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Mn>* Lifetime-Based Thermal Imaging in the Optical
Transparency Windows Through Skin-Mimicking Tissue

Phantom
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Dirk H. Ortgies, Paloma Rodriguez-Sevilla, Miroslav D. Dramicanin, Daniel Jaque,

and Lukasz Marciniak*

Lifetime-based luminescence thermometry has been shown to enable
accurate deep-tissue monitoring of temperature changes — even at the in
vivo level — in a minimally invasive way. However, major limiting factors to
the performance of this approach are short lifetimes and poor brightness.
These are characteristics, respectively, of semiconductor nanocrystals and
lanthanide-doped nanopatrticles, of which most luminescent nanothermom-
eters are made. To address these limitations, the composition of luminescent
nanothermometers co-doped with transition metal (Mn>*) and Er** ions are
designed and optimized. The salient features of these nanothermometers are
strong, near-infrared emission and long, temperature-dependent photolu-
minescence lifetime. The potential of these luminescent nanophosphors for
thermal sensing is then showcased by monitoring a thermal gradient using

a one-of-a-kind piece of equipment designed for lifetime-based lumines-
cence thermometry measurements. The combination of the newly developed
nanothermometers and the custom-made instrument allows for obtaining 2D
thermal maps both in the absence and presence of tissue phantoms mim-
icking the optical properties of the skin. The results presented in this study

1. Introduction

Temperature measurement in biological
systems is an extremely valuable source
of information about the onset of dis-
eases and inflammation events, as well
as the biological processes associated
with their course.l!l On the other hand,
real-time thermal monitoring is essential
for targeted therapies, e.g. light-induced
hyperthermia, where accurate in situ tem-
perature sensing can significantly reduce
the undesirable side effects related to over-
heating of healthy cells and tissues.!>-!
Nevertheless, classical approaches for tem-
perature readout are not suitable for the
above-mentioned applications because the
contact manner of temperature readout
is too invasive, and most of them provide
only information about the local tempera-
ture, preventing temperature imaging.”®!

thus provide credible foundations for the deployment of lifetime-based ther-
mometry for accurate deep-tissue thermal mapping at the preclinical level.

Thermographic infrared cameras can
afford noninvasive and remote tempera-
ture measurement but their response
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is limited to the tissue’s surface, which precludes deep tissue
thermal imaging with this method.®% Moreover, to correctly
determine the temperature, thermal cameras require informa-
tion about the emissivity of the object. In the case of biological
systems, this parameter depends on the type of tissue and may
vary with time, which additionally affects the measurement
reliability.

One of the biggest challenges of thermal imaging based on
luminescence thermometry is to efficiently excite the phosphor
(acting as a thermal probe) and receive the signal (the emitted
photons) through the tissues of living organisms while main-
taining the reliability of the thermal readout despite tissue-
induced spectral distortions." "8 To this end, a luminescent
thermometer being considered for biomedical applications
should meet very stringent optical requirements, such as
high brightness along with photon absorption and emission
capabilities in the near-infrared (NIR) spectral range of the
optical transparency windows (NIR-I: 680-950 nm, NIR-II:
1000-1350 nm, NIR-III: 1500-1800 nm).*-231 Reduced attenu-
ation of the optical signal in these spectral ranges facilitates
deep-tissue thermal imaging. Although in luminescence ther-
mometry the ratiometric approach — whereby the ratio between
different integrated signals is used as thermometric para-
meter — is arguably the most common, its application in bio-
medical thermal imaging may lead to erroneous temperature
readout.l'"?¥ This is because of the dispersive character of the
photon extinction by the biological tissues, which may modify
the shape of the emission spectra and thus affect the ther-
mometric parameter. Therefore, the lifetime-based approach,
which is negligibly affected by the photon-tissue interactions,
is a promising alternative for deep-tissue thermal imaging.*)

However, when considering this method, an additional
requirement is necessary for phosphors to achieve satisfactory
temperature resolution, namely relatively long lifetimes (opti-
mally above the order of tens of microseconds) with a strong
dependence on the temperature in the biological temperature
range (293 - 333 K). Long lifetimes are ideal since the auto-
fluorescence from tissue components is short-lived (nanosec-
onds).?-28] Therefore, the precision and accuracy of lifetime-
based thermometry are increased by selecting longer time gates
where no contribution from the autofluorescence is present.
Phosphors doped with transition metal (TM) ions can offer the
ideal platform for this type of approach.l?”!

TM ions are characterized by an absorption cross section
significantly larger than the one of lanthanide ions (the other
luminescent metal centers generally employed in luminescence
thermometry).3%3U Due to their 3d electronic configuration and
crossover points between their energy levels parabolas, TM ions
feature optical properties that are highly susceptible to tempera-
ture changes. Moreover, the spectroscopic properties of TMs
can be modified by the crystal field strength.l?*3% Therefore,
the spectral and thermometric parameters of the temperature
probe based on TM can be modified by the change of the host
material composition.[?’!

Among TM ions, as recently shown by Ristic et al., Mn>*
ions meet all the criteria for a robust temperature probe.[%33]
Despite the expected influence of the crystal field on its spec-
troscopic properties, some of its absorption bands are located
within NIR-I, which allows Mn>* ions to be efficiently excited
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through tissues.’**¥ Moreover, its narrow (full width at half
maximum, FWHM < 5 nm) and intense emission associated
with the '"E—3A, transition from the host materials studied so
far is located in the 1100 — 1200 nm range, which ideally falls
within NIR-IIB2.33 The main limitation of Mn>* is the need to
select a host material that allows the stabilization of the man-
ganese ions at the 5+ oxidation state. According to Shannon, ]
Mn®* exists only in a tetrahedral configuration, and its effec-
tive ionic radius is relatively small (33 pm). Therefore, it was
assumed that one among the limited number of possibilities
for effective substitution with Mn>" ions would be the (VO4)*"
site in Baz(VOy),.2% In that study, an emission maximum at
1181 nm and FWHM = 3 nm under 592 nm excitation at room
temperature and a long lifetime of 0.43 ms were presented.
These promising features are the basis for further research on
the luminescence of Mn>* ions in this host material.

