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Abstract:

Accurate sensing of intracellular temperature is crucial for understanding and monitoring cell

metabolism,  serving as  an  initial  step  toward  diagnosing  conditions  such as  mitochondria-

related diseases. However, thermal  monitoring of cell  metabolism is challenging due to the

minimal temperature variations caused by intracellular metabolic activity (typically around 1

°C) and by the risk of crosstalk in intracellular sensors. We present a novel type of intracellular

thermal  sensor  based  on  silica  nanocapsules  filled  with  a  thermo-responsive  fluorescent

medium.  This  medium  undergoes  a  reversible  phase  transition  from  solid  to  liquid  at

temperatures around 37 °C, inducing a chromatic switch that facilitates remote thermal sensing.

Our chromatic switchers exhibit a thermal sensitivity of approximately 13 % °C ¹⁻  at 37 °C, one

of  the  highest  reported  for  intracellular  thermal  sensing.  Notably,  the  thermal  response  is

unaffected by external factors such as pH, ionic strength, and viscosity. Moreover, we confirm

that  the  response of  our  sensors  is  not  affected  by the  cellular  activity,  underscoring their

reliability for cytoplasmic temperature measurements. We finally demonstrate the potential of

these  sensors  by  measuring  intracellular  heating  during  the  metabolic  switch  from

mitochondrial to glycolytic activity, showcasing their potential for real-time, precise thermal

monitoring (< 1 ºC) of cell metabolism.



1. Introduction

Understanding the intricacies of cellular dynamics requires precise tools capable of real-time

temperature monitoring within the complex milieu of living systems. Temperature

fluctuations are integral indicators of cellular metabolism, influencing various biochemical

processes crucial for cell function.[1-3] Unfortunately, assessing the internal temperature of a

live cell is as interesting as challenging. On one hand, temperature changes inside cells caused

by,  for  instance,  metabolic  activity,  are  of  few  tenths  of  Celsius  degrees.  In  addition,

intracellular temperature sensing must be achieved remotely to minimally perturb the cell's

intrinsic behavior.

Luminescent nanothermometers (LNThs) appeared as promising tools for remote and accurate

intracellular  temperature  measurement.[4-6] LNThs  are  nanoparticles  or  molecules  whose

luminescence is strongly affected by the environmental temperature.[7-9] A proper analysis of

the luminescence generated by LNThs within cells allows, in principle, for a remote thermal

readout of intracellular temperature. LNThs have already been used for thermal monitoring of

different intracellular processes such as chemical shocks,[10, 11] photothermal therapies[12] and,

even,  metabolic  activation[13] and  suppression.[14] The  working  procedure  for  intracellular

thermal sensing by using LNThs is quite simple: the thermal response of the LNThs is first

measured in solution to build a calibration curve: ∆ vs 𝑇 curve, where ∆ is the spectroscopic

parameter used for temperature determination. Then LNThs are incorporated into cells and

their emitted luminescence is recorded and analyzed to find the value of ∆. Finally, the use of

the  calibration curve allows us to translate the intracellular value of ∆ into intracellular

temperature.  This simple procedure is based on the premise that the thermal response of

LNThs within cells is the same as in solution and that the spectroscopic parameter  ∆ does

only depend on temperature and not on other physico-chemical parameters that fluctuate in

the  intracellular  medium  together  with  temperature  (viscosity,  ionic  strength,  pH,  etc...).

These two premises are not always satisfied. Indeed, the reliability of intracellular temperature

measurements provided by LNThs have been questioned as several LNThs show different

responses in solution or within cells.[15-17] This could happen when temperature is not the only

parameter affecting the luminescence of LNThs but, instead, the physico-chemical properties

of cytoplasm and/or the intrinsic cell activity also modify the thermometric parameter ∆. The

presence of crosstalk or bias has cast doubt on the accuracy of temperature readings obtained

using conventional LNThs, highlighting the urgent need for new luminescent nanomaterials

whose



thermal  response  would  be  completely  independent  on  variations  in  the  physio-chemical

properties of surrounding medium.[18]

In this paper, we present a step forward to reliable intracellular thermal sensing through the

synthesis and application of a novel class of LNThs. Our LNThs are constituted by a silica

spherical shell filled with a thermoresponsive medium containing a fluorescent dye. The silica

shell provides mechanical stability to the structure and minimizes the interaction of

fluorescent  medium with  environment.  The thermoresponsive  medium undergoes  a phase

transition in the physiological temperature range that causes a thermally induced change in the

luminescence color generated by the dye, so that the whole structure behaves as a chromatic

nanoswitcher (ChNS). The spectral analysis of emission spectra of our ChNS can be used for

precise  temperature  determination.  The  presence  of  this  silica  shell  together  with  the

hydrophobic  character  of  the  medium/dye  mixture  results  in  a  negligible  impact  of  the

physico-chemical properties of intracellular medium on the thermal response of our ChNS.

This distinctive characteristic addresses the critical limitation of some of the previously used

LNThs, where their thermal properties diverge between solution and cellular contexts, leading

to inaccuracies  in temperature  measurements.  The actual  potential  of  our phase transition

(PT)-based  LNThs  has been proved by evaluating their capability to monitor cellular

temperature dynamics during the activation of cellular metabolism.

