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Understanding of the ubiquitous role of reactive oxygen species (ROS) in living cells provided
by modern biological studies determined the need for their precise quantification and control. In
this review we discuss the new field of luminescent sensors for detection of ROS in water solu-
tions and biological samples. The main attention we put on the hydrogen peroxide (HP) lumi-
nescent sensors as HP besides being most common type of ROS is the most stable of all of them.
Luminescent HP sensors based on rare-earth doped nanoparticles (NPs) are highly sensitive,
photo- and temperature stable, and reversible, and both sensitivity and reversibility of these
sensors can be further improved. Within the list of rare-earth doped nanocrystals for HP sens-
ing, the special place we reserved for the nanoparticles with ROS scavenging activity which can
decrease the concentration of ROS in living cells visualizing the change of ROS content in the
process. Finally, we enlist the existing biological applications of these newly made HP sensors,
and discuss the ways of improving their applicability in this field.

Keywords: hydrogen peroxide, nanoparticles, sensors, luminescence, redox activity, reac-
tive oxygen species.

JIromiHeCLIeHTHI CeHCOPU MePEeKNCY BOJHIO HA OCHOBI HAHOKPHCTAJIIB, AKTUBOBAHUX
piagxo3emMenbHUMH iOHAMH: MEXaHI3MH EeTEKTYyBaHHs Ta Ol0JIOrivHEe 3aCTOCYBaHHI.
B.B. Ceminvko, €. 1. Heyeooos, I1. O. Maxcumuyx, H. C. Kasok, C.JI. Epimosa

Posyminnsa moscroguaol posi axruBHUX opm KucH (ADK) y sxmBHX KIITHHAX, OTpUMAaHE
3aBISKU Cy4YaCHHUM OlOJIOTTYHUM JOCJIIIZKEHHSIM, 3yMOBHJIO HEOOXITHICTH 1X TOYHOI KIJIBKICHOL
OIIIHKK TA KOHTPOJIO. Y IIbOMY OIVISAI MK OOIrOBOPIOEMO HOBY 00JIACTH JIFOMIHECIIEHTHHUX
ceHcopiB s BusBiieHHa ADOK y Bogumx posumuax 1 Olosroriummx 3paskax. OcHOBHY yBary
MU TPUILISEMO JIIOMIHECIIEHTHUM CEHCOpaM IIePEeKHCY BOJHIO, OCKIJIIBKU IEPEKUC BOIHIO € He
Tinbky Haunommperimum tTumom ADK, aste ¥ mavicrabinpHimmM 3 ycix Hux. JlrominecieHTHI
CEHCOPU IMEPEeKNCYy BOIHIO HA OCHOBlI HAHOYACTUHOK, AKTHBOBAHHUX PIIKO3€MEJIbHHUMH 10HAMHU,
€ BHCOKOYYTJIUBUMHU, (POTO- TA TEMIIEPATYPHO CTAOLIIBHUMH T OOOPOTHUMM, 1 SAK UYTJIUBICTD,
Tak 1 OOOPOTHICTH IIMX CEHCOPIB MOKHA JOMATKOBO mokpartyBatu. Cepes HAHOKDPUCTAJIB,
AKTUBOBAHUX PIIKICHO3EeMeJIbHUMH 10HAMH, JJIs BUMIPIOBAHHS KOHIIEHTPAIIl IIePEeKUCY BOIHIO,
MU OKPEMO PO3IJISIIaeMO HAaHOYACTHHKY, 30aTHI 10 Herrpadidami ADOK, axi MoKyTh 3MeHIITyBaTH
roureHTpaio AOK y skuBux kiriTuHax, Bidyamiayouu aminy Bmicty AOK y mporteci HefiTpastisarii.
Taro:x y pobOTI PO3rJISHYTO ICHYI0Yl G10JIOTIYHI 3aCTOCYBAHHS 3a3HAYEHUX CEHCOPIB IIEPEKUCY
BOJHIO T4 00TOBOPIOIOTHCS IIIJISIXH IOKPAIIEHHS iX BJIACTUBOCTEH ¥ ITiH rasry3i.
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1. Reactive oxygen species and the
needs for their sensing