In this work, we report, to the best of our knowledge, the
first instance of the temperature dependence of the excited
level lifetimes of Mn>* ions in Bas(VO,),. A detailed structural
and luminescence characterization study is presented, which
aims to optimize the concentration of Mn’" ions to obtain a
highly sensitive luminescent thermometer based on the life-
times of Mn>" ions. Then, the effect of co-doping with selected
lanthanide ions (Ln3") is investigated, as well as the effect of
the concentration on the thermal evolution of the lifetimes of
Mn®* ions. Finally, a proof-of-concept experiment is conducted
that exploits the thermometric dependence of Mn®* lifetimes
for thermal imaging of a sample with a temperature gradient,
placed under a glass slide and under a skin-mimicking tissue
phantom.

2. Experimental Section

The Ba3(VO,);x% Mn’" (x = 0.1; 0.2; 0.5 1; 2; 5) and
Ba;(VO,)2:1% Mn’", y% Er®" (y = 0.1; 0.2; 0.5; 1; 2) nanocrystals
were synthesized with a modified Pechini method.”! The fol-
lowing starting materials were used as reagents without further
purification: Ba(NOj), (99.999%, Alfa Aesar), NH,VO; (99.999%
purity, Alfa Aesar), MnCl,-4H,0 (>99.0%, Sigma Aldrich),
Er,0; (99.99%, Stanford Materials Corporation) and citric acid
HOC(CO,H)(CH,CO,H), (>99.5%, Alfa Aesar). The starting
materials were weighed so that the total amount of moles of
metals was equal to 4.00-10~* mol. Stoichiometric amounts of
Ba(NO;),, NH,VO; and MnCl,-4H,0 were dissolved in deion-
ized water in separate glasses and then mixed together. Erbium
oxide was dissolved in deionized water with the addition of
2 mL of HNOj3 (65% purity, Avantor), then recrystallized three
times to remove the excess nitrogen and added to the water
solution of other reagents. After that, 24.0-10* mol of anhy-
drous citric acid were added to a mixture with the molar ratio
of citric acid to all metals set at 6:1. Next, the samples with x%
Mn>" concentration in respect to the number of V>* ions and
y% Er*" in respect to the number of Ba?* ions were calcined
in porcelain crucibles at 1000 °C in the air for 8 h. Finally, the
powders obtained were ground in an agate mortar.

All of the synthesized materials were examined by X-ray
powder diffraction (XRPD) measurements carried out on
PANalitycal X’Pert diffractometer, equipped with an Anton Paar
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TCU 1000 N temperature control unit, using Ni-filtered Cu-K,,
radiation (V = 40 kV, I = 30 mA). The Rietveld refinements
were performed using the X’Pert HighScore Plus version 2.2.4
software.

Transmission electron microscope (TEM) images were taken
using a FEI TECNAI G2 X-TWIN microscope. Powders were
dispersed in methanol with the aid of ultrasounds and depos-
ited on lacey-type copper grids. The studies were performed
with 300 keV parallel beam electron energy. Images were digi-
tally recorded using a Gatan Ultrascan 1000XP.

The emission spectra were measured using the 668 nm exci-
tation lines from a laser diode and a NIRQUEST spectrometer
from Ocean Optics (1.5 nm spectral resolution) as a detector.
The excitation spectra and luminescence decay profiles were
recorded using the FLS1000 Fluorescence spectrometer from
Edinburgh Instruments with a R928P side window photomulti-
plier tube from Hamamatsu as a detector with a 450 W halogen
lamp and 668 nm pulsed work laser diode as excitation sources.
The low-temperature emission spectra were also obtained using
the FLS1000 Fluorescence spectrometer. The temperature of
the sample was controlled using a THMS 600 heating-cooling
stage from Linkam (0.1 K temperature stability and 0.1 K set
point resolution).

Tissue phantoms were prepared on a modified procedure
given in.¥ For this purpose, different volumes of Intralipids
(20% emulsion, Sigma Aldrich) were introduced into a 100 mL
Erlenmeyer flask and water was added to reach a final volume of
50 mL. Phantoms, with 10, 25, 50, and 100% of Intralipids rela-
tive content were prepared. The mixture was introduced into an
oil bath preheated at 363 K and kept under stirring (350 rpm). For
tissue phantoms with Indian ink, 0.05, 0.1, or 0.2 wt.% of ink was
added to the mixture at this stage. Next, 2 wt.% of agar powder
was added and left with heating and stirring for 30 min until the
agar was completely dissolved. After this time, the mixture was
poured into a 1.3 mm thick crystallizing dish and allowed to cool
to room temperature until the gel was set. All gels of 1.3 mm in
thickness were stored in the fridge for further use.

