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ABSTRACT: Nanosensitizers having long-lived upconversion emis-
sion under near-infrared (NIR) excitation offer unique advantages in
terms of reduced background noise and prolonged signal detection for
deep tissue therapy of cancer. Herein, we demonstrate a systematic
mechanism of energy migration toward achieving long-lived Mn**
upconversion emission in the multilayered core—shell—shell lattice of
NaGdF,:Yb*, Tm?*,Ca>*/NaGdF,:Yb**,Ca®*/NaGdF,:Mn** upcon-
version nanoparticles (NPs), following the Yb** — Tm* — Gd**
— Mn®" intermetal ions energy transfer pathway. Furthermore, a
rational design of nanosensitizer was achieved by incorporating Er**
ions into the intermediate shell of multishell NPs, which was
subsequently conjugated with the Rose Bengal sensitizer to enable
the enhancement in singlet molecular oxygen ('O,) generation under
excitation of a 980 nm NIR laser. An intense higher-energy emission in the UV—blue visible region from Tm?" was achieved by
optimizing the amount of Ca*" in the core—shell NPs, followed by subsequent energy migration to the Mn®* ion incorporated at the
outer shell. The Mn>" ions were strategically doped in the outer shell of NPs to leverage the catalytic activities of Mn** for H,0,
decomposition and decrease the backward energy transfer to the Tm>* ion. Hence, this approach resulted in a long lifetime of Mn?*
(~34 ms), attributed to the spin-forbidden 4T1g - 6A1g transition within 3d> configuration. Additionally, the nanosensitizer
demonstrated high 'O, (~0.39 uM) generation even at a very low concentration (5 ug/mL) under a laser power of 2 mW cm ™2 The
hydrogenase-like catalytic activities of Mn* exhibited significant oxygen production through decomposition of H,0,. Hence, these
findings might contribute to the development of convenient multifunctional nanosensitizers for multimodal bioimaging and
therapeutic features, including efficient 'O, generation and catalytic decomposition of H,0, (found excessively in a tumor
environment) to oxygen for alleviating the hypoxia.

2Mn2*+ 2H,0, — 2Mn** + 20H~

2Mn3* + 2H,0, +20H" - 2Mn?*+05 + 2H,0
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1. INTRODUCTION doped upconversion nanomaterials hold great promise due to
their unique photoluminescence (PL) properties, i.e., plentiful
energy states, background-free detection owing to a large anti-
Stokes shifts, dopant-dependent multicolor emission, excellent
photostability without bleaching and blinking, a multitude of
sharp emissions in the UV—visible and near-infrared (NIR)
regions, and long luminescence lifetimes.>**™'7 Thus, photon
upconversion in lanthanide-doped nanomaterials by combining
two or more than two lower-energy optical photons into single

Singlet molecular oxygen ('O,) has sparked a great deal of
interest in the scientific community owing to a wide range of
applications, including cancer therapeutics, smart drug
delivery, biomaterials modification, and antiparasitic and
antimicrobial therapy.'~” Since the direct excitation of oxygen
from the triplet ground state to the singlet excited state is spin-
forbidden (*0, — 'O,), various extended conjugated 7-
electronic systems containing organic or metalorganic photo-
sensitizers are used to produce 'O,.'”> However, they are

usually excited by UV-—visible light,”® and the effective Received: July 26, 2024 .
penetration of UV—visible light to deep tissues and solid Revised:  August 22, 2024 |
tumors is significantly hindered due to the insufficient Accepted:  August 27, 2024

transmission and high scattering and absorption of light by Published: September 3, 2024

biomolecules, thus impeding the lethality of photodynamic
therapy (PDT).">®* For this purpose, lanthanide (Ln")-
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Scheme 1. Rational Design and Fabrication of NaGdF,:Yb*",Tm**,Ca®>"/NaGdF,:Yb**,Ca**/NaGdF,:Mn>* Multilayered Core—
Shell—Shell NPs, including Ligand Replacement of OA by BF; Followed by PEI, and the Development of the Nanosensitizer
for Efficient 'O, Generation (a); Schematic Illustration (Left) and Proposed Energy Transfer Mechanism (Right) toward

Long-Lived Mn?* Upconversion Emission in the Core—Shell—Shell Lattice of NPs Involving the Yb** — Tm?** — Gd** — Mn**
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“The energy transfer mechanism reveals that upon irradiation at around 980 nm, Yb** ions are excited from the ground state to an excited state.
The excited Yb** ions then transfer energy to Tm®" ions, followed by transferring it to the Gd** mediator. Finally, the energy is transferred from
Gd* to Mn** ions strategically doped in the outer shell. The multilayered core—shell—shell regions are highlighted with blue—gray—green colors,
respectively. Abbreviations: RB (Rose Bengal); EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide); and NHS (N-hydroxy succinimide).

