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a b s t r a c t

The advancement of functional nanomaterials has promoted the development of biomarker sensors
underpinning promising analytical tools for a range of bioanalytes such as cholesterol. In this work, we
established a light-on fluorescent probe for cholesterol in human serum by coordination of H2O2 on the
surface of praseodymia nanorods (Pr6O11 NRs). The distinctive interactions of various nucleotides and
H2O2 with praseodymia were examined, whereby good fluorescent quenching and recovery capability
were observed. A highly sensitive and selective cholesterol detection was achieved in serum samples
with a detection limit of 0.1 mM and recovery of 97.2e101.3%, respectively, due to the high oxygen
mobility of praseodymia. The result suggests strong potential for work towards a key probe for a portable
clinical test system for cholesterol as well as other H2O2-deriving biomarkers, potentially addressing the
ever-increasing demand for the prevention of cardiovascular disease.

© 2022 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiovascular disease is the number one cause of death. There
are approximately 17.9 million associated deaths each year, repre-
senting 32% of all global death [1]. To prevent this disease, it is
important to periodically monitor cardiovascular risk markers such
as plasma cholesterol. For example, based on the diagnosis and
assessment of arteriosclerosis, lipid-related disorders, thrombosis,
etc [2,3], cholesterol has to be critically controlled within suitable
concentration ranges. High levels of cholesterol in serum (>6 mM)
could form plaques in blood vessels, leading to atherosclerosis,
cardiovascular and other diseases [2,4], while low levels of
cholesterol (<3 mM) could lead to pernicious anemia, hyperthy-
roidism and acute infection [2,4].

To date, a variety of methods for cholesterol analysis have been
developed, mainly based on monitoring the consumption of O2 or
aowei.chen@uca.es (X. Chen).
onal University, Hanoi.
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increase of H2O2, which is the key byproduct of cholesterol enzy-
matic reactions. Themeasurementmethods can be categorized into
colorimetric [5], chromatographic [6], electrochemical [7] and
fluorometric techniques [8]. Conventional colorimetric and elec-
trochemical methods in clinical practice suffer from low sensitivity,
selectivity or inconvenience, while chromatography techniques
require costly and bulky equipment. In contrast, point-of-care
fluorescence tests have attracted increasing interests in recent
years due to their high sensitivity and the demonstrated potential
of advanced portable fluorometers and smartphone-based devices
[9,10]. For instance, QuantiFluor™ (Peomega Corp.) [10] have
enabled on-spot measurements in outdoor environments and
several smartphones integrated with analytical components have
demonstrated capability in fluorescence-sensing [4,11]. The devel-
opment of these cost-effective and handheld devices has suggested
that on-site fluorescent analysis has great promises for a range of
bioanalytes, including cholesterol detection.

Despite the advancement of fluorometers, suitable fluorescent
probes or platform materials remain key challenges in this field. In
in vitro practice, an off-on fluorescence change is much easier to
detect than an on-off switch due to reduced interference from
an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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surroundings. One of the main “light-on” schemes involves the
construction of a sensing platform with a fluorescent probe and a
quencher [10]. Herein we propose a fluorometric assay employing
praseodymia nanorods (Pr6O11 NRs) and fluorescently labelled
DNA, which is a common fluorescent probe [10]. Both DNA and
Pr6O11 are abundant in nature and also available commercially.
However, the fluorescence quenching capability of Pr6O11 has not
been fully explored. This cost-effective pair probe could be used to
measure the cholesterol level in human serumwith high sensitivity
and selectivity, further offering potential for wider in vitro patho-
logical and physiological applications.

