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ABSTRACT

Excitation-emission orthogonalized luminescent upconversion nanoparticles (OUCNPs), which can respond to changes in
external stimuli accordingly, show great promise in many intelligent applications. However, the construction of such materials
mostly relies on the selective absorption of Nd** and Yb* at different wavelengths and the long-range energy migration between
the layers, resulting in complex structures and limited orthogonal luminescence intensity. Herein, we developed a relatively
simple structure of OUCNPs (B-NaErF,@NaLuF,@NaYF,;:20%Yb, 2%Er@NaLuF,), where the fluorescence emission switches
from red to green when the excitation wavelength is shifted from 808 to 980 nm. This structure exhibits high-quality, independent,
and non-interfering orthogonal luminescence properties without Nd** sensitization and long-range energy migration. As a proof of
concept, we demonstrate the application of the designed OUCNPs in anti-counterfeiting. We also prepared OUCNPs@PEI
(PEI = polyethylenimine) self-referencing fluorescent probes to enable quantitative analysis of trinitrotoluene (TNT) in solution
with a detection limit of 3.04 uM. The probes can be made into test strips for portable on-site visual detection of TNT, and can
also be used to image latent fingerprints and detect explosive residues in fingerprints simultaneously. The concept proposed in
this work can be extended to the visual detection of a larger range of organic and biological molecules, and is highly promising
for practical applications.

KEYWORDS
orthogonal luminescence, NaErF,, core/multi-shell structure, anti-counterfeiting, trinitrotoluene (TNT) detection

emission orthogonal response type of UC luminescence has been
recently achieved in some special designed nanostructures
[24-26]. Orthogonal luminescence, which can give a
corresponding response to changes in the external stimuli,
whereas conventional UC materials only give a single response
under fixed wavelength excitation, further promotes intelligent

1 Introduction

With the rapid development of nanoscience and nanotechnology,
the design of various stimulus-responsive nanoprobes for display
[1-3], information storage [4-6], chemical sensing [7-9],
biomedical [10-12], and other applications has attracted a lot of

attention and interest. Light is known to be more advantageous
than many other stimuli such as electromagnetic fields,
temperature, pH, and chemical reactions because of its precision,
remoteness, and spatiotemporal controllability in different
environments [3, 11, 13-16]. Photon upconversion is a powerful
means of converting low-energy photons to high-energy photons
(e.g., from near-infrared (NIR) to visible light emission). As an
ideal candidate for upconversion (UC), lanthanide ions have a
unique electronic configuration with a rich step-like energy level
structure that enables them to produce a wide range of UC
emission spectra under NIR excitation, covering the ultraviolet,
visible, and NIR spectral regions [17]. The UC emissions have
large anti-Stokes shifts, narrow emission bands, long fluorescence
lifetimes, good photochemical stability, and low autofluorescence
[18-23]. In particular, based on the property that 808 and 980 nm
can excite sensitizer ions Nd* and Yb*, respectively, excitation-

applications of lanthanide materials, such as rewritable optical
memory [4], imaging-guided on-demand therapy [27-29], etc.

In the design of orthogonal luminescent upconversion
nanoparticles (OUCNPs), different types of activator ions are
usually distributed in different spatial regions within the
nanoparticle through a core/multi-shell structure. The selective
absorption and energy migration of 808 and 980 nm by the
sensitizer ions Nd* and Yb* enables the excitation of different
activator ions by switching the external excitation source, and their
luminescence is independent of each other. For example, Yan et al.
[30] designed a novel OUCNPs (NaGdF,.Yb*/Er*@NaYF,@
NaYF,;Yb"/Tm*@NaYbF;:Nd*@NaYF,) that exhibit UV and
green UC emission by adjusting the 808 and 980 nm excitation
respectively, for reversible handedness inversion. In 2021, Hong et
al. [2] developed an OUCNPs with core/sextuple-shell structure
(LiYbF,;; Tm@LiGdF,@LiGdF,Yb, Er@LiYF,Nd, Yb@LiGdF,@
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LiErF,,Tm@LiGdF,), which emits green, blue, and red light under
808, 980, and 1,532 nm excitations, respectively. It is obvious that
most OUCNPs are limited to Nd** and Yb*" co-sensitive materials
with complex structures because they require different doping and
luminescence modes in different spatial regions. And the
necessary long-range energy migration processes between the
multi-layers inevitably cause the loss of excitation energy, resulting
in the decrease of orthogonal luminescence intensity. Therefore,
the development of OUCNPs with high luminescence quality and
less complex structure remains a challenge.