For imaging experiments, the sample was placed in an
optical setup specially designed for fluorescence imaging in the
NIR-II, the PhotonSWIR Imager from BioSpace Lab (Nesles-la-
Vallée, France). An InGaAs CCD camera (WiDy SenS 640V-ST,
New Imaging Technologies, France) with a long pass filter at
1000 nm (Thorlabs FEL1000) and a fiber-coupled 808 nm laser
diode (LIMO) were the principal components. For the first
experiment without the presence of tissue phantom, the laser
was set to a maximum output power of 14.1 mW and collected
by a lens for illumination of the samples with a max (peak)
power density of 0.052 mW cm™ and an average power den-
sity of 0.026 mW c¢m . For measurements via phantom tissue,
the maximum output power of the laser was set to 2086 mW,
resulting in a maximum power density of 215 mW cm™ and an
average power density of 61 mW c¢cm2. The system was operated
in pulsed mode with 10 ms pulses (resulting energy is 0.06 J)
and a pulse-to-pulse separation of 35 ms (pulse repetition rate
is 28 Hz). A time delay between the end of the laser pulse and
camera acquisition was set to 20 us at the beginning of the
acquisition sequence. Then it is increased by 5 |s between each
picture (exposure time 3.0 ms) and a series of 600 pictures were
obtained, resulting in a final delay of 3.02 ms.
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3. Results and Discussion
3.1. Structural and Morphological Characterization

Ba;(VO,), crystallizes in a rhombohedral system of the R-3m
(166) space group. It is composed of [Ba;)(VO,),]* layers linked
into a crystal network by Ba,*" cations % (Figure 1a). Intra-
layer Bag;)** cations in this structure occupy Ds; symmetry
sites that can be described as 6-fold coordinated octahedra.
The metal-ligand distances between Bag;)?* ions and all sur-
rounding O*" ions are equal with the value of R(Bay,**-0%) =
2.77831(2) A. On the other hand, the interlayer Ba,** ions are
located in the 10-fold coordinated sites with Cj, symmetry. In
this case, the metal-ligand distances are as follows: six of them
equal Ry(Ba?*-0%) = 2.94654(4) A, three R,(Baj**-0%) =
2.78446(1) A and one Ry(Baj>"-0%) = 2.61609(2) A. A single
bond of the shortest length connecting Ba,** ions to the O*
ion is shared with V°* ions. For this reason, the VO3~ groups in
barium orthovanadate with Cj, symmetry are only slightly dis-
torted from the tetrahedral geometry3% with three R;(V>*-0%) =
1.73438(3) A and one Ry(V**-0%7) = 1.69715(1) A. To under-
stand which crystallographic positions can be replaced by the
dopant ions, it is necessary to consider the effective ionic radii
of the ions forming the host material, as well as those of the
dopants. In the case of Ba3(VO,),, it is important to note the
significant difference between the oxidation states (Ba** and
V%), as well as the size of the ions: for 8-fold coordinated Ba?*
the effective ion radius (EIR) is 142 pm, for 10-fold coordinated
Ba?* the EIR equals 152 pm, whereas for V>* located in the tet-
rahedron the EIR is equal to only 35.5 pm. Despite such a large
difference between the ionic radii, when doping with manga-
nese ions, three oxidation states (Mn?*, Mn*, Mn>*) could be
considered depending on the crystallographic position that
they may occupy. First, it is possible to consider the presence
of 8-fold coordinated Mn?* with EIR = 96 pm or 4-fold coor-
dinated Mn* with EIR = 33 pm. It can be noted that in both
cases, these ions have the same electric charge as the ions they
can substitute (Ba** and V°*, respectively). Estimating which
of the proposed oxidation states will be more likely is pos-
sible by comparing the so-called misfit factor, which for Mn?*
is ElRpos W/EIR g2, Y1 = 96 pm/142 pm =0.68, compared to
ETRyys: V/EIRys, Y = 33 pm/35.5 pm =0.93 for Mn>* ions. The
misfit factor should aim for 1.00, but highly probable doping
can be assumed when the misfit factor is between 0.90 and
1.10. Hence the V°* site is expected to be preferentially occu-
pied by Mn>* ions. Furthermore, the presence of Mn>* ions was
subsequently confirmed by spectroscopic measurements, while
the emission of Mn?" ions was not observed. On the other
hand, it is also possible to consider 4-fold coordinated Mn*"
with EIR = 39 pm, due to the known high thermodynamic sta-
bility of Mn*" ions. The misfit factor, in this case, is EIRyn4.Y/
EIRys,"Y = 39 pm/35.5 pm =1.10, which is a value in a similar
deviation from 1.00 as in the case of Mn>*. Nevertheless, in this
case, there would be a charge mismatch, which would generate
additional oxygen vacancies in the host material, which is ener-
getically unfavorable. Furthermore, Mn*" is highly energetically
favorable at octahedral sites and known for its bright red emis-
sion, but in the case of Mn*" ions at tetrahedral sites, the ions
are not luminescent. This is in agreement with the work of
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Figure 1. Structural characterization of synthesized materials: a) crystal structure of the Bas(VOy), unit cell; b) X-ray diffraction patterns of Ba3(VOy,),
doped with different concentrations of Mn®* (reflection of the additional phase marked by asterisk); c—e) the representative TEM images of Ba3 (VO,):0.1%

Mn>*,2% Er3*.

Grzechnik et al.,?! who additionally mentioned that the sub-
stitution of Mn®* ions in V>* sites yields a small distortion of
the oxygen tetrahedra surrounding the Mn®* ions and a change
in symmetry from Cj, to C;. On the other hand, in the present
work, Ba3(VO,),:Mn>" was additionally co-doped with some
Ln3* ions, i.e., Pr3*, Nd3*, Er**, and Tm3*. All the ions consid-
ered are known to be located at 8-fold coordinated sites, while
the literature did not specify an EIR of these ions in the envi-
ronment of 10 O%" ions. In this case, the EIRs are 112.6, 110.9,
100.4, and 99.4 pm for 8-fold coordinated Pr**, Nd3*, Er** and
Tm?', respectively, which is =40% lower relative to 8-fold coor-
dinated Ba?" ions. In addition, the charge difference should be
mentioned in this case.

