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 ABSTRACT 

The accurate detection of blood glucose is of critical importance in the diagnosis

and management of diabetes and its complications. Herein, we report a novel

strategy based on an upconversion nanoparticles-polydopamine (UCNPs-PDA) 

nanosystem for the accurate detection of glucose in human serum and whole

blood through a simple blending of test samples with ligand-free UCNPs, 

dopamine, and glucose oxidase (GOx). Owing to the high affinity of lanthanide 

ions exposed on the surface of ligand-free UCNPs, dopamine monomers could 

spontaneously attach to the UCNPs and further polymerize to form a PDA shell,

resulting in a remarkable upconversion luminescence (UCL) quenching (97.4%)

of UCNPs under 980-nm excitation. Such UCL quenching can be effectively

inhibited by H2O2 produced from the GOx/glucose enzymatic reaction, thus

enabling the detection of H2O2 or glucose based on the UCL quenching/inhibition

bioassay. Owing to the highly sensitive UCL response and background-free 

interference of the UCNPs-PDA nanosystem, we achieved a sensitive, selective, 

and high-throughput bioassay for glucose in human serum and whole blood,

thereby revealing the great potential of the UCNPs-PDA nanosystem for the 

accurate detection of blood glucose or other H2O2-generated biomolecules in 

clinical bioassays. 

 
 

1 Introduction 

Blood glucose is the primary energy source for cells 

in vivo, and levels outside the normal range may be 

an indicator of a medical condition[1]. A persistently 

high level of blood glucose indicates diabetes mellitus, 

which is one of the most common metabolic diseases 

and can cause many serious complications such as high 
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blood pressure, kidney failure, blindness, stroke, and 

heart attack [2–4]. Accurate detection and monitoring 

of blood glucose is of great importance in the clinical 

diagnosis and management of diabetes and its com-

plications [5–7]. Among diverse glucose detection 

methods, the fluorescence analysis of H2O2 produced 

from the glucose oxidase (GOx)/glucose enzymatic 

reaction is considered extremely effective [8–12]. 

However, conventional fluorescence bioprobes such 

as organic dyes and quantum dots usually suffer 

from the disadvantages of background interference 

from biological autofluorescence, low photochemical 

stability, and high toxicity [13–15]. Thus, those probes 

are not ideal for applications in glucose detection, 

especially for the accurate detection of glucose in 

human serum or whole blood. 

As a new generation of luminescent nanoprobes, 

lanthanide (Ln3+)-doped upconversion nanoparticles 

(UCNPs) have evoked considerable interest in the field 

of biomedicine owing to their excellent physicochemical 

properties, such as high photochemical stability, low 

toxicity, and absence of autofluorescence in biological 

specimens under near-infrared (NIR) excitation [16–24]. 

Therefore, they are ideal bioprobe candidates for 

glucose detection in complex biological samples. 

Recently, based on UCNPs, several Förster resonance 

energy transfer (FRET)-based bioassay systems  

have been proposed for glucose detection [25–28]. 

Nonetheless, these bioassay systems necessitate com-

plicated operations involved in the surface modification 

of UCNP energy donors or the specially designed 

synthesis of H2O2-responsive energy acceptors, which 

would undoubtedly decrease the convenience and 

increase the cost. Moreover, an interlayer was imposed 

between the donor and acceptor during the surface 

modification of UCNP donors, which is unfavorable 

for the distance-dependent FRET and would inevitably 

decrease the detection sensitivity. Therefore, it is highly 

essential to develop a facile, sensitive, and cost-effective 

UC-FRET bioassay system for the accurate detection 

of blood glucose levels for the clinical diagnosis and 

management of diabetes and its complications. 

