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ABSTRACT

Hydrogen peroxide (H20») is a critically important, vital biomarker and hence a highly relevant analyte in a
broad range of bioanalytical applications. The most recent trends furthering the ability of its reliable, repro-
ducible, and sensitive quantification include the development of non-biological enzyme mimics, the investigation
of smartphone cameras as transducers and detectors, and the continued development of semi-reversible and
reversible detection strategies. While the non-biological catalysts offer stability-related advantages over enzymes
while providing equally good limits of detection, critical questions regarding toxicity, persistence, (bio)accu-
mulation, and overall environmental footprint need to be answered. In the case of heavy metal-based strategies a
replacement by non-toxic, renewable alternatives should be an obvious research need. Signal recording has seen
a dramatic change toward smartphones, with their ever-improving computing and image-acquisition abilities.
Yet, with the sheer number of different camera and phone models progress can be difficult to assess, as repro-
ducibility and comparability of results and experimental set-ups are too often elusive. In the area of semi-
reversible sensors flow injection analysis (FIA) coupled with chemiluminescence (CL) remains the most
advanced system. In the case of fully reversible sensors, research points toward oxygen-based sensing to be the
most reliable. Analyzing publications from 2018 to 2024, it is not surprising that the important analytical figures
of merit of low limits of detection (LODs), broad quantitation ranges, faster response and regeneration times
combined with novel (reversible) probes continue to be and should remain central focus of future developments.

1. Introduction

Hydrogen peroxide (H202) plays a significant role in numerous
physiological processes including, metabolic functions, apoptosis [1],
cell-signaling [2] and immune-cell activation [3-5]. Its significance as
an indicator of oxidative stress [6], a defence mechanism, and a
contributor to aging is well-established [7,8]. It serves as a vital
biomarker for various diseases, such as diabetes [9], cancer and has
potential to be used in treatment of the latter [10], Parkinson’s [11],
cardiovascular diseases [12], Alzheimer’s [13], and neurodegenerative
disorders [14]. In food safety and quality, HyO5 is an important analyte,
due to its use as food adulterant for example in milk, in many cases
above allowed and thus potentially harmful concentrations [15].

The quantitation of HoO5 may be combined with oxidases of the large
group of HyO2-producing enzymes, such as glucose, cholesterol, lactate,
and glutamate oxidases, or with catalase as a HyOs-degrading enzyme.
These coupled reactions allow for the development of sensors and bio-
assays that rely on H,O, detection to quantify both enzyme substrates or
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products, thus widening the scope of probes for HoO4 [16-18]. Conse-
quently, the ongoing research in (bio)sensors based on the detection for
H30- has found applications and is of interest in fields including medical
diagnostics [19], clinical research, food chemistry [20] and environ-
mental investigations [21]. Furthermore, with the increasing use of
peroxide-based explosives, such as triacetone peroxide in terrorist at-
tacks, HoO> as a residual precursor and indicator has unfortunately also
become an important analyte to ensure the safety of first responders and
security personnel [22].

Electrochemical and optical methods are the two major techniques
broadly used for analysis and quantification of HyO,. Electrochemical
devices are more frequently developed, more commonly published,
usually offer fast response times and are in principle also applicable to
continuous monitoring. The interfering challenges caused by other
electroactive species present in various matrices at higher concentra-
tions, such as vitamin C or uric acid, have long been solved by using a
second redox reagent that is oxidized by HoO acting as a mediator or by
using electrodes with selectively active or catalytic electrode surfaces
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and materials that can then detect specifically H,O, at lower potentials
[20]. Especially interesting is the development of reversible electro-
chemical systems [23]. Yet, electrode fouling is a serious issue not to be
underestimated in real samples.

Optical Hy05 detection and quantification is often performed with
commercially available assay kits, such as the colorimetric 3,3',5,5-
Tetramethylbenzidin (TMB)/HRP or the fluorometric Amplex Red/HRP-
assay. However, these assays require several preparation steps with
buffer addition, and calibration via dilution series thus increasing assay
time and the chance for erroneous data due to human error. Further-
more, sample preparation can require further steps as the dye and the
enzyme have to be stored separately and at different temperatures, as it
is the case for the Amplex Red assay. While the fluorescent and strongly
pink reaction product resorufin that forms upon action of HRP or of
other catalysts in presence of HyOo, is useful for both fluorometric [24]
and colorimetric [25] detection, its applicability is limited due to an
autocatalytic degradation of Amplex Red to resorufin when exposed to
light [26]. In the past, detection methods based on the interaction of
nanomaterials [27] or peroxidase [28] with H30, and the resulting
optical change have also been developed and successfully used.