2. Results and discussion

2.1. Synthesis and characterization of chromatic nanoswitchers

For the preparation of our silica nanocapsules, we employed a mixture of the paraffins

eicosane  (EC,  Tm = 36.5 ºC) and docosane (DC,  Tm = 42-45 ºC)[19] as thermoresponsive

medium (1:1 weight ratio), and N,N’-bis(1-hexylheptyl)perylene-3,4,9,10-bis(dicarboximide)

(PDI) as a fluorescent dye. The rationale to use this EC-DC mixture is that such combination

leads to a reduction in the sharpness of the phase transition so that it is produced all along the

physiological  range  of  interest  for  intracellular  measurements  (35-42  ºC).  Details  of  the

synthesis  are  reported  in  the  experimental  section.  Although  PDI  fluorescence  is  not

intrinsically thermoresponsive, it can be reversibly switched between excimer/aggregate red

emission and monomeric green fluorescence upon dissolution in phase changing paraffins. By

taking advantage of the different solubility of the dye in the solid and liquid states of



paraffins,  PDI molecular aggregation/disaggregation and, therefore, red-green emission

modulation can



be  promoted  through  the  thermally-induced  phase  transition  of  the  surrounding  medium

(Figure 1a), a behavior that we have already exploited for optical device fabrication (e.g.,

security  inks,  data encoding).[20-22] The final ChNSs resulted of around 51 nm in diameter

(Figures 1b and Figure S1) and exhibited a clear core-shell  structure,  as shown by both

transmission  electron  microscope  (TEM)  and  energy  dispersive  X-Ray  (EDX)  elemental

mapping images (Figures 1b-c). The presence of the paraffin-based thermoresponsive

medium inside the ChNS nanocapsules was corroborated by differential scanning calorimetry,

which shows a solid-to-liquid transition starting at T = 36.5 ºC (Figure S2).

Figure 1. (a)  Schematic illustration of the ChNSs based on silica nanocapsules, which are

loaded with an EC-DC (1:1 weight ratio) mixture containing the PDI fluorophore dissolved.

The solid-to-liquid transition induces the aggregation-disaggregation process of the dye and

the  consequent emission color change, from red to green. Tm: melting point of the EC-DC

mixture.

(b) One representative TEM image of the ChNS. Note that the sizes presented here represent

the mean ± S. D. from more than 500 silica nanocapsules. (c) EDX elemental maps of silica

(blue) and carbon (red). Scale bars: 20 nm.

2.2. Thermal calibration and reliability of chromatic nanoswitchers in aqueous solutions

The fluorescence properties of our ChNSs were first calibrated by recording their emission in

an aqueous suspension under 405 nm excitation in the 25-60 ˚C temperature range (Figure 2).

As the temperature increases, a switch of the emission color and spectrum is observed because

of the phase transition that starts at TPT = 36.5 ºC. For temperatures below 36.5 ºC, the

medium within the silica shell is in its solid phase, and the selective aggregation of the dye



molecules that occurs in the solid state of the system leads to a broadband red emission band

with its maximum at around 650 nm (Figure 2a and Figure 2c). As temperature increases

above 36.5



𝑔𝑟

ºC, the onset of the melting of the PT medium takes place (as also corroborated by differential

scanning calorimetry measurements of the capsules,  Figure S2) and dye molecules

start  to  disaggregate,  thereby  leading  to  the  characteristic  well-structured  green

luminescence of PDI monomers (Figure 2b and Figure 2c). The relative contribution

of this green band to the overall  emission  increases  with  temperature  due  to  the

progressive melting of the paraffin medium and/or the progressive dissolution of the

PDI in the liquid paraffin mixture. For temperatures above 42 ºC the luminescence

generated by our ChNSs is mainly constituted by this green band in agreement with an

almost complete melting of the inner medium.

To exploit the chromatic switching of our ChNSs for thermal sensing, we defined the green-

to-  red emission intensity  ratio  (Rgr)  as a thermometric  parameter.  Rgr =  Ig /  Ir is

calculated by dividing the integrated luminescence intensity into two complementary

spectral regions covering most of the PDI monomer and aggregate emission, 515-600

nm (Ig)  and 600-790 nm (Ir).  The  rationale  behind  the  selection  of  these  spectral

ranges is described in Section 3, Supporting Information (Figure S3). In accordance

with the drastic change of emission spectra with temperature (Figure 2c), Rgr shows a

strong temperature dependence (Figure 2d).  For temperatures below 32 ºC the

intensity ratio is almost temperature independent (Rgr ≅ 0.2). For temperatures in the

32-42 ºC range Rgr becomes highly dependent on temperature due to the progressive

melting of the paraffin filling of our ChNSs. Finally, for temperatures above 42 ºC Rgr

reduces its temperature dependence in accordance with a complete melting of paraffin

filling.  Although with  different  rates,  Rgr increases  with  temperature  in  the  whole

temperature range studied. This means that there are not two temperatures leading to

the same intensity ratio and that 𝑅𝑔𝑟 can be used for unequivocal determination of the

temperature of the ChNSs. The

thermal sensitivity of our ChNSs, defined as 𝑆𝑟 = 𝑅−1 · 𝑑𝑅 ⁄𝑑𝑇, reaches a maximum of 26