As one of the most important neurotransmitters 

and a mimic of mussel adhesive proteins, dopamine 

(DA) can spontaneously deposit on virtually any 

surface and further polymerize to form a conformal 

polydopamine (PDA) layer [29–31]. PDA exhibits 

high absorbance in the visible spectral region, and 

thus could serve as an efficient energy quencher for 

UCNPs [32–34]. Based on the UCNPs-PDA nanosystem, 

herein, we report a facile and cost-effective strategy 

for the sensitive and selective detection of glucose in 

human serum and whole blood through a simple 

blending of test samples with ligand-free UCNPs, 

DA, and GOx. The quenching effect of PDA on the 

upconversion luminescence (UCL) and the inhibition 

effect of H2O2 on the UCL quenching of the UCNPs- 

PDA nanosystem were systematically investigated 

through UCL spectroscopy under 980-nm excitation. 

High-throughput glucose detection in a buffer solution, 

human serum, and whole blood is demonstrated herein, 

based on a customized UCL biodetection system 

coupled in a multimodal microplate reader (Synergy 4, 

BioTeK). 

2 Experimental 

2.1 Chemicals and materials 

Y(CH3COO)3·4H2O (99.99%), Yb(CH3COO)3·4H2O 

(99.99%), Er(CH3COO)3·4H2O (99.99%), NaOH, NH4F, 

Tris(hydroxymethyl)aminomethane (Tris), hydrochloric 

acid, cyclohexane, and ethanol were purchased from 

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 

China). Glucose, fructose, galactose, sucrose, H2O2 

solution (30 wt.%), DA chloride, oleic acid (OA), 

oleylamine (OM), and 1-octadecence (ODE) were 

purchased from Sigma-Aldrich (China). Glutathione 

(GSH), cysteine (Cys), human serum albumin (HSA), 

bovine serum albumin (BSA), amino acids, and other 

chemical reagents were purchased from Aladdin 

Reagent Co., Ltd. (Shanghai, China). All chemicals 

were used as received without further purification, 

and distilled water was used throughout the 

experiments. 

2.2 Synthesis of oleate-capped NaYF4:Yb/Er UCNPs 

Oleate-capped NaYF4:Yb/Er UCNPs were synthe-

sized through a high-temperature co-precipitation 

method [35]. Briefly, Y(CH3COO)3·4H2O (0.80 mmol), 

Yb(CH3COO)3·4H2O (0.18 mmol), and Er(CH3COO)3·4H2O 

(0.02 mmol) were mixed with 6 mL of OA and 15 mL 
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of ODE in a 100-mL three-neck round-bottom flask. 

The resulting mixture was heated to 160 °C under N2 

flow with constant stirring for 30 min to form a clear 

solution, and then cooled down to room temperature 

(RT). Thereafter, 10 mL of methanol solution containing 

4 mmol of NH4F and 2.5 mmol of NaOH was added 

and the solution was stirred at 60 °C for 1 h to remove 

methanol. After methanol was evaporated, the resulting 

solution was heated to 300 °C under N2 flow with 

vigorous stirring for 1 h, and then cooled down to RT. 

The obtained UCNPs were precipitated by adding 

ethanol, collected by centrifuging, washed with ethanol 

several times, and finally re-dispersed in 5 mL of 

cyclohexane. 

2.3 Synthesis of ligand-free NaYF4:Yb/Er UCNPs 

Ligand-free NaYF4:Yb/Er UCNPs were obtained by 

removing the surface ligands of their oleate-capped 

counterparts through acid treatment [36]. Briefly, 

30 mg of the oleate-capped NaYF4:Yb/Er UCNPs were 

dispersed in 15 mL of acidic ethanol solution (pH = 1) 

and ultrasonicated for 30 min to remove the surface 

ligands. Subsequently, the UCNPs were collected via 

centrifugation at 11,800 g for 20 min. The product was 

further purified by adding an acidic ethanol solution 

(pH = 4), and the mixture was ultrasonicated for another 

30 min at RT. The resulting products were washed 

with ethanol several times and finally re-dispersed in 

distilled water. 