It is hence not surprising, considering the importance of HyO,
detection and the limited optical detection strategies that over the last
two decades, a true plethora of HoO5-sensitive photoluminescent probes
has been developed [29], many of which are in the field of
organoboron-based probes [30-32]. These innovative fluorescent
probes are applied for assay development and more importantly for
cellular imaging, The experimental utilization of these innovative fluo-
rescent probes is typically applied to standard bioassays and more
importantly for cellular imaging. Unfortunately, most of the probes
show an irreversible reaction with Hy0, making them useless for
continuous or reversible measurements, and are thus far from the ideal
chemical sensor [33]. Yet, they are often referred to as sensors irre-
spective of the definition IUPAC definition given in 1991 [34] requiring
both a receptor and a transducer.

In many application scenarios, simpler and cheaper single-use
disposable devices are preferrable over expensive and complex sen-
sors, especially in point-of-care settings where factors like cross-
contamination or harsh conditions would affect results negatively.
These devices offer easy and cost-effective diagnostic and quantification
capabilities, reducing the need for complex laboratory equipment and
potentially lowering healthcare costs, such as pregnancy, COVID or
glucose tests. Much recent research focuses on developing single-use
devices for HyO,, which, when combined with HyO5 generating en-
zymes, facilitate the quantification of various biomarkers on-site. At this
point, such point-of-care devices complement traditional sensors for
H,0,, offering simple and rapid determination methods, while the latter
may be preferred for more demanding online quantitation requiring
higher instrumental effort over an extended period of time.

An additional challenge researchers will commonly encounter for
optical applications when working with complex (biological) media and
samples such as whole blood is having to overcome opacity and auto-
fluorescence. Furthermore, the presence of catalases (which, to add to
the nuisance are of course not present in the same concentration in every
person [35]) and other HyO,-degrading species make the quantification
of HyO4 both time-sensitive and thus unreliable, which to some degree
could explain the concentration discrepancy and range reported in
literature [36].

This critical review provides insight into the trends of recent (2018 —
mid 2024) optical sensing devices and sensors for the detection of HyO»
focusing on colorimetric, chemiluminescent, photoluminescent detec-
tion and surface plasmon resonance approaches. In analyzing the trends,
the authors decided that papers exclusively reliant on liquid assays
conducted within cuvettes and microtiter plates, or applications
restricted solely to imaging or (surface enhanced) Raman spectroscopy,
were deliberately excluded from the article, with the latter having been
reviewed recently [37]. Instead, focus is on studies encompassing a
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broader spectrum of novel, innovative methodologies and applications,
ensuring a more diverse and comprehensive examination of the subject
matter. Based on our literature analysis and the IUPAC definition of
sensors and their possible classifications [34] we have categorized ap-
plications and devices into three groups.

e Single-use sensors and systems featuring a non-reusable detection/
sensing module, exemplified by paper-based devices.

Intermediate sensors and semi-reversible systems, in accordance
with the classification by Mofhammer et al. [36], encompassing
devices and sensing applications capable of semi-continuous detec-
tion. This involves the consistent introduction of reagents, akin to
flow injection analysis (FIA), or relying on reactions reversible by
external factors such as light, temperature, addition of redox re-
agents, or potential cycling to facilitate the regeneration of sensing
capability.

e Fully reversible sensors.

Herein, we highlight innovative devices and sensors employing novel
(enzymatic and enzyme mimicking) enhancement strategies and mate-
rials, (smartphone) detection and (semi) reversible and continuous
Sensors.