The novelty of this assay lies in the competition between DNA
nucleotides and H2O2 on their coordinations at surfaces of Pr6O11
NRs. Pr6O11 is an underexplored rare earth oxide with abundant
existence in nature. This oxide has excellent chemical and physical
features compared to other well-known analogues such as ceria
(CeO2), which has been commonly used as a fluorescent quencher
[10,12]. Praseodymia includes a series of oxides, allowing rapid
changes in oxidation state due to a variety of stable phases. One of
the most stable oxides is Pr6O11, which exhibits relatively high
electrical conductivity (0.954 S/cm) [13] and dielectric constant (k~
25e30) [14] as compared with other oxidation states. This is
because it has the highest intrinsic oxygen mobility among
lanthanide oxides [15]. All these characteristics may contribute to
fluorescence quenching and recovery [13,16,17]. By tuning DNA
types and lengths, the quenching process can be optimized. The
subsequent H2O2 coordination may cause depletion of DNA, hence
inducing fluorescent “light-on”. To the best of our knowledge, this
is the first time such competition of coordination was reported on
the surface of Pr6O11 NRs. We aim to establish a highly sensitive
detection of plasma cholesterol which can be demonstrated by
tests using clinical samples.

2. Experimental

2.1. Synthesis of Pr6O11 NRs

A hydrothermal method was used to synthesize Pr6O11 NRs. A
total volume of 240 mL of 6 M NaOH (Alfa Aesar, 98%) and 0.05 M
Pr(NO3)3$6H2O (Aldrich, 99.9%) was stirred in Teflon container for
30 min. The container was sealed and kept in 180 �C stainless steel
autoclave for 24 h. Subsequently, the mixture was cooled to room
temperature, centrifuged, andwashedwith deionizedwater several
times, followed by ethanol wash (Panreac, Absolute Ethanol).
Finally, samplewas dried at 80 �C for 24 h in an oven and calcined at
500 �C for 4 h in a muffle furnace. Commercial CeO2 nanoparticles
(CeO2 NP, 5e25 nm, 30m2/g, SigmaeAldrich)were used to compare
the fluorescence quenching ability with that of Pr6O11 NRs.

2.2. Physical and compositional characterization

X-Ray diffraction (XRD) patterns were obtained by using a
diffractometer (Empyrean, Panaco, Netherlands) with Cu Ka radi-
ation and angle range of 20e70�. BrunauereEmmetteTeller (BET)
surface area was measured by using N2 physisorption (Micro-
meritics, ASAP2020-M). Surface chemical composition and oxida-
tion states of samples were characterized by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo, US). XPS spectra were
recorded using monochromatized Al Ka X-Ray (1486.6 eV), with
150 W power. The spectrometer was operated in a constant
analyzer energy mode, with pass energy of 30 eV. The binding
energy scale was calibrated with respect to C 1s signal at 284.6 eV.
After incubating Pr6O11 NRs with H2O2 solution, NRs were washed
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with deionized water, dried in N2 flow, and processed similarly for
XPS measurement.

The morphology and structure of Pr6O11 NRs samples were
characterized using transmission electron microscope (TEM, JEM-
2100UHR, Japan Electronics) with element mapping analysis.
Steady state fluorescence of carboxyfluorescein (FAM) - labelled
nucleotide oligomers (Sangon Biotech, Shanghai), including A5,
A15, A30, A45, T5, C5, G5, were measured by FluoroMax-4 (Horiba
Jobin Yvon, France) at 485 nm excitation and 516 nm emission
wavelength, respectively. The time resolved fluorescence spec-
troscopy was carried out in a picosecond time correlated singe
photon counting (TCSPC) spectrometer (FS5, Edinburgh In-
struments, UK). Zeta potential analysis of Pr6O11 NRs suspension
was measured by a particle size analyzer (Nano S, Malvern UK).
The Fourier transform infrared (FTIR, Nicolet 6700, Thermo US)
spectra of Pr6O11 NRs were examined before and after incubation
with H2O2, respectively.

All the other chemicals, including citrate, phosphate buffer so-
lution (PBS), 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid
(HEPES) and acetate buffer, various amino acids, and H2O2, were
purchased from SigmaeAldrich.

