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1. Introduction

For centuries mankind has been aware 
of the intrinsic relationship between tem-
perature and health. Fever (increased 
body temperature in the face of infec-
tious or inflammatory processes) is the 
most glaring example. The temperature 
of a given organ is a consequence of the 
delicate balance between several factors 
including external temperature, meta-
bolic activity, and blood perfusion.[1] As 
a result, minimal alterations in those 
parameters can result in a change in the 
temperature of an organ. As such, tem-
perature fluctuations can be used as an 
early indicator of the development of dis-
eases. The temperature–illness link has 
been reported for numerous maladies 
with disruptive effect on the society, such 
as degenerative processes of the nervous 
system, acute inflammation caused by 
infectious agents, and cardiovascular dis-

eases.[2] An especially striking cause of both body and internal 
organs temperature elevation is systemic inflammation, which 
is a severe condition with a high rate of morbidity and mor-
tality.[3] Hence, thermal monitoring of tissues and organs has 
emerged as a valuable tool for early detection of threatening 
diseases.[3,4] To be effective, thermal monitoring should be 
achieved remotely, without perturbing the temperature of the 
tissue while measuring, also avoiding physical alterations of the 
organ under investigation.

Unfortunately, most conventional thermal-sensing tech-
nologies are invasive—as they require the insertion of micro-
scopic thermal sensors like thermocouples—while noninvasive 
thermal imaging by infrared cameras only allows measure-
ment of surface temperature.[5] In this context, luminescence 
thermometry represents an alternative technique that over-
comes these limitations. It is based on the use of luminescent 
nanothermometers (LNThs) as remote thermal reporters.[6,7] 
LNThs are nanoparticles (NPs), proteins, or dyes whose lumi-
nescence is strongly temperature-dependent. Originally pro-
posed for intracellular temperature measurement,[8,9] LNThs 
have been later applied for remote thermal sensing in animal 
models.[10] In such models, the use of LNTh has enabled, for 
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example, noninvasive monitoring of brain activity,[11] diagnosis 
of ischemic tissues,[12] detection of inflammation processes, 
and control of thermal therapies of solid tumors.[13,14] Despite 
these promising demonstrations, in vivo luminescence ther-
mometry is still not a completely reliable technique. Not only 
the presence of biological tissues in the optical path signifi-
cantly reduces the amount of detected luminescence;[7,15,16] 
more importantly, they induce spectral distortions that yield 
inaccurate thermal readouts.[17] The use of LNThs operating 
in the infrared biological windows (where tissues are partially 
transparent) minimizes these issues to some extent. However, 
tissue-induced spectral distortions still occur in the infrared 
spectral range (see Figure  1) and indeed lead to erroneous 
thermal readouts.[15] Although it has recently been shown that 
a rational analysis of spectra can (in some very specific cases) 
increase the reliability of thermal measurements,[13] alternative 
measuring approaches should be adopted to achieve fully reli-
able thermal reading.

Fluorescence lifetime (τ) is traditionally thought not to be 
affected by photon-tissue interaction. Indeed, lifetime-based 
LNThs (τ-LNThs, NPs with a strongly temperature-dependent 
lifetime) have recently been proposed as reliable thermal 
reporters. To that end, τ-LNThs based on lanthanide-doped 
NPs have been used for reliable subcutaneous in vivo thermal 
sensing.[18] However, the low brightness of these species (due 
to their low molar absorption coefficient) cripples their use 
in thermal monitoring of internal organs. Ag2S NPs, instead, 
appear to be better suited as τ-LNThs for in vivo applications 
due to a unique combination of properties: low toxicity, high 
brightness, temperature-dependent lifetime around 37 °C, and 
spectral operation in the second biological window (NIR-II, 
1000–1400 nm).[19,20] As a consequence, it has been used for sev-
eral biomedical studies.[21] Nevertheless, to this date, absolute 
thermal monitoring of an internal organ using Ag2S NPs or 
any other LNTh has not been demonstrated.

In this work, the robustness of Ag2S NPs as τ-LNThs was 
initially evaluated through ex vivo experiments and simple 
numerical calculations. After ascertaining the negligible impact 
of tissue extinction coefficient in the lifetime-based thermal 
readout, the actual potential of Ag2S NPs as τ-LNThs for 
thermal monitoring of internal organs, in our case the liver, 
was demonstrated in an in vivo inflammation model.