2. Single-use sensors and systems for quantitation of H,Oy
2.1. Novel (enzymatic) enhancement strategies and materials

2.1.1. Engymatic detection

Detection of HyO, with HRP as a catalyst/recognition element is a
classical way of signal generation. The commercial availability of this
reasonably inexpensive enzyme has resulted in an abundance of pub-
lished protocols demonstrating its rapid reaction kinetics under mild
reaction conditions ideal for biological and bioanalytical applications.
Standard protein chemistry allows conjugation to various (bio)mole-
cules, immobilization and its use as a signal enhancement strategy.
However, similar to most enzymatic applications it is susceptible to in-
hibition by interferences. In the case of HRP, cyanide, azide, hydroxyl-
amine, and some heavy metal ions are most known for reaction
inhibition. Furthermore, a higher background signal due to non-specific
enzymatic conversion in the absence of Hy05, a high pH-dependent
activity, a poor stability when exposed to higher temperatures and
organic solvents limit HRP’s application and calls for more research
[38].

In order to increase the stability of HRP and reduce the experimental
assay complexity, some research focuses on the encapsulation or
immobilization of HRP in a suitable matrix such as a poly-
dimethylsiloxane (PDMS) layer with a GPT linker [39] (Table 1), in a
carbon dot-doped hydrogel sensor array [40], as enzyme-inorganic
nanoflowers made from EDTA, CaHPO; and HRP [41], gold
nanoparticle(AuNP)-enzyme [42] or HRP-BSA AuNP nanoclusters [43].
The respective approaches hone in on providing a reusable and simple
CL-platform by Bocanegra-Rodriguez et al. [39] to achieve an LOD of
0.02 pmol-L ! range 0.06-10 pmol-L ™!, a multiplexing, PDMS-housed
sensing array for HyOz-mediated colorimetric detection of
wound-related biomarkers such as glucose and uric acid and non-H,0,
mediated like pH, total protein and urea with good accuracy by Zheng
et al. [40], enabling colorimetric HyO, detection with TMB was devel-
oped by Tian et al. whose nanoflowers maintained 90 % activity over 30
days at —20 °C, offering potential in applications like prostate cancer
screening and water quality monitoring and achieving an LOD of 1
pmol~L’1 and an analytical range of 2-100 pmol-L’1 [41], integration of
luminescent HRP-Au nanoclusters into a microfluidic droplet device for
single-cell secreted HoO, detection by Shen et al. [42] or the encapsu-
lation of advanced HRP-BSA AuNP nanoclusters [43] into a glass-based
microfluidic device limited to visual detection and an LOD of 0.5
nmol-L ™! and a reasonably broad analytical range of 0.5-50 nmol-L ™! in
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Table 1

Single-use sensors and systems for the detection of H,O, presented in this review. LODs and ranges in italics represent data collected in ideal laboratory conditions such
as cuvette measurements in a cuvette spectrometer and not in the proposed sensor design, the latter are given in non-italics. Excitation and emission wavelengths given
are either the used wavelengths in the publication or the respective excitation/emission maxima of the respective dye(s) (the latter is indicated by a *). For colorimetric
measurements the maximum absorbance wavelength is given. For CL measurements the detection wavelength of the emission in the publication is given.?: only visual

quantification.

