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a b s t r a c t

Lanthanide-doped upconversion nanoparticles (Ln-UCNPs) are a new type of nanomaterials with excellent

fluorescence properties, which are well applied in fluorescent biosensing. Herein we developed a multi-

functional probe based on the surface engineering of core-shell structure UCNPs with polyacrylic acid

(PAA). The developed PAA/UCNPs probe could be highly selective to detect and respond to Cu2+ at differ-

ent pH. Cu2+ could easily combine with the carboxylate anion of PAA to quench the fluorescence of UC-

NPs. Therefore, we creatively proposed a fluorescent array sensor (PAA/UCNPs-Cu2+), in which the same

material acted as the sensing element by coupled with pH regulation for pattern recognition of 5 thiols. It

could also easily identify the chiral enantiomer of cystine (l-Cys-and d-Cys), and distinguish their mixed

samples with different concentrations, and more importantly, it could be combined with urine samples

to detect actual level of homocysteine (Hcys) to provide a new solution for judging whether the human

body suffers from homocystinuria.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal ions are widely regarded as important chemical sub-

stances involved in the metabolism of living body. Copper ion

(Cu2+) is essential for human life and health [1,2], playing a very

important role in the process of peptide amidation, neurotrans-

mitter synthesis, and cell respiration [3]. The normal concentra-

tion of Cu2+ in human blood is 100–150μg/dL (15.7–23.6 μmol/L)

[4], however, it is harmful to the body when higher than nor-

mal concentration. The destruction of Cu2+ homeostasis will fur-

ther damage the body and cause a variety of neurodegenerative

diseases, such as Alzheimer’s disease and Wilson’s disease [1,5-

8]. With the rapid development of industrial application technol-

ogy, a large amount of Cu2+ is used in the environment, metal-

lurgy, medicine, information and other fields, resulting in exces-

sive copper emissions and causing serious damage to the environ-

ment and life systems. The U.S. Environmental Protection Agency

(EPA) expressly stipulates that the concentration of Cu2+ in daily

drinking water cannot exceed 20 μmol/L [9]. Therefore, the analy-
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sis of Cu2+ has extraordinary significance for both human health

and ecological protection. The current methods detecting Cu2+

mainly include electrochemical method [10], electrochemilumines-

cence method [11], atomic absorption spectrometry (AAS) [12], in-

ductively coupled plasma-atomic emission spectrometry (ICP-AES)

[13] and fluorescence method [14,15]. Fluorescence method has

unique advantages such as fast, simple, good selectivity, and can

realize in-situ online monitoring, and has attracted more and more

attention in production and life.

Thiols, a kind of important biomarker which has a strong inter-

action with Cu2+, also act as an important research object in life

sciences and other fields. The disordered level of thiols in biofluids

usually has relation to cardiovascular and cerebrovascular diseases

[16], neurodegenerative diseases [17] and certain cancers [18]. For

example, the normal level of homocysteine (Hcys) in urine is 5–

15 μmol/L, while in the urine of patients with homocystinuria is

usually higher than 50 μmol/L [19]. Homocystinuria is a disease

caused by the lack of cystathionine beta synthase [20], accom-

panied with mental retardation, developmental delay and abnor-

mal cardiovascular system. There are many kinds of thiols in bio-

logical fluids, such as glutathione (GSH), cysteine (Cys), homocys-

teine (Hcys), N-acetylcysteine (NAC). Different types of thiols are
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Scheme 1. Schematic illustration of the fluorescence probe based on PAA-modified

UCNPs for Cu2+ and thiols detection.

