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Achieving point-of-care detection of neutrophil gelatinase-associated lipocalin (NGAL) contributes to the
early diagnosis and treatment of acute kidney injury (AKI), but the lack of highly sensitive and long-
term stable detection methods is a major challenge. In this work, tetrahedral DNA (tDNA)-functionalized
large-sized upconversion nanoparticles (t-UCNP3oo) were synthesized with high luminescence intensity.
Leveraging the dual effects of surface charge density and the rigid structure of tDNA, the developed t-
UCNP3qq exhibited long-term stability for over 60 days after being stored in phosphate buffer at 25°C
and pH 7.4, with no obvious aggregation and only slight luminescence attenuation. By using this devel-
oped t-UCNP3qp, a luminescent lateral flow immunoassay (LFIA) strip was developed for point-of-care
detection of NGAL, with a detection linearity range of 2.00-250nng/mL and limit of detection (LOD) of
1.00+0.07 ng/mL (S/N=3). Taking advantage of the developed LFIA strip for NGAL with high selectiv-
ity and a rapid response time of <5min, it was successfully applied for the determination of NGAL in

artificial urine samples.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Detecting neutrophil gelatinase-associated lipocalin (NGAL)
quickly and accurately is essential for diagnosing acute kidney in-
jury (AKI) in its early stages. NGAL is a key biomarker for AKI, and
its concentration in urine is low under normal physiological condi-
tions. However, once acute kidney injury (AKI) occurs, renal tubu-
lar epithelial cells are stimulated by oxidative stress and inflam-
matory mediators, leading to the increase in NGAL-related mRNA
expression within one hour. Subsequently, the elevated NGAL is
released via secretory pathways and accumulates in the urine [1-
6]. Relevant clinical studies have demonstrated that the concentra-
tion of NGAL in urine increases significantly approximately 2-6h
after AKI, with levels rising up to 1000-fold [7-9]. Given this pat-
tern, the ability to detect NGAL levels early and rapidly is crucial
for timely diagnosis and effective treatment of AKI. Several meth-
ods have been employed to detect NGAL, including enzyme-linked
immunosorbent assay (ELISA), chemiluminescent microparticle im-
munoassay (CMIA), electrochemical immunosensing, and lateral
flow immunoassay (LFIA) [10-13]. Among these methods, LFIA has
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garnered significant attention due to its potential for point-of-care
testing (POCT) [14]. However, traditional LFIA relies on colorimet-
ric signals from colloidal gold or latex microspheres, which have a
low signal-to-noise ratio [15-17]. This limitation makes it challeng-
ing to detect and analyze low concentrations of NGAL in the early
stages of AKI.

Upconversion nanoparticles (UCNPs) offer unique optical prop-
erties that make them promising candidates for improving detec-
tion sensitivity. These properties include extremely low autolumi-
nescence background, narrow emission bands, and good photosta-
bility [18-25]. UCNPs have been used to develop LFIA platforms
for detecting various biomarkers, such as cardiac troponin I (cTnl)
and C-reactive protein (CRP) [26-29]. However, the UCNPs used in
these assays are typically small (<100nm) and exhibit weak flu-
orescence, limiting their ability to detect low-concentration sub-
stances with high sensitivity. While larger UCNPs with stronger lu-
minescence could potentially address this issue, their poor stabil-
ity has been a significant barrier to practical application [30-32].
Large-sized UCNPs tend to aggregate, which can lead to a loss of
luminescence and reduced performance in diagnostic assays [33-
36]. Currently, there is a lack of effective methods to enhance the
stability of large-sized UCNPs, making the development of highly
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Fig. 1. Stability of UCNPs with different DNA modifications and schematic diagram
of t-UCNP-based LFIA detection of NGAL.

sensitive LFIA methods for point-of-care NGAL detection a great
challenge.

