability of PDA, ODMR was measured repeatedly in the same set 

of individual PDA-FNDs prepared from 500 µg/ml solution in nine successive measurements of 
d𝑇A.BC→@C. The temperature rise remains nearly constant in the series (Fig. 2C, Fig. S5). These 
results indicate that PDA layer in PDA-FND remains stable after multiple excitations, and the 
heat release is reproducible under the current experimental condition. 
 
Cellular uptake and intracellular localization of PDA-FNDs  
The biocompatibility, cellular uptake, and intracellular localization of PDA-FNDs were examined 
in HeLa cells. It has been reported that both FNDs51,52 and PDA nanoparticles53 are biocompatible 
with various types of cells. Our test with CCK-8 assay indicates that PDA-FNDs barely affect the 
viability of HeLa cells. (Fig. 3A). The amount of PDA-FNDs used in the ODMR experiments in 

the following section was 1 µg/ml or less, 15% of the smallest concentration in Fig. 3A. 
PDA-FNDs were internalized by HeLa cells and they mainly localized at the perinuclear 

region after 4 hours incubation according to confocal observations. (Fig. 3B). FNDs are known 
to enter cells via ATP-dependent endocytosis, which is commonly observed among particles up 
to 150 nm in diameter54. In order to investigate the role of endocytosis in this case, we evaluated 
the effect of sodium azide (NaN3), an inhibitor of F0F1 ATP synthase, on the cellular uptake of 
PDA-FND. Confocal microscopy results showed that the amount of PDA-FNDs that was 
internalized by HeLa cells decreased remarkably in NaN3-treated cells compared to non-treated 
cells (Fig. S6A). Quantitative fluorescence activated cell sorting (FACS) analysis further 
supported the microscopic observations (Fig. 3C). The fraction of highly fluorescent cells was 
18% after treatment with PDA-FND, which was markedly larger than that in control cells (0.8%). 
The fraction of cells containing PDA-FNDs was reduced to 3.2% when cells were treated with 
NaN3. These results strongly suggest that HeLa cells uptake PDA-FNDs through energy-
dependent endocytosis. 

Further investigation of the subcellular localization showed that most of PDA-FNDs are 
present in lysosome associated membrane protein 1 (LAMP1)-GFP positive-vesicles, i.e. in 
lysosomes, in LAMP1-mGFP[55] overexpressing cells (Fig. 3D). A small portion of PDA-FNDs 
in cells did not colocalize with LAMP1-GFP positive-vesicles and might either exist in 
endogenous LAMP1 vesicles or be distributed in cytosol (Fig. S6B). Because integrity of PDA 
layer is preserved under acidic condition in lysosome (Fig. S7), PDA-FNDs are suitable for 
intracellular measurements.  
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In situ measurement of intracellular thermal conductivity 
Temperature rise of a PDA-FND can be analytically found in the case of a spherical symmetry 
(Fig. 4A). The steady-state temperature T(r) follows the Fourier's low; 

−𝜅 EF
EG
= Ḣ(G)

LMG>
 (1) 

where k is the thermal conductivity of the media. The heat power �̇�(𝑟) = 𝜖𝐼𝑉, where I is the 
laser irradiance at the location of the particle, 𝜖 is the absorption coefficient of PDA, and V is 
the volume of PDA enclosed by radius r (dashed line in Fig. 4A). We will discuss the effect of 

the glass substrate later in this section. One can integrate Eq. (1) to obtain DT, the change of 
temperature in the FND caused by the change of irradiance DI. It reads; 

∆𝑇 = ∆𝑇T + ∆𝑇T
GV7GW
GV

XY7XV
XV

+ ∆𝑇Z (2) 

where 

∆𝑇[ =
\∆]
^XY

× `𝑟Z@ − 𝑟a^𝑟Z78b  (3) 

and 

∆𝑇Z =
\∆]
^XW

× GW>7^Gc>d@GceGWf<

@
  (4) 

∆𝑇T  depends on the thermal conductivity of the media, whereas ∆𝑇Z  is independent of the 

surroundings but depends only on the intrinsic values of the PDA-FND (Supplementary 
Information). 
 Two factors 𝜅Z, the thermal conductivity of PDA and �̇� ≡ 𝜖∆𝐼, the power density of 

heat released by the PDA shell should be determined before using PDA-FNDs for measuring the 

unknown value, 𝜅T. To do this, temperature rises were measured using different PDA-FNDs in 
air, water and oil as control media with known thermal conductivity values56-58. Bayesian 

inference is used to obtain posterior probability 𝑃(〈Δ𝑇〉|𝐷) (Supplementary Information, Figs. 
S8-10). In this case, the data (D) is the values of ΔT and their standard deviations measured for 
each particle (circles and error bars in Fig. 4B, respectively). ODMR spectra were obtained for 
PDA-FNDs attached to the bottom of the flow cell coated by polyethylenimine (PEI) with a 
thickness of 18.4±5 nm (95% confidence estimated using 22 measurements) (Fig. S11). The 

estimates obtained for d𝑇m.^→@C which is denoted as 〈Δ𝑇〉 in air, water and oil are shown in 
Figs. 4B, S9 and given in Table 1. The two unknown parameters were tuned in numerical 

simulations to obtain 〈Δ𝑇〉 which agrees with 〈Δ𝑇〉 measured in all media simultaneously (Fig. 
4C). Numerical simulations are required for accurate comparison between the data and the theory 

because the presence of the glass substrate (kglass ~ 1.05 Wm-1K-1)59 breaks the simplicity of the 
spherical symmetry considered in Eq. (2), and the presence of PEI on the glass substrate cannot 
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be neglected (Table S2). We have found that kp = 0.2 Wm-1K-1 and �̇� = 100 µW µm-3 (thus 
�̇�(𝑟Z) = 0.4 µW) reproduce all values of 〈Δ𝑇〉 (Fig. 4C, Table 1).  

