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HIGHLIGHTS

« Ultrasensitive and rapid detection
strategy of glucose was constructed
based on lanthanide-doped
upconversion nanoprobe.

« The functionalized nanoprobe can
distinguish cancer cells from normal
cells by in vitro emission intensity via
optical bioimaging.

« The designed nanoprobe would
facilely achieve glucose detection
in situ and in vitro with ultralow
detection limit.
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GRAPHICAL ABSTRACT

We developed the functionalized upconversion nanoprobe with ultrasensitive and responsive properties
for glucose detection, the responsive emission and satisfactory differentiated performances are observed
in situ and in vitro.
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ABSTRACT

Various approaches for detecting glucose concentration in real time are emerging at a breakneck pace.
Glucose metabolism is closely linked to severe pathological events, which would either cause or predis-
pose many progressive diseases in human. Herein, hydrophilic upconversion nanoprobes NaGdF,: Yb**,
Er**@Ag anchored with glucose oxidase (GOx) for glucose detection with lower detection limits have
been efficaciously constructed. In the upconversion nanoprobes, NaGdF,: Yb?*, Er** cores, and Ag layers
act as energy donors and effective quenchers, respectively, through energy transfer. Moreover, the layer
of Ag may disintegrate by H,0; in the presence of glucose when glucose oxidase anchoring on the exte-
rior of NaGdF,: Yb**, Er**@Ag nanoprobes, which leads to the phenomenon of upconverting emission
recovery. Additionally, NaGdF,: Yb*", Er*@Ag-GOx has an ultralow detection limit of 1.77 umol L~! on
glucose detection, and it can achieve optical bioimaging to distinguish cancer cells from normal cells.
As a result, the NaGdF,: Yb**, Er¥*@Ag nanoprobes could be expanded to detect diverse H,0-involved
analytes. Overall, this nanoprobe has promising potential to be a compelling tool for the biomedical

applications.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding authors.

E-mail addresses: shuaizhal@hbtcm.edu.cn (S. Zha), ga-lai.law@polyu.edu.hk (G.-L. Law), klwong@hkbu.edu.hk (K.-L. Wong), angelo@hkbu.edu.hk (A.H. All).

https://doi.org/10.1016/j.matdes.2023.111800

0264-1275/© 2023 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2023.111800&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2023.111800
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shuaizha1@hbtcm.edu.cn
mailto:ga-lai.law@polyu.edu.hk
mailto:klwong@hkbu.edu.hk
mailto:angelo@hkbu.edu.hk
https://doi.org/10.1016/j.matdes.2023.111800
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

S. Zha, H. Li, G.-L. Law et al.

1. Introduction

Glucose is a vital bioactive molecule that is indispensable for
human body metabolisms and functions, though it also has a sig-
nificant impact on human health. High blood pressure, heart dis-
eases, impaired vision, renal failure, diabetes, and other
metabolic illnesses can be linked to either excess or deficit of blood
glucose (so-called high and low glycemia) [1-5]. Cancer cells have
been shown to undergo typical changes in their metabolic pro-
cesses, such as enhanced glucose uptake, increased rates of glu-
taminolysis, and fatty acid synthesis, indicating that these shifts
promote the proliferation and survival of tumor cells. Considering
the pivotal role of glucose in maintaining healthy body functions,
evidently, detecting glucose concentration with utmost accuracy,
sensitivity, and specificity screening is crucial, particularly for an
early diagnosis of various diseases.

