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a b s t r a c t

Chronic kidney disease (CKD) is a progressive disease characterized by high rates of morbidity and mor-

tality, often leading to various complications. Early home diagnosis and point-of-care prognosis are there-

fore crucial for monitoring CKD progression and managing patient outcomes. β2-microglobulin (B2M)

levels offer a valuable indicator of renal function changes, however, their quantitative detection typically

relies on sophisticated and costly laboratory instrumentation. Here, we present a universal and adaptable

strategy for efficiently conjugating rare-earth-based nanoparticles with antibodies via a carboxymethyl β-

cyclodextrin-mediated "self-assembly-followed-by-conjugation" approach. Cyclodextrin modification en-

hances the rigidity, hydrophilicity, and electrostatic repulsion of nanoparticles, significantly improving

their colloidal stability and upconversion luminescence in aqueous solution. Moreover, the ample car-

boxyl groups on cyclodextrin offer multiple sites for covalent conjugation, resulting in a substantial en-

hancement in antibody loading capacity and improved immunoaffinity for biomarkers. Employing this

methodology, we developed an antibody-conjugated nanoprobe for B2M and fabricated a fluorescent

lateral flow strip. Subsequently, image acquisition and data analysis using a smartphone enabled sen-

sitive and quantitative detection of B2M in artificial urine, achieving a detection limit of 2.7 ng/mL. This

study provides a versatile strategy for the development of nanoparticle-based colorimetric/luminescent

immunoassay probes.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chronic kidney disease (CKD) is a progressive condition char-

acterized by structural alterations in the kidneys and a deterio-

ration in renal function due to diverse etiologies [1]. The global

prevalence of kidney disease is on the rise, with the World Health

Organization identifying it as the eleventh leading cause of death

worldwide [2]. However, early-stage CKD frequently presents with

vague symptoms, and patients may not experience notable discom-

fort, leading to delayed diagnosis and treatment [3]. Point-of-care

testing (POCT) of biomarkers shows promise for early CKD detec-

tion and continuous monitoring to help reduce the global CKD bur-

den [4]. For instance, β2-microglobulin (B2M) could serve as a

valuable biomarker for early-stage CKD, which is primarily reab-

sorbed and metabolized in the proximal renal tubules, maintaining

consistent levels in both blood and urine under normal physiologi-

cal conditions [5,6]. Elevated urinary B2M levels indicate renal dys-

function and damage to the glomerular and tubular structures [7].
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Despite the critical importance of these biomarkers, current clin-

ical detection methods, such as radioimmunoassay [8,9], enzyme-

linked immunosorbent assay (ELISA) [10], high-performance liquid

chromatography (HPLC) and mass spectrometry (MS) [11,12], ei-

ther involve cumbersome operational procedures or require costly

and sophisticated laboratory equipment, hindering real-time home

testing. Hence, there is a pressing demand to develop a sensitive,

rapid, and user-friendly method for biomarker sensing to facilitate

early screening and prognostic management of CKD.

The lateral flow assay (LFA) is a one-step immunoassay tech-

nique recognized for its simplicity, rapidity, and cost-effectiveness,

rendering it a prevalent technology in POCT [13–15]. Colloidal gold

is commonly used as a label in LFA strips due to its economical

production and visible detection capabilities. However, colorimetric

detection methods often encounter challenges related to a limited

signal-to-noise ratio, resulting in reduced sensitivity that confines

their applicability to qualitative analyses. From this perspective,

fluorophore-based luminescent LFA can offer unique advantages

[16,17]. In comparison to traditional organic fluorophores [18–25],

https://doi.org/10.1016/j.cclet.2025.111459
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Fig. 1. Schematic illustration of the cyclodextrin-mediated antibody immobilization on upconversion nanoparticles for CKD biomarker sensing via quantitative luminescent

lateral flow assay.

lanthanide-activated upconversion nanoparticles (UCNPs) possess

the ability to convert longer-wavelength (near-infrared, NIR) ir-

radiations into shorter-wavelength (visible) emissions, along with

superior photochemical stability, prolonged luminescence lifetime,

and minimal background signal, leading to widespread applications

in bioimaging and theranostics [26–29]. Nevertheless, UCNPs are

typically synthesized in organic solvents containing oleic acid (OA),

resulting in poor aqueous dispersibility and colloidal stability. Fur-

thermore, as a potential fluorescent label for LFA, enhancing the

loading capacity of antibodies on the nanoparticle surface to im-

prove immunoaffinity for biomarkers remains a significant chal-

lenge.