Next, we measured temperature rises of individual PDA-FNDs inside cells. To avoid a 
cross-talk between PDA-FNDs, the concentration of PDA-FND solution applied to cells was 

reduced 20 times (to 0.5 µg/ml) compared to the amount used for studying intracellular 
localizations (cf. Fig. 3D). Very few or no PDA-FNDs were present in most of the cells. The 

mean value of temperature rise in cell 〈Δ𝑇anoo〉 was 3.0 K (Fig. 4B). Numerical simulations show 
that the influence of the glass substrate on the temperature of a PDA-FND is negligible when the 
distance between the probe and the glass is larger than 200 nm (Fig. S12). In such a case, Eq. (2) 

is accurate. Therefore, 𝜅anoo = 0.11 ± 0.3	Wm-1K-1 was calculated using Eq. (2) with kp and �̇� 
obtained above and the 〈Δ𝑇anoo〉. We note that 〈Δ𝑇anoo〉 in Fig. 4B visually spreads more than 
〈Δ𝑇〉	 in other media. This observation has been examined quantitatively because it points to a 
significant variation of 𝜅anoo due to complex intracellular environment.  

The variance of ΔT calculated from Eq. (2) can be approximately split in two parts as 
follows (see Eq. (S5)). 

𝜎∆F@ ≈ 〈∆𝑇T〉@
rsW>fscesWf<
>

〈GW>7GceGWf<〉>
+ 〈∆𝑇T@〉 〈`1 − 𝑟Z 𝑟t⁄ b@〉 𝜎kY kV⁄

@  (5) 

The first term in Eq. (5) is called 𝜎∆FY
@  and is related to the statistics of PDA-FND nanoparticles 

independent of the surroundings. The second term, denoted 𝜎nvw@  depends on the fluctuations of 
the local environment by means of 𝑟Z 𝑟t⁄  and kT kt⁄ . The method of obtaining the posterior 

distributions 𝑃(𝜎nvw@ |𝐷)  is explained in the Supplementary Information (Eq. (S15)). 
Distributions 𝑃(𝜎nvw@ |𝐷) for water, oil and cell are shown in Fig. 4D. They are shown for 
𝜎nvw@ /〈∆𝑇T〉@ ≈ 𝜎nvw@ /〈∆𝑇〉@ to eliminate the scaling effect of a larger temperature rise in media 
with smaller kT. One can see that the peaks of 𝑃(𝜎nvw@ |𝐷) are near zero in water and oil as 
expected in media where it is reasonable to assume that 𝜎nvw@ = 0 . The result is a bit less 
conclusive for water (in oil 𝑃(𝜎nvw@ |𝐷) more sharply peaks at zero) where Eq. (5) is less accurate 
(see Supplementary Information). However, in cells, a clear peak is present at 𝜎nvw@ /〈∆𝑇〉@ =
0.15. This indicates that fluctuations of 𝜅anoo are significant. The variance of kT kt⁄ , 𝜎XY/XV

@ , can 
be calculated using the value of 𝜎nvw@ /〈∆𝑇〉@  (Eq. (S7)). In the case 𝑟t ≫ 𝑟Z , one obtains 
𝜎XY/XV
@ ≈ 0.15. This value of the variance indicates that kcell can deviate from its average value by 

about 40% `√0.15 ≈ 0.4b. 
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Discussion 
The intracellular thermal conductivity 𝜅anoo, a key parameter characterizing the heat transfer in 
living cells has been experimentally determined in this paper. Single-cell measurement of κ has 
been previously attempted. Park et al. reported a value similar to that of water based on a three-
omega method60, whereas the values of cancer cell lines determined by ElAfandy et al. using 
nanomembranes were slightly less than that of water61. We explain the difference by pointing out 
that both groups have provided heat to the specimen from outside of the cells. It is likely that the 
κ measured was an average of the specimen including a whole cell as well as extracellular matrix 
and nearby medium. In order to determine the intracellular κ at nanoscale, both heating and 
temperature measurement should be confined to a small volume inside cells, as we have 
demonstrated in the current study. 

Bayesian analysis suggests that 𝜅anoo is not a constant but can deviate from its average 
value. If one takes the 40% deviation into account, then the minimal value of 𝜅anoo ≈
0.07	W	m78K78 and the steady-state ∆𝑇 ≈ 1	K (we set this value as a minimum temperature 
rise affecting biochemical processes) can be achieved in a spherical region generating 5 nW of 
heat power and approximately 10 nm across. While such a power is indeed produced by rat brown 
adipocyte62, the whole-cell power cannot be confined in a single hot spot. However, much less 
power is required to achieve a 1-K transient temperature rise. The heat conductivity, which is 
significantly smaller than the value previously assumed, reduces the speed with which the heat 

propagates through the intracellular medium. A transient value of ∆𝑇 in a region of radius 𝑎 
requires heat energy 𝐸 ≈ 4∆𝑇𝒞𝑎^, where 𝒞 is the volumetric heat capacity. This temperature 
rise will last for a time interval 𝜏 ≈ 𝒞𝑎@/𝜅  [24]. In the case 2𝑎 = 1	µm , ∆𝑇 = 1	K , 𝒞 =
4	MJ	m7^K78, and 𝜅 = 0.07	W	m78	K78, the required energy is 2 pJ, about 107L times the 
energy of the glucose typically accumulated in a cell19 while the corresponding 𝜏 ≈ 15	µs . 
Notably, this time scale is characteristic for dynamics of some primary intracellular processes 

such as protein folding63. Therefore, the new value of 𝜅anoo  makes biologically significant 
transient temperature rises in a cell much more feasible. This conclusion suggests that cells may 
use heat flux for short distance thermal signalling.   

Variation of thermal conductivity is expected to increase with decreasing the region 
where the thermal conductivity is measured. The intracellular environment has a complex 
architecture and composition. Various biomolecules at high-density form assemblies in the 

cytosol and organelles. In order to identify the source of the variation in 𝜅anoo, it is necessary to 
localise the accurate points where the temperature is measured. Technical challenges should be 
overcome to achieve this. One approach could include employing the catechol/quinone groups on 
the PDA as a versatile platform for functionalization44,64,65 to realize selective targeting of PDA-
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FNDs to biomolecules of interest and thus measure thermal conductivity at specific intracellular 
organelles, for example, inside mitochondria.  