Reactive oxygen species such as hydrogen
peroxide (HP), singlet oxygen, hydroxyl radi-
cals, superoxide anions, and nitric oxide are ir-
replaceable in biological systems as cell signal-
ing molecules and immune agents [1-4]. Free
radicals (ROS with unpaired electron such as
singlet oxygen, hydroxyl radicals, or superox-
ide anions) are highly reactive and very short-
lived making the measurement of their levels
possible only by indirect methods, i.e. by as-
sessing the products of ROS-sensor interaction.
The sensors applied for detection of free radi-
cals vary from spin traps [5, 6] to fluorescent
dyes [7] and devote a separate review.

In this mini-review we have focused on the
sensors of hydrogen peroxide (H,0O,), which
is the most stable type of ROS. The methods
of HP detection include titrimetry, electro-
chemistry, chromatography and spectroscopy
(photometry, chemiluminescence, fluorescence
and phosphorescence) [8-10]. The most widely
used are electrochemical methods (which can
be sufficiently improved by use of immobilized
enzymes and/or NPs [11, 12]) and fluorescent
sensors of different kinds (mostly based on
organic molecules [13, 14]). Recent progress
in obtaining NPs of various kinds allowed
proposing them as an alternative to organic flu-
orescent sensors. The list of NPs successfully
applied for HP sensing include gold nanoparti-
cles [15], polymeric nanoparticles with embed-
ded enzymes [16], quantum dots [17], carbon-
based nanomaterials [18], and rare-earth doped
nanocrystals. These NPs have an advantage of
higher stability and reversibility, so, in con-
trast to most organic HP sensors they are able
for multi-use. Another advantage of HP sensors
based on doped NPs compared to sensors based
on luminescence of organic molecules (such
as dichlorodihydrofluorescein diacetate, dihy-
drorhodamine and Amplex Red (Invitrogen))
is the ability for time-resolved measurements,
as the organic sensors are non-reversible and
therefore can detect the total amount of HP
generated, but not the instantaneous HP con-
centration.

In this review we limited ourselves to rare-
earth doped nanomaterials (including polymer-
ic nanoparticles, metal-organic frameworks
(MOFs), with main attention to rare-earth
doped inorganic NPs). Detailed analysis of cur-
rent literature data, and our own experience in
the field allowed us to focus on the main chal-
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lenges and pitfalls of HP sensing using rare-
earth doped nanomaterials, and propose the
ways to improve the sensing properties of these
materials.

2. Rare-earth ions used for lumines-
cent HP sensors

Eu3*

Eu3* ions are most widely used as part of
luminescent MOF's or organic - inorganic com-
plexes and dopants for inorganic NPs due to
high absorption value at Eu3*-O? transition,
and narrow luminescence bands from 560 nm
to 700 nm corresponding to electrical dipole
and magnetic dipole 5DO—>7FJ J=0,1,2, 3,4
transitions of Eu3* ions (Fig. 1). Also red emis-
sion of europium ions has lower overlap with
autofluorescence of biological tissues that de-
termine wide use of Eu3*-based luminescence
sensors for biological applications.

Eud*-based organic - inorganic complexes
were proposed as HP sensors in 2002 [19]. The
authors have revealed that Eu3*-tetracycline
complex binds HP to form a strongly fluores-
cent complex ([Eu(hp)(tc)]) with 15-fold in-
crease in "D )—"F, luminescence intensity after
HP addition. These sensors were able to detect
HP with limit of detection (LOD) of 1.8 pM.
Another approach is the use of metal-organic
frameworks (MOFs) with RE ions for HP sen-
sors. MOF's are porous structures consisting of
metal ions and organic linkers providing high
number of sites for HP-sensor interaction. As
an example of Eu3*-based MOF's for HP sensing
we can mention boric-acid-functional Eu-MOF's
proposed in [20] as sensors with high selectiv-
ity to HP due to unique ambiphilic reactivity of
HP to boric group (LOD = 33.5 nM).