Herein, we report a novel cyclodextrin-mediated "self-

assembly-followed-by-conjugation" strategy for UCNP-antibody

conjugation. Initially, the UCNPs β-NaYF4:Yb/Er (Er-NPs) were syn-

thesized and coated with amphiphilic ligands (DSPE-PEG-COOH),

which were subsequently self-assembled with carboxymethyl-β-

cyclodextrin (CM-B-CD) via host-guest interactions between the

polyethylene glycol (PEG) chains and the cavity of CM-B-CD. This

process resulted in the formation of a polyseudorotaxane-type

structure on the UCNP surface [30,31], generating PEG@CD-NPs.

The incorporation of CM-B-CD led to a significant enhancement

in the hydrophilicity, negative charge, and rigidity of the UCNPs’

surface ligands, thereby improving the dispersibility, lumines-

cence intensity, and colloidal stability of the nanoparticles in

aqueous media. Furthermore, CM-B-CD also provided abundant

carboxyl groups for covalent conjugation with amines on an-

tibody molecules, markedly increasing the loading capacity of

antibodies and consequently enhancing the immunoaffinity of

the nanoprobes towards the target biomarker. By employing this

strategy and utilizing B2M as a representative biomarker for

CKD, we constructed a LFA strip as a proof-of-concept (Fig. 1).

Through the integration of smartphone-based image acquisition

and analysis applications, we successfully achieved rapid, sensitive,

and quantitative detection of B2M concentration in samples.

Firstly, using oleic acid as the surface ligand, we successfully

synthesized monodispersed nanoparticles (designated as Er-NPs)

comprising Yb as the sensitizer and Er as the activator, with a

composition of NaYF4: 20% Yb, 2% Er, via a modified solvothermal

reaction (detailed in Supporting information). As depicted in Fig.

2a(i), transmission electron microscopy (TEM) images revealed that

the synthesized nanoparticles exhibited uniform hexagonal spheres

with an average diameter of approximately 80nm. The powder X-

ray diffraction (XRD) patterns indicated that the diffraction peaks

of the synthesized nanoparticles matched well with those of the

standard hexagonal phase NaYF4 (JCPDS: 16–0334) (Fig. 2b). More-

over, energy dispersive X-ray spectroscopy (EDS) mapping further

confirmed the homogeneous distribution of Na, Y, F, Yb and Er ele-

ments within the nanoparticles (Fig. 2c). Collectively, these results

unequivocally demonstrated the successful synthesis of Er-NPs.

Next, a layer of amphiphilic polymer DSPE-PEG-COOH was ap-

plied to the surface of Er-NPs, thereby converting the hydrophobic

oleic acid layer into a relatively hydrophilic surface covered with

PEG chains, resulting in the formation of new nanoparticles desig-

nated as PEG-NPs (Fig. 1). Subsequently, CM-B-CD was introduced

to further modify the surface of the PEG-NPs. Ahead of that, we

conducted initial verification of the interactions between CM-B-

CD and DSPE-PEG-COOH using two-dimensional NOESY nuclear

magnetic resonance (2D NOESY NMR). As shown in Fig. 2d, clear

nuclear Overhauser effect (NOE) between the methylene protons

of PEG chain and the protons from the cavity of cyclodextrin

were observed, indicating the spatial proximity between them,

and demonstrating the host-guest self-assembly of CM-B-CD with

PEG chain in the aqueous phase [32–35]. Leveraging this feature,

the incorporation of CM-B-CD resulted in a cyclodextrin layer

with polypseudorotaxane-type structure covering the surface of

PEG-NPs, leading to the creation of enhanced hydrophilic nanopar-

ticles referred to as PEG@CD-NPs (Fig. 1). TEM image in Fig. 2a(iii)