The structure of PDA-FND is more uniform (Fig. 1) if compared to the other hybrids 
with similar function, but there is still a significant heterogeneity among particles. Although the 
Bayesian statistical analysis of the results obtained in different media allows separation of the 

variance of the temperature rise caused by the inhomogeneity of 𝜅anoo from the variance related 
to the heterogeneity of the particles, removing the latter factor would significantly increase the 

accuracy with which the value of 𝜅anoo could be determined. Moreover, elimination of particle 
heterogeneity would enable single PDA-FND particle measurement of 𝜅 at a specific location. 
We assume that this heterogeneity is related to the intrinsic property of FNDs such as the size, 
shape, crystal strain, impurity content, and the number of NV− centers. Particles of FND are all 
different even if they are drawn from the same batch66,67. Production of physically and chemically 
uniform FNDs much needed for applications is yet to be achieved. The problem caused by the 
heterogeneity of FND could be effectively mitigated, if the same PDA-FND particle were used 
in different environment. As a proof of principle, a series of ODMR spectra were obtained for 
four PDA-FNDs attached to the bottom of the flow cell coated by PEI, while the flow cell which 
has been in air was filled sequentially with water, and then, with oil (Supplementary 
Information and Fig. S13). Unfortunately, effective delivery of a preselected particle into a cell 
is still an unresolved challenge. 

In summary, we have successfully measured the intracellular thermal conductivity of 

single living cells, 𝜅anoo, for the first time. The average value of 𝜅anoo is an order of magnitude 
smaller than 𝜅���n�  but is close to 𝜅�to . Further analysis shows variation in 𝜅anoo  due to 
significant variation of the intracellular media. Our experimental results provide essential 
information for theoretical considerations of the role of heat transfer in cells. In particular, the 
hypothesis about heat-mediated intracellular signalling gains additional support and, perhaps, will 
result in better understanding of control and regulation processes of heat in living organisms at 
the single-cell level. 
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Materials and methods 
Chemicals and materials 
Dopamine hydrochloride (H8502-5G) and nocodazole (M1404-2MG) were purchased from 
Sigma-Aldrich Co. ltd. (St. Louis, MO, USA). TRIS (hydroxymethyl aminomethane) (35434-76) 
was a product from Nacalai tesque Inc. (Kyoto, Japan). Sodium azide (NaN3) (195-11092) was a 
product from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Hoechst 33342 (346-
07951) and cell counting kit-8 (CCK-8) (347-07621) were purchased from Dojindo Laboratories 
(Kumamoto, Japan). Fluorescent nanodiamond (FND, BR100) was purchased from FND Biotech, 
Inc. (Taipei, Taiwan). LAMP1-mGFP plasmid, which encodes a GFP tagged lysosome marker, 
lysosomal-associated membrane protein 1 (LAMP1), was a gift from Esteban Dell'Angelica 
(Addgene plasmid # 34831; http://n2t.net/addgene:34831; RRID: Addgene_34831). 
Lipofectamine 3000 Transfection Kit (3000-015) was a product from Invitrogen (CA, USA). 
Dulbecco’s modified eagle medium (DMEM) (11965-092), 0.25% Trypsin-EDTA (25200-056), 
phosphate buffered saline (PBS) (10010-023), penicillin and streptomycin (15140-122), fetal 
bovine serum (FBS) (10270-106), Alexa Fluor 488 NHS Ester (A20000), CellMask Green 
(C37608), ER-tracker (E34251) and Golgi-tracker (B22650) were products from Thermo Fisher 
Scientific (MA, USA).   
 
Synthesis and characterization of PDA-FND particles 
PDA-FNDs were prepared according to the protocol reported previously with minor 
modifications44. To synthesize PDA-FND nanoparticles, FNDs were mixed with a freshly 
prepared dopamine hydrochloride solution in 10 mM Tris-HCl buffer, pH 8.5, with varied 
concentrations of 50 µg/ml, 300 µg/ml and 500 µg/ml, and allowed to incubate for 16 hours under 
vigorous shaking at 298 K on a thermo-shaker (TS-100C, bioSan Medical-biological Research & 
Technologies, Riga, Latvia). Then, the resulting PDA-FNDs were collected by centrifugation at 

´3000 g for 10 minutes at 298 K. Finally, the nanoparticles were dispersed in Milli-Q water for 
further use. Dynamic light scattering (DLS) and Zeta potential of the nanoparticles were measured 
with a Malvern Zetasizer instrument (Zetasizer nano ZSP, Malvern Instruments Limited, 
Worcestershire, UK). H-7650 transmission electron microscope (TEM) (Hitachi high technology, 
Tokyo, Japan) operating at an accelerating voltage of 80 kV was adopted to characterize the size, 
PDA shell thickness and structure of FNDs and PDA-FNDs. The TEM samples were prepared by 
dropping 5 µl of solution onto a 400-mesh carbon film-coated copper grids (24945-50, 
Polysciences, Inc., PA, USA), which were glow-discharged by a plasma cleaner. The grids were 
then air-dried and subjected to TEM observation.  
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TEM image analysis 
Image J was utilized to analyze the TEM images of FND and PDA-FND. The radius of FND was 
defined as half of the average length of a horizontal line and a vertical line, which were drawn 
across the FND to pass through its center. To measure the thickness of PDA layer, tangent lines 
were drawn at the both ends of the vertical and horizontal lines. The length of the four-line 
segments, which were vertical to the tangent lines across the PDA layer, was measured. The 
thickness of the PDA layer was determined by averaging the four measurements.   
 
Cell culture and cytotoxicity assay (CCK-8) 
HeLa cells were seeded on 100 mm tissue culture dish (TRP Techno Plastic Products AG, 
Switzerland) and were cultured in DMEM supplemented with 10% FBS, 100 IU/ml penicillin and 
100 µg/ml streptomycin, under a humidified atmosphere containing 5% CO2. 

To evaluate the cytotoxicity of PDA-FND, HeLa cells were seeded to 96-well plates 
(Thermo Fisher Scientific) at the density of 5000 per well. After 24 hours, the cells were treated 
with PDA-FNDs in various concentrations, and incubated for four hours at 310 K. Then the PDA-
FNDs were washed out and the samples were subjected to overnight incubation at 310 K. The 
next day, the cell viability was determined using a micro plate reader (Thermo Scientific 
Multiskan FC, Thermo Fisher Scientific Oy, Ratstie, Finland) according to the manufacture’s 
protocol of CCK-8, in which water-soluble tetrazolium salt, WST-8 (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium), is reduced by 
dehydrogenase activities in cells to yield a yellow-color formazan dye. The 450 nm absorption 
before the addition of CCK-8 solution was deducted to subtract the absorption by PDA-FNDs 
inside the HeLa cells. The viability of HeLa cells treated with PDA-FNDs was expressed as a 
percentage of the viability of HeLa cells grown in the absence of PDA-FNDs. 
 