very similar in chemical structure and properties. Therefore, dis-

tinguishing multiple thiols is the main problem to be solved ur-

gently. The traditional sensor recognition strategy is based on the

"lock and key" sensing mode, that is, one probe can only specifi-

cally recognize one target, which is not conducive to the identifi-

cation and detection of multiple target substances or mixed sam-

ples. However, the "chemical tongue" sensor arrays based on pat-

tern recognition have emerged in recent years could recognize a

variety of analytes at high-throughput [21–24].Traditional fluores-

cence materials (quantum dots, organic dyes, etc.) mostly exhibit

emission based on Stokes’s shift, and have inevitable shortcomings

such as photobleaching, wide emission band and biological toxic-

ity [25]. Lanthanide-doped upconversion nanoparticles (Ln-UCNPs)

are a new type of nanomaterials with excellent fluorescence prop-

erties that can convert low-energy near-infrared light into high-

energy ultraviolet or visible light [26]. They have many inherent

advantages, such as narrow emission band, strong penetrating abil-

ity, low biological toxicity and weak autofluorescence. Furthermore,

they have broad development and application prospects in the

fields of biosensing and optical sensor manufacturing [22,27-30].

UCNPs-based fluorescence analysis has been extensively developed

for the specific analyte. However, there are few reports on UCNPs-

based multifunctional assays to discriminate multiple targets.

Herein, by surface engineering of ligand-free UCNPs with poly-

acrylic acid (PAA), a PAA/UCNPs probe was constructed in PBS

buffer to rapidly and sensitively detect Cu2+. Furthermore, a

novel sensor array was developed based on a pH regulation

strategy, realizing the pattern recognition of thiols (Scheme 1).

Firstly, oleic acid (OA)-capped NaYF4: 20%Yb, 0.5%Tm@NaGdF4 (OA-

UCNPs) with core-shell structure was synthesized by solvothermal

method [31], and then the OA ligand on the surface of OA-UCNPs

was removed by acid treatment to obtain ligand-free UCNPs with

good water dispersibility [22,32]. Then, ligand-free UCNPs can be

readily modified with PAA. Since copper carboxylate complexes

could be formed due to the complexation of Cu2+ and PAA, the flu-

orescence of PAA/UCNPs will be quenched ("turned off") after the

addition of Cu2+ in the buffer system. And the fluorescence inten-

sity of the PAA/UCNPs probe gradually decreased with the increase

of Cu2+, thus realizing the detection of Cu2+ under the excita-

tion of near-infrared light with a low-cost, high-sensitivity strategy.

More importantly, due to the differential fluorescence response of

PAA/UCNPs probe to Cu2+ under different pH conditions, an inno-

vative "chemical tongue" fluorescence sensor array was developed,

that is, PAA/UCNPs-Cu2+ under buffer systems with three different

pH values was composed as our proposed sensor array. Inspired

by the easy and somewhat different coordination of Cu2+ with

sulfhydryl groups, a data matrix composed of intricate responses

of various thiols to the sensor array was obtained. Then, various

thiols could be clearly recognized and the chiral enantiomers of

Cys-could be well distinguished by principal component analysis

(PCA). Our presented PAA/UCNPs sensor array was further applied

to non-invasively analyze Hcys in urine, providing a new solution

Fig. 1. (a) TEM image of the core-shell UCNPs NaYF4: 20%Yb, 0.5%Tm@NaGdF4 and

the corresponding particle size distribution. (b) Upconversion fluorescence spectra

of core UCNPs and core-shell UCNPs under the same conditions. (c) FTIR spectrum

and (d) TG analyses of the UCNPs and PAA/UCNPs (UCNPs refer to ligand-free UC-

NPs).

for checking whether the human body suffers from homocystin-

uria.