2. Results and Discussion
Figure 2A shows a representative transmission electron micro-
scopy (TEM) image of the Ag2S NPs used in this work. Ag2S 
NPs were synthetized via a thermal decomposition process 
followed by a sonochemical post-synthesis treatment that 
improves the quality of the NP surface and, as a result, their 
spectroscopic properties. Details about the synthesis proce-
dure are given in the Experimental Section. The resulting NPs 
were rendered water-dispersible via modification of their sur-
face with poly(ethylene glycol) (PEG). The average size of the 
final PEGylated Ag2S NPs was (9 ± 1) nm (Figure 2B) and their 
hydrodynamic size in aqueous solutions was measured to be 
21 ± 3 nm (see Figure S1, Supporting Information). These Ag2S 
NPs show excellent colloidal stability in phosphate buffer saline 
(PBS 1x) without sign of precipitation during weeks. In addi-
tion, the Ag2S NPs demonstrated to be quite stable in colloidal 
dispersion under temperature variation within the 20–50 °C 
range (Figure S2, Supporting Information). Figure  2C shows 
an optical image of colloidal dispersions of Ag2S NPs and com-
mercial Ag2S NPs (Sinano Int., hereafter c-Ag2S NPs) in PBS 1x 
both at a concentration of 0.5 mg mL−1. While both dispersions 
were transparent and homogeneous with no evidence of cluster 
formation, when optically excited with 800  nm radiation, our 
Ag2S NPs showed a much stronger infrared signal centered at 
1250 nm. Indeed, the fluorescence quantum yield (QY, defined 
as the fraction of absorbed photons that are converted into 
emitted photons) of the here developed Ag2S was experimen-
tally determined to be 2.3%. This value yields a brightness  
B  =  ε × QY (ε  = 8 × 104 m–1 cm–1 being the molar absorption 
coefficient of the Ag2S NPs at 800 nm) close to 1.8 × 103 m–1 cm–1.  
This value is almost 20-fold larger than the brightness of the 
only other system that has been previously used for in vivo life-
time thermal sensing, i.e., lanthanide-doped NPs with bright-
ness typically around 102 m–1 cm–1 (see Table  1). This higher 
brightness is mirrored by a longer fluorescence lifetime com-
pared to c-Ag2S NPs, as evidenced in Figure 2D. To evaluate the 
performance of Ag2S NPs as τ-LNThs, a systematic study of the 
thermal dependence of their intrinsic fluorescence lifetime was 
carried out. Figure  2E includes the fluorescence decay curves 
corresponding to a colloidal dispersion of Ag2S NPs obtained at  
different temperatures within the physiological range (20–50 °C).  

As it can be observed in Figure  2F, the average fluorescence 
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tized by other methods.[20] This observation suggests that this 
is an intrinsic property of Ag2S as a material. A closer analysis 
of the experimental data of Figure 2F reveals that the fluores-
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37 °C (see Figure S4b, Supporting Information). According to 
the data inserted in Table 1, this value is among the largest rela-
tive thermal sensitivities (Sr) reported for τ-LNThs.

When proposing a thermal probe for in vivo applica-
tions, reporting its sensitivity is not enough to determine its 
robustness and reliability. It is also necessary to determine 
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Figure 1. Emission spectra of Ag2S NPs obtained in the absence and 
presence of tissues revealing the broad emission band within the second 
biological window and how it is distorted by the wavelength-dependent 
extinction of tissues. The emission spectra obtained in the presence of tis-
sues were obtained in in vivo conditions. Data were extracted from ref. [16].
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whether the sensor is affected by thermal hysteresis and/or by 
the medium in which it is inserted. A simple way by which one 
could evaluate the former possibility is through the verification 
of the stability of the thermal sensors after consecutive heating 
and cooling cycles. Figure 3A presents the fluorescence lifetime 
of Ag2S NPs as obtained during different heating and cooling 
cycles from 25 up to 45 °C. Lifetime values at both tempera-
tures were not affected by previous thermal cycles revealing 
the absence of any thermal memory within the physiological 
range. To that end, a repeatability of 0.99 was calculated for 
the proposed thermometric approach (see the Supporting 