Fluorescent staining of subcellular organelles and confocal fluorescence microscopy 
HeLa cells were seeded in 35 mm glass-based dishes (IWAKI, Shizuoka, Japan). PDA-FNDs 
were dispersed in culture medium and were applied to HeLa cells. After four hours incubation at 
310 K, cells were stained with CellMask Green Plasma Membrane Stain (522 nm and 535 nm) 
(1:2000 dilution) and 1 µg/ml Hoechst 33342 (Ex and Em; 355 nm and 461 nm) to visualize 
plasma membrane and nucleus, respectively, according to the manufacture’s procedures. Cells 
were also stained with 500 nM ER-tracker Green (504 nm and 511 nm) for endoplasmic reticulum 
(ER), with 250 nM BODIPY FL C5-ceramide complexed to BSA (505 nm and 511 nm) for Golgi 
apparatus, or with 5 µM MitoTracker green FM (490 nm and 516 nm) for mitochondria to 
examine colocalizations with these intracellular organelles. To inhibit the energy-dependent 
endocytosis process, HeLa cells were treated with 10 mM NaN3 for 30 min, then the cells were 
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incubated with PDA-FNDs for four hours, followed by CellMask Green staining. Then, the 
prepared specimens were observed under Leica TCS SP8 confocal microscope (Leica 
Microsystems, Germany) with a 63× objective lens (HC PL APO CS2 63×/1.40 OIL). 
 
Fluorescence activated cell sorting (FACS) 
HeLa cells were seeded to 96-well plate, and PDA-FNDs were loaded to the cells once they 
reached confluency. After four hours incubation at 310 K, unbound PDA-FNDs were washed out 

and the cells were collected by centrifugation at ´140 g following Trypsin-EDTA treatment. The 
cell pellet was washed twice in PBS and resuspended in 100 µl PBS. The samples were then 
subjected to FACS analysis with the excitation at 561 nm and the emission at 675−715 nm by an 
Attune NxT Flow Cytometer (Thermo Fisher Scientific). For the NaN3 treatment group, HeLa 
cells were pretreated with 10 mM NaN3 for 30 minutes before the loading of PDA-FND, and 10 
mM NaN3 was present in all the solutions during incubation, sample collection and measurement.  
 
Overexpression of LAMP1-mGFP in HeLa cells 
HeLa cells were transfected with LAMP1-mGFP plasmid by using Lipofectamine 3000 
Transfection Kit. After 24 hours, the cells were loaded with 10 µg/ml PDA-FNDs and incubated 
at 310 K for four hours, then the unbound PDA-FNDs were washed out and the cells were 
subjected to overnight incubation followed by the fluorescence confocal microscopy. 
 
Temperature measurement using FNDs through optically detected magnetic resonance 
microscopy 
The temperature was measured using FNDs and a home-built microscope, which was reported 
previously33. Briefly, a continuous Nd:YAG laser at 532 nm illuminated FNDs in PDA-FND 
nanoparticles to initialize and read out the spin state of NVCs on an inverted microscope system 
(Nikon, Ti–E). Fluorescence from the NVCs was captured by an oil-immersion objective lens 
(Nikon SR HP Apo TIRF, 100×, NA 1.49), passed through a long-pass filter to cut off the 
excitation light, and imaged by an electron-multiplying charge-coupled device camera (EMCCD, 
Andor, iXon860). A two-turn copper coil with a diameter of approximately 1 mm was placed just 
above the coverslip to irradiate the sample with microwaves (MWs) at frequencies near the 
electron-spin resonance in NVCs. A gate pulse provided by a pulser (Berkley Nucleonics 
Corporation, 565) activated a MW generator (Agilent, E8257D) to output a MW pulse, which 
was then amplified by linear MW power amplifiers (Mini-Circuits, PAN35-5A and ZHL-16W-
43+) and transmitted through a coaxial cable to the MW coil. The pulser and the image acquisition 
by the EMCCD camera were synchronized by a PC (Dell T3500, XT, USA) with LabVIEW 
software (National Instruments, TX, USA). ODMR spectra were recorded for a range of MW 
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frequencies as the difference between the fluorescence intensities with and without MW 
irradiation. The temperature of the sample was set at 300 K by a stage-top incubator (TOKAI HIT, 
TPi-108RH26) on a motorized stage. 
 
Evaluation of the photothermal effect of PDA-FNDs 
Glass-based dish was first coated by thin layer of polyethylene imine (PEI) in order to improve 
the adhesion of PDA-FND, and then PDA-FNDs were scattered on the dish. Fluorescence images 
were recorded while the MW frequency was digitally swept across the range from 2860 to 2978 
MHz with an increment of 0.178 MHz. Exposure time of the EMCCD camera was altered from 
0.05 s to 0.005 s depending on the laser intensity. A set of images (two for cell experiment and 
64 in other cases) were accumulated per MW frequency, and two scans (32 for cell experiment) 
were performed. Through this process, ODMR spectra were obtained from isolated PDA-FND 
particles located in the field of view. Each spectrum was fitted to the six-parameter superposition 
of two Lorentzian functions.  

𝑅 = 1 −	 �<
8d(�7	�<)>/�<>

	−	 �>
8d(�7	�>)>/�>>

 (6) 

where the MW frequency 𝜔 assumes a discrete set of values 𝜔�  incremented by the 0.178 MHz. 

The c2-function of six parameters in Eq. (6) is defined as 

𝜒@ ≡ ∑ �1 − �<
8d(��7�<)> �<>⁄ − �>

8d(��7�>)> �>>⁄ − �(��)
��(��)

�
@

�  (7) 

where 𝐿(𝜔�) and 𝐿A(𝜔�) are the measured luminescence intensities with MW power "on" and 

"off", respectively. The minimum of c2 is found numerically for each measured ODMR spectrum. 
The corresponding values of all parameters are their best posterior estimates. The second 

derivatives of c2 at the minimum are used to estimate the covariance matrix whose diagonal 
elements are the variances for each parameter in Eq. (6) and they define the precision for each 
fitted parameter (details can be found in elsewhere68, for example). 