To verify the phase purity of the synthesized nanocrystals
and to investigate the influence of dopant concentration on
the crystallographic structure of Bas(VO,),, their XRPD pat-
terns were analyzed (Figure 1b; also check Figure S1, Sup-
porting Information (ESI) for XRPD patterns in a narrow
range of 26-32°). The diffraction reflections obtained for
samples doped with Mn>* ions at concentrations from 0.1 to
1% correspond with the reference pattern (ICSD 167695) con-
firming the phase purity of the synthesized phosphors. For 2
and 5% concentrations of Mn®*, additional diffraction peaks
were found at =28.35°, 28.60°, and 29.35°, indicating the pre-
cipitation of an additional phase. Therefore, these samples
were excluded from further analysis. Based on the comparison
of the diffraction reflection with the reference patterns from
the ICSD database, these peaks can be attributed to Mn,V,0,
(ICSD 30687). On the other hand, for high concentrations
of Mn®" ions (2% and 5%), a shift of the peaks towards
larger angles relative to the reference pattern was observed,
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indicating a contraction of the cell size associated with the dif-
ference between the ionic radii of V>* and Mn®* ions. This was
further confirmed by Rietveld refinement parameters, which
are summarized in Table S1 (Supporting Information). The
unit cell parameter a of =5.791 A (V = 714.84 A% for 0.1% Mn>*
gradually decreased to a value of =5.783 A (V = 712.93 A3
for 1% Mn®". On the other hand, the unit cell parameter ¢
increases slightly with the increase of Mn>* concentration
suggesting the parallel expansion of the unit cell toward the
z-axis for higher Mn>" content (Figure S2, Supporting Infor-
mation). Moreover, XRPD patterns obtained for Ba;(VO,),:1%
Mn’*, 1% Ln?**, where Ln*" = Pr3*, Nd**, Er®*, Tm>*, and also
Ba3(VO,),:1% Mn’*, x% Er®*, where x = 0.1; 0.2; 0.5; 2 corre-
sponded to the Ba3(VO,), reference pattern without indicating
the occurrence of an additional undesirable crystalline phase
(Figures S3 and S4, Supporting Information).

The transmission electron microscopy (TEM) studies of
Ba;(VO,),:0.1% Mn>" indicate that well-crystallized particles
are prone to agglomeration (Figure lc—e and Figure S5, Sup-
porting Information). Using Feret's method, the particle size
distribution was determined (Figures S6-S8, Supporting Infor-
mation). More than 90% of the measured particles were found
to be less than 100 nm in size, with most particles between
25 and 55 nm. The average particle size for 0.1% Mn>" doped
phosphor is estimated to be 52 nm. On the other hand, after
analyzing TEM images of Ba3(VO,),:1% Mn®*, 2% Er*, it can
be concluded that co-doping with Ln3* ions even at the highest
considered concentration does not lead to significant changes
in the size and agglomeration state of crystalline particles
(Figures S5-S8, Supporting Information). In this case, the
average particle size is =72 nm.
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a) Configurational coordinate diagram for Mn>" and Er** ions; b) the comparison of low-temperature (83 K) excitation, and c) emission spectra of

Ba3(VO,), doped with different concentrations of Mn>*.