Information). The effect of the medium, on the other hand, 
can be evaluated through the experiment depicted in Figure 3B. 
Briefly, the Ag2S NPs were optically excited by a 10 ns pulsed 
laser operating at 800 nm. The fluorescence time decay curve 
was then registered with an infrared photomultiplier. To mimic 
the conditions generally found in in vivo experiments, a cuvette 
of variable thickness filled with a dispersion of intralipid (meant 
to reproduce the light-attenuation properties of tissues in  
NIR-II) was placed within the optical path of detection.[25] 
At this point, the presence of two possible artifacts could be 
evaluated: i) tissue-induced changes in the measured value of 

Adv. Mater. 2022, 34, 2107764

Figure 2. Characterization of Ag2S τ-LNThs. A) Characteristic TEM image of PEGylated Ag2S NPs used in this study. B) Size histogram revealing an 
average particle size of (9 ± 1) nm as measured by TEM. C) Optical and infrared images of colloidal dispersion of Ag2S and c-Ag2S NPs in PBS 1x at a 
concentration of 0.5 mg mL−1. D) Fluorescence decay curves for synthesized (teal) and commercially available (brown) Ag2S NPs obtained with excita-
tion and emission wavelengths of 800 and 1200 nm, respectively. E) Fluorescence decay curves of Ag2S NPs obtained at different temperatures ranging 
from 20 to 50 °C. F) Temperature dependence of the average lifetime of Ag2S NPs determined from the analysis of the decay curves included in (E).
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the fluorescence lifetime, and/or ii) tissue-induced changes 
in the thermal sensitivity of the fluorescence lifetime. While 
the former does not depend on the temperature of the tissue 
(intralipid in our case), the latter does, and only takes place 
when the optical properties of this medium are thermally 
dependent. To account for the effect of tissue temperature in 
the thermal sensitivity of our Ag2S NPs, a second configura-
tion of the experiment was added to the set-up. In it, instead of 
changing the temperature of Ag2S NPs (through the action of 
heating plate in position 1, Figure 3B), it is the temperature of 
the cuvette with intralipid which is varied (heating plate in posi-
tion 2, Figure 3B) while keeping its thickness fixed.

The results obtained under the first configuration (Figure 3C) 
reveal that the absolute value of the fluorescence lifetime of 
Ag2S NPs, under different temperatures, is not affected by 
the presence of a tissue (thickness up to 4 mm) at a constant 
temperature (20 °C). This result is quite remarkable because, 
despite this independence at the lifetime level, tissue-induced 
light attenuation causes a marked reduction of the detected 
intensity (see Figure S5, Supporting Information). Therefore, 
Figure 3C demonstrates the superiority of fluorescence lifetime 
as a thermometric parameter over other parameters obtained 
from the spectral domain. The data also agrees with the results 
recently published by M. Tan and co-workers, who also demon-
strated the robustness of sub-tissue lifetime nanothermometry 
with lanthanide-doped NPs.[18] The results obtained with the 
second configuration (Figure 3D) reveal that, within the experi-
mental error, the temperature of the tissue does not affect the 
measured fluorescence lifetime. The data are, again, supportive 
of the advantage of using fluorescence lifetime instead of other 
parameters obtained through the analysis of the luminescence 
spectrum.[15] Finally, the systematic error on the lifetime meas-
urement (caused by detector noise, electronics, pulse-to-pulse 
fluctuations, and analysis procedure) was also estimated by 
performing consecutive signal acquisitions while keeping the 
experimental parameters constant. These results are included 
in Figure  3E, and they reveal a relative systematic error of  
1%. Considering an average thermal sensitivity of 3% °C–1, this 
systematic error leads to an error in the thermal readout of  
0.3 °C.

While the presence of both thermal hysteresis and tissue-
induced artifacts was discarded, the uncertainty in lifetime-
based thermal readouts caused by tissue-induced photon scat-
tering needed be estimated. Due to tissue-induced scattering, 
the trajectory of photons deviates from a purely ballistic one 