In this study, we developed highly stable DNA-conjugated UC-
NPs by attaching single-stranded DNA (ssDNA) or tetrahedral DNA
(tDNA) to the surface of UCNPs, resulting in s-UCNPs and t-UCNPs,
respectively. The tDNA nanostructure was chosen in this work due
to its multiple advantages, including high stability, strong struc-
tural rigidity and multiple functionalization sites [37-44]. Notably,
the large-sized t-UCNPs (300 nm) demonstrated remarkable long-
term stability. When stored in phosphate-buffered saline (PBS)
at 25°C and pH 74, these nanoparticles maintained their stabil-
ity for at least 60 days, with a luminescence signal decrease of
<20% and minimal aggregation. Mechanistic analysis revealed that
this high stability was primarily due to the combined effects of
surface charge density and the rigid tDNA structure, which ef-
fectively prevented nanoparticle aggregation. Leveraging these t-
UCNPs, we developed a highly sensitive luminescent LFIA strip
for NGAL detection. This strip exhibited a linear detection range
of 2.00-250ng/mL and a detection limit of 1.00+0.07 ng/mL. It
also demonstrated high selectivity and a rapid point-of-care test-
ing time of <5 min. We successfully applied this LFIA strip to de-
tect NGAL in artificial urine samples, highlighting its potential for
practical clinical use (Fig. 1).

Herein, four distinct sizes of Yb and Pr-doped upconversion
nanoparticles (UCNPs) were synthesized by adjusting the doping
ratio of rare earth ions Yb and Pr. Yb3+ was chosen as the sensi-
tizing ion due to its large near-infrared absorption cross-section,
while Pr3t was selected as the activating ion because its effi-
cient energy transfer with Yb3+ ion as well as for preparation
of relatively large-sized UCNPs [45-48]. Transmission electron mi-
croscopy (TEM) analysis revealed that all UCNPs were monodis-
persed with average particle sizes of 35.0+3.00, 1004+ 5.00,
200+48.00, and 300+ 10.0nm, designated as UCNP3s5, UCNPqqq,
UCNP,q9, and UCNP3q, respectively (Fig. 2a). Elemental mapping
analysis confirmed the primary composition of the synthesized UC-
NPs as Na, Y, F, Yb, and Pr (Fig. 2b). X-ray diffraction (XRD) pat-
terns exhibited distinct diffraction peaks (260) at 12.0°, 27.0°, 41.0°,
and 52.0°, corresponding to the (100), (110), (201), and (121) crys-
tal planes, respectively (Fig. 2c), confirming the hexagonal phase
structure of the synthesized UCNPs [49]. All these UCNPs demon-
strated significant luminescence emission under 980 nm excitation,
with typical emission peaks at 480, 540, and 640nm, attribut-
ing to the transitions of 3Py — 3Hy, 3P; — 3Hy, and 3P; — 3F,, re-
spectively [50]. As the nanoparticle size increased, the intensity
of these luminescence emission peaks gradually increased while
the peak positions remained unchanged (Fig. 2d). Notably, the lu-
minescence intensity of UCNP3pq was 3.5 times that of UCNP3s
at the same concentration (quantified by the emission intensity
at 540 nm: Is49). The mechanism underlying this phenomenon
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can be attributed to several factors. Small-sized UCNPs have a
smaller proportion of activator ions. Due to their high surface-to-
volume ratio, they also exhibit a greater degree of lattice imper-
fection and a higher density of surface defects [51,52]. In contrast,
larger-sized UCNPs possess a more complete crystal structure and a
lower density of surface defects. Additionally, larger particles con-
tain a greater number of Yb3+ sensitizers and luminescent centers,
leading to a larger total light absorption cross-section [53]. These
results confirmed the successful synthesis of luminescent UCNPs
with varying sizes.

