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Universal upconversion amplification via 4d—4f
hybridization in Ln**/Mo0,*~ co-doped fluorapa-
tite: mechanism and applications
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Lanthanide-doped fluorapatite (FAp:Ln®*) upconversion luminescence (UCL) probes exhibit good bio-
compatibility but suffer from low quantum yields under near-infrared (NIR) excitation. Here, we propose a
universal MoO42~ doping strategy that achieves 74-fold green UCL enhancement in FAp:Yb/Er/Mo (FYEM)
under 980 nm excitation (quantum yield: 0.004% at 50 W cm™2). Remarkably, stable Ln**/MoO4>~ dimers
induce 4d-4f orbital hybridization, as validated by density functional theory (DFT) and X-ray photo-
electron spectroscopy (XPS). This mechanism extends to self-sensitized systems: FAp:Er/Mo (FEM)
achieves 156-fold UCL enhancement under 980 nm excitation, while FAp:Nd/Mo (FNM) integrates
84-fold UCL amplification with photothermal synergy (AT = 53.5 °C). Critically, the optimized FYEM
material enables dual-mode imaging, with 808/980 nm excitation UCL and NIR-II downconversion
luminescence for deep-tissue imaging, besides outstanding thermal sensitivity (Sx = 1.04% K~'@323 K).
This work establishes a biocompatible, multi-wavelength platform for deep-tissue diagnostics, photother-
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1. Introduction

Upconversion luminescence (UCL), which converts near-infra-
red (NIR) photons to higher-energy visible emissions, offers
advantages for biomedical imaging, including deep-tissue
penetration and minimized photodamage.’™ Among biocom-
patible matrices, fluorapatite (FAp) stands out due to its intrin-
sic bone affinity, biodegradability, and critically lower lattice
phonon energy compared to hydroxyapatite (HAp).*® This
arises from F~ substitution for the OH™ groups, reducing
vibrational quenching (~1000 cm™ for F~ vs. 2700-3700 cm™*
for OH™). Nevertheless, FAp:Ln*" suffers from low fluorescence
intensity and critically low upconversion quantum yields
under NIR excitation, limiting clinical translation.
Conventional enhancement strategies involving transition
metal (TM) cation doping (e.g., Fe**, Mn**) often face critical
limitations,”® because TM ions could induce parasitic visible-
light absorption, causing spectral overlap with emission
bands and fluorescence quenching.® Recent studies suggest
d’-centered oxyanions (e.g., MoO,>”) may circumvent these
limitations. Van et al. demonstrated UCL enhancement in
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mal therapy, and multimodal sensing and imaging.

Mo0O,* -doped HAp/B-TCP composites via Ln*‘/Mo0,>~
dimers.'® But the high phonon energy of these matrices
restricts efficiency, and the atomic-scale enhancement mecha-
nism remains unearthed. Critically, FAp’s lower phonon
energy provides untapped potential for greater enhancement,
and MoO,>” doping in Ln-doped FAp has not been systemati-
cally explored.

Herein, we propose a novel MoO,>~ doping strategy to
harness its phononic advantage. By substituting PO,*~ with
Mo0,>~, FAp:Yb/Er/Mo (FYEM) achieves a 74-fold green UCL
enhancement under 980 nm excitation (UCQY: 0.004%), and a
287-fold amplification under 808 nm excitation. These
enhancements stem from 4d-4f orbital hybridization mediated
by stable Ln*/Mo0O,>~ dimers, as validated by X-ray photo-
electron spectroscopy (XPS) and density functional theory
(DFT). XPS analysis reveals MoO,> -driven electron redistribu-
tion, while DFT confirms that MoO,>~ preferentially occupies
the PO,*~ adjacent to Yb*", broadening the 4f density of states
near the Fermi level. This strategy could extend to self-sensi-
tized systems. FAp:Er/Mo (FEM) exhibits a 156-fold UCL
enhancement under 980 nm excitation, while FAp:Nd/Mo
(FNM) integrates an 84-fold UCL amplification with synergetic
photothermal conversion capability (AT = 53.5 °C). Critically,
FAp:Nd/Yb/Er/Mo (FNYEM) achieves simultaneous excitation
at both 808 nm and 980 nm, delivering strong UCL while pre-
serving spectral purity, thereby eliminating laser-induced over-
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heating risks. FYEM also demonstrates dual-mode imaging
capabilities, combining visible UCL (510-570 nm) and NIR-II
downconversion luminescence (DCL) (1450-1650 nm) for
deep-tissue imaging. Additionally, green UCL of FYEM exhibits
outstanding thermal sensitivity under physiological tempera-
ture (283-323 K), with maximum absolute sensitivity (S,) =
1.04% K'; maximum relative sensitivity (Sg) = 1.28% K, out-
performing existing similar sensors including NaYF, and
Ca,MgWOse.