(Figure 3F). If the direction of a photon is perpendicular to the 
surface of a tissue, its average path length, 〈L〉, is given by[26] 
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where n ≈ 1.4 is the refractive index of tissue and c is the speed 
of light in vacuum.[27] The existence of this tissue-induced fluo-
rescence lifetime enlargement leads to a discrepancy between 
the actual sub-tissue temperature and the one obtained trans-
lating the measured lifetime into temperature through the 
calibration curve. This tissue-induced temperature uncertainty, 
δTtissue, can be written as
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where dτ/dT is the rate at which the fluorescence lifetime varies 
with temperature. At 37 °C, this rate is close to −9 ns °C–1 (see 
Figure S4a, Supporting Information). Figure 3G shows the thick-
ness dependence of δτ and δTtissue as calculated from Equations 
(2) and (3) and by assuming classical values reported for absorp-
tion and scattering coefficients of tissues in the near-infrared 
(NIR) (µ′s  = 9 cm–1 and μa =  1 cm–1 at 1200 nm).[27] As it can be 
observed, tissue-induced optical extinction induces both a fluo-
rescence lifetime enlargement and a systematic error in tem-
perature determination that, in both cases, increases with the 
tissue thickness. Note that, even for the largest tissue thickness 
here considered (5 cm), the tissue-induced fluorescence lifetime 
enlargement (0.6  ns) is more than two orders of magnitude 
smaller than the lifetime of our Ag2S NPs (250 ns at 37 °C). This 
enlargement leads, for a tissue thickness of 5 cm, to a tempera-
ture uncertainty of δTtissue = 0.1 °C. The magnitude of this error is 
much lower than the ones obtained when extracting temperature 
from the spectral analysis of the emission of Ag2S NPs (typically 
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Table 1. Comparison of lifetime-based luminescent nanothermometers. Optical properties of the most representative systems used for fluorescence 
lifetime-based thermal sensing.

System λexc [nm] λem [nm] τ QY [%] ε [m–1 cm–1] B [m–1 cm–1] Sr [% C–1] Used in vivo? Ref.

Carbon dots 355 421 9.4 ns 5 6.6 104 3300 0.006 No [22]

CdTe QDs 580 654 32 ns 31 3.4 105 105 400 0.0045 No [23]

NaYF4:Yb,Nd 808 1000 420 µs 1.77 1.3×104 221 0.93 No [24]

Ag2S NPs 808 1200 35 ns 0.08 4.6×105 368 3.5 No [20]

Polymer 450 564 7 ns 0.3 1.7×106 5220 0.29 No [9]

NaYF4:Yb3+, Nd3+

@CaF2

800 1000 625 µs N/A N/A N/A 1.1-1.4 Yes [18]

Ag2S NPs 808 1200 286 ns 2.3 4.5×105 10 350 3 Yes This work



www.advmat.dewww.advancedsciencenews.com

2107764 (5 of 10) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbHAdv. Mater. 2022, 34, 2107764

Figure 3. Robustness and reliability of Ag2S NPs for lifetime-based sub-tissue thermal sensing. A) Fluorescence lifetime of Ag2S NPs at 25 and 45 °C 
as obtained after consecutive heating and cooling cycles. B) Schematic representation of the experimental set-up developed to elucidate the influence 
of tissue thickness and temperature on the measured fluorescence lifetime of Ag2S NPs. C) Temperature dependence of the fluorescence lifetime of 
Ag2S NPs obtained for different tissue thicknesses. D) Fluorescence lifetime of Ag2S NPs as a function of tissue temperature obtained for two tissue 
thicknesses. E) Fluorescence lifetime obtained in consecutive measurements to evaluate our systematic error in determining the fluorescence lifetime. 
F) Scheme showing the comparison between the trajectory and overall travelled path by a ballistic and nonballistic photon (passing through a scattering 
tissue) emitted by a Ag2S NP over the course of the same time interval. G) Tissue-induced photon delay (δτ) and tissue-induced thermal uncertainty 
(δT) as a function of tissue thickness.
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few degrees for tissues of few millimeters).[15] Therefore, albeit 
tissue-induced photon scattering constitutes a source of error in 
lifetime-based thermal sensing, its effect can be considered neg-
ligible in the conditions generally encountered in in vivo meas-
urements (i.e., lifetimes >100 ns and tissue thickness < 1 cm).

After validating the robustness and reliability of Ag2S NPs as 
τ-LNThs, we explored their potential for accurate thermal moni-
toring of internal organs at the pre-clinical level. Specifically, we 
designed an in vivo experiment wherein liver temperature was 
monitored. Liver was selected due to the efficient accumula-
tion of PEGylated Ag2S NPs that is typically observed to occur 
after intravenous injection.[28] Additionally, the slow clearance  
process allows experiments on long time scales (i.e., in the 
order of hours) to be performed.[28]

To induce a temperature variation in this organ, we admin-
istered LPS through intraperitoneal injection (10  mg kg−1) as 

a model of acute inflammation.[29] The administration of LPS 
induces an increase in circulating and hepatic concentrations 
of cytokines and inflammatory mediators, as well as a rise in 
the intracorporeal temperature in a dose-dependent manner.[30]