3.2. Luminescent Properties Characterization

The electronic configuration of Mn®" is 3d?. However, when
the Mn®* ions are located in the tetragonal symmetry the cor-
relation between the energy states of Mn>* ions can be under-
stood by the analysis of the Tanabe-Sugano diagram for 3d®
electronic configuration as presented in Figure 2a. In this
case, the A, = 808 nm excitation wavelength enables the tran-
sition of the electrons from the A, ground state to the T,
excited state. Subsequently, nonradiative relaxation processes
lead to the population of the 'E state followed by a radiative
depopulation resulting in the generation of NIR emission
associated with the 'E—3A, electronic transition (the red
arrow in Figure 2a). Due to the lack of mutual shift of parab-
olas A, and 'E in the wavevector domain, the resulting emis-
sion band is expected to be narrow, while the shifted parabola
3T, will be responsible for activating quenching processes
with increasing temperature. These theoretical assumptions
are confirmed by the excitation spectra taken at low temper-
ature (83 K) for the A, = 1178 nm for Baj(VOy4),:x% Mn>*
nanocrystals (Figure 2b). The spectra consist of broad bands
with distinctive maxima at 767 nm (=13040 cm™), 680 nm
(=14700 cm™), 346 nm (=28900 cm™), and 300 nm (=33330 cm™).
The first two maxima correspond to the 3A,—!A; and
3A;—3T,(’F) transitions, respectively, while the next two ones
in the near ultraviolet (UV) spectral range are associated with a
charge transfer transition from the (VO,)3~ group to the Mn®*
metal center. Similar bands in the UV spectral range were also
observed by Min et al. for undoped Ba3(VO,), and assigned
to the 'A,('T;)—'A;(*A;) and 'A,('T;)—'B,('T,) transitions,
respectively (see also Figure S9, Supporting Information).’!
A gradual broadening of the excitation bands associated with
internal transitions in Mn’" ions with an increase in the
dopant concentration can be observed, from a full width at
half maximum (FWHM) of =183 nm for 0.1 and 0.2% Mn>*
to =228 nm for 0.5 and 1% Mn>*. Moreover, after normalizing
the excitation spectra to the maximum intensity value located
at a wavelength of =680 nm, an increasing contribution of the
(VO4)* charge transfer band can be observed with increasing
Mn®* ion concentration, suggesting an improvement in the
efficiency of energy transfer between the (VO,)* group and
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Mn®* ions with increasing Mn®>* ion concentration. The emis-
sion spectra of Ba3(VO,),:Mn>* measured under 808 nm exci-
tation at 83 K consist primarily of an intense narrow band
originating from the 'E—3A, transition with a maximum
located at 1176.4 + 0.3 nm. The FWHM of this band increases
slightly with the concentration of Mn°* ions (Figure 2c). As
noted by Merkle et al., the band has an asymmetrical shape
due to an unresolved doublet of the excited level, which is
expected for a small Cj, distortion of the oxygen tetrahedron
surrounding the Mn>" ions.’®! This is also the reason for
the appearance of the vibronic sidebands observed at 1168.1,
1221.4 1290.3, and 1298.1 nm. Furthermore, it should be noted
that the emission maximum value differs from the previ-
ously reported value of 1181.0 £ 0.3 nm.*®l This discrepancy
is related to the temperature difference at which the meas-
urements were performed, i.e., 83 K and 296 K, respectively.
Such a temperature-induced bandshift of Mn>* emission has
been previously observed among others for Sr3(POg4),:Mn>*
and Ba;(PO,),;:Mn°*, and is an effect of the alternation of the
integrated intensities of the emission bands associated with
electronic transitions between different vibronic levels.l3%
In addition, an extremely low FWHM of the emission band
was noticed compared to other TM ions. The FWHM for
Ba;(VO,),:x% Mn>* with x = 0.1; 0.2; 0.5 and 1% is below 2 nm
(from 1.68 £ 0.3 nm to 1.93 + 0.3 nm). The broadening of the
emission band may be due to disturbances in the symmetry of
crystallographic sites resulting from the substitution of larger
V>* ions with slightly smaller Mn®>" ions. These phosphors
were characterized by relatively high luminescence quantum
yield (QY) as for all nanoparticles QY > 20% and the maximal
luminescence QY = 51% was found for Ba3(VO,),:1% Mn°*.
The high luminescence quantum yield of Baj(VO,),:1%Mn>*
with the high absorption cross-section of the Mn®* ions are
very beneficial from the applicative perspective. The analysis
of the luminescent decays of 'E excited state of Mn>* meas-
ured at 83 K revealed that the luminescent decays vary sig-
nificantly with the concentration of Mn°* ions (Figure S10a,
Supporting Information). To quantitatively verify the effect of
dopant concentration on the lifetime of Mn®* ions, the average
lifetimes of the 'E excited level of Mn>" ions were calculated
employing Equation 1:
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where: 7;, 7, are the decay parameters and A;, A, are ampli-
tudes of the bi-exponential function:

I(t):IO+A1~exp(—Ti)+Az-exp(—i) (2)

T,

The values of average lifetimes of Mn®>* ions in Bas(VO,),
are on the order of tenths of milliseconds (Figure S10b, Sup-
porting Information). Significant shortening in lifetimes can be
observed for the 0.2% Mn°* sample compared to 7,,, = 0.381 ms
for Ba3(VO,),:0.1% Mn>* can be observed.

3.3. The Influence of Temperature on the Kinetics
of the Luminescence of Mn®* lons

The kinetics of Mn®>* luminescence was analyzed in the 77-703 K
temperature range (Figure 3a, Figure S11, Supporting Informa-
tion). Independently of the Mn>" concentration, above 200 K,
a very fast thermal shortening of the 7,,, can be observed
(Figure 3b). However, some differences can be found in the
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83-200 K temperature range. In the case of the 0.1% Mn®*,
the 7,,, in this temperature range remains almost unchanged,
whereas for 0.2% Mn>* slight shortening can be observed. On
the other hand, in the case of Ba3(VOy,), doped with 0.5% and
1% was observed. Such a thermal elongation of the lifetime
was previously reported for Mn*" and Cr** ions doped phos-
phors and is usually discussed in terms of relaxation of the
selection rules associated with thermally induced mixing of
the wavefunctions of excited states.'*?) Then, between 200
and 500 K, there is a sharp shortening of the excited state life-
times of Mn>" ions associated with an increase in the prob-
ability of the thermal population of electrons from the 'E
level to the 3T, level, resulting in nonradiative depopulation
to the ground level. Therefore, at 503 K, the lifetime reaches
0.054 ms for 0.2% Mn>*. Interestingly, the values obtained of
the 7,,, are lower compared to those reported for the single-
crystal counterpart (7,,, = 0.43 ms at room temperature and
even 7,, = 1.1 ms at 11 K).’® This difference is probably
related to the higher probability of nonradiative depopulation
of the excited state observed for nanocrystalline phosphors.
To quantitatively verify the influence of Mn>" concentration
on the thermal changes of the values of 7, the relative sen-
sitivity Sg was calculated according to the following formula
(Equation 3):

01 @ 02 05 @ 1
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400 ; .:,.
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300 Wo}
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0 kn
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Figure 3. a) Thermal evolution of luminescent decay profiles of emission from 'E excited state of Mn®" ions for Ba3(VO,),:1% Mn**; b) thermal evolu-
tion of 1,,, of Mn>* and c) the S for Ba3(VO,), doped with different Mn>* concentration; d) thermal evolution of 7,,, of Mn>" in Ba;(VO,),:1% Mn>*

co-doped with 1% Ln3* ions.
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1 At