OA-UCNPs with core-shell structure were prepared by

solvothermal method, and the morphology of the obtained

UCNPs was characterized by TEM (Fig. 1a). The results showed

that UCNPs present a regular hexagonal core-shell structure and

a uniform particle size distribution of 40.8±5.3 nm. In addi-

tion, the particle size distribution of core UCNPs was uniformly

29.5±3.7 nm (Fig. S1 in Supporting information). Therefore, the

inert shell thickness of core-shell UCNPs was about 5nm. Next, the

prepared UCNPs were dispersed in cyclohexane and excited by a

near-infrared 980nm laser to characterize the fluorescence feature

of UCNPs (Fig. 1b). Due to the 1I6 → 3F4,
1D2 → 3H6,

1D2 → 3F4 and
1G4 → 3H6 transitions of the activator Tm3+, there were obvious

upconversion fluorescence emission peaks at 350nm, 368nm,

455nm and 484nm. The main emission peak at 484nm had the

strongest fluorescence intensity, which was used in our subsequent

analysis and testing experiments. It was important to note that

the fluorescence emission intensity of core-shell UCNPs was about

4.46 times stronger than that of core UCNPs. It’s because that

the inert shell not only served as a spacer matrix to isolate the

activator and ligands or solvent molecules and other quenching

substances, but also could modify the lattice defects on the surface

of the core [33]. The significant enhancement of the fluorescence

intensity of core-shell UCNPs could greatly improve the sensitivity

of the probe/sensor made with it, reduce the amount of material,

and be excited by a lower excitation light to reduce the thermal

effect of the reaction system.

After removing the oleic acid (OA) ligand, water-dispersible

ligand-free UCNPs were engineered with PAA to obtain a hybrid

of PAA/UCNPs. Then we carried out various characterizations on

ligand-free UCNPs and PAA/UCNPs respectively. First, FT-IR spec-

troscopy proved the successful construction of PAA/UCNPs (Fig. 1c).

It could be clearly seen that there were characteristic peaks at

1540 cm−1 and 1410 cm−1, which were attributed to the asym-

metric stretching vibration of the carbonyl group and the carbon-

oxygen single bond of the PAA functional group, respectively [34].

At the same time, we noticed that the characteristic peaks (1420,

1560, 2850, 2920 cm−1) attributable to OA on UCNPs disappeared,

which proved that OA had been successfully removed and they

were ligand-free UCNPs. In addition, the zeta potential of UCNPs
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Fig. 2. (a) The upconversion fluorescence spectra of PAA/UCNPs probe incubated

with various concentration of Cu2+ (0–20 μmol/L). (b) The plot of fluorescence in-

tensity quenching efficiency (F – F0)/F0 (%) versus the concentration of Cu2+ (0–20

μmol/L).

was measured to be +27.5mV, which made the ligand-free UCNPs

present a stable colloidal state in the aqueous dispersion. And the

positive potential of UCNPs was mainly due to the fact that there

were many positive rare earth ions on the surface of bare UCNPs.

But PAA/UCNPs had a very negative zeta potential of −28.6mV,

which proved that UCNPs were functionalized by PAA (Fig. S2 in

Supporting information). Furthermore, we quantified the percent-

age of PAA in the PAA/UCNPs by TG analysis to be about 6 wt%

(Fig. 1d). All the above facts displayed that the PAA/UCNPs were

successfully prepared and could be well applied for further exper-

imental investigation.

In the presence of Cu2+, the carboxylate anion of PAA/UCNPs

could combine with it to form a copper carboxylate complex to

quench the fluorescence of UCNPs [34]. Based on this, PAA/UCNPs

were qualified for the analysis of Cu2+. The response of the up-

conversion fluorescence intensity of PAA/UCNPs was recorded by

adding various concentrations of Cu2+. First of all, we optimized

the experimental conditions. It cannot be ignored that pH could

affect the quenching effect of Cu2+ on PAA/UCNPs. As shown in

Fig. S3a (Supporting information), the changes of the fluorescence

intensity of PAA/UCNPs before and after the addition of Cu2+ were

measured under different pH values. And we could see that the de-

gree of fluorescence quenching was greatest at pH 8.0. Therefore,

we chose PBS buffer at pH 8.0 for subsequent reactions. The degree

of fluorescence quenching was mainly measured by "(F0 – F)/F0
(%)", where F0 and F represented the upconversion fluorescence in-

tensity before and after the addition of Cu2+ respectively. In addi-

tion, we explored the relationship between the degree of quench-

ing and reaction time, found that the response of PAA/UCNPs to

Cu2+ was rapid. The time to reach the quenching plateau value was

evaluated to 15min (Fig. S3b in Supporting information), which

was much shorter than 60-minute response time of UCNPs for

Cu2+ sensing previously reported in the literature [22]. These re-

sults proved that a liable and convenient Cu2+ probe had been suc-

cessfully constructed.