displayed a superficial layer of ∼3.5 nm thick on the surface of the

nanoparticles post the CM-B-CD modification. In contrast, nanopar-

ticles modified solely with DSPE-PEG-COOH chains did not exhibit

this phenomenon (Fig. 2a(ii)). Furthermore, Fourier-transform

infrared spectroscopy (FT-IR) revealed characteristic peaks at

1103 cm-1 and 1730 cm-1 attributed to C–O and C=O stretching

vibrations, which proved that the PEG-NPs has been successfully

constructed. A comparison between PEG-NPs and PEG@CD-NPs

showed a shift in the characteristic peak at 1683 cm-1 attributed

to C=O stretching vibration and the emergence of a new peak at

3400 cm-1 attributed to O–H stretching vibration due to the self-

assembly of CM-B-CD on PEG@CD-NPs (Fig. 2e) [36,37]. Further

insights into the evolution of surface ligands on the nanoparticles

were obtained from XRD experiments. As shown in Fig. 2f, com-

pared to the initial Er-NPs, PEG-NPs showed a weak diffraction

peak at 21.62°, which can be attributed to the PEG layer on the

surface. However, post modification with CM-B-CD, the diffraction

peak of the surface ligand DSPE-PEG-COOH shifted to 21.42°
with increased intensity, indicating its host-guest interaction

with cyclodextrin [37,38]. Additionally, dynamic light scattering

(DLS) experiments visually depicted changes in particle size due

to the presence of different surface ligands on the nanoparti-

cles, particularly with the addition of cyclodextrin which led to

a more significant increase in particle size attributable to the
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Fig. 2. (a) TEM images of Er-NPs (i), PEG-NPs (ii), and PEG@CD-NPs (iii). (b) Comparison between the experimental X-ray diffraction (XRD) pattern (top) and the standard

hexagonal phase NaYF4 XRD pattern (JCPDS: 16–0334) (bottom) of the Er-NPs. (c) TEM image and corresponding EDS element mapping images of the Er-NPs. (d) 2D NOESY

NMR spectra of the mixture of DSPE-PEG-COOH and CM-B-CD. FT-IR spectra (e) and XRD patterns (f) of Er-NPs with different surface modifications. (g) Size distributions of

Er-NPs, PEG-NPs and PEG@CD-NPs determined through DLS experiments.

enhanced rigidity of the surface ligands (Fig. 2g). Taken together,

the evidence presented clearly demonstrated the self-assembly of

cyclodextrin on the surface of rare-earth nanoparticles and the

successful construction of PEG@CD-NPs.

Afterwards, the physicochemical properties of the synthesized

nanoparticles with different ligands modifications were thoroughly

characterized. As a potential biological detection indicator, good

aqueous dispersibility is essential. However, due to the hydropho-

bic oleic acid ligand coating on the surface of the initially prepared

Er-NPs, their water solubility is poor. Scanning electron microscopy

(SEM) images clearly showed the large-scale aggregates of Er-NPs

in the aqueous phase (Fig. 3a), which also resulted in upconver-

sion luminescence (UCL) quenching (Fig. 3d(i)). Subsequent mod-

ification with DSPE-PEG-COOH significantly improved water solu-

bility, as observed through SEM imaging displaying uniform dis-

persion in the aqueous phase (Fig. 3b). Besides, due to the hy-

drophobic cavities in the DSPE-PEG chain coating effectively isolat-

ing the UCNP core from water molecules with high vibrational en-

ergy, the modified nanoparticles exhibit a reduced water quench-

ing effect, thereby preserving the UCL performance. (Fig. 3d(ii)).

Furthermore, the CM-B-CD-assembled nanoparticles (PEG@CD-NPs)

exhibited superior monodispersity (Fig. 3c). The cyclodextrin layer

on the surface of PEG@CD-NPs can also effectively trap water

molecules via hydrogen-bond networks, which may further reduce

the quenching effect of surface water, thereby better protecting the

luminescent core and establishing them as excellent luminescent

indicators in aqueous systems (Fig. 3d(iii)) [39,40].

The enhancement dispersibility and colloidal stability in water

due to cyclodextrin coating can also be observed macroscopically.