In this work, based on the unique property that NaErF,@NaYF,
(or NaLuF,, NaGdF, shells, etc.) can be excited at multiple NIR
wavelengths (800, 980, and 1,530 nm), emitting near-
monochromatic red light as reported by our group previously
[31], we developed a relatively simple structure of OUCNPs: B-
NaErF,@NaLuF,@NaYF,20%Yb, 2%Er@NaLuF, (C/S1/S2/S3).
NaErF,@NaLuF, was used as the red light region, on which a
second NaYF,:20%Yb, 2%Er shell, and a third inert shell of
NaLuF, were epitaxially grown as the green light region. The high-
quality orthogonal luminescence properties of the designed
OUCNPs can be obtained only by simply regulating the thickness
of the inert shell S1 (NaLuF,) to avoid the diffusion of Er* ions
from the NaFErF, core to the S2 (NaYF,:20%Yb, 2%Er) shell: The
monochromatic red emission occurs upon 808 nm excitation,
whereas the strong green emission appears upon 980 nm
excitation. Compared with the previously reported OUCNPs, our
design (i) achieves 808 nm excitation without Nd* ions and has
only one doping layer, which avoids the complex doping patterns
and simplifies the synthesis; (ii) does not require any layers for
long-range energy migration, and the excitation energy is all
confined to the luminescent functional region, which can
effectively reduce the energy loss. As a proof-of-principle, we
demonstrate the application of the designed OUCNPs for anti-
counterfeiting and self-referential instant visual detection of
trinitrotoluene (TNT) .

2 Materials and methods

2.1 Materials

ErCl;-6H,0 (99.9%), oleylamine (OM, 70%), 1-octadecene (ODE,
90%), oleic acid (OA, 90%), and CF;COONa were purchased
from Sigma-Aldrich. Ln,O; (Ln: Y, Yb, Lu, and Er), trifluoroacetic
acid (CF;COOH, >99.5%), polyethyleneimine (PEI), sodium
hydroxide (NaOH), and ammonium fluoride (NH,F) were
purchased from Aladdin. Absolute ethyl alcohol, acetone,
methanol, and cyclohexane were purchased from Xilong Scientific.
Benzophenone (BP), p-nitroaniline (p-NA), o-nitroaniline (o-
NA), benzoquinone (BQ), chloranil (CA), p-nitrobenzaldehyde (p-
NBA), and nitrobenzene (NB) were purchased from Sigma-
Aldrich. All the above chemicals were used directly without
further purification. TNT were purchased from MACKLIN and
recrystallized with ethanol before use.

2.2 Synthesis of the NaErF, core nanoparticles

1.0 mmol ErCl;-6H,0, 15 mL ODE, and 6 mL OA were added
into a 50 mL three-neck flask. Nitrogen was passed into the three-
neck flask for 30 min to expel air, and then the mixture was heated
to 160 °C and stirred for 35 min. At that moment, the solid
component in the three-neck flask was completely dissolved and
the solution was transparent, which indicated the successful
coordination of rare earth ions with oleic acid molecules. The
mixture was cooled naturally to below 50 °C. Then a solution of
8 mL methanol mixed up with NaOH (2.5 mmol) and NH,F
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(4 mmol) was added and heated to 75 °C for 30 min to remove
the superfluous methanol. Next, the solution was gradually heated
to 300 °C and stirred continuously for 90 min. After cooling the
solution to room temperature, it was washed once with acetone
and then twice with ethanol. Each centrifugation was 6 min
(6,000 r/min). And then, the core NaErF, nanoparticles were
obtained and dispersed in 8 mL of cyclohexane. The whole
process was carried out under N, protection.

2.3 Synthesis of trifluoroacetate salt

First, 2 mmol of Ln,O; (Ln: Y, Yb, Lu, and Er) and 12 mL of
deionized water were poured into a 50 mL single-necked flask,
and 12 mL of trifluoroacetic acid was added while stirring. The
solution was condensed and refluxed at 95 °C with stirring until
clarified. A transparent solution was obtained after the reaction.
Excess water and trifluoroacetic acid were removed by rotary
evaporation at 65 °C. Finally, the obtained solid was dried and
powdered to obtain the corresponding trifluoroacetate salt,
denoted as (CF;COO);Ln-3H,0.

24 Synthesis of NaLuF, precursor

CF;COONa-3H,0 (4 mmol), (CF;COO);Lu-3H,0 (4 mmol), oleic
acid (12 mL), oleylamine (12 mL), and 1-octadecene (20 mL) were
added into a 100 mL three-neck flask and heated to 120 °C in a
vacuum for 35 min to remove oxygen and water. Afterwards, the
solution was heated to 290 °C for 45 min and then cooled down to
room temperature. The final product was washed with ethanol
and dispersed in ODE (10 mL) for later use.