Eu3*-doped NPs are also widely used as HP
sensors since 2009 when YVO,:Eu3* NPs was
proposed as HP sensors based on reversible
Eu2*<Eud* reaction [21]. In [22] the HP sen-
sors based on YVO4:Eu3+ NPs were obtained in
the form of films that can be favorable for some
applications. The CeOZ:Eu?’+ NPs with both cat-
alase-like activity and high HP sensing ability
(LOD =0.15 uM) and also indirect ability to eth-
anol sensing (by HP level formed when coupled
with alcohol oxidase) was proposed by [23].

Th3*

Tb3*-based HP sensors are also widely stud-
ied in literature.Tb3*ions have a number of °D 4
— F j narrow luminescence lines in the green

Functional materials, 31, 3, 2024
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part of the spectra which intensity changes
during interaction with HP (Fig. 1).

In [24] the authors have obtained func-
tionalized coordination polymer nanoparticles
(Phe/Th-CPBA CPNPs) based on the chemical
coordination of 4-carboxyphenylboronic acid
(CPBA) with phenylalanine molecules acting
as bridge ligands and terbium ions. Selective
interaction of HP with boronic acid groups of
CPBA provided formation of 4-oxo anions and
UV-induced intramolecular charge transfer
from the formed4-oxo anion to terbium ion
led to quenching of Tb3*luminescence. More
complex coordination polymer nanoparticles
consisting of guanine diphosphate (GDP), tere-
phthalic acid (TA), Tb3* and Cu2* were recently
proposed by [25]. In the presence of HP Cu?*
ions catalyzed the oxidation of TA generating
a new blue fluorescent product, while fluores-
cence of Tb3* was used as an additional chan-
nel. Luminescent metal-organic frameworks
(MOFs) with Tb3* ions were also proposed as
HP sensors. The Th-GMP@MIL-53(Fe) sensor
was obtained in [26] by post-synthetic modifi-
cation of MIL-53(Fe) and provided effective HP
sensing with LOD = 0.18 pM.

The use of Tb3*-doped NPs as HP probes
was discussed in [27, 28]. In [28] luminescent
CePO,:Tb3* NPs with LOD = 1.03 pM with turn-
off luminescent HP sensing were obtained. In
[27] CeO,:Thb3*,Ce3* nanoparticles self-doped
by Ce3* ions and co-doped by Tb3* ions were
proposed as HP sensors. Ce3* jons played the
role of sensitizers of Tb3* luminescence, and
addition of HP leading to Ce3*—Ce** oxidation
decreased the luminescence intensity of Tbh3*
ions that was applied as a mechanism of sens-
ing HP concentration. The decrease of energy
transfer between Ce3* and Tb3* ions was pro-
posed as a cause of HP-induced quenching of
Tb3* luminescence in Ce3*/Tb3*-doped NaYF,
microrods as well [29], but not due to Ce3*—
Ce** oxidation, but as a result of strong absorp-
tion of the Ce3* emission by the product of cap-
ping agent (para-phenylenediamine) oxidation.

Ced*

Ce3*ions can be used not only as sensitizers
of Tb3* luminescence in HP sensing nanomate-
rials as in [27], but also as luminescent probes
by themselves. Intraconfigurational 5d-4f lumi-
nescence of rare-earth ions differs from inter-
configurational 4f-4f luminescence providing
wide intense bands with short decay times, and
Ce3* is the only rare-earth ion with 5d-4f lumi-
nescence in the visible range (Fig. 1).
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Fig.1. Energy levels of rare-earth ions commonly
used for HP sensing (Eu3*, Th3*, Ce3*).