As shown in Fig. 3e, both PEG-NPs and PEG@CD-NPs were evenly

dispersed in water initially. However, after standing for 15 days,

PEG-NPs showed significant stratification, indicating their aggrega-

tion settlement. In contrast, PEG@CD-NPs remained well dispersed,

showcasing the crucial role of cyclodextrin modification in enhanc-

Fig. 3. SEM images of Er-NPs (a), PEG-NPs (b), and PEG@CD-NPs (c) (scale bar,

100nm). (d) Upconversion luminescence spectra of the different nanoparticles, with

insets of their upconversion luminescence images (excited at 980nm, where i, ii, iii

represent the Er-NPs, PEG-NPs, and PEG@CD-NPs, respectively). (e) Photographs of

the aqueous dispersions of PEG-NPs (I) and PEG@CD-NPs (II) on day 1 and day 15.

(f) Luminescence intensity of the supernatant samples from the aqueous samples

of PEG-NPs and PEG@CD-NPs at 540nm and 654nm as a function of standing time.

(g) Zeta potential values of the different nanoparticles.

3



B. Wen, W. Zhang, Q.-W. Zhang et al. Chinese Chemical Letters 37 (2026) 111459

Fig. 4. (a) Schematic representation of the preparation process for PEG-NP-Ab and PEG@CD-NP-Ab, along with their binding affinity to B2M. (b) FT-IR spectra, (c) zeta

potential and (d) UV-visible absorption spectra of PEG@CD-NP and PEG@CD-NP-Ab. (e) Assessment of the conjugated antibodies on PEG-NP-Ab and PEG@CD-NP-Ab fabricated

under varying pH conditions. (f) Binding rates of PEG-NP-Ab and PEG@CD-NP-Ab nanoprobes produced under different pH conditions towards B2M.

ing aqueous colloidal stability. The colloidal stability of PEG@CD-

NPs in water could also be confirmed by luminescent measure-

ment. As shown in Fig. 3f, their upconversion luminescence in-

tensity at two characteristic emission wavelengths (540nm and

654nm) were recorded by intermittently sampling from the upper

layer of the dispersion of these two samples. The results demon-

strated that with prolonged standing time, the luminescent inten-

sity of PEG-NPs sample rapidly decreased, reaching only ∼50% of

the initial value after 15 days. In contrast, the luminescent inten-

sity decrease of PEG@CD-NPs is much slower, retaining over 90%

of the initial intensity after 15 days. This comparison clearly illus-

trated the important role of cyclodextrin modification in enhanc-

ing the aqueous colloidal stability of the synthesized rare-earth

nanoparticles, which not only attributed to the improved water

solubility due to the abundant cyclodextrin coverage but also re-

lated to the increased surface charge caused by the numerous car-

boxyl groups on CM-B-CD. As shown in Fig. 3g, the zeta potential

of PEG-NPs measured in the aqueous solution is only −10.6mV,

whereas that of the PEG@CD-NPs reached −29.7mV, indicating

the enhanced electrostatic repulsion force, and approaching the

stability threshold for colloids (∼30mV). Therefore, the above re-

sults demonstrated that PEG@CD-NPs exhibit superior hydrophilic-

ity, stronger luminescence, and enhanced colloidal stability, lay-

ing a solid foundation for the development of high-performance

nanoprobes for biosensing.

To develop specific probes for the CKD biomarker B2M,

we further conjugated the monoclonal antibody B2M-antibody

(B2M-Ab-1, clone 15F6) to the as-prepared luminescent indica-

tor PEG@CD-NPs using EDC/sulfo-NHS-mediated amidation, yield-

ing the antibody-conjugated nanoprobe denoted as PEG@CD-NP-

Ab (Fig. 4a). The successful formation of covalent bonds between

the luminescent nanoparticles and the antibodies was first char-

acterized by FT-IR spectroscopy. A comparison between the FTIR

spectra of PEG@CD-NPs and PEG@CD-NP-Ab (Fig. 4b) revealed a

shift in the C=O stretching vibration peak from 1683 cm-1 to

1653 cm-1. Additionally, a distinct strong broad peak at 3300 cm-1

emerged, assignable to the characteristic N–H stretching vibration

peak. These spectral changes can be attributed to the formation of

amide bonds between the nanoparticles and the antibodies [41].