The temperature change in each FND has been determined relative to the temperature 
at a reference excitation laser power, which was either 7.3 mW or 0.95 mW. For example, 
d𝑇m.^→; = 𝛾∆𝐷(" , where and Δ𝐷("  is the change of 𝐷(" = (𝜈8 + 𝜈@)/2 [45] when the laser 

power changes from 7.3 mW to P. 
 All the numerical simulations were performed using a standard library of MATLAB. 
 
ODMR measurement of PDA-FNDs inside HeLa cells 
HeLa cells were cultured on 35-mm glass-based dish and incubated with 0.5 µg/ml PDA-FNDs 
for four hours. Then the PDA-FNDs were washed out and the cells were cultured at 310 K 
overnight. Next day the cells were washed once with serum-free DMEM, and the medium was 
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replaced by 2 ml of 10 µM nocodazole dissolved in phenol red-free DMEM. After 30-min. 
incubation at 310 K, the cells were subjected to ODMR measurement. 
 
Measurement of the thickness of PEI layer using high-speed AFM combined with 
fluorescence microscopy 

PEI solution containing 10 µg/ml of Alexa Fluor 488 NHS Ester (Alexa488-PEI) was applied on 
a glass coverslip to prepare PEI layer. First, the coverslip was observed under the fluorescence 
microscope to identify the edges of the Alexa488-PEI layer. A part of the coverslip containing 
the edge of Alexa488-PEI layer was cut into a fragment of approximately 2-mm square. The 
fragment was glued onto the AFM sample stage. Then, measurements of the thickness of the 
Alexa488-PEI layer were performed with a laboratory-built high-speed AFM (HS-AFM) 
apparatus. The HS-AFM is similar to the HS-AFM previously reported69,70, whereas the current 
apparatus was customized to capture a fluorescence image of the sample on the AFM stage. The 
HS-AFM was equipped with small cantilevers (k = 0.1 – 0.2 N/m, f = 800 – 1200 kHz in water 
(Olympus)) and operated in tapping mode. The cantilever was approached onto the edge of the 
Alexa488-PEI layer with the guidance of the fluorescence image of the AFM stage. HS-AFM 
observation was performed under ultrapure water at the room temperature. The height of the 
Alexa488-PEI layer in AFM images was analyzed using Igor Pro (WaveMetrics). 
 
 
Acknowledgements 
We appreciate Dr. Yohsuke Yoshinari for setting up the ODMR microscope, and Dr. Fuminori 
Sugihara for his technical advice on FACS. We also thank Prof. Shin'ichi Ishiwata for valuable 
comments and discussion. This work was supported by Grant-in-Aid for JSPS Research Fellow 
A18J002870 (to SS), Early-Career Scientists 19K16089 (to SS), and by ATI Research Grant 
RG3004 (to SS), by JSPS KAKENHI JP15H05931, JP18H01838 (both to YH), JP15K05251 and 
JP16KK0105 (both to MS), by the Japan Science and Technology Agency JPMJPR15F5 (to MS) 
and JPMJPR15FD (to HY), by the Human Frontier Science Program RGP0047/2018 (to TP and 
MS), by Kurita Water and Environment Foundation 17D002 (to MS), by Iketani Science and 

Technology Foundation 0301009-A (to MS).   
 
 
Author contributions 
S.S., C.Z., J.C.Y.K., T.P., Y.H. and M.S. designed the experiments. S.S. and C.Z. synthesized 
and characterized PDA-FND. C.Z. carried out the cell viability tests and intracellular localization 
analysis. S.S. carried out the ODMR measurements. H.Y. carried out the HS-AFM measurements. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.03.126789doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.126789


16 
 

T.P. carried out the theoretical studies and numerical simulations. S.S., C.Z., H.Y., T.P. and M.S. 
analyzed the data. S.S., C.Z., H.Y., T.P. Y.H. and M.S. wrote the paper with input from J.C.Y.K. 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.03.126789doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.126789


17 
 

References 
1. Betz, M. J. & Enerbäck, S. Targeting thermogenesis in brown fat and muscle to treat 

obesity and metabolic disease. Nat. Rev. Endocrinol. 14, 77-87 (2018). 
2. Tan, C. L. & Knight, Z. A. Regulation of body temperature by the nervous system. Neuron 

98, 31-48 (2018). 
3. Chouchani, E. T., Kazak, L. & Spiegelman, B. M. New advances in adaptive 

thermogenesis: UCP1 and beyond. Cell Metab. 29, 27-37 (2019). 
4. Meeuse, B. J. D. & Raskin, I. Sexual reproduction in the arum lily family, with emphasis 

on thermogenicity. Sexual Plant Reprod. 1, 3-15 (1988). 
5. Terry, I. et al. Association of cone thermogenesis and volatiles with pollinator specificity 

in macrozamia cycads. Plant Syst. Evol. 243, 233-247 (2004). 
6. Terry, I., Walter, G. H., Moore, C., Roemer, R. & Hull, C. Odor-mediated push-pull 

pollination in cycads. Science 318, 70 (2007). 
7. Gottsberger, G., Silberbauer-Gottsberger, I. & Dötterl, S. Pollination and floral scent 

differentiation in species of the philodendron bipinnatifidum complex (araceae). Plant 
Syst. Evol. 299, 793-809 (2013). 

8. Ito-Inaba, Y. et al. Alternative oxidase capacity of mitochondria in microsporophylls may 
function in cycad thermogenesis. Plant Physiol. 180, 743-756 (2019). 

9. Newport, G. On the temperature of insects, and its connexion with the functions of 
respiration and circulation in this class of invertebrated animals. Phil. Trans. Roy. Soc. 
127, 259-338 (1837). 

10. Wegner, N. C., Snodgrass, O. E., Dewar, H. & Hyde, J. R. Animal physiology. Whole-body 
endothermy in a mesopelagic fish, the opah, lampris guttatus. Science 348, 786-789 
(2015). 

11. Grady, J. M., Enquist, B. J., Dettweiler-Robinson, E., Wright, N. A. & Smith, F. A. 
Dinosaur physiology. Evidence for mesothermy in dinosaurs. Science 344, 1268-1272 
(2014). 