To date, most glucose concentration measurement methods
have centered on electrochemical, colorimetric, and fluorescence
techniques [6-13]. Nevertheless, the majority of these techniques
have critical limitations. For instance, they require complex equip-
ment, have intricate experimental procedures, and mostly are
time-consuming sample immobilization treatments. As a matter
of fact, although small organic fluorescent agents have vast
biomedical applications [14-19], lanthanide-based upconversion
nanocrystals have better chemical and photophysical features than
organic fluorescent dyes and quantum dots, including minimal
toxicity, significant Stokes shifts, narrow emission peaks, extended
emission lifetimes, and strong photobleaching resistance [20,21].
In theory, upconversion is the process that efficiently converts
low-energy excitation photons, which are normally near-infrared
(NIR) light, into higher energy output (e.g., NIR, visible, ultraviolet)
through the practice of long lifetime and authentic ladder-like
energy levels of trivalent lanthanide ions embedded in the lattice
of the desired inorganic host. As a result, the wavelength of excita-
tion is longer than the emission wavelength. In other words, the
upconversion processes of nanoparticles commonly absorb two
or more lower energy photons to emit one higher energy photon.
Furthermore, upconversion nanomaterials (UCNMs) doped with
lanthanide ions feature ladder-like energy levels which can emit
emissions ranging from ultra-violet to visible wavelengths under
particular excitation wavelengths. More importantly, lanthanide-
based UCNMs have a number of benefits over typical fluorescent
probes (such as organic fluorescent dyes, metal compounds, or
inorganic quantum dots) [22]. These unique benefits include (but
are not limited to): non-autofluorescence, high chemical stability,
deep light penetration, extended lifetime, limited sample damage,
and minimal biotoxicity. Therefore, UCNMs have significant pro-
spects in biomedical applications, such as in vivo bioimaging,
biosensing, and nanomedicine [23-31].

In fact, some highly designed specific function-engineered
UCNM-based probes have widely been employed in the detection
of glucose. MnO, nanosheet-modified upconversion nanoparticles
were designed by Chu et al. for glucose detection in human serum
and blood samples, which was achieved via H,0, modulation of
MnO,-induced upconverted luminescence quenching of UCNPs
with detection limit 3.7 pM [32]. Additionally, DNA-AgNPs based
on upconversion nanoparticles were developed later for the sens-
ing of H,0, and glucose by luminescence resonance energy trans-
fer. The low limit of detection 2.65 pM was estimated in the
solution [33]. In another study, the squaric acid (SQA)-iron (III)
linked with upconversion nanoparticles for the highly sensitive
detection of glucose levels in human serum via the inner filter
effect was synthesized by Yao et al. [34]. However, none of them
can achieve glucose detection in vitro through non-invasive means
- optical bioimaging.

Materials & Design 227 (2023) 111800

Optical bioimaging refers to the use of optical detection meth-
ods combined with fluorescent probes to image cells or tissues or
even organisms to obtain biological information. Importantly, opti-
cal bioimaging has the advantages of mature detection instru-
ments, high sensitivity, high contrast, high resolution, intuitive
imaging, good trackability, fast imaging speed, and non-
destructive detection, which have been widely utilized in various
biological applications [35-37], for instance, intracellular ions
detection [38], cellular localization [39] and imaging-guided ther-
apy [40]. However, there are rare reports on upconversion-based
glucose detection at the cellular level by in vitro emission intensity
measurement.

Herein, we report an upconverting fluorescence approach for
expeditious detection of glucose concentration by employing
NaGdF,:Yb3*, Er**@Ag core-shell nanoparticles. After anchoring
of glucose oxidase (GOx) on the exterior of the core-shell nanopar-
ticles, the fluorescence of NaGdF,:Yb>", Er*>* (UCNP) can be restored
by adding glucose, which is capable of oxidizing the Ag layers to
Ag"* owing to the generation of H,0, via glucose enzymatic conver-
sion induced by GOXx. It is intriguing to underline that the design
strategy for the detection technique of glucose concentration is
based on the upconversion emission recovery of UCNP@Ag-GOx
nanoprobe upon the presence of H,0,. This specific design allows
for one-pot detection of glucose concentration, where multiple-
step reactions can proceed with cascade. Additionally, the excep-
tional discriminatory photophysical property has been verified
among interfering substances, in which the limit of detection of
the nanoprobe is calculated to be 1.77 pmol L~'. In fact, the
uniqueness and inspiration of this work are that distinguishes can-
cer cells from normal cells via optical bioimaging and compare
directly through in vitro emission intensity. There is a 5-fold emis-
sion intensity difference between HelLa cancer cells and MRC-5
normal cells. Additionally, the functionalized and facile-
synthesized nanoprobes with the efficient energy transfer pair of
Yb-Er possess the characteristics of deep penetration, minimized
light damage to cells and zero-autofluorescence due to its excita-
tion at 980 nm. Because the emission of the nanoprobe locates in
the visible range, it is intuitive to discriminate cancer cells from
normal cells by the indication of in vitro emission intensity and
the naked eye under a fluorescent microscope. Hence, the convinc-
ing results strongly confirm that this novel nanoprobe has promis-
ing potential to detect biomarkers in the biomedical research that
could be further exploited for theranostics applications.