2.3. Detection of H2O2

FAM-A5 oligomer (6 nM) and Pr6O11 NRs (16 mg/mL) were
mixed in 10 mM HEPES buffer (pH 7.6 with 150 mM NaCl) so-
lution and incubated at room temperature for 1 h. The fluores-
cence change of solution was measured before and after the
mixing process. Subsequently, H2O2 was added to deplete DNA
from the DNA/Pr6O11 conjugate and the fluorescence recovery
was measured.

2.4. Detection of cholesterol

Cholesterol was incubated with 5 mg/mL cholesterol oxidase
(ChOx) in 10 mM HEPES buffer (pH 7.6 with 150 mM NaCl) solution
in darkness at 37 �C for 1 h. 20 mL incubation solution was added to
720 mL premixed FAM-A5/Pr6O11 NRs mixture that was described
above. Fluorescence intensity of solution was measured again after
1 h incubation. Various molecules at 20 mM, including cysteine,
lysine, histidine, serine, glutamic acid, glucose and dopamine, were
added with a view to investigating effects of interferents respec-
tively. Fluorescence changes before and after additions of interfer-
ents were compared with that of cholesterol.

2.5. Cholesterol measurement in human serum

Human serum samples were provided by the Affiliated Hospital
of Qingdao University (Qingdao, China). Predetermined amounts of
cholesterol were added to the serum to form spiked samples with
low to high levels of cholesterol [18]. The spiked samples were
incubated with 8.9 mM KOH in ethanol at 37 �C for 1 h to hydrolyze
cholesterol esters. Subsequently, water and n-hexane were added
and centrifuged together at 5000 rpm for 5 min followed by
collection of supernatant which was subsequently evaporated in N2
flow. The dried pellet was re-dissolved in 500-fold dilution and
suspended in a solution of 1% isopropanol and 0.8% Triton X-100.
10 mL mixture of cholesterol was then incubated with 10 mL 5 mg/
mL ChOx in darkness for 1 h, followed by addition of FAM-A5/Pr6O11
NRs. After fluorescent measurements, the calculated concentra-
tions of tested samples were compared with results obtained by an
automatic analyzer (Hitachi 7600, Japan), which is one of the
routine analyses for cholesterol level in hospital practice.
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3. Results and discussion

3.1. Synthesis and characterization of Pr6O11 NRs

Pr6O11 NRs were obtained using a hydrothermal synthesis
method. Their morphology and structure were analyzed by TEM
and XRD. Fig. 1a shows that Pr6O11 NRs are uniformly shaped, with
approximately 400 nm in length and 20 nm in diameter. Fig. 1b and
c show the distribution of Pr and O elements of the synthesized
samples, respectively. Well defined XRD peaks at (111), (200), etc.,
are observed in Fig. 1d, aligning with those for face-centered cubic
structure of Pr6O11 crystals with Fm3m space group (JCPDS
42e1121). These peaks also indicate that the NRs have good crys-
talline properties with negligible impurities.

The specific surface area of Pr6O11 NRs was calculated to be
27 m2/g based on N2 physisorption BET measurement. Pr 3d and O
1s XPS profiles are shown in Fig. 2, whichwere calibrated by using C
1s peak at 284.6 eV as reference (Fig. S1 in supporting information).
Pr 3d peaks at 933.2 eV and 953.6 eV are associated with Pr 3d3/2
and Pr 3d5/2 components respectively [19,20]. The profile can be
deconvoluted into several peaks, including two spineorbit doublets
at 928.4/949.4 eV and 933.2/953.6 eV [19,20]. These doublets are
attributable to both Pr2O3 and Pr6O11 oxides, but not to PrO2 stoi-
chiometric formula. Doublet at 946.6/966.1 eV corresponds to Pr4þ