12. Heinrich, B. Why have some animals evolved to regulate a high body temperature? Am. 
Nat. 111, 623-640 (1977). 

13. Quintanilla, M. & Liz-Marzán, L. M. Guiding rules for selecting a nanothermometer. 
Nano Today 19, 126-145 (2018). 

14. Brites, C. D. et al. Thermometry at the nanoscale. Nanoscale 4, 4799-4829 (2012). 
15. Okabe, K., Inada, N., Gota, C., Harada, Y., Funatsu, T. & Uchiyama, S. Intracellular 

temperature mapping with a fluorescent polymeric thermometer and fluorescence lifetime 
imaging microscopy. Nat. Commun. 3, 705 (2012). 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.03.126789doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.126789


18 
 

16. Kiyonaka, S. et al. Genetically encoded fluorescent thermosensors visualize subcellular 
thermoregulation in living cells. Nat. Methods 10, 1232-1238 (2013). 

17. Okabe, K., Sakaguchi, R., Shi, B. & Kiyonaka, S. Intracellular thermometry with 
fluorescent sensors for thermal biology. Pflugers Arch. 470, 717-731 (2018). 

18. Chretien, D. et al. Mitochondria are physiologically maintained at close to 50 degrees c. 
PLoS Biol. 16, e2003992 (2018). 

19. Baffou, G., Rigneault, H., Marguet, D. & Jullien, L. A critique of methods for temperature 
imaging in single cells. Nat. Methods 11, 899-901 (2014). 

20. Kiyonaka, S., Sakaguchi, R., Hamachi, I., Morii, T., Yoshizaki, T. & Mori, Y. Validating 
subcellular thermal changes revealed by fluorescent thermosensors. Nat. Methods 12, 
801-802 (2015). 

21. Suzuki, M., Zeeb, V., Arai, S., Oyama, K. & Ishiwata, S. The 10(5) gap issue between 
calculation and measurement in single-cell thermometry. Nat. Methods 12, 802-803 
(2015). 

22. Baffou, G., Rigneault, H., Marguet, D. & Jullien, L. Reply to: "Validating subcellular 
thermal changes revealed by fluorescent thermosensors" and "the 10(5) gap issue between 
calculation and measurement in single-cell thermometry". Nat. Methods 12, 803 (2015). 

23. Uchiyama, S., Gota, C., Tsuji, T. & Inada, N. Intracellular temperature measurements 
with fluorescent polymeric thermometers. Chem. Commun. (Camb.) 53, 10976-10992 
(2017). 

24. Suzuki, M. & Plakhotnik, T. The challenge of intracellular temperature. Biophys. Rev. 12, 
593-600 (2020). 

25. Bastos, A. R. N. et al. Thermal properties of lipid bilayers determined using upconversion 
nanothermometry. Adv. Funct. Mater. 29, 1905474 (2019). 

26. Tsai, P. C. et al. Gold/diamond nanohybrids for quantum sensing applications. EPJ 
Quantum Technol. 2, 19 (2015). 

27. Tsai, P. C., Epperla, C. P., Huang, J. S., Chen, O. Y., Wu, C. C. & Chang, H. C. Measuring 
nanoscale thermostability of cell membranes with single gold-diamond nanohybrids. 
Angew. Chem. Int. Ed. Engl. 56, 3025-3030 (2017). 

28. Yu, S. J., Kang, M. W., Chang, H. C., Chen, K. M. & Yu, Y. C. Bright fluorescent 
nanodiamonds: No photobleaching and low cytotoxicity. J. Am. Chem. Soc. 127, 17604-
17605 (2005). 

29. Fu, C. C. et al. Characterization and application of single fluorescent nanodiamonds as 
cellular biomarkers. Proc. Natl. Acad. Sci. USA 104, 727-732 (2007). 

30. Kucsko, G. et al. Nanometre-scale thermometry in a living cell. Nature 500, 54-58 (2013). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.03.126789doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.126789


19 
 

31. Sotoma, S., Epperla, C. P. & Chang, H.-C. Diamond nanothermometry. ChemNanoMat 
4, 15-27 (2018). 

32. Kidalov, S. V., Shakhov, F. M. & Vul, A. Y. Thermal conductivity of sintered 
nanodiamonds and microdiamonds. Diam. Relat. Mater. 17, 844-847 (2008). 

33. Sekiguchi, T., Sotoma, S. & Harada, Y. Fluorescent nanodiamonds as a robust temperature 
sensor inside a single cell. Biophys. Physicobiol. 15, 229-234 (2018). 

34. Tong, L., Zhao, Y., Huff, T. B., Hansen, M. N., Wei, A. & Cheng, J. X. Gold nanorods 
mediate tumor cell death by compromising membrane integrity. Adv. Mater. 19, 3136-
3141 (2007). 

35. Huang, X., Jain, P. K., El-Sayed, I. H. & El-Sayed, M. A. Plasmonic photothermal therapy 
(PPTT) using gold nanoparticles. Lasers Med. Sci. 23, 217-228 (2008). 

36. Lee, H., Dellatore, S. M., Miller, W. M. & Messersmith, P. B. Mussel-inspired surface 
chemistry for multifunctional coatings. Science 318, 426-430 (2007). 

37. Liu, Y., Ai, K., Liu, J., Deng, M., He, Y. & Lu, L. Dopamine-melanin colloidal 
nanospheres: An efficient near-infrared photothermal therapeutic agent for in vivo cancer 
therapy. Adv. Mater. 25, 1353-1359 (2013). 

38. Choi, C. K. et al. A gold@polydopamine core-shell nanoprobe for long-term intracellular 
detection of micrornas in differentiating stem cells. J. Am. Chem. Soc. 137, 7337-7346 
(2015). 

39. Wang, S., Zhao, X., Wang, S., Qian, J. & He, S. Biologically inspired polydopamine capped 
gold nanorods for drug delivery and light-mediated cancer therapy. ACS Appl. Mater. 
Inter. 8, 24368-24384 (2016). 

40. Cheng, W. et al. Ph-sensitive delivery vehicle based on folic acid-conjugated 
polydopamine-modified mesoporous silica nanoparticles for targeted cancer therapy. ACS 
Appl. Mater. Inter. 9, 18462-18473 (2017). 

41. Shi, M. et al. Polydopamine-coated magnetic mesoporous silica nanoparticles for 
multimodal cancer theranostics. J. Mater. Chem. B 7, 368-372 (2019). 