Use of Ce3* jons for luminescent HP sensing
is based on HP-induced Ce3*—Ce** oxidation.
The addition of HP to fluorescent ATP-Ce(I1I)-
Tris coordination polymer nanoparticles turned
them to non-fluorescent ones enabling their ap-
plication for HP sensing with a detection limit
down to 0.6 nM [30]. In our own studies we have
revealed the presence of 5d-4f luminescence of
Ce3* ions in 2 nm and 10 nm CeO, NPs, which
intensity depended on the HP concentration
in water solutions [31]. This fact allowed us to
propose CeO, NPs as HP sensors in water solu-
tions, and, possibly, in biological objects.

Other rare-earth ions
(Nd3*, Sm3*, Er3*, Ho®*)

The publications on the HP sensors with
other rare-earth ions (besides Eu3*, Tb3*, and
Ce3*) are rather scarce. Quenching of *Gy,
— SH,,, luminescence of Sm3* ions in CePO,:
Sm3*nanorods was used for HP sensing in [32]
providing linear sensor response from 0 to150
pMand LOD of 3.17 pM. In [33] (Nd3*, Yb3™,
Er3*)-doped NaYF,NPs covered byDCM-H,0,
were used as HP sensors.Nd3*played the role of
energy donor transferring energy to DCM—-OH
providing ratiometric up-conversion lumines-
cence (540 nm/660 nm) signal that was used to
visualize the H,0, level (LOD was 0.168 pM).
In [34] core—shell NaErF,:Ho@NaYF, were ob-
tained, where the ratio between luminescence
bands of Ho3* ions (1180 nm, up-conversion lu-
minescence) and Erd* ions (980 nm) depended
directly on the HP concentration.
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3. Methods of luminescent HP sensing
by rare-earth doped NPs

Turn-off and turn-on luminescent
sensing

The principles of luminescent HP sensing in
most sensors listed in the previous section are
related to the change of luminescence intensity
of rare-earth ions after HP addition. More com-
mon is the quenching of luminescence bands of
RE ions by either HP itself or products of its re-
action with the sensor; however, in some cases
a rise in the luminescence intensity can be ob-
served. These two types of sensors are known
as turn-off and turn-on sensors. The examples
of turn-off sensors are colloidal CeO,_, [31] and
GdVO:Eu3* [35] NPs, which luminescence
spectra after addition of different HP concen-
trations are shown in the Fig. 2a and 2b, re-
spectively. The turn-off HP sensing is based on
the fact that addition of HP leads to quenching
of luminescence of the characteristic bands of
rare-earth ions (Ce3* and Eu3*, respectively)
with value of decrease of luminescence inten-
sity directly determined by HP concentration.

Turn-on luminescent HP sensors (such as
Eu3*-tetracycline complexes with 15-fold in-
crease in °D,—7F, luminescence intensity as a
result HP binding [19]) are much less studied,
and the mechanisms of HP sensing in this case
are more complex.

Ratio of luminescence bands
(ratiometry)

Precise measurements of luminescence in-
tensities of HP sensors in real tasks can be
difficult with requirement of complex optical
equipment and sample preparation procedures.
Ratiometric measurements (i.e. measurements
of ratio of two luminescence bands) can be a
way simple, and can give more reliable data
on the HP concentrations in water solutions
and biological samples. This method can be
used when intensity of one of the luminescence
bands of luminescent sensor decreases/increas-
es with HP addition, while other one remains
unchanged. For these needs, the authors of
[36] have obtained mixed CeOZ:Eu3+/Y203:Tb3+
samples, where the luminescence of Eu®* ions
in CeO, was HP-sensitive, and luminescence of
Tb3* ions in Y,05 was insensitive to HP.

Other approach involves the measurement
of the ratio between 5D0 — 7F1 and 5D0 — 7F2
luminescence bands of Eu3* jon as these bands
can be differently affected by HP addition.