higher-energy photon offers superior advantages owning to the
remarkable features of deep tissue penetration through the
NIR optical transparent biological window and negligible
autofluorescence background.’™®

Furthermore, upconversion luminescence provides a more
efficient approach to mitigating the photo damages inflicted on
the biological tissues when compared to downconversion
luminescence.>”’ Among the trivalent lanthanide ions, Ho®*,
Er’*, and Tm>* have been widely studied as excellent activators
along with Yb** and Nd*' ions as sensitizers for the
upconversion process.s_g’”’m_16 Moreover, lanthanide-based
upconversion materials exhibit ladder-like energy levels,
displaying multiple emissions ranging from UV-—visible to
NIR regions.”'® These emissions can be strategically aligned
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with the excitation state of the molecular acceptor, thus
potentially transferring the energy from NPs to the molecular
sensitizer.”

Nanosensitizers having long-lived emissions offer multiple
benefits in biomedical applications. For instance, they allow
one to collect the signal/data over a longer time frame, thus
improving the signal-to-noise ratio and preventing autofluor-
escence. They enable highly precise monitoring of the cellular
process, assessing metabolic activities, and tracking of drug and
biodistribution within the body.'”'® Recent studies suggest
that Mn>" ions exhibit longer lifetime upconversion emission
than the Ln®" ions owing to the spin-forbidden optical
transition within 3d° conﬁguration.ls’16 Therefore, the
incorporation of Mn?* ions into NPs is particularly appealing

https://doi.org/10.1021/acsanm.4c04307
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Table 1. Samples Reference Table: Names and Labels

sample names

NaGdF,:Yb**, Tm*,Ca®*/NaGdF,:Yb*",Ca?*

NaGdF,:Yb*, Tm?",Ca?*/NaGdF,:Yb**,Ca** /NaGdF ;:xCa?*,Mn** (x: 0, 12, 24, 36, 48, 60, and 70 mol %)

NaGdF,:Yb*, Tm?",Ca?*/NaGdF,:Yb**,Ca*"/NaGdF:Mn**
NaGdF,:Yb*, Tm?*",Ca?*/NaGdF,:Yb**,Ca*"/CaF,:Mn**
NaGdF,:Yb*, Tm?",Ca?*/NaGdF,: Yb> Er*,Ca®*

NaGdF,:Yb*, Tm?*",Ca?*/NaGdF,:Yb**,Er**,Ca’* /NaGdF,
NaGdF,:Yb*", Tm*,Ca?*/NaGdF,:Yb*" Er’*,Ca’*/NaGdF,:Mn**
NaGdF,:Yb*, Tm?",Ca?*/NaGdF,:Yb**,Er**,Ca**/CaF,:Mn?*

labels

UCNPs

UCNPs/NaGdF ;:xCa?*,Mn**
UCNPs/NaGdF,:Mn**
UCNPs/CaF,:Mn**
UCNPs:Er**
UCNPs:Er**/NaGdF,
UCNPs:Er**/NaGdF,:Mn**
UCNPs:Er**/CaF,:Mn?*

Figure 1. High-resolution TEM images and the corresponding size distribution histogram of UCNPs: NaGdF,:Yb*", Tm*,Ca®* core (ab),
UCNPs:Er** core—shell NPs (c,d), and UCNPs:Er**/NaGdF, core—shell—shell NPs (e—h). HAADF STEM image (gh) and line scan, displaying
the chemical composition plot along the scan (i), and EDS mapping of UCNPs:Er**/NaGdF, core—shell—shell NPs.

for a broad range of biological applications. Additionally, Mn**
ions also facilitate the decomposition of hydrogen peroxide
(H,0,) into oxygen and water'” by a Fenton-like mecha-
nism.””’ The excessive consumption of oxygen and vascular
shutdown during PDT, along with compromised micro-
circulation and reduced perfusion, lead to hypoxia, which
diminishes the therapeutic efficacy and hinders the full
therapeutic response.”® Therefore, the hydrogenase-like
catalytic property of Mn*" ions may help relieve the hypoxia

by breaking down H,0, into oxygen, which is present in
excessive amounts in the tumor microenvironment.”*
Therefore, this work presents a systematic approach for the
rational design and development of a core—shell—shell
luminescent nanosensitizer based on NaGd-
F,:Yb**, Tm?®**,Ca®*/NaGdF,:Yb**,Ca®*/NaGdF,:Mn?**
(Scheme 1) NPs with long-lived Mn*" upconversion emission
and enhanced 'O, generation. In this context, the Tm*" ion
was artfully introduced into the core of core—shell—shell NPs,
whereas the Mn®" ion was incorporated into the outer shell to