2.5 Synthesis of NaYF;:20%Yb, 2%Er precursor

(CF;,CO00);Y-3H,0 (312  mmol), (CF,CO0),Yb-3H,0O
(0.8 mmol), (CF;COO);Er-3H,0 (0.08 mmol), CF;COONa-3H,0
(4 mmol), oleic acid (12 mL), oleylamine (12 mL), and 1-
octadecene (20 mL) were added into a 100 mL three-neck flask
and heated to 120 °C in a vacuum for 35 min to remove oxygen
and water. Afterwards, the solution was heated to 290 °C for
45 min and then cooled down to room temperature. The final
product was washed with ethanol and dispersed in ODE (10 mL)
for later use.

2.6 Synthesis of C/S1/52/S3 OUCNPs

Firstly, NaErF, cyclohexane solution (2 mL) was added into a
50 mL three-necked flask with oleic acid (6 mL) and 1-octadecene
(15 mL). The solution was heated to 85 °C and kept for 30 min to
remove the cyclohexane solvent. Then, the solution was heated to
300 °C, and NaLuF, (0.75 mmol) precursor was injected into the
flask in two equal fractions at 30 min intervals. Then,
NaYF,:20%Yb, 2%Er (1 mmol) precursor was injected into the
flask in two equal fractions at 30 min intervals. Lastly, NaLuF,
(1.5 mmol) was also injected in three equal fractions at 30 min
intervals. It was maintained for another 1 h at 300 °C after the last
injection and then reduced to room temperature. Finally, the
cooling solution was washed by acetone and ethanol, respectively,
and dispersed in cyclohexane (4 mL).

2.7 Synthesis of C/S1/S2/S3 OUCNPs with different S1
shell thicknesses

The synthesis method is the same as that described above for
NaErF,@NaLuF,@NaYF,20%Yb, 2%Er@NaLuF, with the
difference only in the amount of shell precursors injected during
the coating of the S1 shell layer. We just adjusted C:S1:52:S3 to
1:1:4:6, 1:2:4:6, and 1:3:4:6 for preparing the target products in
each reaction.
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2.8 Anti-counterfeiting application

As a display of the anti-counterfeiting function, only relatively
simple operations are required. By pre-designing the pattern, we
applied the prepared oil-phase material as ink directly to the white
paper. NaErF,@NaLuF, and NaErF,@NaLuF,@NaYF,20%Yb,
2%Er@NaLuF, were applied in different areas. Then the patterns
were irradiated with 808 and 980 nm lasers respectively, and
photographed with an Apple phone in a dark environment for
better results.

2.9 Preparation of PEI modified OUCNPs

Oleic acid molecules attached to the surface of nanoparticles
prepared by previous solvothermal methods. It has been reported
in the literature that surface oleic acid molecules can be removed
by using hydrochloric acid protonation. 4 mL HCI (PH = 4) was
added into a 20 mL glass bottle with 2 mL cyclohexane and 2 mL
of cyclohexane containing OUCNPs, and the mixture was stirred
vigorously for 12 h. At this time, the nanoparticles have been
transferred from cyclohexane to the lower aqueous hydrochloric
acid solution. The lower solution was extracted and centrifuged to
obtain hydrophilic OUCNPs@free. Finally, the OUCNPs@free
were dispersed in 4 mL deionized water. Next, 200 mg of
polyethyleneimine was dissolved in 10 mL of deionized water,
from which 2 mL was removed and mixed with 2 mL of
OUCNPs@free as described above. The mixture stirred overnight
was washed and centrifuged to remove excess PEL. The PEI-
modified upconversion nanoparticles (OUCNPs@PEI) were
obtained dispersed in 4 mL of deionized water. Repeat the above
operation to prepare another portion of OUCNPs@PEI, disperse
itin 4 mL of acetonitrile and set aside.

2.10 TNT detection in solution

First, the eight analytes, p-NA, 0-NA, BQ, CA, p-NBA, NB, BP,
and TNT, were prepared as a solution of acetonitrile at a certain
concentration. Dissolve 200 mg of PEI in 10 mL of acetonitrile
solution and take out 8 portions to mix with various analytes
separately. A certain amount of acetonitrile was added so that the
final volume was 4 mL and the final concentration of analytes was
the same. The absorption spectra of the eight analytes and eight
mixtures were measured by UV-2550 spectrophotometer
(Shimadzu, Japan). The above procedure was repeated, except that
instead of PEI solution, 40 uL of OUCNPs@PEI acetonitrile
solution of known concentration was added, and then their
fluorescence emission spectra were measured by the Ocean Optics
QE Pro (a high-performance spectrometer) under 980 nm
excitation. Finally, the spectral responses of OUCNPs@PEI after
the addition of different concentrations of TNT were measured at
808 and 980 nm excitations, respectively.