in Pr6O11 [19,20]. From XPS analysis, it is estimated that Pr6O11 NRs
possess approximately 32% Pr3þ, in line with the bulk percentage
33% (based on Pr6O11 formula).
Fig. 1. (a) STEM-HAADF image, (b) Pr (c) O element ma
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The O 1s spectra in Fig. 2b are fitted with two peaks at 528.6 eV
and 531.4 eV. The peak at 528.6 eV is for O2� in the bulk, or oxygen
of PreO bonds in the lattice. The 531.4 eV peak corresponds to
surface oxygen ions, defect oxides, or adsorbed oxygen species [19].
After the subpeak fitting, the relative quantity of surface oxygen can
be estimated. It was estimated that approximately 28% of oxygen
was lattice oxygenwhile surface oxygen dominated with 72% of the
total oxygen. We also examined the XPS profiles of Pr6O11 NRs after
incubating with H2O2 in order to explore the modification that
H2O2 may impose on Pr6O11 surfaces. Composition analysis showed
that surface oxygen increased to 83% after incubating with H2O2. It
is inferred that H2O2 forms peroxo complex PreH2O2 on Pr6O11 NRs
surface, leading to the increase of surface oxygen.

3.2. Fluorescent “light-off” on Pr6O11 NRs

Fig. 3 displays the fluorescence “off-on” mechanism for
cholesterol measurement on the surface of Pr6O11 NRs. First, fluo-
rescence of FAM-labelled oligomers was quenched (“light-off”) due
to adsorption and coordination of nucleotides to Pr6O11 surface.
Next, cholesterol-derived H2O2 quickly adsorb, compete and
replace oligomers so that fluorescence on the depleted oligomers
was recovered (“light-on”). Finally, the quantitative dependence of
H2O2 and cholesterol concentration on fluorescence was estab-
lished, which was further employed for testing of clinical samples.

Fig. 4a shows the fluorescence change at 516 nm of FAM-A5
before and after addition of Pr6O11 NRs. Fluorescence intensity
pping analysis, and (d) XRD pattern of Pr6O11 NRs.



Fig. 2. (a) Pr 3d and (b) O 1s XPS spectra of Pr6O11 NRs, before and after mixing with 10 mM H2O2.

Fig. 3. Fluorescence “off-on” mechanism for highly sensitive detection of cholesterol through the competition between FAM-A5 oligomers and H2O2 on their coordination at
surfaces of Pr6O11 NRs.
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drops significantly with successive addition of Pr6O11 NRs, up to
95%. The intensity decrease is proportional to concentration of
Pr6O11 NRs. Fig. 4b indicates that majority of the quenching
occurredwithin 2min from after the addition of NRs. The attraction
of DNA toward Pr6O11 NRs is expected as Pr6O11 can be regarded as
hard Lewis acid while DNA behaves like a hard base according to
hard soft base theory (HSAB) [21]. Additionally, three factors may
contribute to adsorption and quenching of DNA. First, there is an
electrostatic attraction between negative DNA and positive Pr6O11
surface (20 mV zeta potential in pH 7 buffer). Second, there is an
entropy gain when the immobilized DNA leads to the release of
numerous counterions that were previously bound in double layers
near charged Pr6O11 surfaces. Third, there may be coordination
bonds between Pr and nucleotide bases, which will be discussed in
section 3.3. The combination of these possible causes could be
responsible for the fast adsorption and quenching of fluorescent
DNA oligomers.