314

10F

CeO, a)
+[0.05 mM] H,0,
+[0.1 mM] H,O,
+[0.25 mM] H,0,
+[0.5mM] H,0,
+[1mM]H,0,
+[2mM]H O
+[4mM] H,0,
+[8 mM] H,0,

0,8

Luminescence intensity, arb.un.

400 450 500 550 600
Wavelength, nm

1,0

- —— GdvO,:Eu”’ b)
= +[0.25 mM] H,0,
_g +[0.5 mM] H,0,
= 0.8 +[1 mM] H,0,
3: +[2mM] H,O,
g) 0,6
g [
=
8
c 04}
©
(8]
(7]
)
C
€ 02}
=}
) f\
0,0 N - 1 " 1 N
590 600 610 620 630

Wavelength, nm

Fig.2. Turn-off luminescent sensing of HP con-
centration in water solutions by Ce3* (a) and
Eu®* (b) doped ions (in CeO,_ [31] and GdVO,
[35] NPs, respectively).

5DO — 7F1 transition is symmetry insensitive
(magnetodipole), while °D, — 7F, transition is
highly sensitive to symmetry (electrodipole),
so if an interaction of NP with HP involves the
modification of the symmetry of luminescent
center, the intensity of 5D, — F, band can
change significantly relative to intensity of 5DO
— 7F1 one. The combined approach (use of ratio
between these two Eu3* transitions in REPO 4
REVO, heterostructures) was proposed in [37].
The ability for ratiometric measurements in
this study was determined by sensitivity of 5DO
— 7F1/ 5D0 — 7F2 ratio to HP concentration in
vanadates, and insensitivity of this ratio to HP
concentration in phosphates.

Functional materials, 31, 3, 2024
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4. The mechanisms of luminescence
quenching providing turn-off
HP sensing

Dynamic quenching

One of approaches to description of the pro-
cesses of turn-off HP sensing by quenching of
luminescence of rare-earth doped nanocrystals
by HP is the description in the framework of
theory of dynamic quenching. Dynamic quench-
ing, also called collisional quenching, according
to definition, is a diffusion-mediated process
that depends on the diffusion of an emitter or
a quencher through a medium. In the case of
dynamic quenching, the concentration depen-
dence of emitter intensity is described by the
Stern—Volmer relationship [38]:

I,/1=1+KgylQl,

where I is the initial luminescence intensity
before analyte (i.e. HP) addition, I is the lu-
minescence of the solution for specific analyte
concentration [Q] and Kgy is the Stern—Vol-
mer constant. Providing the plot of I/ [Q] is
linear, Kgy can be determined. This approach
was successfully used for CePO4:Tb3+NPs [28],
Eud*- doped REPO,-REVO, heterostructures
[37], Ce3*/Tb3*-doped NaYF, microrods [29],
and CePO,:Sm3* nanorods [32], for which the
linear dependence of I/I ratio on HP concen-
tration was shown (Fig. 3a).

Besides the change of luminescence intensi-
ty, the luminescence decay times of doped ions
also decrease as a result of interaction with an-
alyte. The concentration dependence of decay
time takes the form:

to/v =1+ Kgy[Q] = k,70[Ql,

where T is the decay time of doped ions in the
absence of quencher (analyte), and k_ is bimo-
lecular quenching constant. So, the change in
the decay time of doped ions can be measured
instead of the change of luminescence inten-
sity.

Redox processes

Recently a number of luminescent ROS sen-
sors based on the redox reactions involving ei-
ther oxidation or reduction of doped ions were
proposed. HP can play the roles of both oxidant
and reductant providing the change of the oxi-
dation state of doped ion. For instance, Ce3* —
Ce** [31] and Eu?* — Eu3* [21] oxidation re-
actions accompanied by corresponding modifi-
cation of luminescence spectra were used for
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tion dependences for different mechanisms of
HP-induced luminescence quenching: a) Dy-
namic quenching in CePO4:Tb3+ NPs [28], b)
Quenching induced by Ce3*5Ce** oxidation in
CeO,_, NPs [31].

