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Exploring the use of upconversion nanoparticles in
chemical and biological sensors: from surface
modifications to point-of-care devices

Marylyn S. Arai ©* and Andrea S. S. de Camargo ©®*

Upconversion nanoparticles (UCNPs) have emerged as promising luminescent nanomaterials due to their unique
features that allow the overcoming of several problems associated with conventional fluorescent probes.
Although UCNPs have been used in a broad range of applications, it is probably in the field of sensing where
they best evidence their potential. UCNP-based sensors have been designed with high sensitivity and
selectivity, for detection and quantification of multiple analytes ranging from metal ions to biomolecules. In
this review, we deeply explore the use of UCNPs in sensing systems emphasizing the most relevant and
recent studies on the topic and explaining how these platforms are constructed. Before diving into UCNP-
based sensing platforms it is important to understand the unique characteristics of these nanoparticles, why
they are attracting so much attention, and the most significant interactions occurring between UCNPs and
additional probes. These points are covered over the first two sections of the article and then we explore the
types of fluorescent responses, the possible analytes, and the UCNPs' integration with various material types
such as gold nanostructures, quantum dots and dyes. All the topics are supported by analysis of recently
reported sensors, focusing on how they are built, the materials’ interactions, the involved synthesis and
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functionalization mechanisms, and the conjugation strategies. Finally, we explore the use of UCNPs in paper-
based sensors and how these platforms are paving the way for the development of new point-of-care devices.

1. Introduction

Lanthanide-doped upconversion nanoparticles (UCNPs)
constitute a class of luminescent nanomaterials with the ability
to emit radiation of shorter wavelength than their excitation
radiation. Typically, they absorb in the near-infrared region
(NIR) and emit photons of higher energy in the ultraviolet (UV)
and/or visible (Vis) region. UCNPs were first studied in the mid-
1960s™* and emerged as interesting alternatives to conventional
fluorescent probes such as organic dyes and quantum dots
(QDs).?* Although the latter exhibit high quantum yields, their
applications are frequently hindered by limitations such as
photodegradation and blinking (random switching between
bright emission and darkness). Additionally, these materials are
often excited in the UV/Vis region, which requires expensive and
biologically harmful UV sources and leads to autofluorescence
of biomolecules. Therefore, UCNPs have been attracting
considerable attention, particularly for biological applications.*

In order to produce nanoparticles with high upconversion
(UC) efficiency, two requisites need to be fulfilled: first, the
crystalline host matrix must be a dielectric material displaying
low frequency phonons, which is necessary to minimize the
non-radiative decays of the lanthanide dopant ions responsible
for the UC phenomenon.>® Among various possible matrices,
the hexagonal (B)-NaYF, phase stands out as one of the most
efficient hosts, particularly for red, green and blue emissions.”®
Second, there must be a proper choice of the dopant lanthanide
ions depending on the targeted emission. To that end, the most
often employed ions are Nd**, Ho**, Er’*, Tm*" and Tb*".

Due to great similarity in their electronic configurations, [Xe]
4f" '55°5p%6s?, the trivalent lanthanide ions (Ln*") exhibit
similar physical and chemical properties and present an ample
range of emissions associated with intraconfigurational 4f-4f
transitions. Since the internal 4f orbitals are shielded from the
coordination environment by the more radially extensive 5s and
5p orbitals, they do not experience significant overlap with the
ligand orbitals. In this way, the discrete emissions are practi-
cally invariant from host to host with respect to positions and
lineshapes.” Furthermore, since there is no parity change
between ground and excited 4f states, the transitions are
forbidden by electric dipole interactions and thus, absorption
and emission cross-sections are low. To overcome this draw-
back, a sensitizer ion is commonly employed to contribute to
the excitation of the activator ion via energy transfer.” The
sensitizer and activator ions are co-doped in the host lattice in
concentrations usually close to 20 mol% and <2 mol%,
respectively.

The Yb** ion with a simple two energy level diagram and
a high absorption cross-section at 976 nm (*F;,, — ’F5/, tran-
sition) is, by far, the most employed sensitizer. Most Ln** ions
(except La** and Lu**) are suitable to be used as activators. Er**
and Tm*" display ladder-like energy levels and are frequently
employed in combination with Yb*" due to their matching
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energy levels around 976 nm, as shown in Fig. 1A. Upon exci-
tation at this wavelength, Yb/Er-doped UCNPs display charac-
teristic emissions in the green (520 and 540 nm), corresponding
to the ?Hyq)5,"S3/2 — *L15, transitions, and in the red (650 nm),
corresponding to the “Fy, — *I;5,, transition. On the other
hand, UCNPs doped with Yb/Tm display emissions in the blue
at around 451 nm (D, — ’F4) and 480 nm ('G; — Hg), and in
the red at 649 nm ('G, — °F,)."»* In Fig. 1B it is possible to
observe the UC multicolor fine-tuning through the use of NaYF,
nanoparticles doped with various concentrations of Yb*", Er**
and Tm>".*?