First, to enhance the stability of the synthesized UCNPs,
single-stranded DNA (ssDNA) or tetrahedral DNA (tDNA)-modified
UCNPs, noted as s-UCNP and t-UCNP, respectively, were prepared
using a ligand exchange method (Fig. 2e). This method lever-
aged the stronger coordination of carboxyl groups at the DNA
termini with rare earth ions compared to the oleic acid ligands
of UCNPs [54]. Atomic force microscopy (AFM) image showed
typical tetrahedral morphology (Fig. 2f). In addition, the assembly
process of tDNA was characterized using gel electrophoresis (Fig.
S1 in Supporting information). Individual single-strand DNA ex-
hibits rapid migration behavior, while the intermediates produced
slower migration bands. Only one clear smeared band with the
slowest migration behavior was observed for tDNA, confirming
the successful assembly of tDNA with high yield [39]. Moreover,
compared with individual tDNA, t-UCNPs exhibited a single band
with slower migration, and the migration speed progressively de-
creased with increasing particle size, including t-UCNPs of 35.0 nm
(t-UCNP35), 100nm (t-UCNP1qg), 200 nm (t-UCNP,qq), and 300 nm
(t-UCNP3qp). Similar results were also observed for s-UCNPs of
35.0nm (s-UCNP3s5), 100nm (s-UCNPqgg), 200nm (s-UCNPyqq),
and 300nm (s-UCNP3qg) (Fig. 2g). Dynamic light scattering (DLS)
results indicated that ssDNA and tDNA had hydrodynamic di-
ameters of approximately 10.0nm and 9.00 nm, respectively, and
their modification enhanced the water solubility of UCNPs. The
hydrodynamic diameters of s-UCNP3s, s-UCNPjgg, S-UCNP,qq,
and s-UCNP3pq were approximately 45.0, 110, 210, and 310nm,
respectively, while those of t-UCNP35, t-UCNP;qg, t-UCNP,qq, and
t-UCNP3q increased to approximately 44.0, 109, 209, and 309 nm,
respectively (Figs. 2h and i). Notably, conjugation of tDNA onto
UCNPs resulted in a 10%—15% decrease in luminescence (quanti-
fied by the emission intensity at 540 nm: Is4). Similar findings
were observed for these s-UCNPs (Fig. 2j). In addition, the shift
of the wavenumbers of chemical bonds in the FT-IR spectrum
and the peak at 260nm in the ultraviolet spectrum after the
modification of tDNA can also indicate the successful attachment
of the tDNA to UCNPs (Fig. S2 in Supporting information). No-
tably, the modification density of the tetrahedral DNA (tDNA) on
the UCNP surface was quantified as 61.242.10 pmol/mg (n=5,
+SD) (Fig. S3 in Supporting information). All these results collec-
tively indicated the successful development of DNA-conjugated
UCNPs.

Following the successful development of s-UCNP and t-UCNP,
the stability of these UCNPs was further assessed under conven-
tional storage conditions for POCT reagents, specifically at 25°C
and pH 74 in PBS buffer. As shown in Fig. 3a, the luminescence
intensity (quantified by the emission intensity at 540 nm: Is4)
of unmodified UCNPs (UCNP_:,S, UCNP;p9, UCNPqg, UCNP300) de-
creased by 70%-90% after 10 days of storage in PBS buffer (pH
7.4) at 25°C (Fig. S4 in Supporting information). After 30 days, no
significant luminescence (< 10%) was detected for these unmod-
ified UCNPs, indicating poor stability under conventional storage
conditions. Notably, the luminescence intensity of small-sized
s-UCNPs (s-UCNP35, s-UCNP;pg) remained stable even after 30
days of storage, maintaining above 80% intensity. However, for
large-sized s-UCNPs (s-UCNP,gg, s-UCNP3qg), the luminescence
intensity decreased significantly after 60 days of storage, retaining
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Fig. 2. Synthesis and characterization of UCNPs and DNA functionalized UCNPs. (a) TEM images of UCNPs with average sizes of 35.04+3.00nm (I), 10045.00 nm (II),
200+8.00nm (III), 300+ 10.0nm (IV). Inserts are the particle size distribution diagrams. (b) Elemental mapping of the 300 nm UCNP, showing the distribution of Na, Y,
F, Yb, and Pr. (c) XRD patterns of UCNP35 (I), UCNP;gq (II), UCNP,gq (III), UCNP3go (IV). (d) Luminescence spectra of UCNPss (I), UCNPygo (II), UCNPygq (III), UCNP3qq (IV) under
980 nm excitation. (e) Schematic illustration of single-stranded DNA (ssDNA) or tetrahedral DNA (tDNA) conjugated UCNPs. (f) AFM image of the assembled tDNA structure.
Insert is the typical image of individual tDNA. (g) Gel electrophoresis images of UCNPs modified with ssDNA (I) (from left to right: ssSDNA, s-UCNP35, s-UCNP1o9, S-UCNP,qq,
and s-UCNP3qg) and tDNA (II) (from left to right: tDNA, t-UCNP;35, t-UCNP;qg, t-UCNPygo and t-UCNPsqq). (h) DLS spectra of ssDNA (V), s-UCNPs5 (I), s-UCNPygq (II), s-UCNPgg
(111), s-UCNP3gg (IV). (i) DLS spectra of tDNA (V), t-UCNPs5 (I), t-UCNPgq (II), t-UCNP,qq (III), t-UCNP3go (IV). (j) Luminescence spectra of UCNP3qq, S-UCNP3qq, t-UCNP3go under