211 Preparation of test strips and in situ instant
detection of TNT powder

We made the TNT detection test strips by immersing the cut
strips into OUCNPs@PEI aqueous solution for about 10 min to
adsorb the OUCNPs@PEI into the filter paper due to hydrophilic
and hydrogen bonding interactions, and then removing them and
placing them in a dark place to dry naturally. It was repeated
several times to obtain a batch of the same TNT test strips.
Different concentrations of TNT (0, 5, 15, 20, 25, 30, 50, 60, 70, 80,
90, 100, 200, 400, 1,000, 2,000, 3,000, and 4,000 pM) acetonitrile
solutions were dropped on the solid surface, dried, and scraped
with the test strips just prepared. The color of the test strips
changed from green to yellow to red with increasing TNT
concentration under 980 nm excitation. While under 808 nm,
they showed red luminescence and no obvious difference in naked
eye observation.
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212 In situ instant detection of TNT powder and
imaging of latent fingerprint

The volunteer’s finger was first cleaned; a certain concentration of
TNT solution was placed on the fingertip, and then the fingertip
was pressed on a clean glass slice to collect fingerprints. The
operation was repeated to obtain fingerprints with different
amounts of TNT. These glass pieces were then immersed in the
solution of OUCNPs@PEI for about 10 min and removed to dry.
The samples were irradiated with 808 and 980 nm lasers in a dark
environment, while pictures were taken with an Apple phone.
Under 980 nm excitation, the fingerprints showed a gradient from
green to red with increasing TNT concentration. While under
808 nm excitation, the fingerprints were red. It should be noted
that the fingerprint pattern obtained was relatively clear.

3 Results and discussion

3.1 Design and characterization of OUCNPs

Figure 1(a) shows a schematic diagram of the structure and
composition of the designed NaErF,@NaLuF,@NaYF;:20%YDb,
2%Er@NaLuF, (C/S1/S2/S3) OUCNPs, which were synthesized
by a one-pot continuous layer-by-layer Ostwald ripening method
[32]. Since small particles with a large surface-to-volume ratio are
energetically more unstable in the colloidal system, small particles
dissolve and then deposit on the surface of large particles,
generating nanoparticles with a core-shell structure. Each layer
has a unique composition, controllable thickness, and exclusive
features, which together constitute this orthogonal excitation-
emission characteristic. NaErF, was used as the core material, and
the bare core nanoparticles were not luminescent due to the
surface defects and concentration quenching. After passivation of
surface defects by epitaxially coating the inert shell NaLuF, (S1),
near-monochromatic red UC emission under excitation at
multiple wavelengths (808, 980, and 1,530 nm) can be obtained
based on the step-like energy level characteristics of Er”, and the
concentration quenching is effectively suppressed [31, 33, 34]. This
lays the foundation for the development of high-quality and less

I NaErF,
{0 NaYF,:20%Yb, 2%Er

B NaLuF,

056 i
===z

3

Figure1 Characterization of the core/multi-shell OUCNPs. (a) Schematic
representation of the core/multi-shell structure of OUCNPs. (b) The TEM
image of the NaErF,@NaLuF,@NaYF,;Yb, Er@NaLuF, nanoparticles. (c)
HRTEM image of OUCNPs with a lattice distance of 0.516 nm. Scale bar is
5 nm. (d) TEM image and corresponding EDS of Er*, Yb*, Y*, and Lu* ions of
the nanoparticle. () HAADF image and corresponding elemental mapping of
Er*, Yb*, Y*, and Lu* of OUCNPs. Scale bar is 50 nm.
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complex orthogonal upconversion nanostructures. Another
excitation-responsive luminescence mode is achieved by the S2
(NaYF,:20%Yb, 2%Er) shell, which exhibits strong green UC
emission only triggered by 980 nm due to the presence of Yb*
ions. S1 (NaLuF,) is an undoped inert shell that acts on the one
hand to passivate the surface of the core in order to maintain the
near-monochromatic red UC emission under 808 nm excitation.
On the other hand, it acts as a buffer layer to avoid the diffusion of
Er* from the core into the S2 layer, which generates a
concentration quenching and leads to a reduction of the green UC
emission. To enhance the overall UC luminescence, we coated the
outermost layer with an inert shell NaLuF, (S3) to passivate the
surface defects. Consequently, the designed OUCNPs obtain
independent and orthogonal excitation-emission characteristic,
with near-monochromatic red UC emission from the core under
808 nm excitation and green UC emission from the S2 layer under
980 nm excitation.