Different upconversion luminescence mechanisms have
been recognized to occur either alone or in combination. These
mechanisms involve the sequential absorption of two or more
photons by metastable, long-lived energy states. This absorp-
tion leads to the population of excited states in the UV or visible
region, yielding upconversion emissions. The three main
possible mechanisms are as follows: (i) excited-state absorption
(ESA); (ii) energy transfer upconversion (ETU); and (iii) photon
avalanche (PA). They differ from each other in how the multi-
photon absorption process occurs and if the emission intensity
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Fig. 1 (A) Energy-level diagram of anti-Stokes processes in UCNPs
(NaYF4:Yb,Er/Tm). The sensitizer ion Yb®>* absorbs most of the NIR
light, and the activator ions Er®* or Tm*" emit UV-visible light. Full
arrows: radiative transitions, dotted arrows: non-radiative energy
transfer, curled arrows: multiphonon relaxation. Modified with
permission from ref. 11. Copyright 2004, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (B) Luminescence photographs showing the
corresponding colloidal solutions of NaYF4 nanoparticles doped with
varied concentrations of Yb®*, Er** and Tm®*, excited at 980 nm, with
a 600 mW diode laser. Modified with permission from ref. 13. Copy-
right 2008, American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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scales quadratically or cubically with the exciting power density
for two- or three-photon absorption, respectively.** ETU is the
most frequently observed and developed mechanism in UC
nanomaterials, while ESA is the least efficient one, and PA is
rare. The mechanisms of lanthanide upconversion processes
have been extensively discussed in previous reviews that can be
consulted for more detailed information.*>™*

When it comes to the design and preparation of crystalline
upconversion materials, there are several routes to synthetize
UCNPs such as co-precipitation,” thermal decomposition,* sol-
vothermal® and hydrothermal® synthesis, and sol-gel processes.*
Among these, one of the most used methods is thermal decom-
position, which occurs at elevated temperature in high boiling point
organic solvents and results in highly crystalline particles with
controlled size and shape. Co-precipitation synthesis is another
well-known method, which compared to thermal decomposition, is
sometimes considered to be more convenient due to a simpler
protocol and short reaction time. Yet, an interesting alternative to
the previous methods is hydro(solvo)thermal synthesis, which
allows the obtainment of crystalline nanomaterials under relatively
mild conditions as compared to other synthetic routes.*** Despite
the variety of preparation methods, most synthetic strategies for
UCNP production employ organic solvents and/or hydrophobic
surface stabilizing agents, which yields particles with a hydrophobic
surface lacking functional groups for bioconjugation. Thus, several
post-synthesis methods have been developed to yield hydrophilic
particles with enhanced UC emission efficiency and to functionalize
them with anchoring groups for further applications. These
synthesis and post-synthesis methods have been reviewed several
times***** and will be addressed throughout this work.

The unique nature of the upconversion process, the fact that
the excitation wavelength lies in the NIR optical window of
biological tissues (where light is able to achieve the maximum
penetration)* and the discrete emissions of Ln** in the UV-Vis
spectral region have allowed the design of very interesting
UCNP-based systems for photodynamic therapy of cancer
cells,” photodynamic inactivation of bacteria,* in vivo and in
vitro bioimaging,** and drug and gene delivery,*” just to mention
a few.** Although UCNPs have been used in a large number of
applications, it is probably in the field of sensing they have been
best showing their potential. Conventional fluorescent probes
usually used to construct sensing platforms are predominantly
excited by high energy radiation in the UV range (between 300
and 400 nm), particularly the recently widely explored QDs****
and carbon dots.***” However, the UV light can also trigger the
emission of biotissues and biomolecules, which results in high
background emission and low sensitivity levels. Additionally,
these dots are cytotoxic, hindering their use in in vivo sensors.
In this way, thanks to their low cytotoxicity, high photostability,
large anti-Stokes shifts, long excited state lifetime values, and
reduced background noise, which significantly enhances the
limit of detection (LOD), UCNP-based sensing platforms are
increasingly being developed through innovative approaches.