https://doi.org/10.1021/acsanm.4c04307
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Figure 2. Normalized Gd Ly-edge (7243 eV) XANES spectra (a), with the k*-weighted EXAFS signals (left) and the respective Fourier transforms
(right) with best fits at the Gd L;-edge (7243 eV), showing both the amplitude and the real parts of the Fourier transforms of y(k) and fits for the
NaGdF,:Yb*, Tm>*,Ca®>* core, UCNPs:Er**, and UCNPs/NaGdF;Mn** (b,c), as well as UCNPs:Er’**/NaGdF,:Mn>* and UCNPs:Er**/
CaF,:Mn*" (e,f) nanomaterials. The three-dimensional crystallographic structure (d) of all these nanomaterials.

achieve its long-lived upconversion emission and hydrogenase-
like catalytic properties. An intermediate mediator active shell
was grown to attain maximum energy transfer of Yb** — Tm®*
and prevent backward energy transfer from the Mn*" to Tm?"
ions. The NPs exhibited a broad range of multicolored
emissions across the UV—visible region. The emission spectra
of NPs were fine-tuned to coincide with the absorption spectra
of Rose Bengal (RB) through the incorporation of Er’* ions at
the inner shell of nanocrystals, thereby facilitating the
architecting of RB-conjugated nanosensitizer for 'O, gener-
ation.

2. RESULTS AND DISCUSSION

The rational design of core—shell—shell NPs (Scheme la)
featuring efficient long-lived Mn®* emission was accomplished
by energy migration from the Tm®" doped in the core to the
Mn?* photoemitter in the outer shell, using Gd** as a
mediator'*'¢ (Scheme 1b). To validate the hypothesis, we
initially synthesized the NaGdF,:Yb**,Tm**,Ca** core nano-
materials, followed by surface passivation with the NaGd-
F,:Yb**,Ca®* layer to produce the NaGdF,:Yb*,Tm*,Ca/
NaGdF,:Yb**,Ca*" core—shell NPs. The core—shell NPs were
subsequently further coated with a series of NaGdF, matrices
doped with a fixed concentration of Mn** (30 mol %) with
varying amounts of xCa" ions (x = 0, 12, 24, 36, 48, 60, and
70 mol %), respectively, resulting in multilayered NaGd-
F,:Yb**, Tm**,Ca®*/NaGdF,:Yb**,Ca’>*/NaGdF,:xCa®*,Mn**
(x: 0, 12, 24, 36, 48, 60, and 70 mol %) NPs.

In order to diversify the upconversion emission, an Er’*
activator was incorporated into the intermediate layer to
produce NaGdF,:Yb**,Tm?*,Ca®*/NaGdF,:Yb*" Er**,Ca*,
which was subsequently passivated with outer layers of
NaGdF,:Mn?* and CaF,:Mn**, yielding NaGd-
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F,:Yb**, Tm>*,Ca’*/NaGdF,:Yb** Er’*,Ca®>*/NaGdF,:Mn**
and NaGdF,:Yb**, Tm3*,Ca®*/NaGdF,:Yb** Er®*,Ca**/
CaF,:Mn** core—shell—shell NPs, respectively. The obtained
series of upconversion materials were labeled as per the
following Table 1 for ease of reference, which is consistently
used throughout the article. It is noteworthy that the amount
of Mn?* is kept constant at 30%; therefore, Mn®* ions are
mentioned in all of the formulas without specifying its
concentration each time.

To develop luminescent nanosensitizers (Scheme 1la),
UCNPs:Er**/NaGdF,:Mn** and UCNPs:Er**/NaGdF, NPs
were rendered water-soluble by ligand exchange. This
procedure involved treating with nitronium tetrafluoroborate
(NO,BF,), followed by overcoating with polyethyleneimine
(PEL), resulting in NPs-PEL The NPs-PEI were subsequently
conjugated with RB to produce UCNPs-PEI-RB, which was
verified via Fourier transform infrared (FTIR) spectroscopy
analysis (Figure S1).