The NaErF, core nanoparticles show an approximate hexagonal
shape with a uniform distribution and an average size of ~ 32 nm
(Fig.S1 in the Electronic Supplementary Material (ESM)).
Following the successive epitaxial growth of three different shells
(S1: NaLuF,, S2: NaYF; Yb/Er, and S3: NaLuF,), the final
products were collected and dispersed in cyclohexane. After
coating these three shells, the OUCNPs still maintained hexagon
morphology. The transmission electron microscopy (TEM)
picture of the OUCNPs shows homogenous core/multi-shell
nanoparticles having a narrow size distribution and an average
size of 56.4 nm (Fig. 1(b) and Fig. S2 in the ESM). Each shell has a
thickness of around 3.5, 4.6, and 4.1 nm, respectively (Fig.S3 in
the ESM). Figure 1(c) exhibits a high-resolution transmission
electron microscopy (HRTEM) image, and clear lattice stripes can
be seen with a lattice spacing of 0.516 nm, which corresponds to
the (100) crystal plane of a standard hexagonal-phase NaErF,
nanocrystal. Furthermore, the power X-ray diffraction (XRD)
patterns of the core and OUCNPs in Fig. $4 in the ESM are in
good accordance with the hexagonal phase of NaErF, nanocrystal
without any significant impurity phases, suggesting that all
nanoparticles have a hexagonal structure. The increase in size
provides preliminary evidence of the formation of core/multi-shell
nanostructure, and the distribution of each lanthanide element is
further evidence of the successful synthesis of the OUCNPs.
Figure 1(d) depicts the elemental profiles of Er*, Yb*, Y*, and Lu*
ions from scanning transmission electron microscopy (STEM),
indicating that Er** jons are mostly localized in the middle while
Lu* ions are distributed at the ends of OUCNPs. Moreover, the
core/multi-shell structure of OUCNPs is also confirmed by the
high-angle annular dark field scanning transmission electron
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microscopy (HAADF-STEM) image shown in Fig. 1(e), as it can
better distinguish the heavier lanthanides (Er and Lu, the brighter
part) from the lighter elements (Y, the darker part) in the
nanoparticles. ~ The  corresponding HAADF-STEM-energy
dispersive spectrometer (EDS) mapping images and the energy
dispersive X-ray spectroscopy (EDX) spectrum (Fig. S5 in the
ESM) also reaffirm the distributions of lanthanide ions in such
OUCNPs, in agreement with the results of Fig.1(d), further
validating the nanoparticle composition and the success of the
synthesis.

3.2 Orthogonal emissive performance of OUCNPs

To confirm our hypothesis, we investigated the emission
characteristics of the as-prepared
NaErF,@NaLuF,@NaYF;:20%Yb, 2%Er@NaLuF, OUCNPs by
altering the excitation wavelength. The nanoparticles display
apparent excitation wavelength-dependent spectral characteristics,
shown in Fig.2(a). Figure S6 in the ESM shows the emission
spectrum of OUCNPs under excitation at 1,530 nm. At 808 nm
excitation, only the monochromatic red UC emission from the
core-S1  fraction  (NaErF,@NalLuF,) occurs in  the
ultraviolet-visible (UV-vis) region. Only under excitation at
980 nm, strong green UC emission from S2-S3 fraction
(NaYF,:20%YDb, 2%Er@NaLuF,) appears, and it should be noted
that the UC red emission from the core is still present under
excitation at 980 nm due to the multi-wavelength excitable nature
of NaErF,@NaLuF,. Figure 2(b) illustrates the energy transfer
paths of OUCNPs under 808 and 980 nm excitation, respectively.
In the core-S1 fraction, the high concentration of Er* ions in the
core plays a role as a sensitizer in addition to being an activator.
The high concentration will increase the cross-relaxation between
Er' ions (CRegext 27T > *S3 + ‘Lizp and 'Sy, + Loy > 2'Fgp),
resulting in an increase in the population of the *Fy;, energy level
and obtaining strong monochromatic red UC emission. In the S2-
S3 part, the Yb™ sensitizer only absorbs the excitation light from
980 nm and transfers the obtained energy to the neighboring Er*
activator. As shown in Fig. 2(b), under excitation at 980 nm, the
‘T,,, energy level of Er* ions can be efficiently filled by energy
transfer from Yb* to Er* ions. The ‘F,,, *H,, and °S;, energy
levels of Er* ions become highly populated through energy
transfer UC processes, resulting in the release of strong green UC
emission. These luminescence photos inserted in Fig. 2(a) validate
the distinct emissions from the OUCNPs when the excitation
wavelength is changed. The cyclohexane solution of these
nanoparticles exhibits a transition from red to green when
switching from 808 to 980 nm irradiation, indicating the
orthogonal excitation—emission property. This spectral difference

Bl ==k I
I T = e
‘2 -9 g L "
15{ Fon ] l: 7
Iies = T a1 __
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Figure2 (a) Upconversion luminescence spectra of OUCNPs upon excitation with 808 nm (0.5 W/cm?) and 980 nm (0.5 W/cm’) laser, respectively. The insets show
the corresponding digital photograph of upconverting luminescence from the OUCNPs in cyclohexane. (b) Illustration of the OUCNPs’ energy level diagrams under

808 and 980 nm laser excitations, respectively.