980 nm excitation.

only about 60% (Fig. 3b and Fig. S5 in Supporting information).
This suggested that ssDNA modification significantly enhanced the
stability of small-sized UCNPs but offered limited improvement
for large-sized UCNPs. Surprisingly, t-UCNPs exhibited minimal
luminescence decrease after 60 days of storage, with large-sized
t-UCNPs (t-UCNP,g9 and t-UCNP3g¢) maintaining above 80% lu-
minescence intensity even after 60 days (Fig. 3¢ and Fig. S6 in
Supporting information). This demonstrated that tDNA modifica-
tion significantly improved the stability of both small and large
UCNPs. Then, the stability of these UCNPs was further character-
ized by dynamic light scattering (DLS). As shown in Fig. 3d and
Fig. S7 (Supporting information), the hydrodynamic diameter of
unmodified UCNPs increased obviously with the prolongation of
storage time, as well as the increase of particle sizes. Specifically,
the hydrodynamic diameter of UCNP3q increased by 200% after
60 days of storage in PBS (pH 7.4) at 25°C, confirming severe
aggregation. In contrast, small-sized s-UCNPs (s-UCNP3s5 and s-
UCNPq9g9) showed minimal aggregation (<35%) after 60 days of
storage, while large-sized s-UCNPs (s-UCNP,gq and s-UCNP3qq)
experienced significant aggregation, with a 65% increase in hydro-

dynamic diameter (Fig. 3e and Fig. S8 in Supporting information).
Moreover, t-UCNPs of different sizes maintained good stability
in PBS (pH 7.4) even after 60 days of storage at 25°C. Specifi-
cally, the hydrodynamic diameter of t-UCNP3qq increased by only
26% after 60 days of storage (Fig. 3f and Fig. S9 in Supporting
information). It should be pointed out that the luminescence
intensity of polyethylene glycol (PEG) or bovine serum albumin
(BSA)-modified UCNP (UCNP39o@PEG, UCNP3p,@BSA) decreased
significantly (33%—37%) within 10 days, with hydrated particle
size increased by 58 %—62% (Fig. S10 in Supporting information),
indicating that the better stability of tDNA-modified UCNPs than
PEG or BSA-modified UCNP3q9 as well as other UCNP coated by
polymer, silica shell, and lipid [55-58]. Notably, no additional
smear band was observed even after the individual tDNA or
t-UCNPs being irradiated with a 980 nm laser (400 mW) for 20 min
(Fig. S11 in Supporting information), proving negligible effect
of excitation light on structural stability of DNA nanostructure.
Collectively, these results highlighted the good stability of tDNA-
modified UCNPs, making them suitable for long-term applications,
compared with unmodified or ssDNA-modified UCNPs.
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Fig. 3. Stability of ssDNA- or tDNA-modified UCNPs. (a) Luminescence intensity of
UCNP35 (1), UCNP1gg (II), UCNP,gq (III), UCNP3gq (IV) after being stored in PBS for
different time periods. (b) Luminescence intensity of s-UCNPss (I), s-UCNPqoo (II),
s-UCNPyq (III), and s-UCNP3qq (IV) after being stored in PBS for different time pe-
riods. (c) Luminescence intensity of t-UCNPss (I), t-UCNPygq (II), t-UCNPygq (III), t-
UCNP3qp (IV) after being stored in PBS for different time periods. (d) Percentage of
hydrodynamic diameter increase of UCNP3qq (IV), UCNPyqq (III), UCNPygq (II), UCNP35
(I) over 60 days. (e) Percentage of hydrodynamic diameter increase of s-UCNP3qq
(IV), s-UCNP,qq (III), s-UCNP;go (II), s-UCNP35 (I) over 60 days. (f) Percentage of hy-
drodynamic diameter increase of t-UCNP3gg (IV), t-UCNP,gq (III), t-UCNPqq (II), t-
UCNPs;5 (I) over 60 days.