The X-ray diffraction (XRD) patterns of the obtained
UCNBPs (Figure S2) exhibited similar diffraction peaks to those
reported for NaGdF,:Yb*" Er** by our research group.''
Besides, UCNPs/NaGdF,:xCa?*Mn?* (x = 12, 24, and 36
mol %) (Figure S3) experienced no observable phase
transformation in the XRD patterns after doping the outer
shell with Ca up to 36%. However, characteristic diffraction
patterns corresponding to CaF, appeared in the XRD data of
UCNPs/NaGdF,: xCa**,Mn*" (x = 48, 60, and 70 mol %),
following an increase in the amount of Ca above 48%,
indicating the successful passivation of core—shell NPs by
CaF, in the UCNPs/CaF,:Mn** (Figure S3). The XRD
patterns of CaF, exhibited a fluorite-type cubic structure,
where Ca is located at the cubic closed packed (ccp) sites and
F atoms occupy all the tetrahedral interstitial sites with the
Fm3m space group (JCPDS: 35-0816).”"

https://doi.org/10.1021/acsanm.4c04307
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Table 2. EXAFS Fitting Parameters, Including the Coordination Number (N), Mean Coordination Shell Radii (R), Mean
Square Relative Displacements or Debye—Waller Factor (6%), Amplitude Reduction Factor (S}), Photoelectron Energy (E,),
and Goodness of Fit (R,,,) for the Core, Core—Shell, and Core—Shell—Shell UCNPs

material bond type N R (A) o (A?) s? E, (eV) Riyctor
NaGdF,:Yb*, Tm*",Ca®* Gd-F 3 2.237 + 0.017 0.0058 + 0.0032 1 0.065 0.0036
Gd-F 3 2.331 + 0.018 0.0031 + 0.0009 1 0.065 0.0036

Gd-F 3 2401 + 0.018 0.0031 + 0.0009 1 0.065 0.0036

UCNPs:Er** Gd-F 3 2.256 + 0.029 0.0105 + 0.0063 1 0.065 0.0032
Gd-F 3 2.315 + 0.032 0.0040 + 0.0010 1 0.065 0.0032

Gd-F 3 2401 + 0.032 0.0040 + 0.0010 1 0.065 0.0032

UCNPs/NaGdF;:Mn** Gd-F 3 2239 + 0.018 0.0068 + 0.0035 1 0.065 0.0038
Gd-F 3 2.333 + 0.019 0.0034 + 0.0009 1 0.065 0.0038

Gd-F 3 2.402 + 0.019 0.0034 + 0.0009 1 0.065 0.0038

UCNPs:Er**/NaGdF,:Mn** Gd-F 3 2.288 + 0.046 0.0216 + 0.0097 1 0.065 0.0042
Gd-F 3 2.340 + 0.017 0.0089 + 0.0013 1 0.065 0.0042

Gd-F 3 2.382 + 0.017 0.0089 =+ 0.0013 1 0.065 0.0042

UCNPs:Er**/CaF,:Mn* Gd-F 3 2217 + 0.012 0.0081 + 0.0029 1 0.065 0.0057
Gd-F 3 2.371 + 0.012 0.0050 =+ 0.0011 1 0.065 0.0057

Gd-F 3 2401 + 0.012 0.0050 =+ 0.0011 1 0.065 0.0057

The transmission electron microscopy (TEM) images
revealed that the NaGdF,:Yb*', Tm*',Ca®* is composed of
spherical and nearly uniform NPs (Figure lab) with an
average diameter of 10.84 + 0.41 nm. However, after growing
a NaGdF,:Yb3* Er’*,Ca’* shell over the NaGd-
F,:Yb* Tm3*,Ca®>* core, the obtained UCNPs:Er** core—
shell NPs exhibited spherical and monodisperse features
(Figure 1c,d) with an average size of 22.13 + 0.95 nm,
suggesting the formation of core—shell NPs. Interestingly, the
TEM analysis revealed a beautiful daisy flower-like morphology
for the UCNPs:Er’*/NaGdF, NPs (Figure le—h) with an
average size of 69.22 + 2.07 nm. The emergence of these
unique morphologies, even under identical conditions, was
unexpected and remains unclear. However, after doping the
outer shell of UCNPs:Er**/NaGdF, NPs with 30% Mn?>*, a
notable reduction in the size of UCNPs:Er**/NaGdF,:Mn?*
(Figure S4) was observed, displaying an average diameter of
56.96 + 1.81 nm (Figure S4).

The chemical composition of the NPs was probed by
energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping (Figure 1), with bright field (BF) and high-angle annular
dark field (HAADF) in the scanning transmission electron
microscopy (STEM) mode, using a state-of-the-art high-
resolution TEM-Titan Themis Cube microscope. The
elemental mapping validated the uniform localization of all
of the elements (F, Na, Ca, Gd, Er, Tm, and Yb) for the
UCNPs:Er**/NaGdF, core—shell—shell NPs (Figure 1). A
similar elemental composition was also validated by the
selective line scan of the HADDF image, as depicted in the
elemental composition’s plot (Figure 1i). Furthermore, the BF
and HAADF images of UCNPs:Er**/CaF,:Mn*" NPs (Figure
SS) presented comparatively smaller and spherical morphology
with an average diameter of 22.67 + 71 nm. However, the
elemental mapping and specific area line scan also localized the
uniform distribution of all the elements (F, Na, Ca, Mn, Gd,
Er, Tm, and Yb) in the lattice of the core—shell—shell NPs.