%·ºC-1 at 37 ºC, which lies among the highest thermal sensitivities reported for ratiometric

LNThs  (see  Table  S1  in  Supporting  Information).  Noticeably,  although  maximum

sensitivities are achieved in the 32-42 ºC range, our ChNSs also show non-vanishing thermal

sensitivities for temperatures below 32 ºC and above 42 ºC. Therefore, they can be also used

in these other thermal ranges (although they will provide less precise thermal readouts). The

𝑔𝑟



high thermal sensitivity at 37 ºC is achieved without any luminescence quenching. Indeed, the

total  (Ig + Ir)  luminescence  intensity  generated  is  not  thermally  quenched but,  instead,  it

increases moderately (+35 %) during the chromatic switching. This is an advantage over other

ChNSs that show relevant (-60 %) thermal quenching around 37 ºC (Figure S4).[23] There are

different reasons why our ChNSs exhibit non-thermal fluorescence quenching. First of all,

they were



designed to switch with temperature between two different emitting species: PDI excimers at

low temperatures and PDI monomers at higher temperatures,  both of which are known to

present high fluorescence quantum yields when dispersed in phase change materials.[21] In

addition, because the fluorescence quantum yield of PDI monomers is even higher than that of

PDI excimers, the fluorescence intensity of our ChNSs slightly increases when heating above

the melting point of the EC-DC mixture instead of decreasing (see Figure S4a,  Supporting

Information). Finally, once the PDI excimer species are fully converted into the PDI

monomer at high temperatures, the fluorescence of the latter remains constant despite further

heating,  a  behavior that is expected due to the low temperature-dependence of emission

quantum yield for rigid polyaromatic dyes.[24] Since the precision of thermal readouts depend

on the signal-to- noise ratio of emitted intensities,[25] the absence of any thermal quenching in

our ChNSs ensures a precise thermal reading in the whole physiological range.

Figure 2. Photographs of a colloidal suspension of ChNSs under ambient light and UV light

(λexc = 365 nm) as obtained at (a) 25 ºC and (b) 45 ºC. (c) Emission spectra registered for an

aqueous suspension of ChNSs at different temperatures. Excitation wavelength was 405 nm.

(d) Temperature dependence of the intensity ratio 𝑅𝑔𝑟 for the emission of ChNSs suspended

in water. Symbols are experimental data, and the solid line is the best fitting to a  biphasic-

dose response    function.    𝑦 = 0.23 + [0.62/(1.0 + 2.3 ∗ 10(38−𝑥))] + [0.21/(1.0 +7.5 ∗



10(51−𝑥))], 𝑅2 = 0.998. (e) Temperature dependence of the relative thermal sensitivity 𝑆𝑟
calculated from data shown in (d).

The robustness of our ChNSs was first evaluated by subjecting them to consecutive heating

and cooling cycles. The temperature chromatic switching behavior measured throughout these

cycles was reproducible and no significant variation was observed for the amplitude of the

temperature-induced change in Rgr (Figure 3a). In addition, the continuous irradiation of our

ChNSs under 405 nm laser for prolonged time did not induce changes in the thermometric

parameter Rgr – i.e., they are highly photostable (Figure 3b). Furthermore, the Rgr vs T curves

corresponding to our ChNS dispersed in aqueous solution were found to be unaffected when

tested  in  different  conditions  of  relevance  for  biological  environments:  pH  (Figure  3c),

viscosity (Figure 3d), KCl concentration (Figure 3e), and presence/absence of glucose

(Figure  3f). Thus, we can state that the thermometric parameter  Rgr provided by ChNSs in

aqueous suspensions does only depend on temperature and the thermal readouts achieved from

its experimental evaluation would be reliable and free from bias. This is an advantage over

other LNThs, such as fluorescent proteins, used for intracellular thermal sensing in which their

spectroscopic properties were also affected by the physical-chemical properties of surrounding

medium.[15] Figure  3  supports  the  potential  use  of  our  ChNSs  for  reliable  and  remote

intracellular thermal sensing  although their actual performance within cells needs to be

explored.



Figure 3. (a) Intensity ratio Rgr corresponding to an aqueous suspension of ChNSs at 25 and 40

°C as obtained after consecutive heating and cooling cycles. (b) Time evolution of the

intensity  ratio Rgr corresponding to an aqueous suspension of ChNSs under continuous

irradiation of 405 nm laser.  Data obtained at  25 and 40 ºC are included.  Rgr vs  T  curves

corresponding  to  ChNSs  dispersed in aqueous media for different values  of  (c) pH, (d)

viscosities, concentrations of (e) KCl, and (f) glucose contents.