2. Materials and methods
2.1. Materials

Rare-earth acetates Gd(CH3CO;)3-4H,0 (99.9% trace metals
basis), Yb(CH5CO,)3-4H,0 (99.9% trace metals basis), and Er(CHs-
CO,)3-4H,0 (99.9% trace metals basis), ammonium fluoride (99
%), cyclohexane (99.5 %), ethanol (99.7 %), hydrochloric acid,
methanol, oleic acid (90 %), 1-octadecene (90 %), sodium hydroxide
(99 %), silver nitrate, glucose, bovine serum albumin, human serum
albumin, fructose, sucrose, lysine and glycine were purchased from
Sigma-Aldrich. Trisodium citrate, glutaraldehyde and spermine
were provided by Energy Chemical (Anhui Province, China). Glu-
cose oxidases (100 U/mg) were offered by Macklin (Shanghai,
China) and GOx were preserved at 4 ‘C for long-term storage.
Deionized water was used to form metal salt solutions, while
methanol was utilized to prepare NH4F and NaOH solutions. All
the chemicals and reagents were used without purification. Ultra-
pure H,0 was obtained from Millipore Milli-Q direct water purifi-
cation system.
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2.2. Synthesis of Water-soluble UCNP

The UCNPs were prepared similarly following our previously
reported approach via the coprecipitation method [23]. In a typical
experiment, 4 mL of an aqueous solution including Gd(CH3CO,)s-
-4H,0, Yb(CH3CO,);-4H,0, Er(CH3CO,)3-4H,0, 6 mL of oleic acid
and 15 mL of 1-octadecene were dropped, mixed, and stirred in
the 50 mL three-neck round-bottom flask. The admixture was
heated to 150 °C for 20 min and then maintained at room temper-
ature for 30 min. After that, NH4F and NaOH solutions (5 mL) were
slowly added into the above mixed solutions, then stirred for
30 min. The reaction temperature was kept at 150 °C under a vac-
uum environment, followed by rising the temperature to 300 °C for
1.5 h with nitrogen flow. Then, the mixture solution was cooled
down to room temperature, and the product was washed with
cyclohexane and ethanol solutions (volume ratio 1:2) three times
and collected via centrifugation. Finally, the precipitated product
with light yellow dispersed in cyclohexane was treated with 1 M
hydrochloric acid for 1 h with sonication at 45 °C to remove the
oleic acid on the surface of nanoparticles, followed by high-speed
centrifugation at 14100 rpm four times. After discarding the super-
natant, the hydrophilic UCNP, which has a milk-like color, was dis-
persed in a trisodium citrate solution at 4 °C for further use.

2.3. Preparation of UCNP@Ag

The UCNP trisodium citrate solution (~5 mg/mL) obtained from
the last step and silver nitrate solution (5 mL) were evenly mixed
in a round-bottom flask and stirred (~500 rpm) at room tempera-
ture for 1 h. Afterward, the mixture solution was heated to 100 C
gradually and maintained the condition overnight with vigorous
stirring. The precipitated UCNP@Ag was rinsed with deionized
water and centrifuged at 14100 rpm three times (30 min each
time). Further, UCNP@Ag was dried under compressed air at room
temperature.

2.4. Immobilization of GOx on UCNP@Ag

The UCNP@Ag that we obtained from previous processes was
transferred to 5 mL of 3 wt% glutaraldehyde solution in a flask.
The solution was desiccated at room temperature after vigorous
stirring. Subsequently, 15 mL of GOx solution (100 U mg~') was
employed to anchor GOx on the surface of UCNP@Ag at 4 °C for
36 h. After that, the final product was rinsed with double-
distilled H,O and centrifuged (14,100 rpm, 30 min) three times
before being ultrasonically dispersed in 10 mL ultrapure HO.
UCNP@Ag-GOx solutions were stored at 4 °C for later use.