To explore the stability enhancement mechanism of DNA-
modified UCNPs, zeta potentials of s-UCNPs and t-UCNPs were
measured after 1, 30, and 60 days of storage. As shown in Figs.
4a and b, the zeta potentials of s-UCNPs with different sizes or
t-UCNPs with different sizes were similar, indicating that the sur-
face charge density was comparable on functionalized UCNP with
different sizes. Interestingly, t-UCNPs had slightly higher zeta po-
tentials (about —30.0 mV) than s-UCNPs (about —35.0 mV), possibly
due to different DNA modification densities on the surface of UC-
NPs. For s-UCNPs, zeta potentials increased with storage time and
particle size. Small-sized s-UCNP35 and s-UCNPqgo had zeta poten-
tials of —26.0mV and —24.0mV after 60 days, maintaining good
water solubility. However, the zeta potentials of s-UCNP,gy and s-
UCNP3qq increased by 64% and 71% after 60 days, with little pre-
cipitation. This suggested a substantial decrease in surface charge
for large-sized s-UCNPs, likely due to ssDNA detachment and en-
tanglement. In contrast, small-sized s-UCNP35 and s-UCNP;qq had
no significant zeta potential increase (< 10%). Notably, large-sized
t-UCNP,gg and t-UCNP3q only showed a 22 % increase in zeta po-
tentials after 60 days, indicating minimal surface charge change.
Generally, the flexible structure of ssDNA can densely pack on
the surface of UCNPs, resulting in a higher density of negatively
charged phosphate backbones per unit area [59,60]. However, this
dense packing is prone to conformational changes and entangle-
ment over time [61,62]. Conversely, rigid three-dimensional struc-
tures and multiple anchor points of tDNA provided more stability,
resisting detachment or deformation [63-65]. Thus, tDNA modifi-
cation enhanced the stability of UCNPs despite their lower surface
modification density.
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Fig. 4. Mechanism of stability enhancement for DNA-modified UCNPs. (a) Zeta po-
tential of s-UCNP35 (I), s-UCNPygp (II), s-UCNPygo (III), s-UCNP3go (IV) after being
stored in PBS for 1, 30, and 60 days. (b) Zeta potential of t-UCNPs5 (I), t-UCNP;gq (II),
t-UCNPygo (III), t-UCNP3qo (IV) after being stored in PBS for 1, 30, and 60 days. (c)
Force curves of s-UCNP3qg, s-UCNP,gg, s-UCNP;qo, s-UCNP35 at different distances.
(d) Force curves of t-UCNP3qq, t-UCNP,qq, t-UCNP;qg, t-UCNP55 at different distances.
(e) Repulsive forces at a 3nm distance (RF3) for s-UCNPs and t-UCNPs of different
sizes. (f) Schematic illustration of the stability mechanism.