T AT 100% (3)

R=

where and At,,, represents the change in 7,,, for the AT change
of temperature. The Sy results plotted in Figure 3c indicate
that a small thermal variation in 7,,, below 200 K results in
Sg < 0.20%K1. Subsequently, in a wide range of up to 440 K,
an increase in sensitivity was observed. For 300 K, very similar
values were obtained for all Mn>* doped samples, i.e., in the
range from 0.39 (obtained for 1% Mn>*) to 0.42% K! (obtained
for 0.2% Mn°"). At 400 K, larger discrepancies in sensitivity
values can be observed from 0.86% K7 (for 0.5% Mn°") to
0.97%K" (for 1% Mn>"). It can be seen that the maximum Sgy..
values for Baj(VO,), doped with Mn>* with concentrations
below 0.5% were obtained =500 K and maintained between
1.13 and 1.17%K". For higher concentrations of Mn>" ions, the
Srmax Value was shifted toward lower temperatures, i.e., Sgpax =
1.17% K! at 460 K for 1% Mn>*. Tt should be noted that in the
range of 300 — 400 K, the lifetime values, as well as the sensi-
tivities obtained from them, remain at a similar level regardless
of the concentration of Mn>* ions. Therefore, due to the highest
value of QY and the highest intensity at room temperature,
Ba;(VO,); doped with 1% Mn>* was chosen for further analysis.

In order to improve the relative sensitivity of the thermom-
eter based on the lifetimes of Mn’* ions, it was proposed to use
co-doping with Ln3* ions to obtain an additional depopulation
channel via thermally activated Mn>*—Ln*" energy transfer.
Among the Ln*" ions, four representative ions were selected
due to the small energy mismatch between the energy levels
of Ln** and Mn**, which could make them suitable candidates
to induce efficient energy transfer, namely Pr**, Nd*, Er** and
Tm3" (Figure S12, Supporting Information). As a result, four
samples of Ba;(VO,), co-doped with 1% Mn>* and 1% Ln3" were
synthesized while maintaining the previous synthesis condi-
tions. For the prepared samples, luminescent decays of Mn>*
ions were measured as a function of temperature and average
excited state lifetimes were calculated (Figure 3d, Figure S13,
Supporting Information). Surprisingly, co-doping with all Ln**
ions leads to an increase in the lifetimes of Mn®* ions at 83 K
(Figure 3d). The smallest changes, which may be within the
margin of error, were observed for Ba;(VO,),:1% Mn>* co-doped
with 1% Nd**, for which z,,, = 0.30 ms was obtained in compar-
ison to 7,,, = 0.30 ms at 83 K for the singly-doped counterpart.
However, significant changes were noted for nanocrystals with
1% Pr3*, 1% Tm3* and 1% Er3*, for which the lifetimes of Mn®*
ions extended to 7,,, = 0.34, 0.43, and even 0.46 ms, respectively.
It can be noticed that the co-doping with lanthanide ions of
smaller ionic radii (like Tm*" and Er**) leads to a generation
of greater lattice distortion compared to the larger lanthanides
(Nd3*, Pr*"). Since the highest extension of lifetimes with co-
doping of Ln?*, which greatly facilitates average lifetime deter-
mination, was found for Er** ions, this sample was chosen as
the most promising one for thermometric application.

3.4. Influence of Er** Co-Doping on Mn>* Lifetimes
The elongation of the lifetime of the 'E state of Mn>* observed

in the case of the sample co-doped with Er** ions is especially
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beneficial in the context of lifetime-based thermometry for the
reasons outlined above. Therefore, this effect was investigated
as a function of co-dopant concentration (Figure 4a, Figure S14,
Supporting Information). The elongation of luminescent decays
at low temperature with increasing Er’" ion concentration
can be clearly seen (Figure 4b). At 83 K, the lifetimes of Mn>*
ions gradually increased as follows: 7,,, = 0.304, 0.337, 0.395,
0.458 ms for 0%, 0.1%, 0.2%, and 0.5% of Er** ions. However,
for higher Er** concentrations, slightly shorter lifetimes were
obtained, i.e., 7, = 0.456 and 0.439 ms for 1% and 2% of Er*'.
This effect is probably related to the Mn>*—Er3* energy transfer,
which is facilitated when the interionic distance is shortened,
as is the case for higher Er** concentrations (confirmed by the
observation of the absorption bands of Mn®* ions in the exci-
tation spectra of Ba3(VOy),:1% Mn®*, 1% Er** measured ate
the emission of Er** ions at 1530 nm, Figure S15, Supporting
Information) . A similar dependence on the concentration of
Er’* ions is presented by the lifetimes at higher temperatures,
but a slightly higher rate of z,,, shortening with increasing tem-
perature is presented by Ba3(VO,),:1% Mn’*, 0.5% Er**. This is
also confirmed by the relative sensitivities calculated from the
Mn®* lifetimes (Figure 4c). The Sy values for all Er** ion con-
centrations have similar trends versus temperature, but it can
be clearly observed that the highest from 83 K to 443 K were
obtained for 0.5% Er3*. In this case, Sg = 0.23% K, 0.47% K!
and 1.04% K~! can be mentioned at 203, 303, and 403 K, respec-
tively, with respect to Sg = 0.11% K7, 0.39% K! and 0.93% K!
determined for its singly-doped counterpart at the same tem-
peratures. Moreover, for 0.5% Er**, there was a shift in Sy,
values toward lower temperatures, i.e., Sgma = 1.19% K71 at
443 K with respect to Spma, = 1.22% K1 at 483 K obtained equally
for 0% and 0.1% Er**. For samples doped with 0.2%, 1% and
2% of Er**, Sgpmay ranging from 1.08% K to 1.11% K at 483 or
503 K was achieved. In addition, the temperature determination
uncertainty 8T was calculated according to Equation S1 (Sup-
porting Information) and is shown in Figure 4d. The JT is a
parameter that more precisely assesses the application potential
of the tested thermometers because, despite the small differ-
ences between the Sy values obtained for different Er** con-
centrations, it also considers the lifetime values, which also
have a significant impact on the correct temperature readout
(determined according to the methodology described in the
SI). In the temperature range of 300 — 400 K, ST values not
exceeding 0.07 K were obtained for all samples except in the
case of the one doped with 2% Er** ions. At 303 K for singly-
doped Ba3(VO,),:1% Mn>*, 8T = 0.033 K was obtained, but this
result was improved to dT = 0.026 K by the sample co-doped
with 0.5% of Er’* ions. It is noteworthy that for 1% Mn’*, 0.5%
Er3* a value of 8T < 0.035 K was obtained over a wide range
from 123 K to 483 K. The JT values obtained in the temperature
range of 300 — 400 K, combined with favorable excitation and
emission wavelengths located in the NIR-I and NIR-II range,
provide high application potential for the studied luminescent
thermometers. Therefore, a proof-of-concept experiment for
thermal imaging was proposed based on the lifetime of the 'E
state of Mn>* ions through a phantom of tissue-mimicking skin.