2.1. Probing the Local Atomic Structure of Nano-
sensitizers by X-ray Absorption Fine Structure. The Gd
Ls-edge (7243 eV) X-ray absorption near-edge spectroscopy
(XANES) spectra of the upconversion nanomaterials man-
ifested a high-intensity white line peak at ~7249 eV, from the
2p;, initial state to the 5d final state electronic transition of

the trivalent Gd** ion (Figure 2a). It is hypothesized that the
total area under the white line peak for the Gd L3—ed%e
spectrum represents the number of empty 5d states.”””’
Therefore, the NPs exhibited a white line peak area
approximately similar to that of the Gd,0; reference material,
suggesting a comparable electronic configuration and con-
sequential empty 5d levels (Figure 2a). However, the change in
the postedge region of the upconversion nanomaterials,
especially the broad peak in the energy range of 7270—7300
eV, corresponds to the first extended X-ray absorption fine
structure (EXAFS) oscillation, which originates from the single
scattering contribution of nearest neighboring atoms. This
manifests different local chemical environments for the core
and core—shell NPs when compared to the reference Gd,0;.
Nevertheless, the overall similarity in the postedge features of
the core and core—shell upconversion nanomaterials validates
the similar local geometry of the trivalent Gd** ion, as
expected.

2.1.1. Quantitative EXAFS Analysis. The inclusive insights
into the local atomic structure of the core and core—shell—
shell upconversion nanomaterials were gained by a quantitative
nonlinear fit to their Gd Lj-edge (7243 eV) EXAFS data
(Section S8), using Artemis from the Demeter”" package. The
fit was performed in R-space, using a previously reported
hexagonal crystal structure of the A-NaGdF, with Ilattice
parameters of a = b = 6.0304 A and ¢ = 6.9957 A and a space
group of P6(174) to derive the effective backscattering
amplitudes and phase shifts in Artemis, resulting in the
generation of various scattering paths (eq S1). The
experimental EXAFS data, spanning an R-space interval from
1.0 to 2.9 A with the Hanning window and a k range of 3—11.3
A7, were used in the best fit analyses. The initial three high-
ranking single scattering paths of Gd—F bond pairs were
included in the fit. The passive electrons reduction factor Sj
and energy shift E, were set similar and constrained for all the
paths in the fit of all the NPs, whereas the mean square relative
displacement ¢* and interatomic distance R were refined
relatively to get the best fit result.

The quantitative Gd L;-edge EXAFS analyses manifested
similar experimental and theoretical k*-weighted EXAFS
signals (Figure 2b,e), indicating a similar local structure for
the NaGdF,:Yb**, Tm>*",Ca** core, core—shell, and core-

https://doi.org/10.1021/acsanm.4c04307
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Figure 3. Overview of PL spectra of NaGdF,:Yb**, Tm?*, NaGdF,:Yb**,Tm?*,Ca®>* core, NaGdF,:Yb**, Tm*",Ca**/NaGdF,, and
NaGdF,:Yb*, Tm*,Ca**/NaGdF,:Yb*,Ca*" core—shell NPs (a) and UCNPs/NaGdF,:xCa**,Mn?* (b). Illustration of decay curves of UCNPs/
NaGdF,, UCNPs/CaF,:Mn**, and UCNPs/NaGdF,:Mn>* recorded at 311 nm from Gd*" emission (c) and UCNPs/NaGdF,:xCa,Mn** recorded
at 528 nm from Mn”* emission (d). Visualization of green emission from Mn*" (figure b inset): the main spot consisting of Tm*" and Mn**
emissions as well as a tail originating from Mn?>* emission and the afterglow of Mn**.

multishell NPs. The Fourier transform of the Gd L;-edge
EXAFS data (Figure 2cf) displayed a dominant peak
corresponding to the Gd—F bond pairs. The best fit results
revealed nine backscattering fluorine atoms (Table 2),
including the first three single scattering paths (1.0-3.9 A)
around the Gd absorbing atom, thus confirming the hexagonal
local crystal lattice of -NaGd/REF, for all core and core-
multishell NPs (Figure 2d).