2.4 Synthesis of PDA-capped NaYF4:Yb/Er UCNPs 

PDA-capped NaYF4:Yb/Er UCNPs were synthesized 

via a simple mixing of ligand-free UCNPs and DA 

monomers, which can spontaneously attach onto the 

surface of ligand-free UCNPs and further polymerize 

to form a PDA shell. Briefly, ligand-free NaYF4:Yb/Er 

UCNPs (0.4 mg·mL−1) were mixed with different 

amounts (0–1 mM) of DA in 200 μL of Tris-HCl buffer 

solution (10 mM, pH 8.5). The mixture was then 

incubated at 37 °C for 2 h under gentle mixing. The 

sample solution was extracted for structure and optical 

property characterizations to investigate the evolution 

of the size, morphology, absorption, and UCL properties 

of the resulting products on DA concentration and 

incubation time. 

2.5 Absorption and UCL measurement of the 

UCNPs/DA/H2O2 solution 

Typically, ligand-free UCNPs (0.4 mg·mL−1) and  

DA (500 μM) were mixed with different amounts 

(0–250 μM) of H2O2 in 200 μL of Tris-HCl buffer 

solution in a 96-well microplate. After incubation   

at 37 °C for 1 h, 10 μL of HCl solution (120 mM)   

was added into each well to terminate the DA 

polymerization. The microplate was then subjected 

to UV–Vis absorption and UCL measurement under 

980-nm excitation on a customized UCL biodetection 

system coupled in a multimodal microplate reader 

(Synergy 4, BioTeK). 

2.6 Glucose detection based on the UCNPs-PDA 

nanosystem 

For glucose detection in Tris-HCl buffer solution, 

ligand-free UCNPs (0.4 mg·mL−1), DA (500 μM), and 

GOx (0.05 mg·mL−1) were mixed with different amounts 

(0–300 μM) of glucose in 200 μL of Tris-HCl buffer 

solution (10 mM, pH = 8.5) in a 96-well microplate. 

After incubation at 37 °C for 1 h, the microplate was 

subjected to UCL measurement under 980-nm excitation. 

For comparison, control experiments were conducted 

by replacing glucose with other interfering analytes, 

including sugars, proteins, L-amino acids, and metal 

ions, under otherwise identical conditions. 

For glucose detection in human serum and whole 

blood, a calibration curve for glucose was first built 

based on glucose-depleted human sera. The collected 

serum samples were pre-treated with GOx to deplete 

the inherent glucose, and then N-ethylmaleimide 

was added to eliminate the interference from thiols 

and mercapto compounds. The treated sera were then 

incubated with ligand-free UCNPs (0.4 mg·mL−1), DA 

(500 μM), GOx (0.05 mg·mL−1), and different amounts 

(0–300 μM) of glucose. After incubation at 37 °C for 1 h, 

the microplate was subjected to UCL measurement 

under 980-nm excitation. For accurate glucose detection 

in real serum and whole blood, the samples were 

pre-treated with N-ethylmaleimide and diluted by 

100-fold with Tris-HCl buffer solution. Three inde-

pendent experiments were carried out to yield the 

average value and standard deviation. All the UCL 

measurements for glucose detection were conducted 
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under 980-nm excitation on the customized UCL 

biodetection system. 

2.7 Characterization 

Powder X-ray diffraction (XRD) patterns of the samples 

were collected using an X-ray diffractometer (MiniFlex 

II, Rigaku) with Cu Kα1 radiation (λ = 0.154187 nm). 

Both the low- and high-resolution transmission electron 

microscopy (TEM) measurements were performed 

using a Tecnai G2 F20 TEM equipped with an energy 

dispersive X-ray spectrum (EDS). Fourier transform 

infrared (FTIR) spectra were recorded as KBr discs on 

a Magna 750 FTIR spectrometer. The zeta potential 

and hydrodynamic diameter distribution of ligand- 

free UCNPs dispersed in distilled water (pH 6.9) 

were determined using dynamic light scattering 

(DLS) measurements (Nano ZS ZEN3600, Malvern). 