2.5. Glucose detection

1 mL UCNP@Ag-GOXx solutions were prepared at the concentra-
tion of 5 mg/mL, followed by adding glucose solution at various
concentrations and diverse interfering chemicals (spermine, lysine,
glycine, bovine serum albumin, human serum albumin, fructose,
sucrose, and various metal ions). After that, the solution was
diluted to 2 mL with ultrapure H,O before being completely mixed.
The fluorescence spectra of the mixed solution were monitored
after a 1-minute incubation at room temperature. The signal data
were recorded and saved in HORIBA software for later treatment.

2.6. Characterization assays

The equipment was utilized to analyze and characterize the as-
prepared nanoprobes such as transmission electron microscopy
(TEM), X-ray powder diffraction (XRD) diffractometer, Fourier
transform infrared (FTIR) spectrometer, and dynamic light scatter-
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ing (DLS) analyzer. Specifically, 1 mL of UCNP and UCNP@Ag-GOx
(~1 mg/mL) solutions were added in the eppendorf tubes with
ultrasound for 30 min, then UCNP and UCNP@Ag-GOx dissolved
in ultrapure H,O were taken and dropped in carbon-coated copper
grids. After drying at room temperature overnight, the grids were
observed under TEM at 100 kV. Then, the TEM images of UCNP
and UCNP@Ag-GOx were obtained and stored. The powder forms
(~5 mg) of UCNP and UCNP@Ag-GOx were prepared through
freeze-drying means and utilized to test XRD patterns via Bruker
AXS D8 Advance X-ray diffractometer. After that, the powders of
the as-synthesized samples were placed on the surface of the sam-
ple area in the FTIR spectrometer, and the FTIR spectra of UCNP and
UCNP@Ag-GOx were measured by Fourier Transform Infrared
Spectrometer (Perkin Elmer FTIR Spectrum II) at room temperature
(detection range: 400-4000 cm™!). Subsequently, the signals of
scattered light induced by the Brownian motion of the nanoparti-
cles were recorded upon laser irradiation in a Beckman DelsaMax
Core light scattering analyzer, and then the DLS size and size distri-
butions of UCNP and UCNP@Ag-GOx were collected by the DLS
analyzer under optimal parameter settings. Thereafter, the visible
emission spectra of UCNP and UCNP@Ag-GOx were measured by
SpectroFluorometer System (Horiba/Fluoromax-4) at room tem-
perature. In general, the nanoprobes was sonicated for well-
dispersed purpose before adding into the quartz cuvette (maxi-
mum capacity: 3.5 mL, 10 mm light path) in the sample holder,
then the detection range of the machine was set as 500-700 nm
upon external 980 nm laser excitation source with 1.6 mW power
(Beijing Laserwave Optoelectronics Technology Co., Ltd). All the
data was compiled and analyzed using Origin software.

2.7. Cell culture

The HeLa and MRC-5 cells were cultured in T25 cell culture flask
with Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) and min-
imum essential medium (MEM) supplemented with 10% FBS
(Gibco) and antibiotics (penicillin, 50 pg mL~'; streptomycin,
50 pug mL™1), respectively. HeLa and MRC-5 cells were incubated
at 37 C in a standard incubator with 5% CO, flow.

2.8. In vitro confocal imaging

The HelLa and MRC-5 cells were washed with PBS three times
after 24-hour incubation with UCNP and UCNP@Ag-GOx. The
images were obtained by a confocal laser scanning microscope,
Leica TCS SP8, equipped with a Ti: Sapphire laser. The operation
excitation wavelength is 980 nm (power = 0.89 mW), and the
detection range is 500-700 nm.