It is noteworthy that the interatomic distances of the Gd—F
bonds in NP lattices remained largely unchanged, with only
slight fluctuation in values among the core—shell NPs (Table
2). This consistency is due to the similar size of RE** ions
substituting for the Gd** sites. However, values of 6> (Debye—
Waller factors) were increased for UCNPs:Er®*, UCNPs/
NaGdF,:Mn**, UCNPs:Er**/NaGdF,:Mn**, and UCNPs:-
Er’*/CaF,:Mn?>" compared to those for NaGd-
F,:Yb*, Tm?',Ca®, suggesting an introduction of structural
disorder in the hexagonal f-NaGd/REF, lattice following the
deposition of the additional shell and doping with Mn>* and
Ca®" ions. Furthermore, Mn K-edge (6539 eV) XAFS data
(Figure S6) of the UCNPs:Er’*/NaGdF,:Mn*" revealed mixed
occupancy of Mn**/Gd** at the cation sites in the f-NaGd/
REF, lattice. The slight shift toward a lower interatomic
distance of Mn—F than that of Gd—F is attributed to the
smaller ionic radius of Mn*" relative to that of the Gd** ions.
The Mn K-edge XAFS data (Figure S6) of the UCNPs:Er**/
CaF,:Mn** clearly demonstrated that Mn** occupies two
different sites, likely within the A-NaGd/REF, and CaF,
lattices. Nevertheless, it can be deduced from the quantitative
XAFS analysis that the Gd*" is located in the hexagonal f3-
NaGdF, lattice for the core and bilayer/multilayer core—shell
NPs, irrespective of additional surface coating, whereas Mn?
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occupies two different local sites in the core—multishell lattice
of the UCNPs:Er**/CaF,:Mn>" NPs.

2.2. PL Study. In this study, we devised a strategy of energy
migration involving Yb** - Tm*" — Gd** — Mn*" to achieve
long-lived Mn>* upconversion emission in core—multishell
nanocrystals. For this purpose, Tm*" ions were used as photon
emitters, which provided multiple emissions paths ranging
from the UV to visible wavelengths, and the Gd matrix was
employed as an energy mediator'>'® because of its ability to
exhibit emission peaks around 311 nm. The energy of the
excited state of the Gd** ion was subsequently transferred to
Mn** emitter ions via an energy migration mechanism.' "¢
Gd** upconversion emission (~311 nm, °P,, — %S,,) was
achieved by strategically designing and regulating the
composition of NaGdF,:Yb*, Tm?*,Ca®*/NaGdF,:Yb*",Ca®"
through the incorporation of the Ca** (10%) in the core and
shell of NPs, leading to a significant increase in Gd*" emission
intensity compared to that of NaGdF,:Yb*",Tm** NCs (Figure
3a). The PL spectrum of NaGdF,:Yb**,Tm*" (Figure 3a, black
line) exhibited a dominant emission peak at ~475 nm assigned
to the 'G, — *Hy transition of the Tm>" ion, as well as lower
emission intensity bands at 363 nm ('D, — *Hg), 454 nm ('D,
— °F,), 646 nm ('G, — °F,), and 696 nm (°F,; — °Hj).
However, the emission intensity of bands at 345, 363, and 454
nm experienced a significant increase in NaGd-
F,:Yb*", Tm*,Ca®* (Figure 3a, blue line) following the
incorporation of Ca®>* when compared to those observed in
the NaGdF,:Yb**, Tm’* nanomaterial (Figure 3a, black line). It
is known that the mechanism governing the excited-state
population and transition probabilities in rare earth materials
are greatly influenced by the choice of the host matrix and the
crystal field effect, favoring certain emission bands over the
other. Therefore, the optimal enhancement of luminescence
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Figure 4. Phosphorescence spectra of 'O, generated by UCNPs/PEI-RB and UCNPs:Mn**/PEI-RB: (a) comparative analysis of current density/
signal associated with monomolecular oxygen at 1273 nm produced by RB/PEI-capped UCNPs:Er**/NaGdF, and RB/PEI-capped UCNPs:Er**/
NaGdF,:Mn** (b), increase in signal intensity with the increase in the concentration of the nanosensitizer (c), and cyclic voltammetry response to
H,0, decomposition by the peroxidase-like catalytic properties of Mn** and production of molecular oxygen using UCNPs:Er**/NaGdF,:Mn**

NPs (d).

intensity in the UV—vis region was achieved by incorporating
10% Ca’" in the core and shell of UCNPs (Figure 3a). Thus,
the changes in the chemical environment at around Tm?>" ions,
induced by Ca through the crystal field modification, lattice
distortion, or defect reduction, might be responsible for the
alteration in emission spectral profiles.”