This procedure is summarized in Figure  4A. Prior to LPS 
administration, an intravenous injection of a Ag2S NPs disper-
sion in PBS (100 µL at a mass concentration of 0.5 mg mL−1) 
was performed. This ensured the presence of the thermal 
reporters at the liver before and during the inflammatory pro-
cess. After LPS injection, the existence of an effective inflam-
matory response was evidenced by the significant increment 
in the hepatic gene expression of several proinflammatory 
markers such as tumor necrosis factor-alpha (TNF-α), Inter-
leukin-6 (IL-6), Interleukin-1β (IL-1β), and inducible nitric oxide 
synthase (iNOS) compared to control mice injected with saline 
(Figure 4B).

Adv. Mater. 2022, 34, 2107764

Figure 4. Real-time thermal monitoring of liver during inflammation. A) Schematic representation of the experimental procedure designed to monitor 
liver temperature during LPS-induced inflammation. B) Gene expression of proinflammatory markers (TNF-a, IL-6, IL-1b, and iNOS) in hepatic tissue 
after LPS injection. (*** Pv<v0.001 vs saline.) C) Time evolution of the fluorescence lifetime before LPS injection. The symbols are experimental data 
and the solid line indicates the average value over time. D) Time evolution of the fluorescence lifetime after LPS injection. E) Time evolution of liver 
temperature after LPS injection (brown circles) and rectal temperature (red squares).
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Before induction of the inflammatory process, fluorescence 
decay curves of Ag2S NPs were continuously acquired to deter-
mine the basal temperature and the thermal stability of the 
liver (Figure 4C). Details about the experimental set-up used for 
the acquisition of fluorescence decay curves in in vivo experi-
ments are given in the Experimental Section. The fluorescence 
lifetime retrieved from the measurements oscillated around an 
average value of 239 ns (solid line in Figure 4C) with a standard 
deviation of ±2 ns. Data in Figure 4C, obtained using the calibra-
tion curve included in Figure 2F, reveals an average liver tem-
perature close to 38.7 °C and a thermal readout fluctuation of  
±0.3 °C. Given that exposure to pulsed radiation did not seem lead 
to appreciable temperature increase in the animal (Figure S6,  
Supporting Information), we treated this as the actual basal 
temperature of the organ. Note also that the observed thermal 
fluctuation matches the one estimated from the systematic 
error performed in lifetime measurement by our experimental 
setup (vide supra). It should be highlighted that the error pro-
vided by other LNThs systems reported in the literature and 
working in less challenging conditions (for instance, in more 
superficial tissues) always surpasses 0.5 °C.[17] The only notable 
exception is represented by the recent work of Maturi et  al. 
wherein thermal uncertainties below 0.1 °C were reported for 
in vivo thermal reading of a superficial tumor.[31] Nonetheless, it 
should be underscored that such a low thermal error could only 
be achieved with an intense post-acquisition manipulation of 
the data through the use of multiple linear regression analysis.

After verifying that the liver temperature was stable, we 
administered intravenously LPS while continuing the acquisi-
tion of the fluorescence decay curves of Ag2S NPs. Figure  4D 
shows the time evolution of the fluorescence lifetime of Ag2S 
NPs during in vivo experiments. A clear decrease in the fluo-
rescence lifetime is observed to occur after LPS administration. 
Partial stabilization of the average fluorescence lifetime was 
observed for post-injection times longer than 50 min. By using 
the calibration curve of Figure 2F we were able to get the time 
course of liver temperature after LPS injection (Figure 4E). As it 
can be observed, during the first 50 min following LPS admin-
istration, the temperature of the liver increases monotonously 
with time, and then it tends to stabilize at longer times. The 
same trend of initial temperature increment followed by stabi-
lization 50 min after LPS administration was observed probing 
the rectal temperature (also included in Figure  4E). Further 
comparison between the curves included in Figure  4E reveals 
that inflammation causes a larger and faster temperature 
change in the liver when compared to intracorporeal tempera-
ture, being the liver the body location where the temperature 
increase is originated. In addition, the body core temperature 
(rectal probe) started rising only 20  min after LPS adminis-
tration, whereas we detected an immediate increase in liver 
temperature (directly measured by our Ag2S NPs). Here, the 
role of the rectal probe is helping to confirm the temperature 
change trend taking place inside the animal body, as a whole. 
The higher and steeper temperature increment in the liver is 
likely caused by the triggering of the inflammatory process 
involving pyrogens such as prostaglandin E2, which results 
in a local increase of the temperature of organs in intimate 
contact with the peritoneal cavity.[30] This includes the liver, 
which is postulate here to experience the combination of two 

inflammation-related processes: increment in both the blood 
perfusion and the local metabolic activity as a consequence of 
prostaglandin release.[32]