This work addresses three critical challenges in UCL
design: (1) reconciling luminescent efficiency and versatility
through MoO,>~ co-doping; (2) elucidating the atomic-scale
mechanism of 4d-4f hybridization via XPS/DFT validation; (3)
establishing a universal enhancement paradigm for diverse
Ln*" systems (Er*", Ho**, Tm*"). By integrating multi-wave-
length excitation (808/980 nm), photothermal synergy, and
multimodal sensing, our strategy enables transformative
advances in deep-tissue theranostics.
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2. Results

2.1. Morphology and structural characterization

All samples were synthesized via a facile one-pot hydrothermal
method followed by thermal activation at 900 °C (Fig. 1a).
X-ray diffraction (XRD) patterns (Fig. 1b and S1) confirm the
hexagonal fluorapatite structure (P63/m space group) for all
samples, with characteristic peaks at 25.9° (002), 31.9° (211),
32.3° (112), 33.1° (300), 40° (310), 46.8° (222), and 49.6° (213).
Co-doping with Ln*" (Yb*'/Er**, Yb*/Ho**, Yb*/Tm*") and
MoO,>~ shifts diffraction peaks toward higher 20 values
(Fig. 1b and S1), indicating lattice contraction due to the
smaller ionic radii of dopants versus Ca** and PO,*".
Aliovalent substitution (MoO,>~ for PO,*>7) also induces impur-
ity phases in samples (minor CaMoO, and CaCOj3, denoted by
symbols in Fig. 1b and S2) in MoO,>-doped samples. To
quantify the relative phase content and confirm fluorapatite
remains the main phase, we conducted Rietveld refinement on
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Fig. 1 (a) Flow chart of the synthesis procedure. (b) XRD patterns of FYX and FYXM samples (F-FAp, Y-Yb, X-(Er, Ho, or Tm), M-Mo). (c) FTIR spectra

of FYX and FYXM samples. (d) XPS survey spectra of FYX and FYXM samples. (e—g) Yb 4d XPS high-resolution spectra of FYX and FYXM samples. (h)
SEM image of FYEM. (i) Element mapping of FYEM. (j) TEM image of FYEM.
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the XRD data of FYEM as given in Fig. S2 and Table S3. The
refinement indicates that the dominant phase is the intended
fluorapatite with a weight percentage of ~93.9%, suggesting
co-doped fluorapatite remains the dominant phase. Fourier
transform infrared (FTIR) spectra (Fig. 1c and S3, Table S4)
reveal characteristic vibrational modes of PO,*~ group
(606-609 and 950-1100 cm ‘). Mo-doped samples exhibit
additional peaks at 830-850 cm™" attributed to v3(MoQ,), cor-
roborating successful doping of Mo0O,>"."* The stretching and
bending bands remarkably broaden in the range of
950-1100 cm™* after doping MoO,>”, indicating local lattice
distortion and symmetry breaking, and possible formation of
charge-compensation defects. A slight vibration mode of
CO;>” from CaCO; secondary phase can be observed in the
range of 1400-1500 cm ™", possibly caused by recombination of
CO, in air upon cooling after sintering. Thermogravimetric
(TG-DSC) analysis was conducted to confirm thermal stability
of samples under 900 °C (Fig. S4). XPS spectra (Fig. 1d and S5)
confirm successful dopant incorporation. High-resolution XPS
spectra reveal electron redistribution. Notably, compared with
Mo-free FYX groups, Yb 4d binding energies shift negatively by
0.3-1.1 eV in Mo-doped FYXM groups (Fig. le-g), indicating
increased electron density at Yb®" sites.'> Conversely, Er 4d
and Nd 3d/4d peaks in self-sensitized FEM/FNM samples shift
positively (Fig. $6), suggesting electron migration toward Yb**
but away from Er’*/Nd**. This asymmetry arises from differ-
ences in electronegativity (Yb > Mo > Er/Nd)"® and Yb*"’s pro-
pensity to stabilize its 4f configuration,"* supporting MoO,>"-
mediated electron modulation.

Scanning and transmission electron microscopy (SEM/
TEM) images (Fig. 1h-j, S7 and S8) reveal similar rod-like mor-
phology (1-3 pm in length) with uniform elemental distri-
bution after thermal activation. High resolution TEM
(HRTEM) (Fig. S8) shows ordered lattice arrangement on the
edge of rod and small particles with the interplanar spacing of
0.271 and 0.184 nm, corresponding to the (300) and (213)
crystal planes of fluorapatite respectively. Dynamic Light
Scattering (DLS) analysis (Fig. S9) further confirms polydisper-
sity: primary rods (870.3 nm) with smaller spherical particles
(70.7 nm), likely from high-temperature induced crystal
growth. Inductively coupled plasma mass spectrometry
(ICP-MS) data (Table S5) quantifies dopant incorporation
efficacy. Yb:Ln and Mo:P ratios align with initial stoichio-
metry, while Ca:P ratios (1.47-1.53) deviate slightly from
FAp’s 1.67, similar to that of hydrothermally synthesized
hydroxyapatite and fluorapatite elsewhere."™