sensing HP concentration in water solutions.
The effect of decrease of luminescence intensity
with increase of HP concentration is common
for both dynamic quenching and quenching
induced by redox processes, but the concentra-
tion dependences differ (Fig. 3). In Fig. 3 the
concentration dependences for different mecha-
nisms of HP-induced luminescence quenching
are shown, namely, dynamic quenching shown
for CePO4:Tb3+ NPs [28], and quenching in-
duced by Ce3*—Ce** oxidation in CeO,  NPs
[31]. In the latter case, luminescence inten-
sity was directly proportional to 1g[Q] (where
[Q] 1s HP concentration in mM) in contrast to
dynamic quenching, where I/l was directly
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proportional to [Q]. Clear distinction between
these two mechanisms of HP sensing can be
made by measurement of decay times, as oxi-
dation/reduction of part of doped ions changes
only the number of emitting centers, but not
the rate of emission.

Products of ROS decomposition as
quenchers

It is noticeable that some nanoparticles are
not just sensors of HP, but also can take an
active part in the processes of HP decomposi-
tion. The catalase-like (decomposition of HP to
water and oxygen without formation of inter-
mediate oxygen radicals) and SOD-like (turn-
ing of superoxide molecules to HP and oxygen)
activities of cerium oxide NPs was a subject of
wide discussions since mid-2000s [39, 40]. So,
the idea of combining enzyme-like and sensing
properties of such NPs proposed at first by [23]
was absolutely natural. The CeOz:Eu3+ NPs
with low Eu3* concentrations (less than 5 at. %)
obtained by [23] preserved catalase-like activity
providing at the same time an efficient HP sens-
ing via the quenching of Eu3* luminescence. At
the same time, our own results on the same NPs
(CeO,:Eu3*) with Eu3* concentration of 10 at. %
have shown that these NP preserve HP sensing
properties, but their catalase-like activity de-
creased sufficiently turning into Fenton-like.

NPs with Fenton-like activity decompose
HP with formation of hydroxyl radicals. As a
result, hydroxylation of the surface NPs during
the process of HP decomposition via Fenton-
like mechanism leads to quenching of lumines-
cence of doped ions due to energy transfer be-
tween these ions and hydroxyl groups.Eu3* lu-
minescence quenching by hydroxyl groups was
initially shown for SnOZ:Eu3+ NPs [41]. This
mechanism of HP-induced Eu3*luminescence
quenching was also confirmed in our studies of
HP sensing by CeO,:Eu3* [42] and GdVO,:Eu3*
[35] nanoparticles.

5. Improvement of sensing and
reversibility of NPs-based
luminescent sensors

Antenna effect

One of the main drawbacks of rare-earth
ions for luminescent applications is the low
value of molar absorption coefficient because 4f
intraconfigurational transitions are forbidden
by the Laporte rule. Low probability of these
transitions leads to low luminescence intensity,
and so, HP sensitivity. The intensity of lumi-
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nescence of doped rare-earth ions can be in-
creased by sensitizing effect of co-dopants (ions
with higher absorption coefficients), or organic
molecules. The sensitization of luminescence of
doped rare-earth ions by organic ligands is also
known as antenna effect, and is widely used in
sensors based on lanthanide chelates/MOFs.
For instance, authors of [20] obtained Eu-met-
al organic framework (Eu-MOF) HP probe, in
which 5-boronobenzene-1,3-dicarboxylic acid
(BBDC) effectively absorbed photons to produce
its triplet state through intersystem crossing
procedure. As the triplet state matched the en-
ergy levels of Eu3* and Tb3*, the luminescent
signal of these ions increased providing more
efficient HP detection. The sensitization can be
achieved not only by using organic ligands, but
also by co-doping with different doped ions with
higher absorption value. Tb3*-doped and Ce3*-
co-doped CeO, [27] and NaYF, [29] HP sen-
sors involve the use of sensitizing effect of Ce3*
ions, which effectively absorb UV radiation and
transfer excitation energy to Tb3* jons, which
intensity, in turn, changes with HP content.