To confirm the effect of DNA rigid structure on the stability of
UCNPs, AFM measurements were performed to record force curves,
quantitatively evaluating the steric hindrance effects. As shown in
Figs. 4c and d, as the AFM probe approached the nanoparticle sur-
face, it first experienced an increasing attractive force, followed
by a repulsive force (RF) that grew exponentially as the distance
decreased. The RF value increased with particle size for s-UCNPs
due to their denser and thicker ligand layers, providing stronger
physical hindrance and hydration effects. RF value at a 3nm dis-
tance (RF3) was selected for quantitative analysis. As shown in
Fig. 4e, RF3 values for s-UCNP35, s-UCNPjgg, S-UCNP,qg, and s-
UCNP3qg were 300+ 20.0, 337 £21.3, 372 £22.8, and 4154 23.5 pN,
respectively. Similar force variation curves were also observed for
t-UCNPs, but the RF of t-UCNPs was higher than that of s-UCNPs
at the same size. Specifically, RF; values for t-UCNP35, t-UCNPqqq,
t-UCNono, and t-UCNP300 were 755+22.5, 844+24.2, 953 +£24.5,
and 1146 £+ 25.1 pN, respectively (Fig. 4e). These higher RF3 values
indicated a more rigid structure for t-UCNPs, reducing deformation
probability and providing stronger steric hindrance and repulsive
forces. In summary, the dual effects of surface charge density and
rigid structure of tDNA significantly enhanced the stability of t-
UCNPs, especially for large-sized t-UCNP3qq (Fig. 4f), effectively re-
ducing particle aggregation and luminescence decrease tendencies.

Leveraging the high luminescence intensity and good stabil-
ity of t-UCNP3qq, a luminescent LFIA strip was developed for de-
tecting neutrophil gelatinase-associated lipocalin (NGAL), an early
biomarker for acute kidney injury (AKI). The test strip was marked
with monoclonal antibody (NGAL-Ab-2) at the test line (T line)
and goat anti-mouse IgG antibody at the control line (C line). A
detection nanoprobe (t-UCNP3q9-Ab) was developed by conjugat-
ing monoclonal antibody (NGAL-Ab-1) with t-UCNP3qo through an
amide reaction in PBS buffer. In the presence of NGAL, t-UCNP3qq-
Ab binds with NGAL and then with NGAL-Ab-2, forming a sand-
wich structure and producing a luminescence signal at the T line.
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Fig. 5. Sensing performance of luminescent LFIA strip for NGAL. (a) Schematic illustration of the sandwich structure (left) and photograph of the LFIA strip (right), where the
red line represents the test line (T line) and the blue line represents the control line (C line). (b) FT-IR spectra of t-UCNP39-Ab, t-UCNP3qq. (c) Upconversion luminescence
images of the LFIA strip under 980 nm laser excitation after incubation with varying concentrations of NGAL standard solutions (0.00, 2.00, 10.0, 25.0, 50.0, 100, 150, 200,
250ng/mL). (d) Calibration curve between the It/Ic ratio and various concentrations of NGAL in (c) (n=3, £SD). (e) Selectivity evaluation of the developed LFIA strips
towards common AKI biomarkers at their physiological levels. The concentrations of NGAL, B2M, MALB, Cystatin C and RBP are 100 ng/mL, 150 ng/mL, 1.00 ug/mL, 67.0 ng/mL
and 300 ng/mL (n=5, £SD). (f) The detection of NGAL in artificial urine using the developed luminescent LFIA strip.

Excess-free t-UCNP3p9-Ab would be captured by goat anti-mouse
IgG antibody, resulting in a luminescence signal at C line (Fig. 5a).
The FT-IR spectrum of t-UCNP3go-Ab showed a shift in the C=0
stretching vibration peak from 1685 cm~! to 1655 cm~!, compared
with individual t-UCNP3q (Fig. 5b), and a distinct broad peak for
N-H stretching vibration appeared at 3300 cm~!. These results
confirmed the successful development of t-UCNP3qp-Ab through
amide bond formation.