2.2. Universal UCL enhancement in Yb-sensitized systems

2.2.1. Giant UCL amplification via MoO,>~ doping.
Mo0,>” doping dramatically enhances UCL across all FYXM
samples. For FYEM, the optimal doping (15% Mo) induces a
74-fold enhancement in green emission (510-570 nm) under
980 nm excitation, while red emission (640-680 nm) increases
only 2.7-fold (Fig. 2a and d and S10). This green-dominated
amplification arises from high excited state energy transfer
(HESET) from |*F,,, *T,) towards *H,y,,/*S;/, and suppressed
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non-radiative relaxation to lower energy levels. Similar
enhancements occur in FYHM and FYTM samples. The UCL
of FYHM surges as the doping concentration of MoO,>”
reaches 10%, then drops sharply as increased to 12% (Fig. 2b
and e). In the case of FYTM, the optimal concentration is
found to be 8% (Fig. 2c and f). Power-dependent log-log
slopes (Fig. S11) reveal photon requirements n for population
processes. Remarkably, the photon required for the transition
of 'G,—*Hg of Tm?®" decreases to a value lower than 2, indicat-
ing a two-photon pumping process instead of a three-photon
one (Fig. S11c).

Lifetime analysis (Fig. 2g-i, Table S6) reveals prolonged
green emission decay for both doped samples: FYEM (129 ps)
versus FYE (52 ps), and FYHM (137 ps) versus FYH (118 ps),
reflecting inhibited relaxation towards lower energy levels.
Conversely, shortened lifetimes for other emissions suggest
additional decay pathways via Ln**/Mo00,>~ dimers. Absolute
upconversion quantum yield (UCQY) for FYEM reaches
0.004% at 50 W cm™> (Fig. S12, Table 1), comparable to state-
of-the-art materials (e.g., NaYF,:Yb*/Er’":0.005% at 150 W
cm™? (ref. 16)), while uniquely combining high UCL efficiency
with inherent biocompatibility.

2.2.2. Mechanism of Ln**/M00,>~ dimer-mediated hybrid-
ization. Density functional theory (DFT) calculations demon-
strate ' Yb**/Mo0O,>~ co-doped fluorapatite unit cell with
different substitution patterns in Fig. S13, representing Yb*'-
sensitized samples (FYEM, FYHM and FYTM). Considering the
much lower concentrations of activator (Er*/Ho**/Tm>") com-
pared with Yb*", we approximate the unit cell by omitting their
presence to avoid constructing a large supercell for further cal-
culation and to focus on interaction between Yb®* and
Mo0O,>". The formation energies of crystal cell models with
different Yb and Mo substitution sites are calculated and com-
pared in Fig. S14. Notably, the most stable case is case 1 where
Yb®* substitutes the Ca1 site adjacent to MoO,>". This suggests
that Yb*" and MoO,>” tend to attract each other and favor
neighboring substitution inside fluorapatite lattice, which is a
prerequisite for interaction of their energy levels.

To obtain a better understanding of the interaction of
energy levels of Yb and Mo, we conducted partial density of
states (PDOS) analysis of Yb/Mo adjacently substituted case 1,
Yb/Mo distantly substituted case 3 with most negative for-
mation energy in each case, and Yb-undoped case as shown in
Fig. 3a and b and S15. It is significant that the energy levels of
Yb and Mo become overlapped only if Yb occupies the Cal site
adjacent to Mo. Also, the peak of Yb 4f around Fermi level is
broadened as deduced by full width at half maximum
(FWHM). These findings confirm the presence of a strong 4d-
4f orbital hybridization which causes modification of the elec-
tronic structure.’>?* The redistribution of electrons between
Yb and Mo is consistent with the XPS result where electrons
flow from Mo towards Yb (Fig. 1e-g).

Fig. 3c-e and S16 illustrate the reflectance of FYXM and
other samples. They exhibit characteristic absorption credited
to transitions of doped lanthanide ions. Interestingly, the
characteristic absorbance of lanthanide ions was generally

This journal is © the Partner Organisations 2026
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(a—c) Upconversion luminescence spectra of FYXM samples, with the inset exhibiting luminescent images taken by cellphone with a 700 nm

LP optical filter (G, B, R represents integrated luminescence intensity of green, blue, and red emissions respectively). (d—f) Relative intensity of inte-
grated emissions (bar) and corresponding ratios (dotted line) of FYXM samples. (g—i) Upconversion luminescence decay spectra of FYXM samples

obtained by time-correlated single photon counting (TCSPC).

Table 1 UCQY comparison of FYEM with benchmark materials

Materials Power density (W em™)  UCQY (%) Ref.
FYEM 50 0.004 This work
SrF,:Yb*'/Er** 50 0.002 17
Y;NbO,:Yb*'/Er*" 393 0.002 18
NaLuF.Yb*"/Er*"  33.4 0.004 19
Y,05:Yb*/Er** 238 0.004 20
NaYF,:Yb**/Er** 150 0.005 16
BZLFT:Yb*'/Er*" 782 0.00016 21

elevated by one time in FYXM samples, which are probably
caused by absorption of newly formed energy levels in Yb**/
Mo0O,>~ dimer. Based on the DFT study and previous analyses,
we propose that Ln®* has a tendency to interact with MoO,>~
and having their energy levels recombined.