Reversibility of NPs-based luminescent
sensors

In contrast to sensors based on lumines-
cence of organic molecules (such as dichlorodi-
hydrofluorescein diacetate, dihydrorhodamine
and Amplex Red (Invitrogen)), NPs-based HP
sensors are able for multi-use. The reversibil-
ity (i.e. the ability to recover their luminescence
properties after interaction with HP) is one of
the most important parameters of NPs-based
HP sensors. The recovery of initial luminescent
signal of HP-sensing NPs can be attained by dif-
ferent ways: by addition of reducing agents [43],
photoreduction [21], or high temperature [22].
In [21] the authors have obtained Y gEuj VO,
nanoparticles, which underwent Eu®*— Eu?*
photoreduction under laser irradiation before
HP addition leading to Eu?*— Eu3* oxidation.
Both these processes were accompanied by cor-
responding changes of the luminescence spec-
tra allowing to sense HP concentrations in the
range of 1-45 pM. An alternative approach was
proposed in [43], where the reversibility of CeO,:
Eu3* luminescent sensors was achieved by sub-
sequent addition of oxidant (HP) and reductant
(ascorbic acid) leading to recovery of Ce3*/Ce#*
balance and, accordingly, Eu3* luminescent sig-
nal. As a result, these materials were potent as
both HP (with recovery by ascorbic acid) and
ascorbic acid (with recovery by HP) sensors [43].
Instead, in [22] the authors heated the YVO,:

Functional materials, 31, 3, 2024
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Eu3* NPs-based films to 200 °C to provide re-
covery of the sensor after interaction with HP.

Some NPs are able to decompose HP and re-
cover their initial state after completion of HP
decomposition, so, generally, they do not need
special techniques to get into initial state. Ce-
rium oxide nanocrystals (nanoceria) are ones
of the most known NPs with ability to self-re-
generation determined by reversible Ce3*/Ce**
switching [44, 45]. However, the times of recov-
ery of initial luminescence intensity of doped
ions after HP addition in these nanocrystals
can be too long for practical application of these
sensors. So, increasing the rate of recovery of
luminescent signal of NPs-based sensors can be
of high importance for a number of technical
and biomedical applications. For instance, our
studies have shown that the process of recovery
of initial Ce3* content in 2 nm nanoceria can
last for more than 120 hours at room tempera-
ture. The duration of this process, however,
decreases sufficiently at higher temperatures
(from 120 hours at 22 °C to 22 hours at 37 °C,
and to 4.5 hours at 52 °C) (Fig. 4a). The recov-
ery rate can be increased even more by UV ir-
radiation with A = 325 nm (down to tens of min-
utes). The irradiation with the wavelengths
corresponding to absorption band of nanoceria
leads to 02 —Ce** electron transfer stimulating
Ce**—Ce3*reduction, and so, favors the process-
esofrecovery of Ce3* luminescence intensity [42]
(Fig. 4b).The same effect of temperature and
UV on the recovery rate was observed for CeO,:
Eu3* HP luminescent sensors [42].

6. Biomedical applications of
HP sensors based on luminescence of
rare-earth ions

The most perspective field of application of
materials described in the above sections is HP
sensing in biological objects of various kinds.
HP is a byproduct of various enzymes and one
of the most widespread cell signaling molecules.
In this way, assessing the content of HP in the
living cell provide reliable information on the
various biological processes inside the cell. Bio-
medical applications of luminescent HP sensors
based on rare-earth ions up to now are limited
by relatively high LOD levels for most sensors,
however, some publications already report the
successful use of rare-earth-based sensors in
the biological cells which produce high HP con-
centrations (of pM range).

The authors [36] have studied the response of
CeOzzEu3+ luminescent sensors in bacterial cell
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cultures using Streptococcus pneumoniae (the
pneumococcus) clinical isolates that generate
high amounts of HP (BHN31 and BHN32). The
concentrations of HP determined using CeO,:
Eud*sensors (~250 pM for BHN31 and (~250
M for BHN32) were close to the ones obtained
previously using alternative methods confirm-
ing the reliability of the sensors.