The comparison of the thermometric performance of dif-
ferent luminescent thermometers based on the kinetics of
the excited state of transition metal ions doped phosphors
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Figure 4. a) Thermal evolution of luminescent decays of 'E excited state of Mn®" ions for Ba;(VO,),:1% Mn>*, 0.5% Er**; thermal evolution of b) Mn
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average lifetimes, c) the relative sensitivities and d) temperature uncertainty for Ba3(VO,),:1% Mn>* co-doped with different Er** concentration.

presented in Table 1 indicates that a higher Sy was found for
luminescent thermometers operating in the visible spectral
range. In the case of the luminescent thermometers operating
in NIR-II, the Baj(VO,);Mn*, Er** is characterized by rela-
tively high performance and Sy reported, in this case, is slightly
higher compared to the Sr3(PO,);:Mn°*.

3.5. Mn®* Lifetime Based Thermal Imaging

To simulate conditions similar to those encountered during the
potential use of a luminescence thermometer based on Mn>*
ion lifetimes, a tissue phantom was fabricated and its optical
properties were optimized to mimic the ones of skin (see

Table 1. Comparison of spectroscopic parameters of representative thermometers based on the luminescent lifetime of transition metal ions.

Host Emitting state S [%/K] T (Srmax) [K] Aexc [NnM] Aem [nM] Operating temperature range [K] Ref.
St3(PO,),:Mn>* 'E 1.00 443 668 173 123-573 [32]
Ca,Al,SiO;:Crt ge 0.25 300 730 1230 293-353 [43]
MgTiOz:Mn* E 4.1 277 550 697 198-323 [44]
Li;TisOp:Mn*t E 2.6 330 500 696 10-350 [45]
Mg, TiO:Cr* E 0.75 290 473 700 100-400 [46]
YAIO3:Cr* E 0.58 302 445 688 123-573 [47]
LiGasOg:Cr** ’E 0.76 295 406 =720 298-563 [48]
SrTiO3:Mn*, Er** E 5.1 290 400 725 77-450 [49]
SrTiOy:Ti*, Th3* 2E 8.83 180 400 791 77-240 [50]
Bas(VO4):Mn*, Er3* 'E 1.19 443 808 181 350-500 This work
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details in Equations S1-S8, Figures S16-S20, Table S2, Sup-
porting Information). The promising results in temperature
sensing based on the kinetics of the luminescence of Mn®* ions
in Ba3(VO,),: Mn®", Er¥" motivated the implementation of this
material for thermal imaging. Therefore the proof-of-concept
experiment of thermal imaging using Ba;(VO,),:1% Mn>*,
0.5% Er*" nanocrystals was designed as shown in Figure 5a,b.
The phosphor was located between two glass slides and placed
with one of the shorter edges on a heating plate and the other
on an ice pack to obtain a temperature gradient. Two sets of
experiments were performed, namely with and without a layer
of 2.6-mm thick tissue phantom with 50% intralipids and 0.1%
Indian ink placed on top of the glass plate (hence along both
the excitation and emission optical paths), completely covering
the area where the luminescent material was located. In the
first step, for the two systems tested without and with tissue
phantom, a series of measurements were made at a fixed tem-
perature, set with the heating plate and monitored with the
thermal camera (Figure S19, Supporting Information for rep-
resentative maps). From these, average lifetimes were calcu-
lated from average intensities and tabulated as a function of
temperature in the form of a calibration curve (Figure S20,
Supporting Information). The resulting lifetimes for the phos-
phor covered by tissue phantom in the range =298-306 K
are slightly shorter by =5 ps than the non-covered counter-
part. However, above 306 K the values of the error bars of
the lifetimes obtained with tissue phantom (2-3 ps) are in the
limit of the values determined without tissue phantom. Due
to the low values of the error bars (=0.8 us), it was decided to
use the temperature dependence of the lifetimes determined
for the sample without tissue phantom as a calibration curve
(described by the Mott-Seitz model, see also Supporting Infor-
mation). Based on the calibration curve determined from the
experimental setup for thermal imaging, the relative sensi-
tivity was determined, which, due to the small temperature
range, ranges from Sy = 0.68 to 0.72% K! in the 300-320 K
range and temperature determination uncertainty below
S0I' = 0.017 K (Figure S21, Supporting Information). Subse-
quently, the temperature on the heating plate was set to 340 K
to obtain a temperature gradient throughout the glass slide
(Figure 5c). A single measurement lasted =30 seconds and
the temperature readout during this time varied by an error of
10.1 K at the two controlled points (at the “cold” and “hot” edges).
Due to the intrinsic nature of the infrared thermal camera,
which measures the temperature of the first surface encoun-
tered, the detected temperature of the tissue phantom was
=3.5 K lower than that of the glass slide under the same experi-
mental conditions (Figure 5d). The phosphor was excited with
a single square-wave pulse from a 4., = 808 nm laser diode.
The NIR camera was synchronized and triggered at a precisely
defined delay time to the excitation laser and allowing it to attain
the series of luminescence images with decreasing intensity
with a delay between images equal to 5 us. A fitting script based
on the bi-exponential equation (Equation 2) was then applied to