Probe/recognition Detected signal Aexc/em Device type (LOD) Analytical Real world sample Comments Ref
element Range of Hy0, type
Enzymatic detection
Luminol/HRP HRP/Luminol 424* Reaction tube (0.03 pmol-L’l) Reusable [39]
chemiluminescence 0.06-10 pmol L!
Amplex Red/HRP HRP/H,0, oxidation of 572% colorimetric readout (3.4 pmol-L’l) Histamine and For simultaneous [25]
Amplex Red to resorufin with a smartphone, 10-100 pmol-L~? tyramine in PBS, detection of histamine
cellulose based carrier tuna sample and tyramine
material
ABTS, 4- Colorimetric oxidation of 415, Colorimetric readout pH, glucose, urea, [40]
Aminoantipyrene/ ABTS and 4- 510* with a smartphone, uric acid and total
HRP Aminoantipyrene carbon dot doped protein from rat
hydrogel in microfluidic wound fluid
PDMS sensor array
TMB/HRP HRP catalyzed oxidation of ~ 652* Paper-based (1 pmol-L’l) 2-100 H,0, in liquor and Can also detect [41]
TMB smartphone readout pmol-L ! water salicylic acid
HRP-AuNCs Luminescence quenching 542/620 Microfluidic (1 nmol-L.~") up to 40 H,0, secreted [42]
nmoleL ™} from single cells
Protein-stabilized gold Luminescence quenching 248/720 Microfluidic (500 pmol-L™1) River water Microfluidic sensor [43]
nanoclusters 500 pmol-L™ - 50 only with visual
HEFBNPs mmol-L~! readout
Layer-by-layer LSPR LSPR Flow Cell (2.7 ppm) [44]
embedded AGNPs +
AuNPs
Poly(aniline-co- Colorimetric change of 655* Film-based colorimetric (35.6 Mmo~L’1, 51.2 H0,, glucose and For simultaneous [45]
anthranilic acid) (ANI-  composite film readout with a pmol-L~1) 25-200 catecholin diluted  detection of HyOo,
co-AA) composite smartphone pmol-L~! juice samples glucose and catechol
film/HRP
Guaiacol/HRP Colorimetric change of Paper-based (0.354 mmol-L™1) H,0, in Milk [46]
Guaiacol to Tetraguaiacol 1.25-15 mmol L™}
Enzyme mimics and
catalysis enhanced
sensing
TMB/Fe304 QD Colorimetric oxidation of 652 Capillary-based array (4.5 pmol-L™1) Milk [53]
TMB 10-100 pmol-L~?
TPA/Cu(1I)/Co(II) Oxidation of TPA to 2- 315/446 Hydrogel-based (81 nmol-L™1) 0-120 H,0, and glucose Metal-organic gel with [54]
organic gel hydroxyTPA with Cu(I)/ pmol-L ™! in PBS (pH 7.0) peroxidase activity
Co(I) organic gel in
presence of HyO,
Luminol/Guanosine/ Chemiluminescence 424* Smartphone readout of 7 pmol-L’l) Glucose in [56]
hemin hydrogel GOx-loaded guanosine/ artificial serum
hemin CL hydrogel
cartridge
TMB/PtNiz Colorimetric oxidation of 652* Paper-based with (0.03 pmol L) H,0, sectreted Fast 3 min assay speed. [55]
TMB custom-made portable 0.1-10 pmol -L~? from HELA cells Catalyst/nanozyme
colorimeter also useable in
electrochemical
detection
TMB/sericin-modified Colorimetric oxidation of 652* Paper-based origami (0.15 mg-dL D) H>0, and Glucose [571
silver nanozyme TMB pad 0.5-240.0 mg-dL~’ in salvia
TMB/cellulose Colorimetric oxidation of 652* Paper-based 7 mmol-L’la) [58]
membranes with TMB
immobilized Au
nanoclusters
TMB/MoS,-SrTiO3 Colorimetric oxidation of 652* Paper-based (80 nmol-L 1) 0.1-5 [59]
nanocomposite TMB pmol L~!
TMB/MoS,@CoTiO3 Colorimetric oxidation of 652* Paper-based (0.01 ﬂmol<L’1) H20, in milk and [60]
nanocomposite TMB tap water
TMB/Cellulose Colorimetric oxidation of 652* Paper-based with (0.93 pmol L™ 1) Reusable enzyme [61]
nanofibrils/Fe-doped TMB smartphone readout 6-42 pmol L ™" mimic strips after
carbon dot composite cleaning/regeneration
nanopapers with ascorbic acid
TMB/Pd-Pt@hemin- Colorimetric oxidation of 652* Paper-based (0.01 ﬂmol<L’1) [62]
rGO/CNTs-COOH TMB
TMB/B, N, and S co- Colorimetric oxidation of 652* Smartphone RGB (0.8 pmol~L’1) 3-30 Moutwhash and [63]
doped carbon dots TMB readout pmol L~! milk
(BNS-CDs) peroxidase
mimic
ABTS/MoOx QDs Colorimetric oxidation of 420* Paper-based (0.175 pmol~L’1) H,0, released [64]