2.3. Intracellular response of chromatic nanoswitchers

Although data of Figure 3 suggest that the thermal response of our ChNSs would be reliable

in any environmental conditions, their reliability as intracellular thermal sensors needs to be

corroborated by  in vitro  studies. Cytoplasm is a complex system in which mechanical and

chemical conditions change dynamically due to the presence of cell activity. In addition, these



changes affect multiple parameters at the same time, so the fact that the thermal response of

our ChNSs is not affected by single-parameter variations (Figure 3) does not ensure that they

would still  behave as reliable  thermal  sensors within cells.  To elucidate  this  question,  we

incubated Uppsala 87 malignant glioblastoma (U87-MG) cells with our ChNSs. Fluorescence

images revealed the co-localization of ChNSs and U87-MG cells (Figure 4a). In addition, 3D

scanning confocal microscopy confirms the intracellular location of the ChNSs (Figure 4b)

probing that they were internalized by the cells. The ChNSs displays low cytotoxicity to the

cells (ca. viability of 90% at a concentration up to 200 μg mL-1, Figure S5).

The thermal response (chromatic switching) of our ChNSs within live cells was investigated

by placing the U87-MG cells on a temperature-controlled microscope stage mechanically

attached to the fluorescence microscope. A broad-band blue LED (415-500 nm) was used to

excite the ChNSs within cells. By using a filter selector, we recorded the fluorescence images

of the live U87-MG cells in two spectral ranges: Green: 515-600 nm, and Red: 600-790 nm

(Figure 4c). The pixel-by-pixel intensity division of the later (Red) by the former (Green)

images results in  a Rgr cell image (ratiometric image, Figure 4d). As it occurs in aqueous

suspensions, the solid- to-liquid phase transition of the PT medium induces the red-to-green

fluorescence switch of the  intracellularly  located  ChNSs  (Figure  4e).  For  the  sake  of

comparison, we also include in  Figure 4e the temperature variation of Rgr corresponding to

ChNSs in absence of cells measured  with the same fluorescence microscope. The thermal

response of ChNSs is found to be, within experimental uncertainty, identical in absence and

presence of cells. Here the thermal response refers to the temperature at which the chromatic

switching occurs, rather than the absolute Rgr.  In some cases, differences in cell lines or

experimental conditions (e.g., measurement duration or the volume of culture medium) may

cause the temperature of live cells to differ from that of the medium, leading to a variation in

Rgr when measured in absence or presence of cells. Such differences were not significant in

our experiments.  In any case, our results  indicate  that the presence or absence of cellular

metabolism has  not  any impact  on the  thermal  response of  our  ChNSs. This last feature

constitutes an advantage over other intracellular thermal sensors (such  as  fluorescence

proteins  and  semiconductor  quantum  dots)  whose  response  has  been  reported  to  be

significantly affected by cell metabolism.[15]

A detailed comparison between the Rgr vs T curves obtained from the analysis of fluorescence

images or emission spectra (Figure 4e and Figure 2d, respectively) shows the same

fluorescent switching temperature, T = 36.5 ºC. On the other hand, the comparison between



Figure 4e and  Figure 2d revealed different modulation depths for Rgr depending on the

experimental setup



used  to  measure  the  chromatic  switch:  Rgr varies  from  0.2  to  0.9  in  Figure  2d  (data

corresponding to an aqueous suspension measured with a spectrometer), while  Rgr increases

from 0.7 up to 1.6 when measured with the fluorescence microscope (Figure 4e). We attribute

the different values of Rgr to the different procedures used in each case for the calculation of

Rgr, the different excitation source, and the different spectral response of the spectrum

analyzer and the fluorescence camera. We state that similar differences have been reported in

previous works dealing with the calibration of optical sensors using different experimental

setups. [10, 23, 26, 27]

Data of  Figure 4  allow concluding that the luminescence properties of our ChNSs are not

affected by neither the intracellular presence of organelles nor by the changes in the physico-

chemical properties of cytoplasm that could be caused by the intrinsic cell activity. Indeed,

Figure 4 reveals that in the 33-42 °C temperature range there is an unequivocal relation

between Rgr and the cell temperature. In other words, in this spectral range our ChNSs behave

as a  reliable intracellular thermal sensor. The intracellular relative thermal sensitivity (13%

°C-1 at  37 ºC, see Figure 4f) of our ChNSs is among the highest intracellular thermal

sensitivities at the physiological temperature range reported for other LNThs (see Table S1 in

Supporting Information). An inspection of Table S1 also reveals that in very few works the

reliability of intracellular thermal sensors, proved by identical calibration curves in solution

and in live cells, is demonstrated.  Indeed, in many of the cases included in  Table S1  the

calibration curves obtained within live cells do not match the calibration curves registered in

solution or suspension. Again, the robustness of the thermal response of our ChNSs is here

correlated with  a  minimum  physical  interaction  between  the  dye/paraffin  medium  and

cytoplasm molecules, thanks to both the physical barrier provided by the silica shell and the

hydrophobic character of the dye/paraffin mixture. In addition, the thermometric parameter 𝑅𝑔
of ChNSs under the continuous irradiation of the built-in blue LED of the microscope did not

undergo significant change (Figure 4g). This photostability enhances the reliability of ChNSs

as intracellular LNThs.