On the other hand, the zeta potential of the nanoparticles signif-

icantly decreased due to the consumption of free carboxyl groups

on cyclodextrin (Fig. 4c). Furthermore, UV–visible absorption spec-

troscopy unveiled a new absorption peak at 280nm for PEG@CD-

NP-Ab compared to PEG@CD-NPs, which was attributed to protein

absorption, confirming the successful conjugation of antibodies to

the nanoparticle surface (Fig. 4d) [42]. Utilizing the same method-

ology, a control probe named PEG-NP-Ab was prepared as well

by conjugating B2M-antibody with PEG-NPs lacking cyclodextrin

modification (Fig. 4a). The successful construction of PEG-NP-Ab

was validated, as depicted in Fig. S1 in Supporting information.

Considering the significant pH influence on the rate and yield

of the condensation reaction between sulfo-NHS-activated carboxyl

and primary amines, we proceeded to optimize the pH condi-

tions for the covalent conjugation of nanoparticles with antibod-

ies. The average amounts of conjugated antibodies on nanoparti-

cles were utilized to assess the efficiency of coupling (calculated

based on the discrepancy between the initial amount of input an-

tibody and the residual free antibody post-reaction). As shown in

Fig. 4e, within the experimental pH range (5.5–8.5), the antibody

coupling levels of PEG@CD-NPs surpassed those of PEG-NPs, reach-

ing the highest coupling efficiency at pH 7.5. Moreover, the in-

creased antibody coupling amount also led to a higher binding rate

of the antigen (B2M) to the nanoprobe PEG@CD-NP-Ab compared

to PEG-NP-Ab under identical conditions (Fig. 4f). These findings

indicated that the multi-carboxylated cyclodextrin modification fa-

cilitated the provision of more reaction sites for coupling with pri-

mary amines in the antibody, thereby enhancing antibody loading

and improving antigen binding performance.

After optimizing the synthesis conditions and confirming the

superior performance of PEG@CD-NP-Ab, it was employed as a
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Fig. 5. (a) Photographs of the LFA test strip, where the red line indicates the test line (T line) and the blue line indicates the control line (C line). (b) Upconversion

luminescence images of PEG@CD-NP-Ab nanoprobe-based LFA strips with different concentrations of B2M standard solutions under 980nm laser irradiation. (c) Linear

relationships between the signal intensity at the T lines and the concentrations of B2M (mean ± SD, n=3). (d) Selectivity evaluation of the developed LFA strips towards

common CKD biomarkers at their physiological levels, from left to right: 150ng/mL, 7.2 ng/mL, 9 μg/mL, 15 μg/mL, and 0.5 μg/mL (mean ± SD, n=3). (e) Accuracy assessment

of the developed LFA strips for the detection of standard B2M samples in artificial urine.

luminescent nanoprobe for the development of luminescent LFA

strips aimed at in vitro detection of B2M (Fig. 5a). Practically, a

test sample was mixed with the nanoprobe solution for approx-

imately 5min, after which the mixture was dispensed onto the

sample pad of the test strip. In the event that the test sample con-

tains the target antigen B2M, it will initially bind to PEG@CD-NP-

Ab to create the nanoprobe-antigen conjugate. Subsequently, this

conjugate will be transported to the test line (T line) on the sam-

ple pad through capillary force, forming a sandwich configuration

with the second antibody (B2M-Ab-2, Clone 19F9) immobilized in

the T line, thereby generating a sensing signal. While the excess

free nanoprobes would continue to flow forward and be trapped by

the goat anti-mouse antibody on the control line (C line). Subse-

quently, the LFA strips can be illuminated under 980nm laser irra-

diation, and the UCL signal can be imaged using a smartphone and

then analyze using smartphone applications like a Color Picker, to

quantify the signal intensity (I) based on the RGB values within the

image. Specifically, the signal intensity can be quantified using the

formula I=0.3R+0.59G +0.11B [43]. Consequently, the presence

of solely signal on the C line indicates the absence of detectable

B2M in the sample (negative result), while the luminescence sig-

nals present on both the C line and T line signify the presence of

B2M in the sample (positive result), as schemed in Fig. 1.