Additionally, the upconversion emission intensity was
enhanced especially in the UV region after cladding the
NaGdF,:Yb**, Tm3*,Ca** core by the NaGF,:Yb*>",Ca** shell
(Figure 3a, red line). This optical feature can be attributed to
an additional energy transfer from the Yb>" sensitizer”” to the
Tm*" ion as well as a decrease of the luminescence quenching
by surface defects. It is because a higher amount of Yb** leads
to increased cross-section absorption per particle, hence
facilitating an enhanced energy transfer between Yb** and
Tm®" ions. The excited photons in the higher levels of Tm®* in
the NaGdF,:Yb**,Tm>*,Ca®*/NaGdF,:Yb*",Ca®* core—shell
were subsequently migrated to Mn’* ions through the Gd
mediator in NaGdF,:Yb**, Tm?*,Ca®*/NaGdF,:Yb**,Ca**/
NaGdF,:Mn** core—shell-shell NPs (Figure 3b). The
emission profile of resulting NPs exhibited a broad emission
band ranging from 500 to 600 nm, which was attributed to the
radiative intraconfigurational 3d* transition of Mn*" [*T,(*G)
— A;(°S)].”° The intense green afterglow of Mn>* can be
visualized by the naked eye after the Tm®* emission is ceased
(Video S1 and inset of Figure 3b), which is consistent with the
previously reported findings.'>'® The phenomenon of energy
migration to Mn®* ions was accompanied by a significant
decrease in the decay lifetime of Gd (311 nm, °P,, — %S, ,)
(Figure 3c), suggesting the role of Gd®" ions as a mediator.
The energy transfer efficiency from Gd** to Mn’* ions was
calculated to be 48.98% for UCNPS/NaGdF4:Mn2+ and
25.41% for UCNPs/CaF,:Mn**. Furthermore, the role of
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Gd*" ion as a mediator in the energy migration process toward
Mn?** was validated by gradually increasing the amount of Ca**
in the outer shell while investigating its effect on the emission
intensity and excited state lifetime of Mn>* ions. The emission
intensity of Mn*" exhibited a steady decline accompanied by a
shortening in the decay lifetime as the amount of Ca was
increased in the outermost shell (Figure 3b,d), confirming the
energy transfer from Gd** to Mn*".

To assess the effect of Mn>" contents on Tm?®" emissions,
luminescence decay curves (Figure S7) were recorded for the
NPs both with and without Mn?* ions at the excited states of
the Tm>* ion. The decay curves of Tm** ions showed minimal
shortening, possibly due to quenching by Mn** ions at the
interface.

To diversify the upconversion emission, Er** activator ions
were incorporated into the intermediate layer of core—shell—
shell NPs. Consequently, the PL spectra of resulting NPs
exhibited additional narrow emission lines assigned to *Hy/, —
15/ “Hip = Y155 and *S;), — *Ij5), transitions of the Er**
ions (Figure S8). However, the addition of the Er** ion led to a
significant reduction in Tm>®" emission intensity, implying that
most of the excitation photons absorbed by the shell resulted
in emission relaxation from the Er’* ion. The corresponding
effect of Mn?* contents on Er’* emissions was measured by
recording the luminescence decay curves at 523 and 542 nm
for UCNPs:Er**/NaGdF, and UCNPs:Er**/NaGdF,:Mn?*
NPs, respectively (Figure S9). The decay curves of Er’*
exhibited a slight enhancement, possibly attributed to the
energy transferred from Mn>* to Er’* ions at the interface of
shells.

2.3. Singlet Molecular Oxygen Generation. For singlet
oxygen generation, UCNPs:Er**/NaGdF, and UCNPs:Er**/
NaGdF,:Mn** were selected as activator nanomaterials, and

https://doi.org/10.1021/acsanm.4c04307
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RB was chosen as the molecular sensitizer of dioxygen. The
absorption spectrum of RB overlapped very well with emission
bands of Er’* ions, which ensured that upconversion
nanomaterials would effectively transfer energy to activate
RB under excitation at 980 nm. The generation of 'O, by
different nanosensitizers (RB/PEI-capped UCNPs:Er**/
NaGdF, and RB/PEl-capped UCNPs:Er’*/NaGdF,:Mn*")
was detected separately by recording the phosphorescence
spectrum of 'O, at 1273 nm' and the phosphorescence
kinetics” corresponding to the emission decay of 'O,. The RB/
PEI-capped UCNPs:Er**/NaGdF,:Mn** nanosensitizers were
observed to produce a higher amount of 'O, than RB/PEI-
capped UCNPs:Er**/NaGdF,, as is evident from the
phosphorescence spectrum (Figure 4a) and phosphorescence
kinetics (Figure 4b) of 'O, generated by RB/PEI-capped
UCNPs:Er’*/NaGdF,:Mn*", which exhibited higher emission
intensity than that of RB/PEI-capped UCNPs:Er’*/NaGdF,.
Both the nanosensitizers demonstrated an efficient production
of 'O, and its amount enhanced with increasing the respective
amount of nanosensitizers, i.e., 10 to 80 yug/mL, as shown in
Figure S10. The enhanced production of 'O, by RB/PEI-
capped UCNPs:Er**/NaGdF,:Mn** can be attributed to an
efficient energy transfer to the RB sensitizer via Forster
resonance energy transfer due to the longer lifetime of the Er**
ion and comparatively smaller size of the NPs. RB/PEI-capped
UCNPs:Er**/NaGdF,:Mn*" (5 ug/mL, comprising 3 g of RB
linked to 2 pg of NPs), under very low power laser irradiation
(2 mW cm™2), demonstrated superior singlet molecular oxygen
production, yielding 0.39 M 'O, compared to a pure
chemical source of 'O,, DHPNO, (90 ug/mL) (Figure S11),
which generated 0.24 yM '0O,.