Figure 4. (a) Merging of the bright field and fluorescence images of live Uppsala 87

malignant glioblastoma cells incubated with ChNSs. Excitation wavelength was 415-500 nm.

(b)  Intracellular colocalization of ChNSs with CellMask stain: the red channel is CellMask

stain excited by a 650 nm laser, the light blue channel is ChNSs excited by a 488 nm laser. (c)

Schematic illustration of recording fluorescent images in two spectral ranges. Right: pseudo-

color fluorescence images obtained with a 600 nm shortpass (upper) and a 600 nm longpass

(lower) filters, respectively. Ig and Ir, were the average fluorescence intensities obtained from

the  pixels  of  the  images.  (d)  Ratiometric  image  calculated  from the  Ig  /  Ir quotient.  (e)

Temperature dependence of the intensity ratio Rgr corresponding to ChNSs in absence of cells

(no cells, gray circles) and in live cells (pink diamond). Data are presented as mean ± S.E.M.

Solid line is the best fitting to a biphasic-dose response function. 𝑦 = 0.84 + [0.21/(1.0+3.0 ∗ 10(36−𝑥))] + [0.55/(1.0 + 3.2 ∗ 10(39−𝑥))], 𝑅2 = 0.989 . The thermal response of

ChNSs is consistent in the absence and presence of cells. (f) Temperature dependence of the

relative thermal  sensitivity  Sr calculated from data included in  (e).  (g)  Time evolution of

intensity ratio Rgr corresponding to immobilized ChNSs on a confocal dish filled with water

under continuous irradiation of blue light. Data are presented as mean ± S.E.M. from n =10, n

is the number of analyzed regions of interest. Scale bars: 10 μm.

2.4. Thermal monitoring of cell metabolism

Once the robustness of our ChNSs was demonstrated, we tested their potential for thermal

monitoring  of  intracellular  activity.  Metabolism-induced  thermal  fluctuations  (over  the



cytoplasm volume) are typically around 1 °C on average, so exceptional care must be taken to

ensure a high thermal stability in the cell population. In our experiments, the cells under



investigation were placed in a specially designed cell culture chamber that allows fine control

over cell  temperature and atmosphere (Figure 5a).  A syringe pump was connected to the

chamber allowing to change the composition of cell medium in a controlled way. The cell

culture chamber was optically accessible allowing for real-time acquisition of fluorescence

images during the modification of the medium composition. Cell metabolism was activated by

the administration of 1 mL saline solution of glucose (5 mg mL-1) to the cell culture medium.

As soon as glucose enters the cell it undergoes glycolysis. The resulting pyruvate molecules

enter  mitochondria,  activating  cellular  respiration  or  eventually  producing  lactate,  hence,

energy production.[28, 29] All  this  process is  expected to increase cellular  temperature after

administration of glucose. To verify this, we first incubated U87-MG cells with our ChNSs.

After incubation,  thermal  images of cells  were obtained by applying the calibration curve

(Figure 4e) to the Rgr images. The optical, fluorescence and ratiometric thermal images of a

single cell before (basal condition) and 35 min after glucose administration are shown in

Figure 5b.  Note  that  this  is  the same cell,  with its  morphology changing due to  cellular

activity  (see  more  details  in  Figure  S6,  Supporting  Information).  The  temperature

histograms calculated from the single-cell thermal images (Figure 5c) reveal how glucose

administration caused an increment in the single cell average intracellular temperature (𝑇̅̅𝑠𝑐)̅
close to ∆𝑇̅̅𝑠𝑐 ̅ = + 0.9 ºC. This  result  is  in  good  agreement  with  previously  published

experimental evidence: X. Di,[10] C. Gota,[17] and K. Okabe et al.[30] revealed the temperature

increment induced by chemical stimulation of metabolism. O. A. Savchuk et al. employed

green fluorescent protein (GFP) to measure a temperature increment in the surroundings of

mitochondria close to 3 °C caused by a chemical stimulus.[31] Other works reported much

larger temperature increments (up to 10 °C) but those results refer to local temperature inside

the mitochondria (more details are included in  Table S1,  Supporting Information). In our

case, we are dealing with the average temperature within the whole cell volume that it is,

indeed,  expected  to  be  significantly  lower  than  temperature  changes  taking  place  at

mitochondria (where heat is generated).

To access the dynamics of cell heating caused by the activation of metabolism, we acquired

thermal images of cells at different times before and after glucose administration. For each

time  point  we determined  the average  temperature  of  the  cell  population  being thermally

imaged (𝑇̅̅𝑐𝑝)̅ as the average over the average temperature of individual cells, i.e. 𝑇̅̅𝑐𝑝 ̅ =  ∑𝑇̅̅𝑠𝑐⁄̅𝑛, where  n  is  the  number  of  analyzed  cells.  𝑇̅̅𝑐𝑝 ̅ reveals  how  the  average  cellular



temperature of the analyzed population increases due to glucose administration from basal