The inflammation-induced heating curve of the liver pro-
vided by Ag2S NPs can be compared to previously published 
data also dealing with the thermal response of this organ after 
LPS administration. Rudaya and co-workers, for instance, 
monitored the intracorporeal temperature of a mouse after LPS 
administration (similar dose to the one used here). The intra-
corporeal temperature was measured by implantation of a tem-
perature transmitter in the peritoneal cavity.[33] They found that 
the activation of an inflammation process elevated the intraperi-
toneal temperature by 1.5 °C. It should be noted though that we 
were able to access the liver temperature by a purely contact-
less technology whereas Rudaya et al. required the implantation 
of a temperature transmitter in the peritoneal cavity. Such an 
aggressive approach compromises the natural thermal response 
of the individual as it alters blood perfusion, mass and effec-
tive thermal conductivity of organs in close proximity to the 
implant.[34] Our results can also be compared to those recently 
published by Lu and co-workers, who used hydrogen- sulfide-
activatable near-infrared emitting NPs for the detection of liver 
inflammation. The authors reported liver inflammation 45 min 
after LPS administration but, unlike in our present study, the 
time evolution of the process was not investigated.[35]

Lastly, we should point out that the potential of Ag2S NPs 
for liver temperature monitoring is not restricted to studies 
in the framework of inflammatory processes. Indeed, we also 
tested their suitability for accurate, absolute, and contactless 
thermal monitoring during laser driven hyperthermia processes  
(Figure S7, Supporting Information). Results are included in 
Figure S8 (Supporting Information), and they open the door 
to future development of fully controlled hyperthermia treat-
ments of liver, where on-the-fly adjustment of the therapeutic 
para meters (e.g., laser power) could become possible. While 
acknowledging the enhancement achieved through the approach 
described in the present work, we also recognize that, if we aim 
for application in humans in the long-term, the limitations 
imposed by currently available detection systems will also need 
to be taken into account. Given the present circumstances, the 
best-case scenario seems to be the application of luminescent 
thermometers in human skin, muscles, joints, breast tissue, 
or the most external parts of the brain.[36] Thus, we believe that 
studies correlating the presence of incipient diseases in such 
organs with temperature would certainly benefit from the accu-
racy provided by lifetime-based luminescence thermometry.

3. Conclusion

This work demonstrates that reliable, accurate, and contactless 
in vivo thermal monitoring of internal organs can be achieved 
via lifetime-based thermometry using infrared-emitting Ag2S 
nanoparticles. The high brightness of the sonochemically pre-
pared Ag2S nanoparticles guarantees low-noise fluorescence 
signal, while their long lifetimes avoid the requirement of 
using ultrafast lasers for optical excitation. By using lifetime as 
a thermometric parameter, the thermal readout is unperturbed 
by the presence of tissue in the optical path between the imaged 
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region and the detector. We demonstrated how lifetime-based 
Ag2S nanothermometers enable accurate (uncertainty below 
0.3 °C), real-time monitoring of the liver temperature during 
an ongoing inflammatory process in small animal models. This 
demonstration of thermal sensing in a deep organ is remark-
able evidence of the potential of lifetime-based luminescence 
nanothermometry beyond the current state of the art.

The results included in this work clear up the doubts that 
hovered over the potential of nanothermometry at the pre-
clinical level due to the inevitable spectral distortion caused by 
photon-tissue interaction. To that end, the use of fluorescence 
lifetime as thermometric parameter emerges as a viable solu-
tion to the issues related to the reliability of luminescence nano      -
thermometry. Hence, we foresee that the development of new 
lifetime-based thermal nanosensors with improved brightness 
and longer fluorescence lifetimes will help establishing lumi-
nescence nanothermometry as a standard method in preclinical 
research.