The detection capability of the LFIA strip toward NGAL was as-
sessed using the standard addition method. As shown in Fig. 5c,
with NGAL concentration increasing from 0.00 to 250 ng/mL, the
green luminescence intensity of the T line (I1) increased signifi-
cantly within 5 min, while the luminescence intensity of the C line
(Ic) decreased, achieving a ratiometric response. The minimum de-
tectable concentration for NGAL was 2.00 ng/mL. Quantification of
luminescence intensity showed good linearity between the It | I¢
ratio and NGAL concentration in the range of 2.00-250 ng/mL (Fig.
5d and Fig. S12 in Supporting information). The limit of detection
(LOD) was calculated as 1.00+0.07 ng/mL (S/N=3, £SD), while
sensitivity (S) was calculated as 0.0260+0.002mL/ng (n=10,
+SD). Both of LOD and S values of our method were better than
those of reported LFIA methods, including upconversion phosphor-
based LFIA, latex microsphere-based LFIA and commercial colloidal
gold-based LFIA [66-68].

To validate the specificity of the LFIA strip, the effect of com-
mon potential interfering components in urine including urea, cre-
atinine, uric acid, glucose, and albumin, as well as four other com-
mon AKI biomarkers including beta-2 microglobulin (B2M), mi-
croalbumin (MALB), cystatin C, and retinol-binding protein (RBP),
were evaluated at physiological concentrations. A minimal lumi-
nescence signal was observed at the T line in the presence of these
potential interferences, especially four other common AKI biomark-
ers (Fig. 5e and Fig. S13 in Supporting information). The results
confirmed good selectivity of the developed LFIA strip.

The good selectivity combined with high sensitivity and fast re-
sponse of the developed LFIA strip to NGAL suggested that our
method might be directly applied to detecting NGAL in real bio-
logical samples. To validate the accuracy of the developed lumi-
nescent LFIA strip in real biological samples, we applied a stan-
dard addition method to detect the concentration of NGAL in artifi-
cial urine. Three concentrations of NGAL (50.0, 150 and 250 ng/mL)

were spiked into the artificial urine samples, the recovery values
were in the range of 98.2% 4+ 710% (n=5, £SD), 98.9% + 8.30%
(n=5, £SD) and 99.4% + 8.10% (n=>5, +SD), respectively (Fig. 5f),
indicating that our proposed assay could potentially be applied to
complex realistic samples. All these results proved that a lumines-
cent LFIA strip was developed successfully, which can be used for
point-of-care testing of NGAL with high selectivity and high sensi-
tivity.

In this work, the stability of UCNPs with various sizes was sig-
nificantly enhanced in an aqueous solution using a tDNA nanos-
tructure functionalized method. Although larger-sized UCNPs typ-
ically exhibit stronger luminescence, they often suffer from poor
stability. We introduced the dual effects of surface charge den-
sity and the rigid tDNA structure to prevent aggregation of UCNPs,
markedly improving their stability across different sizes. Specifi-
cally, tDNA-modified UCNPs with size of 300 nm maintained good
stability (>60 days) in PBS buffer (pH 7.4) at 25°C, with no obvi-
ous aggregation and only slight luminescence attenuation, making
them suitable for long-term storage.

Using the developed t-UCNP3p9, we developed a luminescent
LFIA strip for detecting the biomarker NGAL. This LFIA strip
offered a detection linear range of 2.00-250ng/mL for NGAL,
covering concentrations found in the urine of patients with both
mild and severe acute kidney injury (AKI). The limit of detection
was approximately 1.0040.07 ng/mL, lower than that reported
colloidal gold-based or latex microspheres (LMs)-based LFIA meth-
ods and comparable with that of ELISA methods. Additionally, the
developed LFIA strip demonstrated high selectivity and a rapid
response time of <5min, providing a portable solution for point-
of-care testing (POCT). Our developed LFIA strip offered a reliable
method for the early diagnosis of AKI. The strategy employed in
this work can be extended to other fluorescent nanoparticles. This
could enhance their stability and facilitate the development of
multifunctional detection kits for complex samples such as urine
and blood, broadening the scope for advanced diagnostic tools.
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