3. Results and discussions
3.1. Preparation and characterizations of the nanoprobes

The hydrophilic nanoprobes were constructed via facile synthe-
sis approaches and the strategy for fluorescence turn-on detection
of glucose concentration was displayed in Scheme 1. Firstly, the
TEM view of the UCNP in Fig. 1A reveals that the as-prepared UCNP
is well-dispersed, with an average size of 21 nm. The high-
resolution TEM (HRTEM) image of the UCNP@Ag-GOx nanoprobes
is shown in Fig. 1B. A thin Ag layer can be found on the exterior of
UCNP (indicated by the red arrow), which would increase the size
of UCNP@Ag-GOX to roughly 25 nm. The homogeneous morphol-
ogy of the UCNP@Ag-GOx is remarkably similar to the UCNP par-
ents. According to our TEM results, the thin layer of Ag coated on
the surface of the UCNPs is well-observable, and the nanoprobes
are clearly monodisperse in an aqueous solution. Ag shells are



S. Zha, H. Li, G.-L. Law et al.

observed at the periphery of UCNPs. The overall architectures are
regarded as intact nanostructures, which indicates the successful
conjugation of UCNP with Ag shells. Moreover, the XRD spectra
of UCNP and UCNP@Ag-GOx are shown in Fig. S1, Supporting Infor-
mation. The XRD patterns of bare UCNP (green line) and UCNP@Ag-
GOx (blue line) exhibit their highly crystalline form, with all
diffraction peaks matching well with these standard hexagonal
phase structures of NaGdF, (ICDD#27-0699). The FTIR transmis-
sion spectrum was further utilized and recorded to pinpoint the
structures of UCNP and UCNP@Ag-GOx. The C-H bond’s stretching
vibrations (Fig. S2) displayed absorption peaks at 2920 and
2851 cm™!, which are the typical peaks of the UCNP [21]. Hence,
XRD patterns and FTIR spectra suggest no additional impurity
peaks identified during surface modification and no impurity gen-
erated during the synthetic process, respectively. Additionally,
zeta-potential measurement and energy-dispersive X-ray spec-
troscopy (EDS) analysis were further performed to evidence sur-
face charge changes and the element analysis in the nanoprobes,
respectively. Fig. S3 showed the zeta potential of ligand-free
(LGF)-UCNPs were initially measured as 19.23 mV, then the values
of UCNP@Ag and UCNP@Ag-GOx were recorded as 6.96 mV and
9.68 mV respectively due to the successful coating of Ag NPs (neg-
ative charge) and GOx. The EDS analysis has been measured in
Fig. S4. From the EDS patterns, it could be seen that Ag, Na, Gd,
F, Er, and Yb were present in the as-prepared UCNP@Ag-GOx
nanoprobe after surface modification, which was evidenced that
Ag NPs were adsorbed on the surface of UCNP. These demonstrate
the successful surface modification during the synthesis process of
UCNP@Ag-GOx. Additionally, inductively coupled plasma mass
spectrometry (ICP-MS) was applied for examining the amount of
Ag in the as-developed samples. As shown in Fig. S5, ICP-MS mea-
surement for Ag amount in UCNP, UCNP@Ag, and UCNP@Ag-GOx
was conducted after storing for 1 day and 7 days respectively.
Obviously, the presence of Ag in UCNP@Ag and UCNP@Ag-GOx
was observed, which implied the successful conjugation among
UCNP, Ag, and GOx.

Furthermore, to test the stability of the as-prepared samples,
DLS measurements are generally conducted to verify the aggrega-
tion extent of the as-synthesized products. The solutions of UCNP
and UCNP@Ag-GOx displayed ignorable aggregation in ultrapure
H,0 and phosphate buffer solution (PBS) after 1 day and 7 days,
as shown in Fig. 1C and D. Furthermore, the size distributions
and DLS sizes of the as-prepared samples are almost same as sam-
ples’ after the storage for 7 days. This indicates that the as-
synthesized nanoprobes possess the excellent dispersibility and
stability in physiological solutions. Moreover, DLS measurements
corroborate that the upconversion nanoprobe possesses high sta-

GOx
AgNO, ¢ <
) ——d

UCNP@Ag
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bility, little aggregation tendency, and uniform size distribution,
which are exceptionally consistent with the TEM images.