4. Experimental Section
Synthesis of Ag2S NPs: Ag2S NPs were synthesized through the 

thermal decomposition method starting from the precursor silver 
diethyldithiocarbamate (AgDDTC), previously prepared by the reaction 
between 0.025 mmol of AgNO3 and 0.025 mmol of NaDDTC, separately 
pre-dissolved in 200  mL of Milli-Q water.[37] The slowly addition of 
the NaDDTC solution above the AgNO3 solution produced a yellow 
precipitate (AgDDTC). The product was filtered under vacuum, dried at 
60 °C and stored in a desiccator protected from light for its following 
use. The production of Ag2S NPs was carried out by adding 25  mg of 
AgDDTC (0.1  mmol), 2.5  mL of 1-dodecanethiol (DDT, 10.4  mmol) 
and 2.5  mL of oleyl amine (OLA, 7.6  mmol) into a two-necked round-
bottom flask at room temperature (RT). The mixture was first sonicated 
under vacuum for 10  min to remove air and rests of water. After that, 
the mixture was heated up to 185 °C at a heating rate of 20 °C min−1 
in nitrogen atmosphere under slow magnetic stirring. The reaction was 
kept for 1  h and subsequently cooled down naturally. The synthesized 
NPs were destabilized with 10  mL of ethanol and collected by 
centrifugation at 10 000 g for 10 min; this process was repeated twice. 
Finally, the NPs pellet was dispersed in CHCl3 at a concentration of 
1 mg mL−1 and stored at 4 °C for further steps.

Stabilization of the Ag2S NPs in PBS through PEGylation: The Ag2S 
NPs need to be transferred to an aqueous media for their following 
application. Figure S1 (Supporting information) includes a schematic 
diagram of functionalization procedure. Their stabilization in PBS 
was initiated through a ligand exchange reaction between capping 
agents (DDT and OLA) and 1-mercaptoundecanoic acid (MUA) units, 
which introduce carboxylic groups on the surface rendering negatively 
charged nanoparticles and stabilizing colloidally the synthesized 
nanoparticles. For that, 20 mg (0.1 mmol) of MUA were added to 1 mL 
of dispersion of Ag2S NPs in CHCl3 at RT. The reaction was facilitated 
under sonication for 5 min until the NPs lose their colloidal stability and 
start to aggregate. The NPs functionalized with MUA were collected via 
centrifugation at 1000 g for 2 min and dispersed in 1 mL of PBS at pH 
7.4. Subsequently, PEGylation via EDC/NHS coupling was carried out 
with the aim of covering the NPs properly for the in vivo experiments. 
To do that, 1 mg of PEG-NH2 (MW = 5 kDa), 0.5 mg of EDC and 0.7 mg 
of sulfo-NHS were dissolved in 1  mL of PBS containing 1  mg of the 
previously prepared Ag2S-MUA NPs. The mixture was gently stirred for  
4 h, and after that, the NPs were collected by centrifugation using 
Amicon centrifugal filters (MWCO = 50 kDa) at 9600 g for 10 min. This 
washing process was repeated three times and the resulting NPs were 
finally dispersed in 1 mL of PBS and stored at 4 °C.

Material Characterization: FTIR Measurements: Hydrodynamic 
diameter and ζ-potential of Ag2S NPs were measured with a Malvern 
Nano-ZS. In the first case, the mean diffusion coefficient was derived 
from the intensity autocorrelation function using cumulant analysis 
and converted into mean particle size via the Stokes–Einstein equation, 
whereas ζ-potential measurements were based on the principles of 
laser Doppler electrophoresis. Infrared spectra were recorded using a 
Thermo Nicolet IR200 spectrometer with Fourier Transform. Samples 
were prepared as potassium bromide discs with 2–5% (w/w) of analyte. 
All the spectra were recorded with 256 scans. Figure S3 (Supporting 
Information) includes the FTIR spectra of the as synthesized Ag2S NPs, 
MUA-functionalized NPs and PEGlyated NPs.

Fluorescence Quantum Yield (QY) measurements: The QY of the 
Ag2S NPs was measured with a 6 inch diameter integrating sphere 
(Labsphere, 4P-GPS-060-SF). The sample cuvette (5 mm path length) 
was mounted at the center of the sphere. Light from a pigtailed 
808  nm laser (Omicrom, BrixX808-2500-HP-FC) was collimated onto 
the sample with a beam diameter of 2.5  mm. The collected signal 
was sent to a monochromator (Horiba, iHR320) for wavelength 
selection and detected with an NIR InGaAs photodetector (Horiba, 
DSS-IGA020TC).