In this review we summarize recent studies on the use of
UCNPs in different chemical and biological sensing platforms
and discuss essential information that should be addressed in
the construction of UCNP-based sensors. We analyze important

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interactions that can occur between UCNPs and the environ-
ment, and between UCNPs and additional probes. These
interactions directly interfere with the response of the system,
which is the focus in the second part of the manuscript, where
we explore the fluorescent response possibilities based on the
UCNP emissions in the presence of analytes. Third, we present
the integration of UCNPs with various material types focusing
on the synthesis and functionalization reaction mechanisms
and conjugation strategies. At last, we analyze the use of UCNPs
to produce paper-supported sensors, exploring their character-
istics, new types of signal response readouts, and the develop-
ment of point-of-care devices.

2. Important interactions in UCNP-
based sensing systems

As previously discussed, due to the shielding provided by the
outer shells, the 4f-4f transitions of the lanthanide dopants are
barely affected by their surroundings and are little responsive to
external stimuli.*® Although there are some articles describing
how the UCNP emissions can be affected by the solvent,***°
pH,** or presence of heavy metal ions,* their response to all
these interferences is rather unspecific and the nanoparticles’
intrinsic emission changes can hardly be utilized alone for
sensing applications. In this way, for the construction of UCNP-
based sensitive sensors, it is necessary to use recognition
elements, which specifically bind target species and instantly
lead to the production of spectral responses, and/or to use
methods for signal referencing. These conditions lead to the
combination of relatively inert UCNPs (in terms of luminescent
responses to external stimuli) with sensitive molecules that
show selective response to certain analytes and with other
luminescent materials that can be used as both recognition
elements and reference signals.*

The combination between UCNPs and these other mate-
rials, used as recognition probes and/or references, most of
the times, but not always (Section 4.5), is explored through
different energy (ET) and charge transfer (CT) mechanisms
that are responsible for the modulation of the sensing signal,
e.g. photoinduced electron transfer (PET),*** resonance
energy transfer,*® inner filter effect, charge transfer,**° coop-
erative energy transfer (CET)** and others.”> Among these
processes, resonance energy transfer (RET) and the inner filter
effect are the two most explored mechanisms in the
construction of sensing platforms. Resonance energy transfer
is a dynamic process that occurs through dipole-dipole
coupling in which energy is non-radiatively transferred from
the excited state of a donor material to the ground state of an
acceptor, resulting in a shortened lifetime of the donor emit-
ting level. In this way, there must be spectral overlap of the
donor emission and the absorption of the acceptor material,
and the extent of energy transfer is proportional to this over-
lap. This process is distance dependent and usually occurs
when the space between the two materials is between 2 and
10 nm. RET can also be referred to as Fluorescence Resonance
Energy Transfer (FRET) or as lanthanide-based Luminescence

Nanoscale Adv., 2021, 3, 5135-5165 | 5137
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Resonance Energy Transfer (LRET),>* so that, in this review,
the acronyms will be used in accordance with the usage in the
respective referenced articles.

On the other hand, the inner filter effect is a process that can be
of two main types depending on the kind of light absorbed by the
acceptor. The primary inner filter effect (pIFE) refers to the
absorption of the excitation radiation, by various absorbers in the
system, while the secondary inner filter effect (SIFE) relates to the
absorption of the emission radiation by acceptors. Since UCNP-
based sensors are excited in the NIR region, the pIFE is easily
controlled and hardly observed. The sIFE is predominant in most
sensing platforms and, for the sake of simplicity, from now on it
will be referred to as the IFE. The IFE is a static process in which the
energy transfer to the acceptor takes place after the radiative
relaxation of the donor, and thus, the temporal behavior of the
donor emission is not affected, and the distance between the two
materials is not relevant.>

UCNPs stand out as energy donor materials in the construction
of FRET and IFE-based systems due to their large anti-Stokes shifts,
sharp-bands, and easily modulated emissions which can be tuned
through the proper choice of the dopant Ln®" - almost the entire
UV-vis spectrum can be covered. IFE-based sensors are usually
constructed by combining UCNPs with colorimetric indicators and
the sensing depends on modifications in the indicator absorption
in the presence of analytes, which leads to changes in the overall
emission of the system.>