Fig. 5b showed the upconversion luminescence images of the

LFA strips reacted with B2M samples at various concentrations

ranging from 0 to 275ng/mL. The outcomes indicated that the lu-

minescence signal intensities of T line were positively correlated

with the concentration of B2M, with the lowest observable lumi-

nescence signal at 7 ng/mL. Furthermore, by plotting the intensity

values on the T lines against the concentrations of B2M samples, a

good linear relationship could be fitted within the B2M concentra-

tions ranging from 7ng/mL to 275ng/mL, and the limit of detec-

tion (LOD) was calculated to be 2.7 ng/mL (S/N=3), which has met

the requirements for detection, as the normal clinical threshold is

200ng/mL [44], affirming the capability of quantitatively detecting

B2M using this nanoprobe-based luminescent LFA strips (Fig. 5c).

Then, recovery tests were conducted to evaluate the accuracy and

detection stability of the LFA strips. As shown in Table S1 (Sup-

porting Information), the average recovery values of this method

were 86% – 106.3%, with relative standard deviations (RSD) of

3.3 % to 10.5%, indicating good accuracy and detection stability for

the developed test strips. Subsequently, to validate the specificity

of the developed strips, four other commonly used CKD biomark-

ers, such as neutrophil gelatinase-associated lipocalin (NGAL), α1-

microglobulin (A1M), microalbumin (MALB), and retinol-binding

protein (RBP), were evaluated as interferents at their physiological

concentrations. The luminescence intensities at the T lines for the

aforementioned samples were presented in Fig. 5d, wherein only

B2M elicited a significant signal intensity, while the signal from

the other interferents was nearly negligible, underscoring the ex-

ceptional specificity towards B2M. Finally, to validate the feasibil-

ity and reliability of the developed LFA strips for practical appli-

cation in biological samples, a standard B2M sample (150ng/mL)

was prepared in artificial urine. Subsequently, both the prepared

LFA strip and a commercial ELISA kit were employed to detect the

sample, in which the former exhibited a satisfactory average devi-

ation of +6.7% compared to the standard concentration (Fig. 5e).

Therefore, the PEG@CD-NP-Ab nanoprobe-based luminescence LFA

strip hold significant practical value in our daily lives, particularly

in the context of chronic disease detection, owing to its rapid de-

tection speed and ease of operation.

In summary, this study presents a unique technique involv-

ing the cyclodextrin-mediated surface modification of rare-earth

nanoparticles and their covalent conjugation with antibodies. The

host-guest self-assembly of cyclodextrin and PEG ligands on the

surface of rare-earth nanoparticles leads to a significant enhance-

ment of the solubility and colloidal stability, along with improved

upconversion luminescence performance in water, thus ensuring

their promising application as luminescent indicators in biological

samples. Furthermore, the presence of abundant carboxyl groups

on cyclodextrin provide ample covalent binding sites, resulting in a

substantial increase in antibody loading capacity and consequently

enhancing the affinity of the nanoprobes towards target biomark-

ers. As a proof-of-concept, a LFA strip was constructed utilizing

the PEG@CD-NP-Ab nanoprobe for the quantitative detection of

a CKD biomarker (B2M), showing excellent specificity, sensitivity,

and accuracy, which has reached the detection level of reported

POC methods [45]. Although this work still has certain limitations,

such as the step-by-step detection mode increasing operational

complexity and detection time to some extent, and the approach

of calculating signal intensity based on RGB values showing

gaps in precision and accuracy compared to direct fluorescence
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intensity measurement, future research could further optimize

signal acquisition strategies, and develop an all-in-one portable

detection device to enhance detection efficiency. In general,

this work not only introduces a rare-earth-based luminescent

nanoprobe for efficient and rapid LFA testing of CKD biomark-

ers but also demonstrates the simplicity and versatility of the

cyclodextrin-mediated "self-assembly-followed-by-conjugation"

methodology, which can be readily applied to the development of

various nanoparticle-based immunoassays.
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