ABTS

from PC12 cells

(continued on next page)
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Probe/recognition Detected signal Aexc/em Device type (LOD) Analytical Real world sample Comments Ref
element Range of H;0, type
TMB/CuO hollow sphere  Colorimetric oxidation of 652* Paper-based (2.1 pmol-L™Y) [65]
nanozyme TMB 2.4-150 pmol-L !
CPT-MnBG-Gel Luminescence quenching 254/544 Hydrogel-based wound (10.35 pmol-L™1) up Diabetic wound H,0, scavenging for [69]
dressing to 200 pmol-L ! diabetic wound
treatment
Carboxyluminol/Hemin Chemiluminescence 430 WPAD based point-of (13 pmol-L™) up to Can also detect lactate [71]
care device for lactate 2000 pmol-L~!
readout with
smartphone or CCD-
camera
Luminol/CoCly Chemiluminescence 424* miniaturized 3D- (3.0-107° % (w/w) / H,0, in milk [72]
printed device 9 pmol-L %) 1.0-107*
-9.0-107% % (w/w)
30-270-pmol L™*
IR820 Core-shell UCNP Inhibition of ET to UCNP 808 + Flow-cell based (0.1 nmol-L™Y) [75]
by oxidation of IR820 with 980/ 0.5-100 nmol-L!
OH in Fenton-type reaction =~ 525 +
540
Fe-based MOFs/OPD Dual-mode ratiometric 365/ 3D printed chip holder 2.06-nmoleL ! [76]
fluorescence quenching 447 + and chip with machine
with colorimetric change 572 learning smartphone
450 image evaluation
Non-catalytic detection
Tb*/Bu®t [1,1- Ligand energy transfer 270/545 Hydrogel-drop-caoted (2 pmol-L™1) 2-200 H,0, in hand [77]
Biphenyl]-4- luminescence 270/617 paper discs pmol-L ™! sanitizer
carboxylic acid
deboraontion
C6NIB deboronation Fluorescence 458/522  Aluminum foil-based 2 ppb H,0, vapor Very fast response time  [78]
silica gel plate of <0.5 s for high
concentrations of HyO,
possible
Pyrene/fluorene-based Fluorescence 370/449 Thin film (2.2 ppb) H,0, vapor [79]1
probes DB-WCZ DB-W
deboronation
HFPQ@ALB Ratiometric fluorescence 365/ Paper-based/ Up to 200 pmol-L~* H,0, in milk [80]
Deboronation 515 + miniaturized paper-based
484 measurement chamber Up to 100 pmol-L~!
+ smartphone readout miniaturized
chamber
Maleimide- Aggregation induced 365/460 Paper-based (2.5 pmol-L ! paper- H,0, and glucose [81]
functionalized emission (AIE)/quenching based 10 nmol-L ! in in PBS (pH 7.0)
tetraphenylethene solution) up to 20
(TPE-M) and cysteine pmol-L ™!
Cu nanoclusters with AIE quenching 350/650 Paper based (3 pmol-L ™) 14-140 [82]
ce®t pmol-L ™!
Luminol Ultrasonic/H,0,-induced 424 Apertureless stainless (0.32 pmol-L D] Glucose/GOx in [83]
SCL of luminol steel substrate USB 0.5-50 pmol-L! PBS (pH 7.4)
piezoelectric ultrasonic
transducer
Ag NPs-alginate Colorimetric change 400 Paper-based with a (0.1 mmol-L™1) Photobox dimensions [84]
composite smartphone readout 0.1-10 mmol-L™! suitable for multiple
smartphone models
PF-PDMTP/HQ Fluorescence quenching 365/ Paper-based with (9.4 pmol-L ™) up to Human salvia [85]
420 + smartphone greyscale 200 pmol-L~?
650 readout

cuvette-measurements (Fig. 1). However, for a better comparability of
the performance in the cuvette and of the microfluidic device, a signal
data acquisition of the HRP-encapsulated fluorescent bio-nanoparticles
(HEFBNPs) beyond mere detection with eye-vision, especially consid-
ering the impressively low LOD and analytical range, would have been
desirable.

Goicoechea et al. [44] developed a self-referenced optical fiber
sensor for HyO, detection based on localized surface plasmon resonance
(LSPR) of metallic nanoparticles in layer-by-layer (LbL) films. The sensor
utilizes a LbL nanoassembly technique to fabricate sensitive nano-
coatings on the optical fiber core. The nanocoatings incorporate both
silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs), which
exhibit different sensitivities to HoO,. The LOD of the sensor is estimated
to be 2.7 ppm and allowed for compensation of light source fluctuations,
sensor drift and measurements of a total of 40 min. Unfortunately, the

signal from the LSPR absorption bands was noisy impacting signal
quality, in the current setup, presumably due to dipping of the sensor
into solutions, instead of using a flow-system, which would have been
desirable. While the sensor did show no to very little signal change in
presence of interferents such as Hanks’ Balanced Salt Solution (HBSS),
glucose and ascorbic acid, a measurement in a real ‘live’ cell culture or
any other complex matrix to see the effect of cell matter and proteins on
the sensor would have been interesting.