Even less HP concentrations were detected by
Y, gEuy ,VO,NPs, which were used for sensing
HP formed in the signaling processes [21]. Invas-
cular cells ET-1 and PDGF receptors regulate HP
level produced by NOx enzyme, and correspond-
ing values of HP concentration turned out to be
in the range measurable by Y, ;Eu, ,VO, lumi-
nescent sensors. The measurement of sensor re-
sponse gives 7 uM HP at PDGF stimulation and
13 pM HP at ET-1receptor stimulation.
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Besides HP production in cells, lumines-
cent sensors were used for sensing HP level
in biological fluids. In this way, Phe/Th-CPBA
CPNPs was used as a fluorescent probe for the
measurement of the level of HP in urine sample
revealing HP concentration of ~15 uM [24].

HP concentration determined by the change
of fluorescence signal of nanoparticle itself or
organic molecules attached to the surface of
this NP, can be used as an indirect measure of
the concentration of other biologically impor-
tant molecules. The level of HP can be used as a
measure of the content of antioxidant enzymes
(catalase and superoxide dismutase). Catalase
is the enzyme responsible for decomposition of
hydrogen peroxide to water and oxygen, while
superoxide dismutase turns superoxide anion
(Oy) into oxygen and hydrogen peroxide. The
action of both these enzymes changes the con-
tent of HP either decreasing (catalase) or in-
creasing it (superoxide dismutase). In [46] the
HP-dependent luminescence of Eu3*-tetracy-
cline complex was used for measuring the con-
tent of catalase in water solutions. High sensi-
tivity to HP of these complexes (LOD = 1.8 uM)
opens the way for precise measurements of
catalase content (LOD = 0.046 units/ml). In the
same way, in [47] Eu3*-tetracycline complexes
were used for measurement of the content of
superoxide dismutase in water solutions.

HP is a trace product of action of glucose oxi-
dase (GOx) turning glucose into gluconic acid
and HP in the presence of molecular oxygen, so
besides determination of HP content, the con-
tent of glucose in water solutions of biological
media can be determined using NPs-based sen-
sors. HP detection in concentrations down to
130 nM and glucose detection in concentrations
down to 8.9 uM by ceria NPs covered by fluores-
cent-labeled DNA probes was reported in [48].
Displacement of DNA from the surface induced
by HP formed in GOx-catalyzed reaction led to
20-fold fluorescence enhancement of the probes
[48]. In [49] peroxidase activity of Fe-doped
ceria nanorods was used for indirect measure-
ment of glucose concentration by the change of
absorption spectra during TMB peroxidation by
HP formed by GOx-catalyzed reaction. In the
similar way [50], the level of HP produced by
cholesterol oxidase (ChOx) from cholesterol was
determined by O-phenylenediamine (OPD) per-
oxidation catalyzed by carbon dots-doped CeO,
nanoparticles enabling the indirect measure-
ment of cholesterol concentration.
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Conclusions

The luminescence of rare-earth ions in in-
organic NPs, as well as in polymer NPs and
MOFs is sensitive to the content of reactive
oxygen species (such as HP) in water solutions
and biological objects. The dependence of lu-
minescence intensity/spectral composition on
the HP concentration allowed proposing these
materials as a new type of HP sensors with im-
proved sensibility, stability, and reversibility
compared to traditional HP sensors based on
organic molecules. The new trend is related to
NPs combining enzyme-like and sensing prop-
erties which are able to decrease the level of
oxidative stress in living cells allowing control-
ling the change of ROS content during ROS
scavenging process. The possible biological ap-
plications of NPs-based HP sensors include, but
not limited by, the assessment of the signaling
processes, level of oxidative stress, and content
of other important biological molecules that
can be indirectly measured by the HP content
in living cells.
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