42. Poinard, B., Neo, S. Z. Y., Yeo, E. L. L., Heng, H. P. S., Neoh, K. G. & Kah, J. C. Y. 
Polydopamine nanoparticles enhance drug release for combined photodynamic and 
photothermal therapy. ACS Appl. Mater. Inter. 10, 21125-21136 (2018). 

43. Zeng, Y., Liu, W., Wang, Z., Singamaneni, S. & Wang, R. Multifunctional surface 
modification of nanodiamonds based on dopamine polymerization. Langmuir 34, 4036-
4042 (2018). 

44. Jung, H.-S. et al. Polydopamine encapsulation of fluorescent nanodiamonds for 
biomedical applications. Adv. Funct. Mater. 28, 1801252 (2018). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.03.126789doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.126789


20 
 

45. Acosta, V. M., Bauch, E., Ledbetter, M. P., Waxman, A., Bouchard, L. S. & Budker, D. 
Temperature dependence of the nitrogen-vacancy magnetic resonance in diamond. Phys. 
Rev. Lett. 104, 070801 (2010). 

46. Manson, N. B. & Harrison, J. P. Photo-ionization of the nitrogen-vacancy center in 
diamond. Diam. Relat. Mater. 14, 1705-1710 (2005). 

47. Reineck, P. et al. Not all fluorescent nanodiamonds are created equal: A comparative study. 
Part. Part. Syst. Charact.,  (2019). 

48. Xia, Z. et al. Facile synthesis of polydopamine-coated molecularly imprinted silica 
nanoparticles for protein recognition and separation. Biosensors Bioelectron. 47, 120-126 
(2013). 

49. Zhao, Y., Yeh, Y., Liu, R., You, J. & Qu, F. Facile deposition of gold nanoparticles on core‒
shell fe3o4@polydopamine as recyclable nanocatalyst. Solid State Sciences 45, 9-14 
(2015). 

50. Zheng, Q. et al. Mussel-inspired polydopamine coated mesoporous silica nanoparticles as 
pH-sensitive nanocarriers for controlled release. Int. J. Pharm. 463, 22-26 (2014). 

51. Vaijayanthimala, V., Tzeng, Y. K., Chang, H. C. & Li, C. L. The biocompatibility of 
fluorescent nanodiamonds and their mechanism of cellular uptake. Nanotechnology 20, 
425103 (2009). 

52. Turcheniuk, K. & Mochalin, V. N. Biomedical applications of nanodiamond (review). 
Nanotechnology 28, 252001 (2017). 

53. Liu, X. et al. Mussel-inspired polydopamine: A biocompatible and ultrastable coating for 
nanoparticles in vivo. ACS Nano 7, 9384-9395 (2013). 

54. Mukherjee, S., Ghosh, R. N. & Maxfield, F. R. Endocytosis. Physiol. Rev. 77, 759-803 
(1997). 

55. Falcon-Perez, J. M., Nazarian, R., Sabatti, C. & Dell'Angelica, E. C. Distribution and 
dynamics of Lamp1-containing endocytic organelles in fibroblasts deficient in BLOC-3. J. 
Cell Sci. 118, 5243-5255 (2005). 

56. Kadoya, K., Matsunaga, N. & Nagashima, A. Viscosity and thermal conductivity of dry air 
in the gaseous phase. J. Phys. Chem. Ref. Data 14, 947-970 (1985). 

57. Ramires, M. L. V., Nieto de Castro, C. A., Nagasaka, Y., Nagashima, A., Assael, M. J. & 
Wakeham, W. A. Standard reference data for the thermal conductivity of water. Phys. 
Chem. Ref. Data 24, 1377-1381 (1995). 

58. Nadolny, Z., Dombek, G. & Przybylek, P. Thermal properties of a mixture of mineral oil 
and synthetic ester in terms of its application in the transformer. In: IEEE Conference on 
Electrical Insulation and Dielectric Phenomena (CEIDP) (2016). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.03.126789doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.126789


21 
 

59. Assael, M. J., Botsios, S., Gialou, K. & Metaxa, I. N. Thermal conductivity of polymethyl 
methacrylate (PMMA) and borosilicate crown glass BK7. Int. J. Thermophys. 26, 1595-
1605 (2005). 

60. Park, B. K., Yi, N., Park, J. & Kim, D. Thermal conductivity of single biological cells and 
relation with cell viability. Appl. Phys. Lett. 102, 203702 (2013). 

61. ElAfandy, R. T. et al. Nanomembrane-based, thermal-transport biosensor for living cells. 
Small 13, 1603080 (2017). 

62. Clark, D. G., Brinkman, M. & Neville, S. D. Microcalorimetric measurements of heat 
production in brown adipocytes from control and cafeteria-fed rats. Biochem. J. 235, 337-
342 (1986). 

63. Kubelka, J., Hofrichter, J. & Eaton, W. A. The protein folding 'speed limit'. Curr. Opin. 
Struct. Biol. 14, 76-88 (2004). 

64. Gullotti, E., Park, J. & Yeo, Y. Polydopamine-based surface modification for the 
development of peritumorally activatable nanoparticles. Pharm. Res. 30, 1956-1967 
(2013). 

65. Sotoma, S. & Harada, Y. Polydopamine coating as a scaffold for ring-opening chemistry 
to functionalize gold nanoparticles. Langmuir 35, 8357-8362 (2019). 

66. Plakhotnik, T. Diamonds for quantum nano sensing. Curr. Opin. Solid State Mater. 21, 
25-34 (2017). 

67. Plakhotnik, T. & Aman, H. NV-centers in nanodiamonds: How good they are. Diam. Relat. 
Mater. 82, 87-95 (2018). 

68. Silvia, D. S. Data analysis: A bayesian tutorial. Oxford Science Publications (1996). 
69. Uchihashi, T., Kodera, N. & Ando, T. Guide to video recording of structure dynamics and 

dynamic processes of proteins by high-speed atomic force microscopy. Nat. Protoc. 7, 
1193-1206 (2012). 

70. Yamashita, H. et al. Role of trimer-trimer interaction of bacteriorhodopsin studied by 
optical spectroscopy and high-speed atomic force microscopy. J. Struct. Biol. 184, 2-11 
(2013). 