Thermogravimetric analyses (TGA) were conducted 

on a Netzsch STA449C thermal analysis system under 

N2 atmosphere flow at a rate of 10 K·min−1. UC emission 

spectra were recorded on a spectrometer (FLS980, 

Edinburgh Instrument) under 980-nm excitation with 

a continuous-wave diode laser. UCL lifetimes were 

measured using a customized ultraviolet (UV) to mid- 

infrared steady-state and phosphorescence lifetime 

spectrometer (FSP920-C, Edinburgh Instrument) 

equipped with a digital oscilloscope (TDS3052B, 

Tektronix) and a tunable mid-band optical parametric 

oscillator (OPO) pulse laser as the excitation source 

(410–2,400 nm, 10 Hz, pulse width ≤ 5 ns, Vibrant 

355II, OPOTEK). All the spectral data collected were 

corrected for the spectral response of the spectrometer. 

3 Results and Discussion 

3.1 Principle for glucose detection based on the 

UCNPs-PDA bioassay nanosystem  

The principle for glucose detection is illustrated    

in Scheme 1. Ligand-free NaYF4:Yb/Er UCNPs were 

selected as energy donors in view of the high UC 

efficiency of NaYF4:Yb/Er and the high affinity of 

ligand-free UCNPs with DA monomers [37]. The 

bared Ln3+ ions exposed on the surface of ligand-free 

UCNPs enabled DA monomers to spontaneously 

attach onto the surface of UCNPs through electrostatic 

 

Scheme 1 Schematic illustration of the principle for the detection 
of H2O2 and glucose based on a UCNPs-PDA bioassay nanosystem. 

attraction or the strong chelation of Ln3+ [38], which 

further polymerized to form a PDA shell around the 

UCNPs. PDA exhibits high absorbance in the visible 

spectral region and thus can function as an effective 

energy quencher for UCNPs through either FRET or the 

“inner filter effect” (namely, irradiation/reabsorption) 

[15]. In the presence of H2O2, the polymerization of 

DA monomers can be inhibited, leading to intense 

UCL from UCNPs under 980-nm laser excitation. 

Based on this principle, the UCNPs-PDA nanosystem 

can be explored as an effective bioassay nano-

platform for the detection of H2O2 or H2O2-generated 

biomolecules such as glucose that can yield H2O2 

through the GOx/glucose enzymatic reaction [39, 40]. 

As a result, the concentration of glucose can be 

quantified by the UCL intensity of the UCNPs-PDA 

nanosystem under 980-nm excitation upon adding 

glucose and GOx. 

3.2 Synthesis and characterization of PDA-capped 

UCNPs 

Figure 1(a) depicts the synthesis procedure for PDA- 

capped UCNPs. Hydrophobic and oleate-capped 

NaYF4:Yb/Er UCNPs were first synthesized via a 

high-temperature co-precipitation method. A TEM 

image (Fig. 1(b)) showed that the as-synthesized UCNPs 

were roughly spherical with an average diameter of 

23.2 ± 0.6 nm. XRD, HRTEM, EDS, and SAED patterns 

(Figs. S1 and S2 in the Electronic Supplementary 

Material (ESM)) confirmed the high crystallinity and 

hexagonal phase of the resulting NaYF4:Yb/Er UCNPs.  
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Figure 1 (a) Schematic illustration of the synthetic procedure 
for PDA-capped UCNPs. TEM and HRTEM images of (b) oleate- 
capped, (c) ligand-free, and (d) PDA-capped NaYF4:Yb/Er UCNPs. 
(e) UCL spectra of oleate-capped, ligand-free, and PDA-capped 
NaYF4:Yb/Er UCNPs under 980-nm excitation. The inset shows 
the corresponding UCL photographs for a colloidal solution of the 
UCNPs (2 mg·mL−1) under 980-nm laser irradiation at a power 
density of 10 W·cm−2. (f) The corresponding UCL decays from 
4S3/2 by monitoring the Er3+ emission at 539 nm. 

UCL spectra of the UCNPs (Fig. 1(e)) exhibited sharp 

and characteristic emission peaks at 521, 539, and  

654 nm, which can be assigned to the 2H11/2, 4S3/2, and 
4F9/2 → 4I15/2 transitions of Er3+, respectively. 

To obtain hydrophilic and ligand-free UCNPs, we 

removed the surface ligands of the oleate-capped 

UCNPs through an acid-washing treatment [15, 36]. 