Main focus on paper-based colorimetric enzyme-based devices using
HRP take advantage of smartphones for signal recording. For Galban
[25], Amplex Red provided significantly better LODs as demonstrated
for the precise and reproducible detection of histamine/tyramine and
H50, than using TMB or ABTS, as their approach avoids the issue of
lateral reactions such as the oxidation of the dye by the aldehyde
forming in the oxidation step of histamine. Yet, as indicated in the
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Fig. 1. Schematic illustration of the quenching mechanism of the innate Au-nanoclusters HEFBNPs fluorescence by addition of H,O, and its applications. Reprinted

with permission from Ref. [43]. ©MDPI.

introduction, both Amplex Red and the respective peroxide-generating
enzymes require refrigeration for storage inhibiting the applicability
in the field. In the case of Hosu et al. [45] a poly(aniline-co-anthranilic
acid) (ANI-co-AA) composite film was used as substrate. It was applied
in a multiplexing platform reaching LODs of 34.6 pmol-L ™! by spectro-
photometric detection and 51 pmol-L ™! with the smartphone, thus not
providing the most sensitive device, an acceptable trade-off for its
simplicity in use, a 2 min assay time, the multiplexing assay and the
accessibility of the smartphone readout. The advantage of the of the film
material was, that it could not just act as carrier/immobilization mem-
brane for the enzyme, but also as chromogenic reagent. Lima et al. [46]
used guaiacol in a paper-based device with wax-printed wells together
with self-extracted peroxidase from zucchini for the detection and
quantification of HoO5 in milk. With a linear calibration between 1.25
mmol-L ™! and 15 mmol-L ! they were able to achieve an LOD of 0.354
mmol-L™! and an LOQ of 1.18 mmol-L™! respectively. In spiked milk
samples, they were able to achieve recovery values between 92.2 % and
108 % whilst maintaining relative standard deviations below 6.5 %.
Guaiacol is hence an interesting substrate as it delivers appropriate
detection limits while being much cheaper than other colorimetric
substrates.

2.1.2. Engyme mimic-based and catalysis-enhanced sensing

Synthetic enzyme mimics or nanozymes have proven to be a true
gamechanger in the field of optical sensing of hydrogen peroxide. In the
last 15 years, the development of synthetic materials with alleged
peroxidase activity has been increasingly successful [47] with their use
being reported in several electrochemical sensors [48]. Initial papers
describe the use of Fe3O4-NPs and graphene derivatives. Currently,
other nanomaterials dominate the research landscape. Such studies are
e.g. based on the structural and surface modification of already existing
mimics, of new metal organic frameworks (MOFs) including their sur-
face activation/increase, and the search for more sustainable synthesis
and precursors/educts. So called enzyme mimics or nanozymes are
supposed to overcome issues such as storage and temperature stability,
limitations of pH-dependent activity and can provide a tunable activity

[49,50]. As with any nanomaterial, one of the major issues is the
reproducibility of their synthesis, size, homogeneity, and batch-to-batch
variations. Crucial questions regarding toxicity have to be addressed
before moving to in-vivo or clinical applications. Of equal importance is
the environmental impact where release into the environment is
possible, a consideration that is unfortunately rather rare in literature.

Also in optical assay strategies these peroxidase-mimicking artificial
enzymes are increasingly employed [51,52]. Major advances made over
the last years include the development gel-based matrices with
peroxidase-mimicking ability and the integration of novel synthetic
enzyme surrogates in paper-based devices. In the first case, the list of
such novel gel-based devices include, a capillary array-based colori-
metric platform to detect HyO, in milk with sodium alginate coated
Fe304-NPs and TMB showing an enhanced catalytic activity [53] in
comparison to ‘naked’ NPs, a Cu(II)/Co(II) bimetallic organic gel with
enhanced peroxidase-like activity, requiring 20 min at 45 °C [54], a
dual-use PtNiz hydrogel with high stability, selectivity and reproduc-
ibility as electrocatalyst for electrochemical and as peroxide-like nano-
zyme with TMB for the colorimetric detection of HyO9 secreted from
HELA cells in a custom-made portable colorimetric sensor [55] or the
development of a chemiluminescent glucose POC device with a
peroxidase-like hemin containing guanosine hydrogel loaded with
luminol in analytical cartridges for smartphone detection [56] (Fig. 2).
In all of these assays the used mimics showed competitive catalytic ac-
tivity in comparison to HRP or were able to provide catalytic activity in
HRP-adverse conditions.