 
 
 
 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 4, 2020. ; https://doi.org/10.1101/2020.06.03.126789doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.03.126789


22 
 

Figures 

 
Figure 1. Characterization of PDA-FNDs. 
(A) Schematic illustration of the dual functionalized PDA-FND prepared from FND. The FND 
functions as a luminescent nanothermometer, while PDA releases heat by light-dependent manner. 
(B) Hydrodynamic diameters of FND and PDA-FNDs prepared with various concentrations of 
dopamine hydrochloride solutions. Plots and error bars indicate the average and the standard 
deviations (n = 5 independent preparations). (C) Representative TEM images of PDA-FNDs 
prepared with varied concentrations of dopamine hydrochloride solutions as indicated above each 
image. Dimension of images, 751 nm × 534 nm. Brightness and contrast were adjusted for 
viewing purposes. (D) Relationship between the diameter of FND and the thickness of PDA layer 
of PDA-FNDs prepared with 50 (green, n = 62 particles), 300 (blue, n = 68) or 500 (red, n = 75) 
µg/ml of dopamine hydrochloride solutions. 
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Figure 2. Application of PDA-FNDs as individual nanoheater/nanothermometer composites 
PDA-FNDs for which data are shown in panels (A-C) are prepared using 500 µg/ml of dopamine 
chloride solution. (A) Typical fluorescence image of PDA-FNDs on a coverslip and ODMR 
spectra of the PDA-FND indicated by the yellow circle in the image recorded with different 
excitation laser powers. (B) Temperature change d𝑇A.BC→; estimated from the change of 𝐷(" in 

PDA-FND particles compared to pristine FNDs. The panel shows the corresponding mean values 
(circles) and the sample standard deviations (bars) which is presented in Fig. S4. (C) Values of 

d𝑇A.BC→@C  (the temperature change when the laser power changes from 0.95 mW to 25 mW) in 
11 individual PDA-FNDs obtained in 9 sequential measurements.   
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Figure 3. Biocompatibility and subcellular localization of PDA-FNDs 
(A) Cell viability test of HeLa cells treated with PDA-FNDs at various concentrations using CCK-
8 assay. (B) Confocal microscopic images of HeLa cells incubated with PDA-FNDs for four hours. 
Blue, nucleus stained by Hoechst 33342. Green, plasma membrane stained with CellMask Green. 
Magenta, PDA-FNDs. Maximum intensity of ten confocal sections at the middle of cells is 
overlaid. Images are smoothed, and the brightness and the contrast were adjusted for viewing 
purpose. Dimension of images; 92.3 µm × 92.3 µm. (C) FACS analysis of the cellular uptake of 
PDA-FNDs with and without NaN3 treatment. Non-treated HeLa cells (top), cells loaded with 
PDA-FNDs (middle), and cells loaded with PDA-FNDs in the presence of 10 mM NaN3 (bottom). 
The number on the bar represents the percentage of cells where the level of fluorescence is in the 
range from 5 × 104 to 1 × 106 (indicated by the bar). Top, the fraction of cells within the range 
indicates the number of cells where the level of autofluorescence is in the range. Middle, the 
fraction of cells within the range is elevated to 18%, implying the presence of cells containing 
PDA-FNDs. Bottom, the fraction of cells within the range is reduced to 3.1%. (D) Confocal 
microscopy images of HeLa cells overexpressing LAMP1-mGFP that were incubated with PDA-
FNDs for four hours and chased for overnight. Left, bright field image showing a single optical 
section (top) and confocal fluorescence image showing the maximum intensity of six optical 
sections (bottom). Right, enlarged views of single optical sections from LAMP1-mGFP, PDA-
FND and their merges. Areas correspond to the regions of interests (ROIs) shown in the image in 
center. All images are smoothed for viewing purposes. Scale bar, 10 µm. All the PDA-FNDs 
studied here were prepared with 500 µg/ml of dopamine hydrochloride solution. 
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Figure 4. In situ measurement of local thermal conductivity in air, water, oil and HeLa 
cell. 
(A) Model structure of a PDA-FND and its surroundings. The radius of the FND is rc, and the 

radius of the PDA-FND is rp. The thermal conductivity k of PDA is kp, k = ki in the region with 
variation rp < r < ri. The rest of the space is homogeneous, k = kh. (B) Plots and error bars indicate 
ΔT and their standard deviations measured for each particle in different environments measured 
when the laser power increases from 7.3 mW to 25 mW. The yellow circles and grey bars show 

the estimated value of 〈∆𝑇〉 and their 95% confidence intervals. (C) Numerical simulations of 
the temperature distributions in and around a PDA-FND in air, water and oil (from left to right). 
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The thermal conductivities of air, water and oil are set as 0.026, 0.601 and 0.135 Wm-1K-1, 
respectively. The thermal conductivity and the heat power density of PDA are 0.2 Wm-1K-1 and 

100 µW µm-3, respectively, in all cases. A 20-nm-thick layer of PEI (thermal conductivity set as 
0.2 Wm-1K-1) is placed on the top of the glass substrate. Circles show the border lines of the FND 
and of the PDA shell. The diamond temperatures are 5.49, 0.87 and 1.81 K above the base 

temperature. Note the difference in the color scale. (D) Posterior Bayesian inference P (σ2env |D) 
divided by 〈∆𝑇T〉@ ≈ 〈∆𝑇〉@ for water, oil and cells. The prior P (σ2env) is uniform. 
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Table. 

Table 1. 〈∆𝑇〉 obtained experimentally and by numerical simulations in different media with κp 
= 0.2 Wm-1K-1 and �̇� = 100 µW µm-3. A 20-nm-thick layer of PEI (κPEI = 0.2 Wm-1K-1) is placed 
on the top of the glass substrate; i.e. between the glass and the PDA-FND 

 〈∆𝑇〉 (experiment) 
K 

κ (literature) 
Wm-1K-1 

〈∆𝑇〉 (simulation) 
K 

Air 5.4 ± 0.8 0.026a 5.49 
Water 0.9 ± 0.3  0.601b 0.87 
Oil 1.9 ± 0.6 0.135c 1.81 
Cell 3.0 ± 0.8 0.11d  3.01 

a [Ref: 56] 
b [Ref: 57] 
c [Ref: 58] 
d This work 
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