It is worth mentioning that MoO,>~ owns intrinsic photo-
luminescence. Specifically, CaMoO, itself was found to emit
green emission peaking at 435 nm under 280 nm excitation,
prevailingly attributed to the 'T,~'A; allowed transition.”* We
assume that 'Ty, >T,, *T; of MoO,>” could match high energy
levels of activator ions and interact with them in energy trans-

This journal is © the Partner Organisations 2026

fer. Hence, an energy transfer mechanism is proposed and
illustrated in Fig. 3f, in which, the energy levels of Yb** and
MoO,>~ are recombined to form new energy levels: |*F;, 'A;)
(ground state), |*Fss, "A1), |*Frs, °T1), |*Frs °Ta), |*Fopay 'T4)
and |’Fy,, 'T,) (excited state). Specifically, photons are
absorbed by ground state absorption (GSA) and excitation state
absorption (ESA). Then the energy is transferred from excited
state of Yb>*/MoO,>~ dimer towards activator ions, eventually
resulting in UCL emissions. The mechanism could also apply
to other lanthanide ions, namely Er*" and Nd*' which could
also interact in a similar manner.

Interestingly, Yb*'/Er*" co-doped CaMoO, exhibited UCL
with a similarly high G/R ratio as we observed in our experi-
ment.>®> Here we suggest that the Ln**/MoO4>~ dimer could
account for the observed UCL preference. In the case of FYEM,
the red emission relies on relaxation from *H,;,,/"S;,, of Er’",
and the larger level gap means less opportunity to get popu-
lated, resulting in relatively weak enhancement of red UCL.
This preference further confirms the energy transfer mecha-
nism in Fig. 3f, since *Hy;,,/*S3/, of Er’" is closer to |*F,, *T,)
than “Fo,. As the concentration further increases beyond

Inorg. Chem. Front,, 2026, 13, 1568-1579 | 1571
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UV-Vis-NIR reflectance spectra of FYX and FYXM samples (X-Er, Ho, or Tm). (f) Proposed energy transfer mechanism diagram in upconversion and

downconversion process.

optimal concentration, back energy transfer (BET) process
probably prevails over HESET with overall UCL slumping. This
could explain why the UCL performance is not in accordance
with the content of CaMoO, phase as more MoO,>~ was
doped. In addition, the energy transfer mechanism of Ho/Mo
is similar to the Er/Mo combination, both resulting in over 70
times enhancement of UCL. However, a phonon-assisted
absorption process is required for the blue emission of Tm?”,
which could account for the mere 8-time enhancement of blue
emission in Tm/Mo combination.

In order to further examine energy transfer process
between Mo0O,>~ and other lanthanides, the excitation
spectra of all samples were performed. As shown in Fig. S17,
all FYXM samples exhibit obvious absorption peaks which can
be attributed to the transitions of activator ions. Significantly,
Mo0O,>-doped samples exhibit a broad absorption band
from 250 nm to 320 nm, which corresponds to the O — Mo

1572 | Inorg. Chem. Front,, 2026, 13, 1568-1579

charge transfer band (CTB). Then we performed emission
spectra of FYE and FYXM samples excited at 280 nm (Fig. S18).
Since Er*" could not be directly excited by 280 nm excitation,
FYE sample did not display any luminescence. On the
contrary, the MoO,>~ doped FYEM samples exhibit emission
composed of two parts in the region of visible emission: a
wide band derived from the intrinsic emission of Mo0O,* and
sharp green emissions attributed to Er*". The lifetime at
505 nm is shorter than that at 530 nm or 550 nm, where emis-
sion of molybdate overlaps that of Er*" (Fig. S19). The energy
transfer process occurs from MoO,>~ towards Er*" and both
contribute to the decay, thereby lengthening lifetime at about
20%. And thus, we could draw a conclusion that the excited
Mo0,>~ group could transfer energy to Er** ions. Moreover,
the green emission of Er’* is prominent than its red emission
in the range of 640-675 nm. This indicates the high G/R UCL
ratio of FYEM and preference observed in other samples stem

This journal is © the Partner Organisations 2026
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from the energy transfer process mediated by Ln**/Mo0,>”
dimer.

2.3. Breakthrough in self-sensitized systems

Self-sensitized upconversion systems are commonly con-
sidered limited by their relatively low efficiency. Herein, we dis-
covered that MoO,>~ can also act as an intrinsic sensitizer in
self-sensitized systems (FEM and FNM), eliminating the need
for conventional sensitizers (e.g., Yb**/Nd**) through direct
energy transfer mediated by Ln**/M00,>~ dimers—a mecha-
nism analogous to Yb-sensitized systems but with enhanced
versatility. Structural properties of FEM/FNM are consistent
with FYXM (section 2.1), while their UCL enhancement stems
from Ln**/Mo0O,>~ dimer-mediated energy transfer (Fig. 4).