TSINGHUA

UNIVERSITY PRESS

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(1): 1491-1499

responds to the fact that the energy transfer modes of the two
luminescent regions are different and do not interfere with each
other, which is consistent with the expected mechanism.

3.3 Structure optimization of OUCNPs

As mentioned earlier, the structure can be divided into two
regions, namely, the NaErF,@NaLuF, Core-S1 red emission part
and the NaYF,:20%YDb, 2%Er@NaLuF, S2-S3 green emission part.
The presence of the S1 (NaLuF,) layer can prevent ion diffusion
and energy transfer between the two luminescent regions and
facilitates the acquisition of the respective strong UC emission.
The thickness of the filtration S1 layer is critical for controlling the
emission. As shown in Fig. S7(a) in the ESM, when the SI layer is
thin (NaErF,;NaLuF, = 1:1), Er* ions in the core diffuse along the
concentration gradient toward the S2 layer, and this diffusion
effect is unavoidable in the high-temperature synthesis, leading to
the weakened green UC emission in the S2 (NaYF,:220%Yb, 2%Er)
layer due to the concentration quenching. As the thickness of S1
layer increases, the green UC emission gradually enhances and the
red to green ratio decreases significantly (NaErF,;:NaLuF, = 1:3),
indicating that a sufficiently thick layer can effectively avoid ion
diffusion and obtain a strong green UC light under 980 nm
excitation. In contrast, although the red emission is also slightly
enhanced with the increase of S1 layer thickness under 808 nm
excitation (Fig. S7(b) in the ESM), it is not as pronounced as the
enhancement of green emission under 980 nm excitation. This is
due to the protection of the NaErF, core by the two inert shells (S1
and S3), which makes the diffusion of Er* ions from the core to
the S2 layer insignificant for the red UC emission of NaErF,. Thus,
the optimal ratio for these NaErF,@NaLuF,@NaYF;20%YDb,
2%Er@NaLuF, OUCNPs is 1:3:4:6. Compared with some reported
OUCNPs (Table S1 in the ESM), our design (1) achieves 808 nm
excitation in the absence of Nd*, avoiding multilayer complex
doping patterns and simplifying the synthesis; (2) has no long-
range modulated energy migration processes, and the excitation
energy is all confined to the luminescent functional region, which
can effectively reduce the energy loss; (3) localizes two different
luminescence modes in the same nanoparticle, separated in
different substructures by an inert shell, achieving their respective
functions without interfering with each other.

3.4 Application of OUCNPs in anti-counterfeiting
Taking advantage of the significant orthogonal excitation-
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emission property, a multi-dimensional logo was designed using
the OUCNPs (Fig.3). Multi-dimensional here means having
different luminescence and displaying different patterns at
different wavelengths [26, 31, 35-37]. The synthesized OUCNPs,
uniformly dispersed in cyclohexane, are used as ink and applied
directly to the paper according to a pre-designed pattern. In
daylight, the various patterns on the paper are in invisible. Under
808 nm excitation, all patterns coated with ink appear red, and
only the outline of the pattern can be recognized without
distinguishing between patterns with the same shape. In contrast,
under 980 nm excitation, the area of NaErF,@NaLuF, (C/S1) still
shows red while the area of NaYF,:20%Yb, 2%Er@NaLuF, (S2/S3)
shows green, and each pattern can be clearly distinguished, which
greatly improves the anti-counterfeiting performance and proves
their potential application.

3.5 Application of OUCNPs in TNT detection

As an application-based demonstration, we also investigated the
use of OUCNPs for self-referential instant visual detection of TNT
accompanied by fingerprint imaging. Since its invention in the
19th century, TNT has been commonly used as an explosive in
military and warfare, which inevitably resulted in soil and water
pollution, toxicity to organisms, and pathogenicity [38]. In
addition to these problems, TNT, as an explosive, is often used by
terrorists in terrorist attacks, posing a serious threat to national
defense and public safety [39]. On-site detection of trace amounts
of TNT deposited on surfaces can meet the homeland security
needs of public places such as parcel sorting centers and passenger
transportation centers [40, 41]. Current approaches for detecting
TNT residues on solid surfaces (e.g., ion mobility spectrometry,
gas/liquid chromatography) are often off-site and require vapor
sample and pre-concentration with complicated and expensive
instruments, making them unsuitable for most on-site
identifications [42-44]. Therefore, the development of portable,
visual, and easy-to-operate sensitive detection techniques remains
a challenging. The as-designed OUCNPs probe is promising to
meet this challenge.