As shown in Fig. 4c, quenching could take place via two possible
mechanisms, i.e. energy or electron transfer. Energy transfer usually
occurs through fluorescence resonance energy transfer (FRET) ef-
fect [21]. For example, Pr6O11 has a wide absorption band in
4

400e700 nm spectrum range (Fig. S2), corresponding to fef tran-
sition absorption and to the characteristic transition of Pr3þ
3P0/

3H4. It covers the emission spectra of FAM (516 nm), sug-
gesting that energy could transfer from the excited FAM* to Pr6O11.
Alternatively, because of high conductivity of Pr6O11, quenching can
happen through electron transfer from FAM* to conduction band
(CB) of Pr6O11 (Fig. 4c). Furthermore we found that, at the same
conditions, quenching efficiency of Pr6O11 NRs is much better than
its neighbor compound CeO2, which is a commonly used quenching
nanomaterial (Fig. S3a) [10,12]. The defect-rich CeO2 nanoparticles
(various-shaped nanocrystals, BET 30 m2/g, size 5e25 nm, TEM
image in Fig. S3b) were expected to quench more effectively than
Pr6O11 NRs (uniform-shaped, 27 m2/g, size 400 � 20 nm). However,
Fig. S3a shows the opposite result, suggesting that intrinsically
Pr6O11 may have higher capability in transfering energy or electron
than CeO2.

The time resolved fluorescence spectroscopy provides kinetics
of fluorescence quenching, which can be briefly classified into static
and dynamic modes [22]. Static mode occurs when a ground state
complex between fluorophore and quencher is formed, while dy-
namic mode is often due to diffusion of quencher to fluorophore



Fig. 4. (a) Fluorescence spectra of 6 nM FAM-A5 with Pr6O11 NRs in pH 7.6 HEPES buffer. Inset images show “light-off” of fluorescence. (b) Fluorescence at 516 nm changes with time
after adding 67 mg/mL Pr6O11 NRs to FAM-A5. Inset is the relationship between fluorescence intensity and Pr6O11 NRs concentration. (c) Energy level diagram of Pr6O11 shows how
fluorescence quenching occurs through energy or electron transfer, from excited FAM* dye to Pr6O11. (d) Plot of intensity ratio F0/F of FAM-A5 against Pr6O11 NRs concentration, fitted
by the classical SterneVolmer equation (red line). (e) Plot of log[(F0eF)/F] against Pr6O11 NRs concentration, fitted by the Hill equation (red line). (f) Effect of buffer type on
fluorescence quenching.
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when the latter is in an excited state. In order to investigate the
binding state of oligomers with Pr6O11 NRs, the classical
SterneVolmer equation (Eq. (1)) is used to fit data where F0 and F
are fluorescence intensities before and after addition of quenchers
[23,24]. In Eq. (1), CPr6O11 is the concentration of Pr6O11 NRs, t0 the
average lifetime of biomolecules without quencher (~10�8 s), Kq the
quenching rate constant and KSV the SterneVolmer quenching
coefficient.

F0/F ¼ KSV CPr6O11 þ 1 ¼ Kq t0 CPr6O11 þ 1 (1)

Fig. 4d shows the linear fitting of Pr6O11 quenching using Eq. (1),
whereby Kq is calculated to be 6.22 � 1012 M�1s�1. As reported
previously [23,24], the maximum scattering collisional quenching
coefficient for Kdiffu biomolecules is 2 � 1010 M�1s�1, where
Kq >> Kdiffu means that Pr6O11-induced quenching was dominated
by static mode [23]. This suggests that FAM-A5 oligomers have
5

formed strong conjugation with Pr6O11 NRs. Moreover, the number
of binding site n can be calculated based on Eq. (2), i.e. the Hill
Equation, where the equilibrium association constant Ka is the ratio
of (FAM-A5/Pr6O11 NRs) conjugates concentration to the concen-
tration of FAM-A5 and Pr6O11 NRs as in Eq. (3) [24].

log[(F0eF) /F] ¼ log Ka þ n log CPr6O11 (2)

Ka ¼ Cconjugate / CFAM-A5 CPr6O11 (3)

Parameter n is dimensionless as a measure for cooperativity
in the binding process. Fig. 4e shows a logarithmic plot of
[(F0eF)/F] vs CPr6O11 which was fitted to provide an estimated
n ~ 1.21. This n value is greater than unity, suggesting a positive
cooperativity binding [24], It means binding of an oligomer fa-
cilitates binding of the subsequent oligomers at nearby sites on
Pr6O11 surfaces.
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Similar to the previously reported quenchers [10,12], this
Pr6O11-induced quenching depends on buffer types. Quenching is
more effective in HEPES buffer than in other buffers, such as citrate,
phosphate and acetate buffers (Fig. 4f). This is probably because
HEPES ions do not precipitate or adsorb on nanorod surface as
much as other buffer ions do, like the strong attachment of phos-
phate ions to CeO2 surfaces [25].