Er*" has been found to mediate self-sensitized upconver-
sion (SSU) process under 808 and 980 nm excitation.”® Doping
Mo0,*” brings about UCL enhancement by 23 times and 156
times under 808 nm and 980 nm excitation, respectively
(Fig. 4a and b). The mechanism was further assured by
luminescence lifetime analysis (Fig. 4c and S20, Tables S7 and
S8). The decay time of FEM for emission at 530 nm of Er*" was
elongated by 43 times compared with FE suppose that cross
relaxation process was less prone to happen in FEM sample,
indicative of Er’**/Mo0,>~ acting as sensitizer with longer life-
time. Another fact is that under either 808 nm or 980 nm exci-
tation, UCL of FEM shares a similarly high G/R ratio with
FYEM and FNYEM. It should be similar to FYEM, where elec-
trons of Er**/Mo0,>~ are more likely to get pumped into *H,y,,
and S/, via Er*/Mo0O,>~ dimer. The power-dependent log-log
plot indicates a two-phonon process as given in Fig. S21.
Similarly, the energy transfer in FEM is proved by emission
spectra under 280 nm excitation in Fig. S22 and S23.
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Nd** is known to own a ladder-like complex 4f energy
levels, which favors cross relaxation.>”?® Although Nd** is not
an excellent SSU candidate, we successfully observed its self-
sensitized UCL in Nd**/Mo00,>” co-doped fluorapatite excited
by 808 nm with an 84-fold enhancement in yellow emission
(*P1/2-"115,) for the first time (Fig. 4d). A preference for yellow
UCL was observed as well, as depicted in Fig. S24 by Y/G ratio.
Nd** was found to exhibit photothermal effect under 808 nm
excitation through non-radiative relaxation (e.g. from *Fsj, to
*F,,) and cross relaxation.”® Interestingly, after doping
Mo0,>", photothermal effect was enhanced as well (Fig. 4e).
The decay spectra were examined and it was found that
Mo0O,>~ doping leads to a shortened lifetime (Fig. 4f). These
findings could be credited to Nd**/Mo0O,>~ dimer, where more
energy levels are created, thus more chances for electrons to be
pumped and relaxed. The n value is slightly elevated, which is
in accordance with that of FYXM and FEM samples (Fig. S25).

2.4. Multi-functional bioapplications enabled by dimer
strategy

2.4.1. 808 nm excited upconversion tuning. The dimer
strategy not only enhances UCL efficiency but also extends
material functionality for multi-wavelength bioapplications.
Here, we report the observation of direct 808 nm excitation in
Mo0,> -doped FYEM without Nd** co-doping (Fig. 5a, S26).
Despite low Er** concentration, the Er**/Mo0,>~ dimer facili-
tates efficient SSU, achieving a 287-fold UCL amplification
compared with FYE. Furthermore, Nd*" was incorporated into
FYEM to form FNYEM, enabling stronger dual-wavelength exci-
tation. FNYEM exhibits strong UCL under both 808 nm and
980 nm (further elevating green UCL by 9 folds compared with
FYEM under 808 nm excitation), synergistically reducing over-
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heating risks while maintaining high performance, while
FNYE exhibits weak UCL under 980 nm and no emission
under 808 nm excitation (Fig. 5b, and $27-529).>° A signifi-
cantly prolonged rise time from 62 ps to 117 ps for *Hyy/, con-
firms the additional energy transfer process from Nd** towards
Yb** when compared with FYEM. Moreover, a high G/R ratio is
preserved, consistent with that of FYEM. This dual-excitation
capability establishes FNYEM as a versatile platform for deep-
tissue theranostics. Although 808 nm excitation minimizes
overheating risks,®> 980 nm excitation provides significantly
higher absolute UCL intensity in FYEM due to enhanced
energy transfer efficiency via Yb*" sensitization. Therefore, for
applications requiring maximal signal output (e.g., deep-tissue
imaging and thermometry), 980 nm excitation was prioritized
in subsequent experiments. Critically, the dimer strategy
enables flexible wavelength selection based on specific clinical
needs: 808 nm for prolonged in vivo safety, and 980 nm for
high-sensitivity detection.