FTIR spectra and TGA curves (Figs. S3 and S4 in the 

ESM) confirmed the successful removal of surface 

ligands. As a result, these ligand-free UCNPs exhibited 

excellent water solubility and inherited the size   

and morphology of oleate-capped UCNPs (Fig. 1(b), 

Figs. S5 and S6 in the ESM). More importantly,    

the ligand-free UCNPs preserved the intense UCL   

from their parent oleate-capped UCNPs with nearly 

unchanged UCL intensity and slightly shortened UCL 

lifetimes from 466 to 396 μs for 4S3/2 and 684 to 678 μs 

for 4F9/2 (Figs. 1(e) and 1(f), and Fig. S7 in the ESM). 

In addition, owing to the removal of surface ligands, 

positively charged Ln3+ ions were exposed on the 

surface of ligand-free UCNPs, resulting in a positive 

zeta potential of +30.5 mV for their colloidal solution 

at pH 8.5 (Fig. S8 in the ESM). As a consequence, 

these ligand-free UCNPs were enabled for direct 

conjugation with electronegative groups of hydro-

philic and biocompatible molecules for various 

bioapplications [41]. 

Owing to the high affinity of bared Ln3+ ions on  

the surface of ligand-free UCNPs, DA monomers can 

spontaneously attach onto the surface of UCNPs 

through electrostatic attraction or the strong chelation 

of Ln3+ [42], facilitating the formation of a PDA shell 

around UCNPs. The UCNPs@PDA core/shell nano-

structures can be clearly distinguished in a TEM 

image (Fig. 1(d)), where the darker regions correspond 

to UCNP cores and the brighter regions correspond 

to PDA shells. As shown in Fig. 2(a), the absorption 

band of PDA overlaps well with the emission bands 

of UCNPs, thereby enabling efficient FRET from 

UCNPs to PDA. As a consequence, under 980-nm 

excitation, the integrated UCL intensity of PDA- 

capped UCNPs decreased markedly relative to that 

of ligand-free UCNPs. Typically, after coating with a  

 

Figure 2 (a) Absorption spectrum of PDA and UCL spectrum 
of ligand-free NaYF4:Yb/Er UCNPs. (b) DA-concentration– 
dependent UCL spectra of UCNPs/DA in Tris-HCl buffer solution 
(pH = 8.5) under 980-nm excitation. (c) UCL quenching efficiency 
(ηx) for UCNP/DA solution as a function of DA concentration. 
The inset shows the corresponding photographs for the UCNP/DA 
solution in a 96-well microplate under day-light. (d) UCL kinetic 
curves showing the temporal response of the UCL signal at 539 nm 
for the UCNP/DA solution upon addition of different amounts of 
DA monomers. 
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9-nm thick PDA shell, the integrated UCL intensity 

of the UCNPs decreased by a factor of 115 (Fig. 1(e)), 

and their UCL lifetimes shortened from 396 to 127 μs 

for 4S3/2 and 678 to 229 μs for 4F9/2 (Fig. 1(f) and Fig. S7 

in the ESM). Such remarkable decrease in UCL intensity 

and UCL lifetime unambiguously corroborated the 

efficient FRET process from the UCNP core to the 

PDA shell. It is worth mentioning that the PDA layer 

was stable and barely affected by the photothermal 

effect, which can be verified by the nearly unchanged 

absorption of the PDA-capped UCNPs upon irradiation 

with a 980-nm laser even for a long time of 30 min at 

a power density of 10 W·cm−2 (Fig. S9 in the ESM). 

3.3 Quenching effect of PDA on the UCL of UCNPs 

To gain more insight into the quenching effect of 

PDA on the UCL of UCNPs, we evaluated the spectral 

and temporal response of the UCL upon addition of 

different amounts of DA monomers (0–1 mM) into 

aqueous solutions of ligand-free UCNPs (0.4 mg·mL−1). 

Upon increasing the concentrations of DA monomers, 

the thickness of the PDA shell around the UCNPs 

was observed to increase accordingly (Fig. S10 in the 

ESM), which resulted in enhanced absorption by the 

PDA shell (Fig. S11 in the ESM). As a result, under 

980-nm excitation, the integrated UCL intensity of 

the UCNPs/DA solution decreased gradually with 

the increase of DA monomers (Fig. 2(b)), due to   

the enhanced energy transfer from UCNPs to PDA 

(Fig. S12 in the ESM). 