As shown in Fig. 2a, the upconversion fluorescence intensity

of PAA/UCNPs showed a gradual decrease as the concentration

of Cu2+ increases. The fluorescence quenching efficiency was lin-

early correlated with the concentration of Cu2+ when it is in the

range of 0.1–1 μmol/L and 1–20 μmol/L, respectively (Fig. 2b).

The two regression equations were described as Y=31.84X+0.706

(R2 =0.986) and Y=1.475X+33.73 (R2 =0.950) respectively. LOD

was calculated to be 0.019 μmol/L (3δ/S). The above results indi-

cated that PAA/UCNPs probe had the potential to detect low con-

centrations of Cu2+, meeting the requirements of EPA standard (≤
20 μmol/L) [24]. The selectivity of PAA/UCNPs probe was also ex-

plored. we selected 11 metal ions (Co2+, Pb2+, Ni+, Zn2+, Ca2+,
Cr3+, Li+, Al3+, Mn2+, Mg2+, Fe3+) with a final concentration of

50 μmol/L for interference test. As shown in Fig. S4 (Supporting

information), the influence of other metal ions on our probe was

Fig. 3. (a) Upconversion fluorescence spectra of PAA/UCNPs, PAA/UCNPs-Cu2+ and

PAA/UCNPs-Cu2++Hcys. (b) Upconversion fluorescence patterns of the pH-regulated

PAA/UCNPs-Cu2+ sensor array toward GSH, l-Cys, d-Cys, Hcys, and NAC. (c) Heat

map and (d) canonical score plot derived from upconversion fluorescence patterns

of the presented sensor array toward thiols indicated, where F and F’ represent the

upconversion fluorescence intensity at 484nm of the pH regulated PAA/UCNPs-Cu2+

sensor array before and after the addition of thiols, respectively.

almost negligible, which proved that this probe had good selectiv-

ity toward Cu2+ sensing. Based on previous studies [35], the most

likely quenching mechanism at low metal ion concentrations is dy-

namic quenching, which is the result of collisions around UCNPs

and Cu2+. Static quenching, which forms complex between Cu2+

and UCNPs at ground state, occurs at higher concentrations.

In order to evaluate the potential application value of

PAA/UCNPs, it is necessary to further study the feasibility of detect-

ing Cu2+ in biofluids. For instance, the level of Cu2+ in the urine of

patients with Wilson’s disease is abnormal, and urinary copper is a

key indicator of the disease [36]. Also, it is very important to accu-

rately determine the concentration of Cu2+ in urine. Therefore, we

prepared artificial urine and artificial saliva. And a series of biofluid

samples containing various concentrations of Cu2+ were added to

PAA/UCNPs to determine the concentration of Cu2+. The resultant

test had the recovery between 97% and 108% (Table S2 in Support-

ing information), suggesting the good applicability of the proposed

method to real analysis of Cu2+ in biological samples. Furthermore,

the accuracy of our method was verified by the traditional stan-

dard ICP-AES method. And the relative standard deviation (RSD,

n=3) of the test results was all within 5%. Real sample experi-

ments with urine and saliva obtained non-invasively showed that

our proposed method had great promise in practical application.

Inspired by the easy coordination of Cu2+ with sulfhydryl

groups, we believed that thiols could recovery the fluorescence

of PAA/UCNPs quenched by Cu2+. That is, when PAA/UCNPs were

combined with Cu2+, a PAA/UCNPs-Cu2+ sensor could be formed

for the further analysis of thiols. As a proof-of-concept, the com-

mon thiol, Hcys, was picked to be added to PAA/UCNPs-Cu2+, and
the fluorescence spectrum was shown in Fig. 3a. Obviously, the flu-

orescence of PAA/UCNPs quenched by Cu2+ could be restored by

Hcys. This is mainly because the binding capacity of Cu2+ to the

thiol was greater than its binding ability to PAA. As shown in Fig.