1574 | Inorg. Chem. Front, 2026, 13, 1568-1579

2.4.2. NIR-II downconversion luminescence. Leveraging
the superior UCL intensity under 980 nm excitation, FYEM’s
NIR-II DCL was characterized at 980 nm to achieve maximal
penetration depth.*' The Ln**/M00,>~ dimer strategy unlocks
transformative multifunctionality, extending beyond UCL
enhancement to integrated theragnostic platforms. Electrons of
Er on “I,4, could relax to “I;3,, by MPR and thus emit 1530 nm
NIR-II emission when backing to ground state. In Fig. 5¢c we
tested the DCL of FYE and FYEM under 980 nm excitation in
the region of NIR-II. It could be noted that emission from
1450-1650 nm of FYEM slightly enhances by ~11% compared
with FYE, which is credited to the broadened energy levels in
Er*'/Mo0O,>~ dimer. We then examined downconversion
quantum yield (DCQY) in the range of 1450-1650 nm under
excitation of 980 nm, and the DCQY of FYEM was tested to be
4.87% (Fig. S29). The relatively high DCQY value enables FYEM
sample to act as compatible NIR-II bioimaging materials. The
DCL of FEM and FNM was studied as well in Fig. S30.
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2.4.3. High-sensitivity optical thermometry under physio-
logical temperature. Thermal sensing performance was evalu-
ated under 980 nm excitation to capitalize on FYEM’s highest
green UCL output, enabling precise fluorescence intensity
ratio (FIR) measurements.’”> Based on the thermally coupled
energy levels of *Hyy, and *S;, and the greatly enhanced
green UCL in FYEM and reported results, we measured UCL
spectra of FYEM at a temperature range from 283 to 323 K
with same excitation power (50 W em ™2, Fig. 5d). According to
the Boltzmann distribution law, the FIR values are well fitted
to the single-exponential fitting in Fig. 5e, with a correlation
coefficient R? of 99.8%. As depicted in Fig. 5f, we obtained the
maximal value of relative sensitivity (Sg) at 1.28% K~ (283 K),
which remains above 1% K™ until 318 K. Moreover, we
achieved an extremely high absolute sensitivity (S,) value, with
a minimal value at 0.87% K~ (283 K) and a maximal value at
1.04% K" (323 K). The S, value of our FYEM sample is one of
the highest values in similar UCL-based optical thermometers,
as listed in Table 2. These results indicate that the newly
created FYEM material has promising prospects as a candidate
for UCL-based optical thermometer utilized for temperature
sensing in biomedical applications.

2.4.4. Biocompatible dual-mode imaging. Fig. S31 depicts
the cell viability obtained by CCK-8 assay in order to analyze
the biocompatibility of FYEM samples by co-culturing with rat
osteoblasts. Notably, FYEM sample did not exhibit significant
negative effect on rat osteoblasts. Instead, on day 3, FYEM pro-
moted cell proliferation at a concentration of 50 pg mL ™" (*p <
0.05). It could be thus concluded that lanthanide/molybdate
co-doped FYEM material exhibited favorable cytocompatibility
without negative effects on cell growth and proliferation.

Then dual-mode imaging utilized 980 nm excitation for
both visible UCL and NIR-II DCL, ensuring consistent high-
intensity signals across modalities. The in vitro bioimaging of
FYEM (Fig. 5g) shows that the porcine skin with a thickness of
1.5 mm is lit up by green UCL of FYEM under 980 nm exci-
tation, suggesting a sufficient UCL intensity for intracutaneous

Table 2 Temperature sensing properties of common Yb**/Er**-doped
UCL optical thermometers

Excitation

wavelength SA@323 K
Materials (nm) (%K) Ref.
FYEM 980 1.04 This work
NaYF,:Yb*'/Er*'/Nd** 980 0.23 33
K;ZrF5:Yb*'/Er’* 980 0.23 34
NaGdF,:Yb*'/Er*'/Fe®" 980 0.27 35
Lag 6,Si6056.5:YD*'/Er*/ 980 0.31 36
H03+
Gd,Tes0;5:Yb*'/Er** 980 0.35 37
NaYTiOg:Yb*'/Er**/sc®” 980 0.36 38
Y,05:Yb*/Er** 980 0.47 39
Li,HfO;:Yb*'/Er** 980 0.58 40
YVO,:Yb*'/Er** 980 0.58 41
NaY(WO,),:Yb**/Er®* 980 0.66 42
Ca,MgWOg:Yb*' /Er** 980 0.76 43
HAp/B-TCP:Yb/Er/Mo/Sr 980 0.88 44
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bioimaging. Considering NIR-II DCL is more favorable in
deep-tissue bioimaging than visible UCL, the GelMA/FYEM
hydrogel is synthesized and placed subcutaneously (section
4.8). The NIR-II DCL of FYEM excited at 980 nm is successfully
observed by NIR-II imaging system (Fig. 5i), indicative of
remarkable deep-tissue imaging capacity. Conclusively, FYEM
proves to be a promising visible/NIR-II dual-mode bioimaging
material.

3. Conclusions

In this work, we have developed a universal MoO,* -doping
strategy to boost UCL in lanthanide-doped fluorapatite via 4d-
4f orbital hybridization. The formation of stable Ln**/M00,>~
dimer significantly enhances energy transfer efficiency, achiev-
ing remarkable UCL amplifications (UCQY = 0.004%).
Crucially, this mechanism is demonstrated for the first time in
self-sensitized systems (Er*‘/Nd**), overcoming traditional
reliance on Yb*" as sensitizer. The optimized material inte-
grates multifunctionality—including dual-wavelength exci-
tation (808/980 nm), NIR-II deep-tissue imaging (DCQY =
4.87%), and record-high temperature sensitivity (S = 1.04%
K '@323 K). This work establishes a versatile platform for
next-generation  deep-tissue  diagnostics, photothermal
therapy, and real-time physiological monitoring.

4. Methods

4.1. Materials

Ca(NOj3),-4H,0, NaOH and ethanol were obtained from Kelong
Chemical Reagents Company, China. Yb(NO;);-5H,0, Tm
(NO5);-6H,0, Ho(NO3);-5H,0, Er(NO;);-6H,0, Nd(NO;);-5H,0
and (NH,)sMo0,0,,-4H,0 were obtained from Macklin Co. Ltd,
Shanghai, China. NaF and (NH,),HPO, were obtained from
Aladdin Co. Ltd, Shanghai, China. All the chemical reagents
were of analytical grade and used without further purification.