3.2. Photophysical properties study

The emission spectra of UCNP@Ag-GOx with varying Ag con-
centrations are shown in Fig. 2A. The emission intensities of
UCNP@Ag-GOx showed steadily decline along with the increase
of Ag concentration, which suggested that the upconversion emis-
sion of UCNP is obviously quenched by Ag layers through energy
transfer from the UCNP to Ag. Characteristically, the energy levels
of the states between Yb3* and Er3* are rather near, allowing for
efficient energy transfer. Following that, an extra energy transfer
from another Yb®* to the Er®* happens, resulting in further Er**
excitation (*F7;2). The doubly exited Er** produces one photon
(~520, 540, or 653 nm, respectively), whose energy is marginally
less than that of two 980 nm photons after rapid nonradiative
relaxation to one of three lower-energy states (2H11,2, 4S3/2, or
“Fg)2) (Scheme S1).

Additionally, the following transitions correlate to the emission
peaks: *Hyy2 — “Iisp2 (~520 nm), *S3p — “I1512 (~540 nm), and
*Fgja — *lis2 (~653 nm), which suggest the efficient energy trans-
fer between the doping lanthanide ions (Yb** and Er>*) in UCNP.
Furthermore, Fig. 2B exhibits the effect of Ag doping concentration
on the quenching effectiveness of UCNP@Ag-GOx at 540 nm. The
quenching efficiency is determined as (Fo-F)/Foy, where Fy and F
are the intensities of emission at 540 nm in the absence of and
presence of the Ag layer, respectively. The maximum doping con-
centration of Ag in UCNP@Ag-GOx (Ln3*: Ag* = 1: 0.25) is corre-
sponding to the largest quenching efficiency (~85%). The
fluorescence intensity of UCNP without Ag doping is almost 7-
fold greater than that of UCNP coating on the highest concentration
of Ag due to the Ag shell coating, which leads to the drastic fall of
the emission.

3.3. Selectivity studies

It is significant to determine the capacity of probes to distin-
guish the target from interfering molecules and showcase specific
responses to the target. Therefore, the visible response emission
spectra of UCNP@Ag-GOx were investigated to verify the selectiv-
ity of the nanoprobe in the presence of various interfering species,
including proteins, saccharides, amino acids, and metal ions, as dis-
played in Fig. 3. The relative upconversion fluorescence response is
calculated and presented as (f-fg)/fg, where f and fz are the emis-
sion intensities at 540 nm with and without analytes, respectively.

Furthermore, UCNP@Ag-GOx shows (i) negligible emission
/o\ /"
H 14}
[rosmime
i Glucose ' H,0,
i ! —
+ Etching -

GOx

> on

n on

0 0, 1,0, on on

05 + Ag® - Ag ¢ IO

Scheme 1. Schematic illustration on design and mechanism of UCNP@Ag-GOx for glucose concentration detection.
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Fig. 1. (A) TEM images of UCNP (scale bar: 50 nm). (B) HRTEM image of UCNP@Ag-GOX (scale bar: 10 nm). DLS measurements and stability studies of UCNP@Ag-GOX (C) in
H,0 (D) in PBS.
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Fig. 2. (A) Emission spectra of UCNP@Ag-GOx with various Ag concentrations. (B) Relationship between the emission quenching efficiency of UCNP@Ag-GOXx at 540 nm and
the Ag concentrations.

changes under 5 pM of abundant metal ions, (ii) modest emission
response among the 5 uM addition of bovine serum albumin (BSA),
human serum albumin (HSA), fructose, sucrose, and (iii) strong flu-
orescence response for the incubation with 5 pM glucose. Further,

it is known that the nanoprobes are exceptionally more selective to
conduct the detection of glucose concentration compared to the
spermine, lysine, glycine, BSA, HSA, fructose, sucrose, and various
metal ions. Additionally, our nanoprobes are capable of displaying



S. Zha, H. Li, G.-L. Law et al.

specific and sensitive elevated emission responses toward the
changes in the glucose concentration from selectivity investiga-
tions (Fig. 3A).