3.3. Fluorescent “light-on” through H2O2 coordination

When H2O2 was added to FAM-A5/Pr6O11 NRs mixture, the
quenched fluorescence at 516 nm can be greatly recovered (Fig. 5a).
The recovery level increases with H2O2 concentration (Fig. 5b),
suggesting the release of FAM-A5 oligomers off NRs surfaces. As
shown in Fig. 5b inset, the increase is linear and proportional to
H2O2 concentration in �10 mM range. It is worth noting that
1e10 mM range is also the physiological range of H2O2 in human
plasma across normal and abnormal ranges [26,27], implying the
Fig. 5. (a) Fluorescence recovery of 6 nM FAM-A5 with 67 mg/mL Pr6O11 NRs after H2O2 addit
between fluorescence and H2O2 concentration. Inset is the linear fitting of fluorescence inten
Effect of NaCl salt on fluorescence change with 8 mM H2O2. Effects of nucleotide (d) length
ordination of nucleotide bases (adenine, guanine, cytosine and thymine) with Pr atoms on
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potential applicability of FAM-A5/Pr6O11 NRs probe in detection of
H2O2 and H2O2-generating biomarkers, such as cholesterol and
glucose.

Fluorescence recovery depends on salt, nucleotide type and
length. Fig. 5c shows the restored intensity as a function of NaCl
concentration. Increase of salt concentration corresponds to higher
recovery which reaches a maximum at 150 mM NaCl. This may be
due to screening effect of salt on eliminating double layer repulsion
from negative oligomer surfaces. The presence of more counterions
weakens the electrostatic attraction between DNA and NRs. Thus,
the released DNA, as well as recovered fluorescence, is more stable
in salted conditions, until charge neutralization reaches maximum.
Similarly, Fig. 5d indicates that shorter sequences perform better
than longer ones. This is probably because high mobility of shorter
strands facilitates faster adsorption and desorption on NRs surfaces
as compared with that of longer strands.

Quenching and recovery also vary for different nucleotide bases.
DNA has polymerized anionic phosphate backbones which help to
ion at increasing concentration (1 mMe10 mM) in pH 7.6 HEPES buffer. (b) Relationship
sity with H2O2 at 1e10 mM. Limit of detection (LOD, s/n ¼ 3) is 0.1 mMwith R2 ¼ 0.99. (c)
and (e) type on fluorescence quenching and recovery are compared. (f) Possible co-
Pr6O11 NRs surface.
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promote its binding process to NRs although difference in stacked
bases determines binding affinities. Fig. 5e shows that quenching
and recovery are more pronounced in FAM-A5 than in T5 and C5.
FAM-G5 has particularly low fluorescence because guanine itself is a
quenching agent [28]. Previous studies have suggested strong
chemical bondings between metals and DNA bases [28]. For
instance, deoxyadenosine base prefers to coordinate with metal
atoms via both N-6 exocyclic amino and N-7 atom (Fig. 5f), while
deoxyguanosine binds through C]O with N-1 nitrogen [28].
Deoxycytidine binds via N-3 nitrogen as well as the keto oxygen
while thymine binds through C-4 keto oxygen [28]. Variation in
coordination defines orientation and binding strength of different
bases to Pr6O11. This directly impacts on the total binding strength of
oligomers on Pr6O11 NRs, as well as their capabilities to compete
with H2O2. Consequently, different nucleotide types result in vary-
ing fluorescence quenching and recovery with Pr6O11 and H2O2.