From UCL spectra, the quenching efficiency (ηx) of 

PDA on UCL can be calculated by  

ηx = (I0 − Ix)/I0              (1) 

where I0 and Ix represent the integrated UCL intensity 

of UCNPs in the absence and presence of x μM of  

DA monomers, respectively. As shown in Fig. 2(c), 

the quenching efficiency increased steadily with  

DA monomers, along with a color change of the 

UCNPs/DA solution from colorless to dark brown. 

Typically, when 1 mM of DA monomers were added, 

the quenching efficiency reached a plateau of 97.4%, 

which is the highest among those of UC-FRET pairs 

ever reported [26–28, 43–45]. Such high quenching 

efficiency of the system can be ascribed to the close 

proximity between the UCNP core and the PDA shell 

without any interlayer, which highly promoted the 

distance-dependent FRET process [42]. Note that not 

only the FRET process but also the reabsorption of 

PDA (or the so-called “inner filter effect”) contributed 

to the remarkable UCL quenching of the system 

[46, 47]. The UCL kinetic curves (Fig. 2(d)), obtained 

by monitoring the Er3+ emission at 539 nm, showed 

that the UCL of the UCNPs/DA solution exhibited   

a fast response to the added DA monomers and 

could stabilize within 2 h, which agreed well with the 

absorption kinetics of PDA (Fig. S11 in the ESM). 

Such high quenching efficiency and fast UCL response 

of the UCNPs-PDA nanosystem are particularly im-

portant for their applications in UC-FRET bioassays. 

3.4 Inhibition effect of H2O2 on UCL quenching of 

the UCNPs-PDA nanosystem 

H2O2 in alkaline solution can produce hydroxyl 

radicals, which are efficient inhibitors to the poly-

merization reaction of DA monomers via the addition 

of hydroxyl groups to 5,6-dihydroxyindole (precursor 

of PDA) [48]. Thus, H2O2 may effectively prevent DA 

monomers from polymerizing into PDA, and thus 

inhibit the UCL quenching of the UCNPs-PDA nano-

system. Such an inhibition effect can be evidenced by 

the drastically distinct absorbance and UCL of the 

UCNPs/DA solution in the absence and presence   

of H2O2. In the absence of H2O2, DA monomers can 

spontaneously attach to the surface of UCNPs and 

polymerize to form a PDA shell, resulting in the high 

absorbance of PDA in visible region and significant 

UCL quenching of the UCNPs/DA solution (Figs. 3(a) 

and 3(b)). Whereas, in the presence of H2O2, the poly-

merization of DA monomers was inhibited, leading to 

the decrease of PDA absorption and the recovery of the 

UCL of the UCNPs/DA solution (Figs. 3(a) and 3(b)). 

As expected, the inhibition of H2O2 on UCL 

quenching of the UCNPs-PDA nanosystem relied 

heavily on the concentration of H2O2, thereby paving 

a new way for the sensitive detection of H2O2. Under 

980-nm excitation, the integrated UCL intensity of the 

UCNPs/DA/H2O2 solution was observed to increase 

linearly with the concentration of H2O2 from 0–250 μM 

(Figs. 3(c) and 3(d)), due to gradually alleviated UCL 

quenching arising from the decreased PDA amounts 

decorated on the surface of the UCNPs. The limit of  
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Figure 3 (a) Absorption and (b) UCL spectra of ligand-free 
NaYF4:Yb/Er UCNPs, UCNPs/DA, and UCNPs/DA/H2O2 in Tris- 
HCl buffer solution (pH = 8.5). The concentrations of UCNPs, DA, 
and H2O2 were 0.4 mg·mL−1, 500, and 300 μM, respectively. The 
insets show the corresponding photographs of the solutions under 
(a) day-light and (b) 980-nm excitation. (c) H2O2-concentration– 
dependent UCL spectra of a UCNPs/DA/H2O2 solution under 
980-nm excitation. (d) Calibration curve for the detection of 
H2O2: Integrated UCL intensity (500–700 nm) vs. concentration of 
H2O2. Each data point represents the mean (± standard deviation) 
of three independent experiments. 