In the case of paper-based strategies, innovation afforded through an
enzyme mimic is paired with the unique advantages of the simplistic, yet
adaptable assay format. Listed here are a few especially interesting
publications that have demonstrated applicability in real matrices in all
cases. For example, sericin-capped AgNPs were integrated into a paper-
based origami folding device whereby folding the paper-based device
the sample flows through the enzyme layer (for the glucose device) or
the enzyme mimic layer before reaching the TMB reagent (Fig. 3). This
origami layout allowed for both, the separation of the reagents and
catalysts/enzymes and showed improved assay speed in comparison to
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Fig. 2. Illustration of the peroxidase-mimicking G-quadruplex guanosine-derived hydrogel loaded in analytical cartridges for chemiluminescent detection of glucose
and H,0 for smartphone-based detection as developed by Calabria et al. Reprinted with permission from Ref. [56]. ©2023 MDPL

‘classical’ paper-based devices [57]. Cheng et al. utilized mesoporous
CuO hollow sphere nanozymes in a paper-based device for a
smartphone-based readout [65] (Fig. 4). However, the authors fail to
mention any specifics regarding lighting and camera settings and how
the smartphone was held in position. Cellulose membranes with
immobilized Au nanoclusters acting as peroxidase mimic for the detec-
tion of HyOy and uric acid were proposed by Wei et al. [58].
Peroxidase-mimicking MoS,-SrTiO3 [59] and alginate-gel stabilized
MoS,;@CoTiO3 [60] nanocomposites for colorimetric detection of HoOy
with TMB were applied in paper-based formats. Research on cellulose
nanofibrils/Fe-doped carbon dot composite nanopapers for the
smartphone-based colorimetric detection of HyOy and glucose was
published by Bandi et al. [61]. Most notably, the group was able to
recycle and reuse the test strips with the enzyme mimic with treatment
of 0.1 mol-L~! ascorbic acid, followed by washing steps up to 10 times
without a significant loss of activity. The group of Qui [62] used
self-assembled nanocomposite Pd-Pt@hemin-rGO/CNTs-COOH in
paper-based indicator strips with TMB for the detection of HyO,. Beng
et al. synthesized carbon dots co-doped with B, N, and S for
smartphone-based colorimetric detection of H2O in samples like milk
and mouthwash [63]. Another group [64] used molybdenum oxide
quantum dots (MoOx QDs) showing peroxidase-like activity on a
microfluidic paper-based analytical device for the rapid colorimetric
detection of HyO released from PC12 cells with ABTS as dye. The
paper-based device was able to detect HyO, with an LOD of 0.175
pmol-L ! after an assay time of 10 min.

Overall enzyme mimics can provide an innovative and intriguing
alternative to classical enzymatic catalysis in HoO5 detection. Aside from
the general limitations and issues aforementioned, it is crucial to see
more benchmark experiments with HRP in place of the mimic. Only this
would allow for true comparability and as proof of an actual improve-
ment or advantage of the mimics over the enzyme. Few researchers
spend time and resources on such often enough tedious comparison
studies since assay parameters for enzymes and mimics differ. Thus,
such parameter misalignment when done poorly, will potentially
compromise comparability once more. Furthermore, the terms or rather
neologisms nanozyme and enzyme mimics are often coined to new
catalysts with improved surface structures or combinations of metals
employed in reactions that result in the same detectable product as with
an enzymatic reaction, i.e. TMB in a Fenton-type reaction without the

peroxidase-typical two-electron process. Often Michaelis-Menten ki-
netics for single-enzyme, single-substrate [66] systems are used despite
the often-encountered two-substrate mechanism [53] where other ki-
netic models, such as Langmuir-Hinselwood [67] are better suited to
describe the observed reaction time course. Furthermore, a sufficient
saturation with substrate or the amount of catalytically active surface or
centers in comparison to the used weight is often ignored. That raises the
question if the employed substances qualify for the term nanozyme or
enzyme mimic and, if needed in excessive amounts 600 pg-mL~! of
Fe304 QDs vs 500 pg-mL~! TMB [53], even as a catalyst or just as a
stochiometric reagent [68].