We constructed the PEI functionalized orthogonal luminescent
sensing probe as a specific recognition element for TNT. The
detection principle is that the electron-absorbing analyte TNT
readily reacts with the electron-giving amino group on PEI to
form a Meisenheimer complex [45, 46]. This complex has a broad
and strong absorption around 500 nm and can selectively quench

Figure3 The different characters observed under day light (the second layer), 808 nm (0.1 W/cm’, the third layer), and 980 nm (0.5 W/cm’, the fourth layer)

excitation, respectively.
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the green UC emission of OUCNPs excited at 980 nm, but has
almost no effect on the red light under 808 nm excitation, thus
enabling the self-referential detection of TNT (Fig.4(a)). In
addition, the reduction of the green emission of the probe leads to
a visible color change, which facilitates the visual detection of
TNT. Before that, due to the presence of hydrophobic ligand OA
on the surface of OUCNPs, we need to transfer the oil phase
material to the aqueous phase. As reported in the literature, the
oleic acid ligands are protonated by hydrochloric acid to detach
them from the surface of the OUCNPs [47]. In order to assemble
amino groups on the surface of nanoparticles, a layer of PEI was
coated on the surface of nanoparticles by electrostatic adsorption
to form OUCNPs@PEL The Fourier Transform Infrared
spectrum in Fig. S8(a) in the ESM was used to demonstrate the
removal of oleic acid ligands and the successful coating of PEI on
the surface of OUCNPs. The disappearance of the two bands at
2,924 and 2,853 cm™ (corresponding to the asymmetric and
symmetric stretching vibrations of methylene (-CH,)), as well as
the two bands at around 1,564 and 1,465 cm™ (corresponding to
the in-plane bending vibration of =C-H in the OA molecule)
proved that the oleic acid ligand was successfully removed from
the nanoparticle surface. The appearance of peaks at 2,827 and
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2,934 cm™” (corresponding to the shrinking vibrations of
methylene stretching in the PEI molecule) indicates the successful
formation of OUCNPs@PEL The TEM image in Fig. S8(b) in the
ESM demonstrates that the OUCNPs surface is successfully coated
with a thin layer of PEI (about 1.98 nm) and the morphology of
the OUCNPs@PEI does not drastically change. The
OUCNPs@PEI still has a green emission under 980 nm laser
excitation, indicating that the coating of PEI did not change the
orthogonal excitation-emission property of OUCNPs (Fig. S8(c)
in the ESM) [48].

Figure 4(b) shows the luminescence responses of
OUCNPs@PEI to different concentrations of TNT under 980 nm
excitation. The green light at 540 nm decreased more and more
significantly with increasing TNT concentration. When the TNT
concentration increased from 5 to 60 pM, the green fluorescence
intensity of OUCNPs@PEI was linearly quenched, as shown in
Fig.4(c). The effect of fluorescence intensity on TNT
concentration can be fitted by a linear regression equation (I =
14.0595 — 0.0604[TNT]) with a correlation value of 0.9959. The
LOD (LOD = 3¢/K) value was calculated to be 3.04 pM.
Compared to the already reported fluorescence detection of TNT
(Table S2 in the ESM), our assay effect is relatively sensitive. While
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Figure4 (a) The spectral overlap between the emission spectra of OUCNPs under 980 nm (0.5 W/cm?) excitation and absorption spectra of TNT, PEL and TNT +
PEL (b) The luminescence spectra of OUCNPs@PEI after the addition of different concentrations of TNT (uM) at 980 nm (0.5 W/cm?) excitation. The luminescence
intensity was normalized at 650 nm. (c) The fitted curves of luminescence intensity of OUCNPs@PEI after adding different concentrations of TNT (uM) under
980 nm (0.5 W/cm?) excitation. (d) The luminescence variations of OUCNPs@PEI under 808 nm (0.1 W/cm?) excitation after the addition of different amount of
TNT (uM). (e) Under 980 nm (0.5 W/cm’) excitation, the luminescence variations of OUCNPs@PEI after the addition of same amount of p-NA, 0-NA, BQ, CA, p-
NBA, NB, BP, and TNT. (f) The corresponding percentage of luminescence quenching by adding different analytes.
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at 808 nm excitation, the addition of TNT has almost no effect on
the red emission at 650 nm (Fig.4(d)), providing us with an
internal reference signal for the assay, which helps to eliminate
instrument and environmental noise interference and improve the
accuracy of the assay.

Subsequently, to test the selectivity, we investigated the
UV-visible absorption spectra of p-NA, 0-NA, BQ, CA, p-NBA,
NB, BP, and TNT (Fig. S9(a) in the ESM). The absorption spectra
of these eight analytes when combined with PEI were then
measured (Fig. S9(b) in the ESM). Only the PEI + TNT group
showed a broad absorption around 500 nm. And then, the above
eight analytes were detected separately using OUCNPs@PEI
probe, and it was found that only the green emission of the TNT
group was quenched, which was consistent with the measured
absorption spectra (Fig. 4(e)). Calculations revealed that the green
light dropped to less than 10% of its original value when the TNT
concentration reached 4,000 M (Fig.4(f)). The above results
further confirm that the as-designed OUCNPs@PEI probe had
good selectivity to TNT.