S5 (Supporting information), the PAA/UCNP luminescence is sta-

ble in the pH range of 6.5–8.5 on the whole. Moreover, in Fig. S3

(Supporting information), the fluorescence response of PAA/UCNPs

probe to Cu2+ was different under distinct pH conditions. Thus,

we proposed that PAA/UCNPs-Cu2+ at three different pH could be
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picked as three sensing elements, and a "chemical tongue" fluores-

cence sensor array based on pH regulation for pattern recognition

of thiols could be developed. 3 PBS buffers with appropriate pH

(7.0, 7.5, 8.0) were prepared as the sensor array and 5 thiols (l-Cys,

d-Cys, GSH, Hcys, NAC) with a final concentration of 100 μmol/L

were added in buffer as targets. F’/F of the upconversion fluores-

cence intensity of PAA/UCNPs-Cu2+ before and after adding thiols

was calculated to verify the feasibility of this sensor array for thiol

analysis. F’ and F represented the fluorescence intensity at 484nm

of the pH-regulated PAA/UCNPs-Cu2+ sensor array with and with-

out the addition of thiol respectively. It could be seen from the

fluorescence response histogram (Fig. 3b) and the heat map (Fig.

3c) that different thiols had distinct responses to the three sensing

elements. The fluorescence data matrix "3 PAA/UCNPs-Cu2+ sens-

ing elements×5 thiols×5 sets of repetitions" was analyzed and

processed using the principal component analysis method. Princi-

pal component analysis (PCA) was performed to cut down the di-

mension of the data and concentrate the most prominent features

which can represent the data matrices. And the typical factors are

derived from data processing by SPSS 25.0 software (IBM). In this

way, the typical factors of pattern recognition responses were ob-

tained, and the two most important factors (PC1 and PC2) were

exploited to draw the canonical score plot (Fig. 3d). The results

displayed that 5 thiols were 5 independent clusters, which proved

that these 5 thiols were independent of each other and could be

distinguished by our sensor array. And it was worth emphasizing

that the two enantiomers (l-Cys-and d-Cys) were also indepen-

dent of each other in the PCA diagram, confirming the potential of

the developed pH-regulated PAA/UCNPs-Cu2+ sensor array in dis-

tinguishing chiral enantiomers.

After successfully distinguishing the five thiols, l-Cys-and Hcys

were utilized for quantitative analysis to further determine the an-

alytical performances of our sensor array. Various concentrations of

l-Cys-and Hcys were added to pH-regulated PAA/UCNPs-Cu2+ sen-

sor array to obtain upconversion fluorescence intensity data. Up-

conversion fluorescence patterns and heat map of l-Cys and Hcys

were shown in Figs. S6 and S7 (Supporting information), where

F’/F represented the degree of fluorescence recovery of PAA/UCNPs-

Cu2+ sensor array in the presence of thiol. After processing the

data matrix with the PCA method, we could see that the clusters

corresponding to various concentrations were regularly arranged in

accordance with concentration (Figs. 4a and c). Since PC2 in the

PCA plots was smaller than 3%, it was acceptable to employ PC1 to

correlate the concentrations of l-Cys and Hcys. As shown in Fig. 4b,

PC1 was effectively correlated with the concentrations of l-Cys at

1–100 μmol/L, and the linear range was 1–40 μmol/L. Meanwhile,

there was a certain relationship between PC1 and the concentra-

tion of Hcys at 0.5–100 μmol/L, and a linear correlation at 0.5–20

μmol/L (Fig. 4d). These results indicate that our sensor array can

distinguish different concentrations of thiols and this method can

be applied for differentiation of biothiols with unknown concen-

trations according to above linear relationship.