In addition, we hope to apply this method for practical applica-
tion in physiological conditions and test the selective and respon-
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sive capability of the nanoprobe in simulated physiological
conditions, so the interferences of BSA, HSA, Ca?*, and Na* are car-
ried out in glucose solution in the selectivity study. As shown in
Fig. 3B, only glucose can lead to drastic and substantial upconver-
sion emission recovery from quenching, while other substances
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Fig. 3. (A) Visible emission ratio of UCNP@Ag-GOX (1 mg mL~", Aex: 980 nm) in H,O among various analytes at 540 nm. (B) Interference study in simulated physiological
conditions. Labels from left to right are 1: blank, 2: 5 uM glucose solution, 3: 50 uM BSA in 5 pM glucose solution, 4: 50 uM HSA in 5 uM glucose solution, 5: 50 pM Na* in
5 uM glucose solution, 6: 50 uM Ca?* in 5 uM glucose solution, 7: 150 mM NaCl in 5 pM glucose solution, 8: 0.9 % saline solution in 5 uM glucose solution.
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Fig. 5. In vitro confocal imaging and in vitro emission spectra of UCNP and UCNP@Ag-GOx in (A) HeLa cells and (B) MRC-5 cells. (Aex: 980 nm, Aem: 500-700 nm).

hardly influence the emission intensity in the presence of glucose, ine solution are also conducted in glucose solution. Consequently,
even though their concentration is ten times that of glucose. To negligible changes are observed. Therefore, this method can act as
further examine the selectivity performance and mimic physiolog- a highly selective and useful sensing strategy for the detection of
ical conditions, the interferences of the 150 mM NaCl and 0.9 % sal- glucose.
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3.4. Detection of glucose

Given the critical significance of glucose concentration monitor-
ing, the potential of using UCNP@Ag-GOx nanoprobe for glucose
concentration detection is further investigated. UCNP@Ag-GOx
(Ln®*: Ag® = 1: 0.1) is employed to detect glucose concentration.
Under 980 nm excitation, the emission spectra of UCNP@Ag-GOx
nanoprobes in the company of glucose solution are shown in
Fig. 4A. Notably, increasing glucose concentrations in the range
of 0-3.2 pmol L~ leads to the gradual rise of the emission intensity
at 540 nm. Additionally, the fluorescence intensity is linearly pro-
portional to the glucose concentration in the scope of 0-3.2 pmol
L. For the glucose concentration assessment, the calibration
function I = 1674C + 2530 with high linearity (R? = 0.9953) is estab-
lished, where I represents the relative emission intensity and C is
the glucose concentration (umol L~1). Thus, the concentration of
glucose can be determined by monitoring fluorescence intensity
spanning the range of 0-3.2 pmol L~! (Fig. 4B), with the limit of
detection (LOD = 36/K) computed as 1.77 pumol L~!. The reason
why the fluorescence is enhanced is that glucose may be oxidized
by O, to produce H,0; in the presence of GOx, and then the tiny
amount of H,0, can etch Ag layers on the surface of UCNP and con-
vert them into Ag*. Consequently, the decomposition of the Ag lay-
ers occurs, which leads to the reversion of the Ag quenching effect
accompanied by upconverting emission recovery. Additionally, to
further evidence the proposed mechanism, the intermediate
H,0, is directly added with the presence of the as-developed sam-
ple UCNP@Ag. Likewise, the emission intensity of UCNP@Ag
enhanced with the increase of H,0, concentration (Fig. 4C), which
implied the interaction occurred between Ag and H,0,. In addition,
the fluorescence intensity is linearly proportional to the H,O, con-
centration (Fig. 4D), which is consistent with the results of
UCNP@Ag-GOx in glucose solution.