The schematic process of H2O2 coordination and the subsequent
release of DNA is illustrated in Fig. 6a. Despite differential bindings
between nucleotides and Pr6O11, data suggests that H2O2 coordi-
nation with Pr6O11 is much stronger than oligomers’ coordination,
even if DNA possesses forces from both electrostatic attraction and
base coordination. H2O2 is known to be able to coordinate with
many metal atoms, including Fe3þ, Cu2þ, etc, particularly in pres-
ence of OH� ions [29]. In this study, under weak basic (pH 7.6)
environment, it is possible that H2O2 was deprotonated on NRs
surface to form stable peroxo complex (Fig. 6a). Similar peroxo
structures have been reported for H2O2 coordination to many
peroxidase-like nanomaterials such as CoeMoS2 and single atom
Fig. 6. (a) Competition between H2O2 and DNA in coordinating with Pr6O11 results in releas
10 mM H2O2 to Pr6O11 NRs suspension in HEPES buffer. (c) FTIR spectra of Pr6O11 NRs befor
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catalysts [30]. It was proposed that H2O2 coordination is the start of
free radical chain reaction triggered by the accelerated electron
transfer and formation of intermediate hydroxyl radicals. Our
previous experiments have confirmed peroxidase-like activity of
Pr6O11 NRs (data not shown). Thus, it is likely that H2O2 also have
strong tendency to form such peroxo structures on Pr6O11 NRs.

Formation of PreH2O2 coordination complex was supported by
XPS data as shown in Fig. 2. Further zeta potential (Fig. 6b) and FTIR
(Fig. 6c) results also agree with the analysis that slight increase of
zeta potential is probably due to H2O2 displacement of counterions,
leading to total charges alternation on NRs surfaces. The 733 cm�1

peak in FTIR spectra is attributable to the vibration of Pr-O-H bonds,
while the peak at 3616 cm�1 corresponds to stretching and vibra-
tion OeH bonds on Pr6O11 NRs after H2O2 impregnation. Therefore,
it is likely that H2O2 forms covalent peroxo bonds on Pr6O11 surface.
In other words, the chemical bondings between H2O2 and NRs are
stronger than those between DNA and NRs, effectively leading to
the removal of DNA oligomers from NRs surfaces.

DNA displacement by H2O2 does not seem favorable based on
entropy theories. In particular, in order to fill the void space on NRs
induced by the removal of a DNA oligomer requires the immobili-
zation of many H2O2 molecules, thus reducing entropy. However, it
is worth noting that the H2O2 coordination on NRs surfaces also
increase total oxygen reservoir of Pr6O11 NRs. Pr6O11 exhibits
exceptionally high oxygen mobility and thus it is plausible to as-
sume that the enlarged oxygen reservoir gains much more entropy.
As a result, the total entropy is increased on H2O2 coordination and
hence the process is dynamically favorable.
e of DNA and binding of H2O2 on NRs surface. (b) Zeta potential changes on addition of
e and after incubation with 10 mM H2O2.



L. Jiang, J. Zhong, Y. Li et al. Journal of Science: Advanced Materials and Devices 7 (2022) 100443
3.4. Highly sensitive detection of cholesterol

A highly sensitive detection platform for H2O2 and cholesterol
could be established, based on the mechanism depicted above, by
using FAM-A5/Pr6O11 NRs pair probes (Fig. 1). Fig. 5b shows a linear
relationship between fluorescence change and H2O2 concentration,
as well as the corresponding limit of detection (LOD, s/n ¼ 3) of
0.1 mM. This value is lower than mostly reported fluorescent “light-
on” measurements of H2O2 (Table S1) thus far.