However, in the presence of chemical trapping using
anthracene-9,10-divinylsulfonate (AVS),* the signal from 'O,
experienced a significant decrease (Figure S12), indicating the
occurrence of a reaction between singlet molecular oxygen and
anthracene derivative. A similar reduction in 'O, production
was observed when the nanosensitizer was introduced to
sodium azide (NaNj;)," known for its ability to quench 'O,
physically. The reduction in the signal became more evident
with the increase in the concentration of NaN; (Figure S12).

Mn (II) has been reported to catalytically decompose H,0,
into O, and H,0, mimicking hydrogenase-like activities, which
is significantly important for alleviating the hypoxia in tumor
environments.”” Therefore, the oxygen production capability
of UCNPs:Er**/NaGdF,:Mn** was investigated in the
presence of H,0, by an electrochemical experiment utilizing
a nanoporous gold microelectrode. The electrode was first
calibrated separately for H,O, and O, in individual experi-
ments. The blue curve in Figure 4d shows the voltammogram
recorded in a H,O, solution, displaying distinct peaks for the
reduction (at —0.1 V) and oxidation (at 0.03 V) processes. In
contrast, the voltammogram of O, (Figure 4d, green curve)
reveals only one cathodic process at a similar potential with no
corresponding anodic component, which is an important
feature to distinguish both molecules.

However, after adding UCNPs-Er**/NaGdF,:Mn** to the
H,0, solution, the voltammogram (Figure 4d, red curve)
revealed no anodic peak, indicating the conversion of all H,0O,
to O,. Notably, the new voltammogram (Figure 4d, red curve)
closely resembled that for dissolved O, but exhibited
significantly higher steady-state current, which was attributed
to the decomposition of H,0, and generation of O,.

3. CONCLUSIONS

The study presents the design and fabrication of core—
multishell upconversion nanomaterials toward achieving long-
lived emission of Mn®* and subsequently development of the
RB/PEI-capped UCNPs:Er**/NaGdF,:Mn** nanosensitizer
for enhanced 'O, generation. The XRD patterns of core and
multilayered core—shell—shell NPs confirmed the hexagonal
phase of B-NaGdF, with the P6(174) space group,
corroborated through local atomic structure order by
quantitative EXAFS analysis. The TEM and STEM analysis
demonstrated spherical and nearly uniform morphology for
core nanocrystals; however, interestingly, the NaGd-
F,:Yb**, Tm>*,Ca**/NaGdF,:Yb** Er’*,Ca**/NaGdF, multilay-
ered core—shell—shell NPs revealed exquisite daisy flower-like
morphology. Meanwhile, the findings suggest that incorporat-
ing a suitable amount of Ca in the core and shell of NPs can
enhance the emission intensity of Tm®" ions in the higher
energy (UV) region, leading to improved emission of Gd**
ions due to the efficient energy transfer from Tm>* ions. The
energy of the excited state of the Gd** ions was subsequently
transferred to Mn*" ions doped in the outer shell of
multilayered core—shell—shell NPs, resulting in long-lived
Mn** upconversion emission. The Mn** ions were intention-
ally incorporated in the outer shell of multilayered core—shell—
shell NPs to serve dual functions: (i) demonstrating prolonged
Mn*" upconversion emission, and (ii) performing hydro-
genase-like catalytic properties for the decomposition H,O,
into oxygen and reactive oxygen species. The rational design of
the nanosensitizer was based on incorporating the Er’" ions
into the intermediate shell of multilayered core—shell—shell
NPs followed by conjugating with RB, which produced
efficient 'O, at a very low concentration (5 ug) under a low
power irradiation (2 mW cm™?). Hence, these findings may
contribute to advancing the development of versatile nano-
sensitizers featuring multimodal bioimaging and therapeutic
functionalities, including 'O, generation and alleviating the
hypoxia by the decomposition of H,0,, which is present in
higher amounts in the tumor microenvironment, into
molecular oxygen.
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