4.2. Synthesis of FYX samples

The FAp:Yb/X (X = Er, Ho, or Tm) co-doped upconversion
fluorapatites (FYX) were hydrothermally synthesized based on
a previous method with some modification. Taking FYE as an
example, an aqueous solution of (NH,),HPO, and NaF was
added drop by drop into the mixture solution of Ca(NO3),, Yb
(NO3);, Er(NO3); under vigorous stirring. The molar concen-
trations of Yb®" and Er*" ions relative to Ca®>" ions were set at
10:0.5:89.5 (Table S1), and the ratio of [(Ca + Ln)/P] was kept
constant at 1.67. The 1 M NaOH stock solution was added
drop by drop to maintain the pH at 9-10. The solution was
further stirred for 30 min to obtain a white slurry. The slurry
was then transferred into a 100 mL Teflon-lined autoclave and
hydrothermally treated at 180 °C for 6 h. The obtained precipi-
tates were centrifuged (5 min at 2700g) and fully washed with
deionized water and ethanol for three times. Finally, samples
were fully lyophilized, ground into white powder and sintered
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at 900 °C for 2 h to activate the upconversion luminescence.
Other Mo-free FYX samples were synthesized in a similar
pattern.

4.3. Synthesis of Mo-doped FYXM samples

Yb/X/Mo (X = Er, Ho, or Tm) tri-doped fluorapatites were syn-
thesized with MoO,>~ partially substituting PO,*", lanthanide
partially substituting Ca®" in a similar approach according to
our previous research. The molar ratio of Yb*" and Tm**/Ho?"/
Er*" was set to be 20:0.1, 10:0.1, and 10: 0.5, respectively,*’
keeping a constant [(Ca + Ln)/(P + Mo)] molar ratio of 1.67
(Table S1). Samples were then collected and sintered as men-
tioned above. For the sake of brevity, FYTM8, FYHM10 and
FYEM15 samples with optimal UCL properties were designated
FYTM, FYHM and FYEM in the following sections if not
specified.

The self-sensitized Er*/Mo0,>~, Nd*'/Mo0,*~, or Nd*'/
Yb**/Er**/M00,>~ co-doped fluorapatite materials were syn-
thesized by similar means and were designated FNYEM, FEM,
FNM respectively (Table S2).

4.4. Characterization

The phase composition of all samples was tested by X-ray diffr-
action (XRD) PANalytical Empyrean equipment (U.K.) in the 26
range from 20° to 70° with Cu Ka radiation (A = 1.5406 A).
TG-DSC curves were obtained in air by using Netzsch STA449
F3 Jupiter (Germany). The morphology of particles was
observed by scanning electron microscopy (SEM) of Thermo
Fisher Scientific Apreo 2C (U.S.) and transmission electron
microscopy (TEM) using JEM-F200, JEOL (Japan). The ratio of
ions was tested by inductively coupled plasma-mass spec-
trometry (ICP-MS) of Agilent 7800 (U.S.). The Fourier transform
infrared (FTIR) spectra were conducted from Thermo Fisher
Nicolet (U.S.) with a wavenumber range of 400-3000 cm .
UV-Vis-NIR diffuse reflectance spectra (UV-Vis-NIR DRS) were
conducted using Shimadzu UV 3600 (Japan). The dynamic
light scattering (DLS) was tested using Litesizer 500, Anton
Paar (Australia), by dispersing samples in ethanol. The X-ray
photoelectron spectroscopy (XPS) was recorded by Thermo
Fisher Scientific K-Alpha (U.S.). The photoluminescence (PL)
excitation/emission spectra were performed by using Horiba
JobinYvon Fluorologs-3 spectrofluorometer (Japan) with an
external 808/980 diode laser (MDL-III-808/MDL-H-980) for
upconversion, or Xenon lamp for downconversion as the exci-
tation source with appropriate optical filter. All UCPL spectra
were obtained with an excitation power ranging from 0.3-1.5
W based on relative intensity of samples and an integration
time no more than 0.5 s, with a 700 nm short-pass optical
filter. Diode lasers and optical filters were obtained from
Changchun New Industries Optoelectronics Technology Co.,
Ltd, China. Fluorescence lifetime was measured with appropri-
ate excitation source and a picosecond photon detection
module (PPD-850) as the detector. Upconversion quantum
yield (UCQY) was studied using ATP65, OPTOSKY (China),
excited by 980 nm diode laser at ~50 W cm ™. Downconversion
quantum yield (DCQY) was tested by Fluorolog-QM, Horiba
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(Japan). All tests were conducted under room temperature
without further clarification. The photothermal performance
was recorded with a PTi120 thermal camera, Fluke (U.S.).