The use of UCNPs in FRET-based sensors is much more often
explored and it has been shown that UCNPs can be used as energy
donors in combination with several types of probe materials®” such
as organic dyes, noble metal nanostructures, carbon-based mate-
rials, and QDs. As previously discussed, FRET is based on two
pivotal rules: (1) the chosen material should have an absorption
spectrum that overlaps with the UCNP emission and (2) the
distance between the UCNPs and the additional probe should be
short enough to allow the energy transfer process to occur. FRET-
based sensors rely on careful control and modulation of these two
conditions in response to the analyte presence. The first rule can be
explored through the selection of a suitable energy acceptor
material with an absorption changeable by the target species.
Furthermore, the materials’ approximation or separation from the
UCNPs in the presence of analytes can be achieved in straightfor-
ward ways by careful selection of the conjugation strategies. All
these variables (energy transfer mechanism, selection of probes,
distance and absorption modulation, and conjugation strategies)
are essential and should be thoughtfully chosen when developing
an UCNP-based sensor. In the next sections, we investigate and
discuss how these variables influence the type of luminescent
response presented by sensors and we demonstrate how these
platforms are constructed.

3. Types of responses from UCNP-
based sensing systems

Although a remarkably high number of UCNP-based sensors
have been developed so far, their general luminescent
response can be divided into two major types: [1] fluorescence
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“turn-on/off” and [2] ratiometric fluorescence. The response
type strongly depends on the chosen probes and recognition
elements, and on the interactions occurring between the
UCNPs and these elements, in the presence and absence of the
analyte.

3.1. Fluorescence “turn-off” and “turn-on” response

The “turn-off/on” mechanism relies on changes in the overall
fluorescence intensity based on emission quenching (“turn off”)
or enhancement (“turn on”), as schematically shown in Fig. 2.
In the sections below we discuss how the “turn-off/on” response
can be obtained and tuned.

3.1.1. Fluorescence “turn-off” response. In fluorescence
“turn-off” sensors, the presence of an analyte induces partial or
complete quenching of fluorophore/phosphor’s emission. Most
(but not all, as discussed throughout the article) UCNP-based
“turn-off” sensors are constructed following the mechanism
in which the presence of an analyte triggers the occurrence of
energy transfer processes and results in quenching of UCNP
emissions. Upconversion nanoparticles combined with
AuNPs,**** dyes,**** magnetic nanoparticles,*** and graphene
quantum dots,”® among other materials, have been used to
construct “turn-off” platforms for applications ranging from
pesticides™ to virus detection,” as summarized in Table 1.

Meng et al. developed a FRET “turn-off” sensor using
NaYF,:Yb,Er UCNPs functionalized with the dye 3,3’,5,5'-
tetramethylbenzidine (UCNP-TMB) for the detection of F**
ions, as schematically shown in Fig. 3A. The UCNP-TMB
composite probe excited at 980 nm presents only the emis-
sions of Er*" due to the non-emissive TMB. However, the
presence of Fe** ions causes oxidation of TMB molecules and
the consequent development of a strong absorption from 500
to 750 nm, a region that overlaps well with Er** emission
(Fig. 3B). In this way, upon Fe*" addition, it was possible to
observe a significant decrease in Er’" emission intensities,
particularly in the red. Additionally, a reduction in the *Fy,
excited state lifetime was detected when Fe®*" was added to
the TMB-UCNPs, which is solid evidence of FRET occurring
with UCNPs acting as donors and TMB-Fe** as acceptors. The
system presented high sensitivity in the range of 0-100 uM
with a detection limit of 0.217 uM.”” A similar “turn-off”

>
Cd

Turn-off Turn-on

Fluorescence Intensity

0\

Wavelength i

Fig. 2 Schematic illustration of fluorescence enhancement ("turn-
on") and quenching (“turn-off”).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Examples of UCNP-based sensors with “turn-off” fluorescent response®