In order to visualize the effect of TNT detection in a more
practical way (Fig. 5), we made the TNT detection test strips by
immersing the cut strips into OUCNPs@PEI aqueous solution for
about 10 min to adsorb the OUCNPs@PEI into the filter paper
due to hydrophilic and hydrogen bonding interactions, and then
removed and placed in a dark place to dry naturally. Different
concentrations of TNT acetonitrile solutions were dropped on the
solid surface and then scraped with the test strips just prepared.
The color of the test strips changed from green to yellow to red
with increasing TNT concentration under 980 nm excitation.
While under 808 nm, they showed red luminescence and no
obvious difference in naked eye observation. These are consistent
with the spectral changes in Fig. 4(b).

There is ample evidence that there will be a portion of residue
on the hand when the hand intentionally or unintentionally
touches an explosive such as TNT. Fingerprints carry information
about a person's characteristics, so it is important for some

Sp!id surface

| Leave

TS Test strips

200 1,000 2,000 3,000 4,000

F1gure5 A schematic diagram of TNT detection using test strips is given, as
well as corresponding photographs of test strips with different concentrations of
TNT (uM) under 980 nm (0.5 W/cn’) laser irradiation.
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occasions to visually detect TNT on-site and perform fingerprint
imaging at the same time [49-51]. As a demonstration (Fig. 6(a)),
fingerprints with different concentrations of TNT were collected
on clean glass slides and then immersed in OUCNPs@PEI
solution for about 10 min. Under 980 nm excitation, the
fingerprints showed a transition from green to yellow to red with
increasing TNT concentration (Fig. 6(b) and the upper part of Fig.
6(c)). It is worth noting that the fingerprint patterns obtained are
relatively clear and sufficient for identification purposes. In
contrast, under 808 nm excitation, the fingerprints are red with no
concentration-dependent changes in color (lower part of Fig.
6(c)). However, the fingerprint pattern is not as clear as that
obtained under 980 nm excitation, which is caused by the low
power density of the 808 nm excitation used and the lack of
obvious red light color rendering where the fingerprint traces are
shallow. It is worth noting that in the actual TNT detection
scenario, the aggregation of TNT powder causes particularly high
TNT concentration in the local area, and it is easier to observe the
very obvious color change under 980 nm irradiation. Therefore,
the as-designed OUCNPs@PEI probe has good practical
application value.

4 Conclusions

In conclusion, we designed and developed an OUCNPs (B-
NaErF,@NaLuF,@NaYF,20%Yb, 2%Er@NaLuF,) with relatively
simple structure and high luminescence quality. Based on the
property that NaErF,@NaLuF, can emit near-monochromatic red
UC emission under multi-wavelength excitations, NaYF,:20%YDb,
2%Er and NaLuF, shells were epitaxially grown on its surface
successively. By simply adjusting the thickness of the first inert
shell NaLuF,, the high-quality orthogonal luminescence properties
of the designed OUCNPs were obtained: The fluorescence
emission could be switched from red to green when the excitation
wavelength was shifted from 808 to 980 nm. Compared with the
reported OUCNPs, our unique features are (i) Nd*-free, (ii) no
long-range energy migration between shell layers, (iii) two
different excitation-emission modes are independent and do not
interfere with each other. As a proof of concept, we demonstrated
the application of the designed OUCNPs in anti-counterfeiting.
We also prepared OUCNPs@PEI self-referencing fluorescent
probes to achieve the quantification of TNT in solution with a
detection limit of 3.04 uM. In addition the probe can be made into
test strips for portable on-site visual TNT detection, or used to
simultaneously image fingerprint patterns and detect explosive
residues in fingerprints. The concept proposed in this work can be
extended to the visual detection of a larger range of organic and
biological molecules, and highlights the intelligent application of
lanthanide materials.
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Figure 6 Visualized detection of the explosive TNT in the latent fingerprints. (a) Schematic diagram of the process of fingerprint acquisition and imaging. (b) CIE
chromatic coordinates plotted from the emission spectra of OUCNPs@PEI when detecting different concentrations of TNT (uM) under 980 nm (0.5 W/cm’) laser
excitation. (c) The visual effects of TNT in latent fingerprint under 980 nm (0.5 W/cm) excitation and 808 nm (0.1 W/cm?) excitation, respectively. The concentrations
of TNT are 0, 25, 50, 100, 200, 500, 1,000, and 4,000 pM from left to right.
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spectrum of the OUCNPs (Fig. S5 in the ESM), emission spectra
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