detection (LOD), defined as the concentration that 

corresponds to three times the standard deviation 

above the signal measured in the blank, was determined 

to be 0.75 μM. Such a low LOD can be attributed   

to the combined advantages of the background-free 

signal from NIR-triggered UCL and the high UCL 

quenching efficiency of the UCNPs@PDA core/shell 

nanostructure. Therefore, the UCNPs-PDA nanosystem 

can be exploited as a sensitive UC-FRET nanoplatform 

in a quenching/inhibition format for the detection of 

H2O2 and H2O2-generated biomolecules. 

3.5 Glucose detection based on the UCNPs-PDA 

nanosystem 

By utilizing the H2O2-responsive UCL, we explored 

the UCNPs-PDA nanosystem which can yield H2O2 

through the GOx/glucose enzymatic reaction for the 

sensitive detection of glucose. Note that sole glucose 

or GOx showed little optical response to the UCNPs- 

PDA nanosystem, given that no H2O2 was generated 

(Fig. S13 in the ESM). The color of the UCNPs/DA 

solution remained dark brown upon addition of 

sole glucose or GOx, whereas it turned colorless 

when both glucose and GOx were added (Fig. 4(a)). 

To guarantee the best performance of the detection, 

the concentrations of UCNPs, DA, and GOx in the 

detection system were optimized to be 0.4 mg·mL−1, 

500 μM, and 0.05 mg·mL−1, respectively, by balancing 

both the highest UCL quenching and inhibition 

capability of the system (Fig. 2(c) and Fig. S14 in  

the ESM). Therefore, glucose can be quantified by 

measuring the UCL signal of the optimal UCNPs/ 

DA/GOx solution under 980-nm excitation upon 

addition of glucose into the solution. It was observed 

that the integrated UCL intensity of the UCNPs/DA/ 

GOx/glucose solution increased linearly with the 

glucose concentration from 0–300 μM (Figs. 4(b) and 

4(c)), due to the gradual release of H2O2, which can 

alleviate the UCL quenching. From the calibration 

curve (Fig. 4(c)), the LOD was determined to be 0.8 μM, 

which is much lower than the normal glucose level in 

human blood (3.6–6.6 mM) [1].  

To verify the specificity of the assay, we carried out 

a control experiment by replacing glucose with other 

possible interfering biomolecules and electrolytes 

that exist in complex biological samples, including 

carbohydrates, proteins, amino acids, and metal ions,  

 

Figure 4 (a) Photograph of UCNPs/DA solution in 96-well micro-
plates under day-light upon addition of different amount of GOx, 
glucose, or combination of them. The concentrations of UCNPs 
and DA were 0.4 mg·mL–1 and 500 μM, respectively. (b) Glucose- 
concentration-dependent UCL spectra of UCNPs/DA/GOx/glucose 
solution under 980-nm excitation. (c) Calibration curve for the 
detection of glucose: integrated UCL intensity (500–700 nm) vs. 
glucose concentration. Each data point represents the mean 
(± standard deviation) of three independent experiments. 
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under otherwise identical conditions. As shown in 

Fig. 5, the UCL signal in control groups was negligibly 

weak, which was in marked contrast to the intense 

UCL in the experiment group. Such an exclusively 

intense UCL signal in the experiment group confirmed 

the high selectivity and specificity of the assay, thereby 

validating the applicability of the UCNPs-PDA nano-

system for glucose detection in complex biological 

samples, such as serum and whole blood. 