UCNP-based “turn-off” sensors

UCNPs Additional probe Effect Analyte Limit of detection Ref.
NaYF,@NaYF,:Er,Yb@NaYF,@PAA RhBD LRET cu® — 62
NaYF,:Yb,Er@a-CD RhBD FRET Cysteine 1.1 pM 73
NaYF,:Yb,Er@PEI-aptamer BHQ1 FRET OTA 0.022 ng mL~* 61
NaYF,:Yb,Er@POEGMA-b-PMAEP TAMRA LRET Exonuclease III 15 pM 74
NaYF,:Yb,Er@a-CD RePr LRET Hydrazine 35.5 uM 63
NaYF,:Yb,Er,Mn@mPEG-DNA BHQ3 LRET OTA 0.098 ng mL™? 64
NaGdF,:Yb,Er@NaGdF,:YB,Nd@NOBF, IR-808 ET Water content 0.018% 75
NaYF,:Yb,Er@NaYF,@Cit-DNA Cy3 LRET DNA 146 fmol 65
NaYF,:Yb,Tm@PAA-DNA SYBR green1  LRET Hg* 0.14 nM 76
NaYF,:Yb,Er@NaYF, TMB FRET Fe** 0.217 pM 77
NaYF,:Yb,Tm@PAA 0-Quinone PET Tyrosinase and ALP — 45
NaYF,:Yb,Tm@CTAB OPD IFE H,0,-related 21.3 nM for H,0, 78
analytes and 29.7 nM for choline
NaYF,:Yb,Tm@PEI OPD IFE Uric acid 6.7 uM 79
NaYF,:Yb,Er, Tm@PEG HQC LRET cu® — 80
NaGdF,:Yb,Er@NaYF,@CTAB MLP PET Tyramine and TYR 0.026 pM for tyramine 46
and 0.003 U mL ™" for TYR
NaYF,:Yb,Er@PEI-aptamer AuNPs ET Cocaine 10 nM 58
NaYF,:Yb,Er@CTAB AuNPs FRET OP pesticides 0.67 ng L for parathion- 71
methyl
BaGdFs5:Yb,Er@PEI-oligonucleotide AuNPs LRET Ebola virus 300 fM 72
BaGdFs5:Yb,Er@PEI-oligonucleotide AuNPs LRET AV 7 pM 59
NaYF,:Yb,Er@PAA-aptamer AuNRs FRET Thrombin 1.5 nM 81
NaYF,:Yb,Er@DNA AuNRs LRET Exosomes 1.1 x 10° particles per puL 60
NaYF,:Yb,Tm@NaYF,@PAA AuNTSs LSP and ET Vitamin B12 3 nM 82
NaY/GdF,:Yb,Er@dSiO,-NH, AgNPs IFE cr’t 34 nM 83
NaYF,:Yb,Gd,Er@HCPT GO FRET TOPOI 0.29 nM 84
NaYF,:Yb,Er@dSiO, Fe;O, MNPs MS ZEA 0.007 ug L~ in beer 68
NaYGdF,:Yb,Ho@dSiO,-cDNA Fe;O, MNPs MS Tetracycline 0.0062 ng mL ™" 85
NaYF,:Yb,Gd,Tm/Ho@dSiO,-antibody Fe;O, MNPs MS AFB; and DON 0.001 ng mL~?* 86
NaYF,:Yb,Er@dSiO,-cDNA Fe;O, MNPs MS Enrofloxacin 0.06 ng mL™" 67
NaYF,:Yb,Er@Cit-antibody Fe;0, MNPs MS AFB, 0.2 ng mL~! 66
NaYF,:Yb,Tm@PAA-antibody MPMs MS SQ 0.1pugL™" 87
NaYF,:Yb,Tm@CTAB Squaric acid-Fe*" IFE Glucose 2.3 uM 88
NaLuGdF,:Yb,Er@EDT Fe*', Cu®*" and FRET CAs 2.8 nM for CA, 2.5 nM for DA 89
Li* and 2.4 nM for EP
NaGdF:Yb,Tm@PEI cu* CET OP pesticides 0.05 ng mL ™" 51
NaYF,:Yb,Tm@PAA cu® LRET Thiram 1M 90
NaYF,:Yb,Er@GND — FRET TNP 77.8 pM 91
NaYF,:Yb,Er@dSiO,@MIP — PET Acetamiprid 8.3 ng mL ™’ 44
NaGdF,:Yb,Tm@NaGdF,:Eu — ET cu* 82 ppb 92
NaYF,:Yb,Er@mSiO,@COFs — ET PFOS 0.15 pM 49
NaYF,:Yb,Er@NaYF, — ET and excitation Water 80 ppm 40
attenuation
NaYF,:Yb,Tm,Er@NaYF,-DNA — Electron transfer Hg2+ 5 nM 93
NaYF,:Yb,Er@PAA@MIP — PET Cytochrome ¢ 0.73 uM 94
NaYF,:Yb,Er@dSiO,@MIP — Charge transfer DES 12.8 ng mL™* 50
NaBiF,:Yb,Er@PEI — NP disintegra-tion Water content — 95