3.5. In vitro selectivity studies

The cytotoxicity of UCNP@Ag-GOx was studied by testing the
cell viability in HeLa and MRC-5 cells. As shown in Fig. S6, it was
indicated that the nanoprobes were safe for the cells. To further
verify the capability of the differentiation between human cervical
carcinoma (HeLa) cells and human normal lung fibroblast (MRC-5)
cells through interacting with glucose, confocal imaging was per-
formed. Hela and MRC-5 cell lines were co-incubated with
1 mg mL~! of UCNP and UCNP@Ag-GOX for 24 h. Fluorescence sig-
nals in the cells were captured and imaged under 980 nm excita-
tion. As shown in Fig. 5, the signals of UCNP@Ag-GOx in cancer
cells were stronger than that of normal cells, whereas there are
no diversities between UCNP in HeLa and MRC-5 cells. It is known
that cancer cells have a higher uptake rate of glucose than normal
cells [41], owing to a greater demand for energy. In Hela cells,
UCNP@Ag-GOx could even recover to a similar fluorescence level
with UCNP (Fig. 5A), this is because the higher content of glucose
existed in cancer cells over normal cells, GOx on the exterior of
the nanoprobes would interact with abundant glucose when the
nanoprobes entered the cytoplasm and in turn Ag layer was etched
due to the generation of H,0,. However, the fluorescence signals of
UCNP@Ag-GOx are much lower than UCNP in MRC-5 cells (Fig. 5B)
owing to the quenching effect, which is consistent with the exper-
imental results above. Therefore, the discriminatory capability of
UCNP@Ag-GOx was evidenced in cancer and normal cells. Further,
it is noteworthy that our work is the first study aimed at showcas-
ing the practicality of glucose concentration detection based on
lanthanide-doped UCNP. Moreover, this provides a theoretical
and experimental basis for the subsequent exploration of the
UCNP-based approach to glucose concentration detection.
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Lambda scans were run on all the cells and the in vitro emission
spectra were recorded to observe erbium transitions and verify
whether the emission comes from the autofluorescence or the
nanoprobe. Typical erbium transitions (*Hy12 — *lisja, *S3p2 —
14512, and *Fgj; — *I;572) can be observed in the lambda scan under
the excitation at 980 nm, as shown in Fig. 5A and B. More impor-
tantly, nearly twofold responsive enhancement of upconversion
emission was recorded in UCNP@Ag-GOx compared with UCNP
in HeLa cells, since the nanoprobe was triggered by high-glucose
level in cancer cells to turn on and amplify the upconversion emis-
sion of UCNP@Ag-GOx. While there is a threefold drop in
UCNP@Ag-GOx compared with UCNP in MRC-5 cells as the
quenching effect of UCNP@Ag-GOx has not been recovered. Conse-
quently, it is facile for UCNP@Ag-GOx to distinguish cancer cells
from normal cells via optical imaging since a 5-fold emission inten-
sity difference is between them.

4. Conclusions

In conclusion, we presented a sensitive and responsive upcon-
verting fluorescence detection nanoprobe for rapid glucose con-
centration detection based on an Ag shell modified UCNP core.
UCNPs were developed utilizing a facile coprecipitation strategy,
and subsequently, Ag layers were built on the surface of the
UCNPs. The Ag shells on UCNP’s surface function as a quencher.
The fluorescence of UCNP was restored by adding glucose after
GOx has been anchored on the surface of the UCNP@Ag. In this
case, the GOx enables glucose to be oxidized to H,0, (since the
nature of GOx is an oxidoreductase), and Ag layers may react
immediately with H,0,. Consequently, the quenching effect
would be rectified in the company of GOX, resulting in Ag layers
fragmentation and upconversion emission recovery. Therefore, an
efficient and sensitive upconversion fluorescent approach for
monitoring glucose concentration can be developed based on
detecting enzymatically produced H,0,. Notably, the ultralow
detection limit of UCNP@Ag-GOx was estimated to be at
1.77 pumol L~'. Furthermore, the upconversion nanoprobe also
exhibited extraordinary selectivity over proteins, amino acids,
saccharides, and ubiquitous cations. Moreover, the obvious dif-
ferentiation between cancer cells and normal cells was achieved
via confocal imaging. Based on the superior selectivity for glu-
cose and extremely low limit of detection, the upconversion
nanoprobes UCNP@Ag-GOx show great prospects in the preven-
tion and early clinical diagnosis of various diseases.

In summary, the as-developed nanoprobe can achieve in vitro
optical bioimaging in live cells for glucose detection. It is the first
report regarding the utilization of lanthanide-based upconverting
nanoprobe in biological-related applications with ultrasensitive
glucose detection in vitro. In addition, the synthesized
lanthanide-based upconversion biosensor shows exceptional sta-
bility and biocompatibility. The robust biosensing platform pos-
sesses ultrahigh sensitivity and capability of on-site and real-
time glucose detection in vitro and realized a limit of detection
(LOD) down to 1.77 pM. Importantly, it is highly expected that
the facile-synthesized functional UCNP as a stable and biocompat-
ible nanoplatform has great potential to be expanded to other
biomedical fields.
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