Furthermore, for the detection of glucose in human 

serum and whole blood, we determined the glucose 

concentration by measuring the UCL signal in a 

serum-based detection system and built the calibration 

curve upon addition of UCNPs/DA/GOx and different 

amounts of glucose into the glucose-depleted human 

sera. The UCL signal of the serum-base detection 

system exhibited a linear dependence on the glucose 

concentration ranging from 0–250 μM, with an LOD 

of 1.2 μM (Fig. S15 in the ESM). As a result, the blood 

glucose levels in human serum and whole blood 

samples can be determined by measuring the UCL 

signal of the samples upon addition of UCNPs/DA/ 

GOx. To verify the accuracy and precision of the assay, 

we further determined the glucose level, coefficient 

of variation (CV), and the recovery of two human 

serum samples and one whole blood sample upon 

addition of different concentrations of glucose. The 

CVs of all assays were below 8.6% and the recoveries 

were in the range of 95.2%–107.4% (Table 1), both of  

 

Figure 5 UCL signal at 539 nm of the UCNPs/DA/GOx solution 
under 980-nm excitation after incubation with 1 mM of different 
sugars, proteins, L-amino acids, and metal ions. Error bars represent 
the standard deviations of three independent experiments. 

Table 1 Assay precision and analytical recovery of the blood 
glucose levels in human serum and whole blood, based on a 
UCNPs-PDA nanosystem 

Added (mM) Found (mM) CV (%) (n = 4) Recovery (%)

Serum 1 5.583  — 

0.5 6.095 6.17 102.4 

1 6.537 5.39 95.40 

5 10.79 2.86 104.2 

Serum 2 6.347  — 

0.5 6.884 6.93 107.4 

1 7.412 5.76 106.5 

5 11.26 4.49 98.34 

Whole blood 3 4.796  — 

0.5 5.272 8.56 95.20 

1 5.779 5.79 98.30 

5 9.628 3.37 96.64 

 

which are within the acceptance criteria (CVs ≤ 15%; 

recoveries in the range of 90%–110%) set for 

bioanalytical method validation [49]. These results 

show that the UCNPs-PDA nanosystem has high 

sensitivity and reliability for blood glucose detection 

in complex biological samples. Compared to the pre-

viously reported UC-FRET bioassay systems [25–28, 50], 

the UCNPs-PDA nanosystem is much more con-

venient and cost-effective, given that the assay is 

performed based on a simple blending of the test 

samples with ligand-free UCNPs and commercially 

available DA and GOx and involves no complicated 

operations in nanoprobe preparation or surface 

modification. Therefore, the designed UCNPs-PDA 

nanosystem, containing background-free UCL under 

NIR excitation and high FRET efficiency within 

UCNPs@PDA core/shell nanostructures, is highly 

desired as a homogenous UC-FRET bioassay nano-

platform for the accurate detection of blood glucose 

or other H2O2-generated biomolecules in clinical 

bioassays. 

4 Conclusions 

In summary, we have developed a facile and cost- 

effective UC-FRET bioassay nanoplatform for the 

accurate detection of glucose in human serum and 

whole blood by employing ligand-free NaYF4:Yb/Er 
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UCNPs as an energy donor and PDA as an energy 

quencher. The high absorbance of PDA and the 

extremely close proximity between the UCNP core 

and the PDA shell enabled highly efficient FRET from 

UCNPs to PDA under 980-nm excitation, resulting  

in remarkable UCL quenching of the UCNPs-PDA 

nanosystem with an energy transfer efficiency of 97.4%. 

The formation of the PDA shell and the resulting 

UCL quenching can be effectively inhibited by H2O2 

produced via the GOx/glucose enzymatic reaction. 

Based on such H2O2-responsive UCL of the UCNPs- 

PDA nanosystem, we achieved an LOD of 1.2 μM for 

glucose detection in human serum and whole blood 

with high accuracy and reliability. These findings 

reveal the great potential of the UCNPs-PDA nano-

system for detection of H2O2-generated biomolecules 

in clinical bioassays. The proposed strategy for 

designing the UCNPs-PDA nanosystem through direct 

mixing of ligand-free UCNPs with commercially 

available and cheap chemicals can be extended to 

other kinds of UC-FRET nanosystems, thereby opening 

up a new avenue for the exploration of Ln3+-doped 

UCNPs in versatile bioapplications, such as in-vitro 

detection of serum biomarkers for disease diagnosis 

and management. 
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