“ Abbreviations: RhBD: rhodamine B derivative; CD: cyclodextrin; BHQ: black hole quencher; OTA: ochratoxin A; POEGMA-b-PMAEP: copolymer
poly(ethylene glycol) methyl ether acrylate phosphate methacrylate; TAMRA: carboxytetramethyl rhodamine; Cit: citrate; ALP: alkaline
phosphatase; MLP: melanin like polymers; TYR: tyrosinase; RePr: resorufin propionate; TMB: 3,3',5,5'-tetramethylbenzidine; OPD: o-
phenylenediamine; HQC: 8-hydroxyquinoline-2-carboxylic acid; OP: organophosphorus; AIV: avian influenza virus; LSP: localized surface
plasmon; HCPT: hydroxycamptothecin; TOPOI: type I topoisomerase; MS: magnetic separation; ZEA: zearalenone; AFB;: aflatoxin B1; SQ:
sulfaquinoxaline; DON: deoxynivalenol; CET: cooperative energy transfer; MPMs: magnetic polystyrene microspheres; EDT: ethane-1,2-dithiol;
CAs: catecholamines; DA: dopamine; EP: epinephrine; COFs: covalent organic frameworks; GND: guanidine; TNP: 2,4,6-trinitrophenol; PFOS:
perfluorooctane sulfonate; DES: diethylstilbestrol.

sensor based on the energy transfer pair UCNP-TMB was
constructed by Liu et al. for simultaneous detection and
quantification of H,0O, and glucose. When compared to other

sensing systems, the developed platform presented higher
sensitivity, detecting glucose in the range of 0.1-5.0 uM with
a LOD of 64.0 nM in human serum.®®

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 5135-5165 | 5139
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(B) The emission spectrum of UCNPs (blue line) and ultraviolet-visible (UV-vis) spectra of TMB in the absence (black line) or presence of Fe>*
decay curves recorded for UCNP-TMB with and without Fe®

line); the inset shows the Er*
presence of different concentrations of Fe3* (0-100 uM). Modified with

Fig. 4A shows a schematic illustration of a “turn-off” UCNP-
based fluorescent system for sensitive and selective detection of
Cr**, which was developed by Liu et al. through the use of NaY/
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GdF,:Yb,Er UCNPs and citrate-modified silver nanoparticles

(Cit-AgNPs). The addition of Cr’" to the Cit-AgNP-UCNP system
results in the aggregation of Cit-AgNPs and as consequence, the
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surface plasmon resonance (SPR) band of the AgNPs shifts from
398 nm to longer wavelengths around 500-600 nm. This creates
an obvious spectral overlap between the SPR band of the
aggregated AgNPs and the emission spectra of the UCNPs at
545 nm (Aexe = 980 nm), which meets the IFE requirement and
leads to fluorescence quenching, as shown in Fig. 4B. The
decrease in the UCNP emissions is dependent on the concen-
tration of Cr’" ions and responded linearly within the investi-
gated concentration of 0.5-40 uM Cr’* (Fig. 4C) with a limit of
detection of 34 nM.*

Although several sensors reported in the literature are based
on the “turn-off” mechanism, as previously mentioned, one
must bear in mind that many factors such as the choice of
solvent, pH value, and presence of charged molecules may lead
to luminescence decrease, and thus these sensors usually
exhibit lower selectivity and reliability. In this way, great efforts
have been devoted to the design and construction of lumines-
cence “turn-on” sensors by combining higher intrinsic sensi-
tivity with higher chemical selectivity.

3.1.2. Fluorescence “turn-on” response. In sensors based
on fluorescence “turn-on” the analyte presence induces the
appearance and/or enhancement of the fluorophore/phosphor's
emission. In most UCNP-based systems, the UCNP emissions
are first suppressed through FRET/IFE by a quencher and then
recovered in the presence of analytes. Using NaYF,:Yb/
Er@NaYF, core-shell UCNPs and potassium permanganate
(KMnO,), Sun et al. developed a sensor for the determination of
the antioxidant capacity of human plasma. As shown in Fig. 5,
in this strategy, purple colored KMnO, exhibits a broad
absorption band from 450 nm to 600 nm, which overlaps well
with the green emission bands of the UCNPs at 540 nm (Aexe =
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occur. The Er’" excited state *S,,, lifetime values, measured at
540 nm, in the presence or absence of KMnO, are almost
identical, indicating that the decrease in the nanoparticles’
emission is based on the IFE rather than on FRET. The addition
of antioxidants such as cysteine, ascorbic acid, and glutathione
(GSH) minimizes the intense purple color of KMnO, because
manganese is reduced to Mn>*. The absorption band of KMnO,4
decreases and consequently the green fluorescence is restored
proportionally