(37.5 ºC) up to a steady- state temperature of 38.4 ºC (Figure 5d). This glucose-induced cell

heating takes place in a



time scale of minutes. Indeed, after the administration of glucose, the 𝑇̅̅𝑐𝑝 ̅ in live cells can be

fitted to an exponential growth function (dash line in Figure 5d) leading to a characteristic

time constant of τh = 8 ± 3 min. In the process of glucose-induced heating there are different

characteristic times involved. The time evolution of intracellular temperature after glucose

administration  results  from  a  complex  interplay  between  different  dynamical  processes

including glucose internalization in cells, heat generation by mitochondria by glycolysis and

pyruvate  degradation,  heat  diffusion  within  cell,  and  thermal  balance  between  cell  and

surrounding  medium.  Previous  works  indicated  that  the  characteristic  response  time  of

mitochondria after a chemical stimulus (including glucose administration, see data included in

Figure S7 in Supporting Information) is typically of a few minutes,[32-34] which is consistent

with  our  observations  and suggests  a  possible  mitochondrial  involvement  in  the  glucose-

triggered heating process. However, the measurements of mitochondrial function over time

following glucose administration revealed a significant decrease in the oxygen consumption

rate (OCR) rather than an increase (Figure 6a-b). This finding rules out the possibility that

the observed rise in temperature was due to mitochondrial activation or thermogenesis. It is

well  established that mitochondrial and glycolytic fluxes compensate for each other, a

phenomenon known as the Warburg effect.[35] In line with this, the observed mitochondrial

inhibition  is  associated  with  a  slight  shift  towards  increased  glycolysis  (Figure  6c-d),

suggesting  a  metabolic  adjustment  driven  by  the  higher  availability  of  glucose.  Notably,

glycolysis is bioenergetically inefficient, yielding only 2 moles of ATP per mole of glucose,

with most of the energy dissipated as cellular heat.[36, 37] Therefore,  the observed glucose-

triggered  increase  in  temperature  may  result  from  a  metabolic  reprogramming  favoring

enhanced glycolysis and lactate production.

To  unequivocally  correlate  the  increment  in  cell  temperature  with  the  glucose-mediated

activation of cell metabolism, a control experiment was performed. Glucose was added to

fixed cells, i.e. in the absence of any cell activity. In this case, the administration of glucose

did not induce any temperature increment, as it was expected, since glycolytic activity was

suppressed (see Figure 5d).

The temperature histograms (Figure 5c) do not only evidence the intracellular glucose-

induced heating but also the existence of a temperature distribution close to ± 2.0 ºC (FWHM

of the temperature histograms of Figure 5c). Note that temperature distributions greater than

1 ºC were also observed in live cells experiments by previous researchers. For instance, K.



Okabe et al., T. Hayashi et al., R. Piñol et.al., and P. L. Silva et al. reported temperature

distributions



within the cytoplasm of single cells close to ± 2.3 ºC, ± 1.8 ºC, ± 2.3 ºC, and ± 5 ºC,

respectively.  [30,  38-40] The  temperature  histograms  reported  in  those  previous  works  are

summarized  and  analyzed  in  Figure  S8,  Supporting  Information.  The  temperature

distributions  we  found  in  our  experiments  may  arise  from  either  the  inhomogeneity  of

intracellular temperature or the intrinsic uncertainty of our measurements. In our study, we

did not observe significant difference between the width of temperature distributions obtained

in  presence  or  absence  of  cell  activity  (in  both  cases  close  to  ±  2  C,  histograms  of⁰

intracellular  temperature  obtained  in  live  and  fixed  cells  are  compared  in  Figure  S9,

Supporting Information). Intracellular temperature is expected to be homogeneous in fixed

cells, so we state that the S.D. of our thermal measurements (± 2 C) reflects our thermal⁰

uncertainty. This fact suggests that the actual intracellular temperature inhomogeneity in our

experimental conditions is smaller than the measurement accuracy (i.e. smaller than 2 C).⁰

Figure  5.  (a)  Schematic  representation  of  the  experimental  setup  used  for  glucose

administration to live Uppsala 87 malignant glioblastoma while simultaneously measuring

their fluorescence response. The chamber was maintained at 37.5 °C, 5% CO2 atmosphere. (b)

Optical (left), fluorescence (middle) and thermal images (right) of individual U87-MG cell

before  and  after  the  administration  of  glucose.  Scale  bar  is  10  µm.  (c)  Histograms  of

intracellular  temperature  calculated  from  the  thermal  images  of  (b).  A  glucose-induced

temperature increment of 0.9 ºC is observed. Solid lines are the best fits to Gaussian functions.



(d)  Time evolution of the intracellular temperature in live and fixed cells before and after

glucose administration. Data are presented as mean ± S.E.M. from 3 replicates with ncell =16.

Red dash line before glucose administration indicates a constant temperature in absence of

any external stimulus. Red dash line for t > 0 corresponds to the best fitting of experimental

data to an exponential growth function. 𝑦 = 38 − 0.81 ∗ 𝑒(−𝑥/13). The data obtained in fixed

cells  are  also  included  showing  no  increase  in  intracellular  temperature  after  glucose

administration. Statistical significance is indicated by * and ** for p < 0.05 and p < 0.01,

respectively, compared to temperature at 0 min.