Moreover, the constructed pH-regulated PAA/UCNPs-Cu2+ sen-

sor array could also realize the analysis of mixed thiol sam-

ples, showing excellent performance in a complex environment. As

shown in Fig. 5a, the PAA/UCNPs-Cu2+ sensor array was effective

in the discrimination of 80 μmol/L Hcys and GSH mixture with

Hcys/GSH molar ratios of 0/80, 10/70, 20/60, 40/40, 60/20, 70/10,

80/0. The corresponding upconversion fluorescence patterns and

heat map were shown in Fig. S8 (Supporting information). The dif-

ference in the fluorescence response of the mixed samples was

mainly due to the difference in the affinity of various types of thi-

ols for Cu2+, which led to the differential inhibition of the fluores-

cence of PAA/UCNPs by Cu2+.
Chiral phenomena are ubiquitous in the colorful world we live

in and play an important role in the fields of life sciences and

Fig. 4. (a) Canonical score plot derived from upconversion fluorescence patterns

of the presented sensor array toward various concentrations of l-Cys-and (b) the

plot of PC1 vs. the concentration of l-Cys. (c) Canonical score plot derived from

upconversion fluorescence patterns of the presented sensor array toward various

concentrations of Hcys and (d) the plot of PC1 vs. the concentration of Hcys.

Fig. 5. Canonical score plot of the presented sensor array toward the mixture of (a)

Hcys and GSH and (b) l-Cys-and d-Cys-with various molar rations.

medicinal chemistry. The identification of chiral molecules has al-

ways been the focus of scientific research. Hence, two enantiomers

of Cys (l-Cys and d-Cys) were chosen to confirm the performances

of our sensor array for chiral recognition (Fig. S9 in Supporting

information). As shown in Fig. 5b, different molar ratios of l-Cys

and d-Cys mixtures (0/80, 10/70, 20/60, 40/40, 60/20, 70/10, 80/0,

μmol/L) could be fully differentiated from each other in the PCA

plot, highlighting the capacity of our sensor array for chiral recog-

nition. Compared with traditional chromatographic methods, our

proposed sensor array for chiral recognition was cost-effective and

easy to use.

In addition to analyzing thiols in the buffer system, the sensor

array was further applied to biofluids to monitor human health. It

is well known that Hcys plays an important role in homocystinuria,

a disease caused by a lack of cystathionine beta synthase, which

is characterized by increased excretion of Hcys in urine. Generally

speaking, the normal level of Hcys is about 5–15 μmol/L, while

the urine of homocystinuria patients would excrete higher levels

of Hcys (>50 μmol/L). To further verify the feasibility of the pro-

posed sensor array in non-invasive detection of thiols for health

monitoring, the sensor array was applied to test samples of artifi-

cial urine added with Hcys (Fig. 6). The PCA plot and barcode-like

heat map could provide flush references regarding the normal or

abnormal level of Hcys for homocystinuria monitoring (i.e., healthy

or suffering).

In this work, highly sensitive and rapid detection of Cu2+ with a

detection time of 15 min and a low detection limit of 0.019 μmol/L

was accomplished by PAA/UCNPs probe. Meanwhile, a "chemical
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Fig. 6. (a) Canonical score plot and (b) barcode-like heat map for PAA/UCNPs-Cu2+

sensor array based on pH regulation for pattern recognition of Hcys in urine.

tongue" fluorescence sensor array was further constructed based

on pH-regulated PAA/UCNPs-Cu2+. Only one material was used as

the sensing element, and the five thiols could be identified by

changing the pH of the buffer system. Significantly, the prepared

sensor array was able to discriminate mixtures of thiols as well

as recognition of chiral enantiomeric mixtures of Cys, leading to

a variety of multifunctional and powerful biosensing applications.

Moreover, the application in real samples indicated that it could

be a brilliant method for the development of non-invasive health

monitoring. In short, due to its attractive advantages, the fluo-

rescence sensing system developed by PAA-modified UCNPs has

extraordinary guiding significance for the development of single-

component sensor arrays, and has shown great significance in

environmental monitoring, disease diagnosis or specific biological

purposes.
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