Fig. 7a demonstrates fluorescence recovery of FAM-A5/Pr6O11
NRs systemwith addition of cholesterol. The fluorescence intensity
increases linearly with cholesterol concentration between 1 and
12 mM (Fig. 7b) with LOD (s/n ¼ 3) of 0.1 mM. This represents much
improved performance as compared (Fig. 7c) with other reported
results whereby fluorescent probes were used for cholesterol
detection, including “light-on” or “light-off” assays (Table S2).

It is worth noting that the linear ranges of various detection
methods on H2O2 or cholesterol are not specifically discussed or
compared (data shown in Table S1 and S2) because we believe LOD
is probably a better metric to assess the effectiveness among
Fig. 7. (a) Fluorescence increase of 6 nM FAM-A5 þ 67 mg/mL Pr6O11 NRs mixture after ad
concentration. The solid line is linear fit with R2 ¼ 0.996 and LOD of 0.1 mM. (c) Compariso
“light-off” (empty bars) fluorescence methods (details in Table S2 of supporting informatio
(Lys), histidine (His), serine (Ser), glutamic acid (Glc), glucose (Glu) and dopamine (DA), ar

Table 1
measurements of cholesterol in clinical samples.

Samples Added (mM) Measured (mM)

Serum 4.3
2.5 6.9
7.1 11.3
7.9 12.4

8

cholesterol sensing and analysis systems than linear ranges. First, it
was not our focus to compare H2O2 > 10 mM, which is beyond the
physiological range. Second, it is important to note that essential
pretreatment of clinical samples, including digestion and dilution
of serum, could always result in suitable range of cholesterol con-
centration for detection. Thus, LOD may be a better indicator than
linear ranges in comparison among different detection systems.

Several serum constituents including amino acids, glucose,
dopamine, etc.were examined using our “light-on” platformwith a
view to identifying their possible interference. Results (Fig. 7d and
Fig. S4) show that the interference is negligible as compared with
that from cholesterol, suggesting excellent cholesterol sensing
selectivity. Finally, a standard addition method was applied with a
series of spiked cholesterol contents in human serum samples in
order to evaluate the practicability of this method. Results (Table 1)
indicate that our measurements are in good agreement with
certified values obtained from an automatic analyzer which is one
of the routine methods in hospital practice. The relative standard
deviation (RSD �3.1%) and recovery (97.2e101.3%) are also ach-
ieved, demonstrating good consistency across our testing samples.
dition of cholesterol. (b) Relationship between fluorescence intensity and cholesterol
n of LODs from the latest measurements of cholesterol using “light-on” (full bars) and
n). (d) Fluorescence from possible serum interferents, including cysteine (Cys), lysine
e compared with that of cholesterol.

Recovery (%) RSD (%) Certified Value (mM)

2.2 4.4
98 3.1 6.9
97.2 1.8 11.5
101.3 2.5 12.3
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4. Conclusion

A fluorescent “light-on” platform for cholesterol detection is
constructed based on functional Pr6O11 NRs and fluorescent DNA
oligomers (FAM-A5). Fluorescence of adsorbed DNA can be effi-
ciently quenched due to high electron transfer and oxygenmobility
of Pr6O11, while strong coordination of H2O2 can displace oligomers.
The mechanism of coordination and fluorescent response is dis-
cussed in detail and, to the best of our knowledge, is for the first
time reported for Pr6O11 nanomaterial. Highly sensitive and selec-
tive detection of cholesterol is achieved, with exceptionally low
LOD of 0.1 mM (s/n ¼ 3) and good recovery demonstrated by using
clinical samples. It is envisaged that this method can be potentially
utilized for the detection of other H2O2-related biomarkers such as
glucose and hypoxanthine. This platform enables in vitro moni-
toring of cholesterol, with potential applications in handheld
fluorometers or smartphone-integrated devices. Using fluorome-
ters such as QuantiFluor™ and oligomers, this method could be
particularly helpful for fast clinical analysis of cholesterol in and out
of hospital settings.
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