Figure 6. Representative profiles of mitochondrial respiration and glycolysis rate in U87-MG

cells: (a) mitochondrial oxygen consumption rate (OCR) and (c) extracellular acidification

rate (ECAR) over time. OL, oligomycin (ATP synthase inhibitor); FCCP, carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (mitochondrial uncoupler); ROT, rotenone

(mitochondrial complex I inhibitor); AA, antimycin A (mitochondrial complex III inhibitor).

Bar  charts  show the quantification of (b) basal mitochondrial respiration (OCR) and (d)

glycolytic flux (ECAR) before and after glucose administration. Data are presented as mean ±

S.E.M. from n = 25 replicates. Statistical significance is indicated by * and *** for p < 0.05

and p < 0.001, respectively, compared to untreated cells (None).



3. Conclusion

This  study  presents  the  development  and  application  of  a  novel  class  of  fluorochromic

nanothermometer  (ChNSs)  designed for  precise  intracellular  temperature  monitoring.  This

nanothermometer  is  based  on  silica  nanocapsules  filled  with  a  phase-change  fluorescent

medium, which exhibits a complete chromatic switch in response to temperature changes

within  the  physiological  range.  The  phase  transition-related  optical  properties  of  the

encapsulated  material  enable  a  highly  sensitive  ratiometric  analysis  of  intracellular

temperature variations,  making them ideal  for detecting subtle  thermal  changes associated

with cellular metabolism. Our results demonstrate  that ChNSs maintain consistent thermal

sensitivity  across  various  biological  conditions,  including  different  pH  levels,  viscosities,

ionic strengths, and the presence of glucose. Our ChNSs are free for crosstalk and intracellular

biased sensing, ensuring  their  robustness  and  reliability  in  complex  intracellular

environments.  Furthermore,  the calibration of the thermal response of ChNSs in live cells

matches the calibration in absence of cells, which confirms that our ChNSs are robust sensors

against the intracellular physico- chemical fluctuations associated with cell activity.

We successfully applied ChNSs to monitor intracellular temperature changes during cellular

metabolism activation, highlighting their potential for real-time, precise thermal imaging in

biological  research.  The  observed  temperature  increasement  upon  glucose  administration

validated the capability of our ChNSs to track metabolic heat production, which aligns with

previous studies on intracellular thermogenesis.

The  outstanding  thermal  sensitivity  and  stability  of  ChNSs  provide  a  promising  tool  for

advancing our understanding of cellular dynamics and metabolism. Future research should

explore the use of these nanothermometers in more complex biological systems and

investigate their application in other temperature-sensitive biological processes.



4. Experimental Section/Methods

Preparation of silica nanocapsules: The silica nanocapsules were prepared through a method

adapted from the literature.[41] A mixture of PDI (6 mg), EC (50 mg), DC (50mg) and the

silica  precursor  (methyltrimethoxyxilane,  300 mg)  were  added  to  an  aqueous  solution  of

polyvinylalcohol (20 mL, 2.5 mg mL-1). The mixture was then emulsified by using

ultrasonifier Branson 450 W, with 1.2 cm sonication tip. Next, the mixture pH was changed to

pH = 11 to trigger the hydrolysis and polycondensation of the silica precursor, which was left

to occur over 16 h. Afterwards, the nanocapsules were washed 5 times by crossflow filtration

using a PES 500 kD filter, after which a suspension of ~ 5 mg mL-1 of nanocapsules was

obtained. The

concentration of the nanocapsules was calculated for each batch from the dried content of 500

µL of the purified suspension.

Spectroscopy measurement and temperature calibration: The emission spectra were recorded

by  a  spectrometer  (QE65000,  OceanOptics)  for  suspensions  of  ChNSs  (0.1  mg  mL -1)  in

deionized water under 405 nm excitation. To investigate the evolution of the spectrum with

temperature,  a Peltier  temperature controller  (Q-pod 2e, Quantum Northwest)  was used to

control the temperature of the ChNSs being measured. All spectra were taken after up to 20

min of thermal stabilization in the 25–60 °C temperature range.

Fluorescence stability of ChNSs against environmental parameters: The spectrometer was

used  to measure the emission spectra of ChNSs under different pH, viscosity, K+ ionic

strength, and glucose. The buffer solutions with different pH values (5.8, 6.6, 7.4, 8) were

prepared by mixing NaH2PO4 and NaOH in different proportions. The solution with viscosity

of  1.65  cP  was  prepared  by  dissolving  polyacrylamide  (0.7  mg mL-1)  in  distilled  water.

Different K+ ionic strengths (120, 150, 180 mM) were obtained by adding different amounts

of KCl powder in distilled water. 5 mg mL-1 glucose was obtained by dissolving glucose

powder in distilled water.  The  ChNSs  were  added  to  the  above  prepared  solution  at  a

concentration of 0.1 mg mL-1.

Cell  culture  and  preparation:  Uppsala  87  malignant  glioblastoma  cells  were  cultured  in

Dulbecco's modified Eagle’s medium (DMEM, Cytiva), supplemented with 10% fetal bovine

serum (Cytiva) and 1% Penicillin-Streptomycin (HyClone), at 37 °C and 5% CO2 atmosphere.