The QY was calculated by dividing the total number of emitted 
photons in the emission range (950–1500  nm) by the total number of 
absorbed photons in the excitation range (800–810 nm). The number of 
absorbed photons is calculated from the difference between two spectra: 
the spectrum of the excitation light (808 nm) with the Ag2S sample, and 
the spectrum with the PBS reference sample. The number of emitted 
photons by the Ag2S sample when irradiated at 808  nm is calculated 
from the emission spectra. Then, to calculate the QY, all the spectra 
are corrected by the system response in the emission and the excitation 
spectral regions using a calibrated halogen lamp (Ocean Optics,  
HL3-INT-CAL-EXT). QY has been measured for Ag2S NPs in PBS at 
0.5 mg mL−1 and with an excitation power of 10 mW.

Animal Handling and LPS Administration: All procedures involving 
animal experiments were approved by the regional authority for animal 
experimentation of the Comunidad de Madrid, with an ethical approval 
number PROEX 221-19 correlated with the proposal entitled “Use of 
optical nanoparticles for early detection of hepatic alterations induced 
by acute inflammation or fat diet”. Experiments were conducted in 
agreement with the Universidad Autónoma de Madrid Ethics Committee 
and in compliance with the European Union directives 63/2010UE and 
Spanish regulation RD 53/2013. CD1 female mice (n = 5) (weight, 30 g; 
age, 8 weeks old) were employed for the in vivo experiments under 
isoflurane anesthesia (4% isoflurane 2 L min−1 O2 for induction, 1.5% 
isoflurane 0.5 L min−1  O2, for maintenance). After the lifetime sensing 
experiments were complete, euthanasia was performed beheading 
the animal under 5% of isoflurane inhaled  anesthesia. Animals were 
simultaneously monitored for the recording of body core temperature 
trough a rectal probe and for liver deep temperature using LNTs. The 
animals were first monitored to achieve a stable and reproducible 
temperature of 36.5 °C. For the monitoring of hepatic gene expression 
of inflammatory markers, the mRNA levels of TNF-α, IL-1β, IL-6, and 
iNOS were assessed in liver samples from mice intraperitoneally 
injected with saline (10 mL kg−1; n = 4) or with LPS (10 mg kg−1; n = 4)  
4 h after injection. For that purpose, total RNA was extracted from 
100  mg of hepatic tissue using the Tri-Reagent protocol.[1] Afterward, 
cDNA was synthesized from 1  µg of total RNA, using a high-capacity 
cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, 
USA). Relative gene expression was measured by quantitative real-
time PCR using assay-on-demand kits (Applied Biosystems, Foster City, 
CA, USA) for each gene. TaqMan Universal PCR Master Mix (Applied 
Biosystems, Foster City, CA, USA) was used for amplification in a 
Step One machine (Applied Biosystems, Foster City, CA, USA). Values 
were normalized to the housekeeping gene 18S. To determine relative 
expression levels the ΔCt method was used.[38] For each mouse, average 
values from saline and LPS injected mice for each gene were statistically 
compared using unpaired t-test. Changes were considered significant 
when p < 0.05.
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Acquisition of Decay Curves in In Vivo Conditions: For the acquisition 
of the fluorescence decay curves of Ag2S NPs within the liver, we 
illuminated the anesthetized mouse with 800 nm laser pulses of 10 ns 
of duration and pulse-to-pulse separation of 0.1 s. This pulse-to-pulse 
separation was fixed and given by the laser source but had the additional 
advantage of minimizing thermal loading between consecutive pulses. 
The spot size during in vivo experiments was set to 0.1 cm2. The laser 
fluence was set to 1.5 × 10–2 J cm–2, i.e., below the reported threshold 
for skin damage under infrared nanosecond laser pulses excitation  
(≈0.1 J cm–2).[39] The fluorescence generated by the Ag2S NPs was 
collected by a set of lenses and spectrally filtered by a monochromator. 
The decay of the fluorescence intensity generated at 1240  ± 20  nm 
was finally recorded by an infrared photomultiplier connected to a 
digital oscilloscope. The average fluorescence lifetime was estimated 
and translated into temperature units by using the calibration curve 
(Figure 2F). Further discussion about the data dispersion of lifetime in 
vivo recording (from fluorescence decay curves) is analyzed in Section 
S5 (Supporting Information).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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