4.5. Upconversion luminescence lifetime study

The time dependence of the UCL intensity in the decay phase
could be described as

t t
I(t):10+Alexp<f—)++A2exp<f—>+.,. 1)
Td1 Td2
where A is a fitting parameter and I, is the offset parameter. z4;
is an exponential component of decay time, and the average
decay time is expressed as

ZA'Td'Z
Tdecay — ﬁ (2)

In order to assess the rise phase, the rise time 7g is
defined as the time needed to reach up to (1 — € )0y, Where
Iinax 1s set 1000, 2000 or 10 000 according to the UCL intensity
of each sample.*®

4.6. Temperature-dependent upconversion luminescence
study

According to the Boltzmann distribution law, the FIR can be
expressed as

550

Isyo AE
FIR=2-8B -=
F exp( kBT) (3)

where Is,, and Is5, are the peak emission intensities for *Hy1s
and “S;,,, and AE is the energy gap between them. B, ks and T
correspond to constant, Boltzmann constant, and the absolute
temperature, respectively. Sensitivity is a key parameter to
assess the performance of an optical thermometer. The absol-
ute sensitivity (S,) and relative sensitivity (Sg) are calculated
according to the following equations:*>

g _dFR o AE @)

AT AT T ke T2

1 dFIR AE
== % 100% = 100 5
RTER dT % keT? % (5)

4.7. Cytocompatibility assay

To evaluate the cytocompatibility of lanthanide/molybdate co-
doped samples, rat osteoblasts were cocultured with FYEM
nanoparticles in various concentrations (0, 50, 100, and 200 pg
mL™"). The cells were cultured in minimum essential
medium-alpha modification («-MEM, GIBCO, USA) sup-
plemented with 10% newborn bovine calf serum (NBCS,
GIBCO, USA) and 1% penicillin-streptomycin solution (100 U
mL™", GIBCO). The cells were incubated at 37 °C under con-
ditions of 5% carbon dioxide and 90% humidity. Cell prolifer-
ation was then assessed by using a CCK-8 kit (APExBIO, USA),
on days 1, 3, and 7.
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4.8. Invitro and in vivo imaging

In vitro imaging in the region of visible light was conducted by
placing FYEM sample under a piece of porcine skin with a
thickness of 1.5 mm. A cellphone (Xiaomi 11 Pro, China) was
used with an 850 nm short-pass optical filter to record the
emitted green upconversion luminescence of FYEM under
980 nm excitation. The NIR-II DC luminescence was imaged
using a Series III 800 NIR-II imaging system (Suzhou
NIR-Optics Technologies Co., Ltd, China), with a 1300 nm
long-pass optical filter. FAp, FYE, and FYEM samples were
placed in centrifuge tubes and their NIR-II luminescence was
observed under 980 nm excitation with pumping power at 1 W
and acquisition time at 20 ms.

In order to immobilize FYEM powder during in vivo
imaging experiment, the sample is mixed with GeIMA hydro-
gel. The synthesis of GeIMA hydrogel is given elsewhere.’” The
GelMA/FYEM hydrogel was cured under UV lamp in a circular
mold and then implanted subcutaneously in an 8-week
Sprague-Dawley (SD) rat to demonstrate the ability of NIR-II
bioimaging capacity in subcutaneous tissue with an average
tissue thickness at about 3 mm. All animal experiments were
approved by the Research Ethics Committee of West China
Hospital of Stomatology (No. WCHSIRB-D-2024-744). All pro-
cedures were carried out following the ARRIVE guidelines and
related principles of the care and use of laboratory animals.
The NIR-II fluorescence was collected by the same NIR-II
imaging system with pumping power at 3 W and acquisition
time at 200 ms.

4.9. Theoretical calculation

All of the calculations are performed in the framework of the
spin-polarized density functional theory with the projector
augmented plane-wave method, as implemented in the Vienna
ab initio simulation package (VASP).*®*° The generalized gradi-
ent approximation (GGA) proposed by Perdew, Burke, and
Ernzerhof (PBE) is selected for the exchange-correlation
potential.>®>' The long-range van der Waals interaction is
described by the DFT-D3 approach.>” DFT+U method with the
effective U value of 3.5 eV and 6 eV has been used to correct
the influence of 4d electrons of Mo and Yb atoms. The cut-off
energy for plane wave is set to 480 eV. The energy criterion is
set to 107" eV in iterative solution of the Kohn-Sham equation.
All the structures are relaxed until the residual forces on the
atoms have declined to less than 0.02 eV A™'. Data analysis
and visualization are carried out with the help of VASPKIT>
code and VESTA.’* To avoid interlaminar interactions, a
vacuum spacing of 20 A is applied perpendicular to the slab.
The formation energy Efom, is expressed as

Eform - Edefect - Eperfect - EYb + ECa (6)

where Egefect and Eperfece are the energy with and without the
defect. Ec, and Ey;, are the chemical potentials of Ca and Yb,
respectively.
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4.10. Statistical analysis

Quantitative data were presented as mean + standard deviation
(SD) value. Data from different groups were statistically com-
pared via one-way analysis of variance (ANOVA). The level of
significance was set as *p < 0.05, **p < 0.01, ***p < 0.001, ***p
< 0.0001.
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