the series of images to obtain lifetime maps (Figure 5e,f). The
range of obtained lifetimes as a function of distance from the
heating plate varied from 7,,, = =220 us to =280 us. In the life-
time maps made through tissue phantom, noisier images were
obtained. Using the previously received calibration curve, the
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Mott-Seitz equation (Equation S8, Supporting Information)
was used for fitting. On this basis, it was possible to trans-
pose the lifetime maps shown in Figure 5e,f to the thermal
maps using two color scales. In addition, in order to quantita-
tively compare the results obtained from the temperature map
with thermal camera images, 2D line profiles at the center of
the shorter edge of the specimen, shown by dashed lines in
Figures 5c—f), were selected and juxtaposed as temperature plots
as a function of distance from the heating plate (Figure 5g,h).
Comparing the two graphs, it can be observed that the thermal
camera temperature curve for the sample with tissue phantom
starts from a lower temperature, i.e., =338 K with respect to
~340 K for the sample without phantom, as well as the temper-
ature of the point furthest away from heating is higher: 301 K
with respect to 299 K. This confirms that the thermal camera
is able to read the temperature of the first encountered surface,
i.e., the tissue phantom, which, although it also reflects the
temperature gradient well (as might be expected given its rela-
tively small thickness of 2.6 mm), the marginal values of the
gradient differ from those read for the phosphor without tissue
phantom. A very similar thermal trend was obtained across the
analyzed sample using Mn®* lifetime in the experiments with
and without tissue phantom. This is probably due to the signifi-
cant effect of signal scattering leading to the luminescent mate-
rial and also emitted through the tissue phantom. Therefore, it
should be concluded that it may be convenient to use several
points that could be averaged to ensure a correct temperature
readout, and this could be realized with a NIR camera having a
better resolution. Nevertheless, with this experiment, we were
able to confirm the functionality of the Bas(VO,),:Mn>*, Er’*
phosphor for temperature imaging based on lifetimes, as well
as the effectiveness of using this method in studies for thermal
sensing through tissue. All the experiments presented clearly
confirm the high application potential of Ba3(VO,),:Mn>*, Er**
for thermal imaging. Additionally, the NIR-to-NIR operating
range, high luminescence quantum yield, and high absorption
cross-section of Mn®* in the NIR-I are key features particularly
relevant from the perspective of in vivo applications. Therefore
Ba;(VO,);:Mn**, Er** is a very promising temperature probe of
high applicative potential.

4. Conclusion

We have herein reported a Mn>*-based Ba;(VO,), nanophosphor
optimized to perform as an efficient lifetime-based luminescent
thermometer. Structural, morphological, and spectroscopic
studies highlighted how strong Mn®* near-infrared emission
(*E—*A, transition centred within 1150-1200 nm) with long
luminescence lifetime (>200 us around room temperature) can
be attained by fine-tuning the concentration of the transition
metal and co-doping with controlled amounts of Er**. The opti-
mized composition of the nanothermometer is Ba;(VO,),:1%
Mn’*, 0.5% Er**, which, under the tested conditions, features
a relative thermal sensitivity between 0.5 and 1.2% K and an
associated uncertainty consistently <0.1 K in the 350-500 K
temperature range.

We then tested the prowess of the developed luminescent
nanothermometer for thermal sensing in close-to-real-life
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Figure 5. a) Schematic visualization of the proof-of-concept experiment of thermal imaging using Baz(VO,),:1% Mn®*, 0.5% Er** nanocrystals; b) the
obtained images analysis procedure; c,d) the representative thermal images of the system without (c) and with (d) tissue phantom; and e,f) corre-
sponding images obtained based on the kinetics of the 'E state of Mn®* ions; g,h) the comparison of the thermal profiles across the blue lines in (e)
and (f) obtained using thermal camera (red points) and luminescence thermometry (blue dots) for the sample without (g) and with (h) tissue phantom.
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conditions. We specifically demonstrated that 2D temperature
maps of a thermal gradient can be obtained through tissue
phantoms mimicking the optical properties of the skin using
Ba;(VO,):1% Mn®*, 0.5% Er** nanophosphors as luminescent
probes and a custom-made setup for lifetime-based lumines-
cence thermometry.

These results show the way for the development of ever
more efficient luminescent nanothermometers based on doped
luminescent centers (i.e., metal ions) that are bright and fea-
ture long, temperature-dependent lifetimes. The possibility
to remotely and reliably monitor thermal gradients through
2.6 mm of tissue phantom further supports the recent trends
in luminescence thermometry of shifting toward lifetime-based
approaches, owing to their robustness and higher accuracy.
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