For the experiments, 35 000 cells were plated on 35 mm culture dishes with 20 mm treated

glass bottom (734-2904, VWR), in a final volume of 2 mL of growing medium. For fixation,

the cells were kept in 4% paraformaldehyde in Phosphate Buffered Saline (PBS) for 10 min at

37 °C. After washing with PBS for three times, the cells were kept in PBS (2 mL).

Live cell imaging and temperature calibration in cells: The U87-MG cells were incubated

with ChNSs (150 μg mL-1) in the DMEM at 37 °C in the presence of 5% CO2. After 24 h of

incubation, the U87-MG cells were washed with PBS for three times and then maintained in 2

mL DMEM without red phenol. The cells incubated with ChNSs were excited by a broadband

blue light, 415-500 nm (pE-300, CoolLED). The fluorescence image was collected by a

camera  (iXon  Ultra  897  EMCCD,  Andor)  connected  with  a  fluorescence  microscope

(ECLIPSE Ti2- U, Nikon). The exposure time of the camera was set to 2 s for recording all

fluorescence images.  Two spectral ranges were recorded separately by using two filters

(FESH0600 and FELH0600, Thorlabs) mounted on a motorized filter wheel (switching time

less than 1 s, FW102C, Thorlabs). A heating plate was used to control the temperature of the

cells being measured. All images were taken after 5 min of thermal stabilization in the 28 – 47

°C temperature range.

Confocal imaging of the ChNSs in U87-MG labeled by tracking stain:  Cells incubated with

ChNSs (150 μg mL-1) were grown on a coverslip inside a culture dish with DMEM for 24 h.

After washing the cells with PBS for three times, the staining solution (C10046, CellMaskTM

deep red, invitrogen) was added to the dish at 37 °C for 10 min according to the supplier

instructions. For fixation, the cells were washed with PBS for three times and fixed with 4%

paraformaldehyde in PBS for 10 min at 37 °C. After washing, the cells were cured on the

coverslip with the gold antifade reagent (P10144, ProLongTM, invitrogen) for 24 h. The

ChNSs internalization was verified by taking 3D confocal images (XY, XZ and YZ slices) of

both the ChNSs and the stained cells.

Analysis of fluorescence images: All fluorescence images of the cells incubated with ChNSs

were analyzed by using ImageJ software. Each cell in the image was selected as a region of

interest. The luminescence intensity of the same region was obtained from the images

recorded from the shortpass  and longpass  filters,  respectively.  The green-to-red ratio  was

calculated by dividing average intensities obtained from pixel-by-pixel in the same region.

The images were not subjected to any modification when calculating the ratio, except that the

background was subtracted prior to analysis.



Glucose Administration: The U87-MG cells incubated with ChNSs were grown on a 35 mm

culture dish for 24 h with DMEM. Before glucose administration, the cells were washed with

PBS for three times and then incubated with 1 mL DMEM without red phenol (4.5 mg mL -1

glucose) for 1.5 h. The dish was placed in a fluorescence imaging chamber connected with a

gas mixer (ibiGM2-B40ibidi, ibidi) and heated lid and plate connected with a temperature

controller  (ibiTC2-723,  ibidi).  Ten minutes  before glucose administration,  two ratiometric

images were recorded for comparison. 1 mL pre-warmed (37.5 °C) saline solution of glucose

(5 mg mL-1) was added into the dish through a syringe pump connected with a soft tube. The

fluorescence images were recorded from the moment of glucose administration until 40 min.

Experiment was performed on live and fixed cells, respectively.

Metabolic  measurements  by  SeaHorse  XFe96  analyser:  The  mitochondrial  oxygen

consumption rate (OCR) and extracellular acidification rate (ECAR) in U87-MG cells were

determined using a SeaHorse XF96 analyser (Agilent) with the XFe96 Flux Pack (Agilent)

following the manufacturer’s protocols. In brief, 25000 cells/well were plated in DMEM without red

phenol. OCR and ECAR were measured every 2 min 30 sec. The final concentration and order of

injected substances was 4.75 mg mL-1 glucose, 1  μM oligomycin (OL), 1  μM carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP, resulting in maximal respiration), 1 μM Rotenone and 1

μM Antimycin A (Rot + AA).

Statistical Analysis: Data are presented as mean ± S.E.M. of the indicated 𝑛 and analyzed

using GraphPad Prism 9 software package. For the glucose adminstration experiment, one-

way analysis of variance (ANOVA) followed by Bonferroni multiple comparison post-hoc

test was used, n = 16. For metabolic measurements by SeaHorse XFe96 analyser, two-tailed

Student’s t-test was used to compare data from two groups, n = 25. p < 0.05 was regarded as

statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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This study presents a novel class of luminescent nanothermometer, chromatic nanoswitcher

(ChNS), designed for precise intracellular temperature monitoring. The phase

transition-related optical properties of ChNS enable a highly thermal sensitive in the

physical  temperature range with a thermal  response independent  by fluctuations  of

other  physiological  factors  like  pH,  viscosity  or  ionic  strength.  We  successfully

applied ChNS to achieve intracellular thermal monitoring of cellular metabolism.