In the field of catalytically enhanced HyO2-sensing, next-generation
probes have provided much advancement in the detection of Hy0,.
Huang et al. developed a biocompatible GelMA hydrogel with encap-
sulated Mn-containing bioactive glass and CePO4:Tb (CPT-MnBG-Gel)
for wound monitoring and HpO, scavenging capabilities for faster
wound healing [69]. Through chemical modification of luminol,
m-carboxyluminol demonstrated an enhanced CL-signal [70] and was
successfully integrated in pPADs with the option of a smartphone-based
readout [71] where HyO, was detectable with an LOD of 13 pmol-L’1
with a range of up to 2000 pmol-L ™! and lactate with an LOD of 0.03
mmol-L~! with an analytical range of up to 100 mmol-L ! (Fig. 5). The
integration of previously known catalysts and reagents into paper-based
or miniaturized 3D-printed devices are other innovations seen in liter-
ature. For chemiluminescent quantification of HoO5 in milk, featuring a
dedicated variable gain amplification system, and disposable wells with
a hydroxyethyl cellulose-based detection membrane, miniaturized
3D-printed devices with disposable cartridges and flow-systems were
developed by Vasconelos et al. (Fig. 6) [72]. They allowed detection of
H,0, down to an LOD of 9 pmol-L ! and a linear range of approximately
30-270 pmol-L L.

Upconverting nanoparticles (UCNPs) have shown to be a valuable
approach to work with or in complex biological matrices. Here, the ef-
ficiency and reliability of traditional probes and sensors are often
challenged by many interfering substances as well as physical, chemical,
and biological barriers. UCNPs are nanoparticles based on a nano-
crystalline host e.g., NaYF, or LiYF4 that have the ability to convert low
energy NIR light into visible light with higher energy by serial multi-
photon excitation steps. The various (and complex) mechanisms of
upconversion and the design and variety of upconverting nanoparticles
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are highly interesting and literally exciting topics that has been
reviewed thoroughly elsewhere [73,74]. When doped with Yb3t as
sensitizer and Er®" as acceptor, UCNPs have the capability to be excited
close to the optical window of tissue allowing a deep tissue penetration.
Moreover, UCNPs offer great optical properties among low auto-
fluorescence, high signal-to-noise ratios, exceptional photostability and
non-blinking emission. Despite some issues with UCNPs such as the
susceptibility to water quenching and the significantly lower quantum
yield and overall brightness in comparison to organic dyes, UCNPs have
become an increasingly popular choice and powerful tool for photody-
namic therapy approaches as well as sensor and probe development [73,
74]. Their applicability for H,O5 detection was beautifully demon-
strated by Wang et al.’s [75] device with an integrated pump for
long-term monitoring of HyO, in ovarian cancer peritoneal metastasis
(Fig. 7). Good sensitivity and real-time detection capabilities show

promise, yet challenges remain regarding in-vivo applicability and
long-term stability. Unfortunately, the device is being hamstrung by its
detection method with the irreversible oxidation of the used IR820 dye
by ¢OH produced in a Fenton-type reaction, making replacement of the
sensing membrane necessary for longer measurements underscoring the
need for further research and refinement in this field.

Wu et al. [76] developed a portable dual mode sensing chip com-
bined containing o-phenylenediamine (OPD) as colorimetric reagent
together with facet-engineered iron-based MOFs as enhanced
Fenton-type catalysts and fluorometric agents (Fig. 8). In their chip the
sample would first be exposed to the MOFs producing eOH and
quenching the MOF fluorescence with a simultaneous emission color
shift from blue to yellow. The produced ¢OH could then be washed to
the second pad containing OPD resulting in a colorimetric change. This
change in MOF emission and dye color change could be captured with a
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smartphone. Based on the evaluation of the image with a network
model, the differentiation between different oxidizing agents, such as
permanganate, dichromate, and TATP was possible. In cuvette-based
experiments and the ratiometric emission 572/447 nm of the MOFs
allowed for an LOD of 2.06 nmol-L 1.

2.1.3. Non-catalytic sensing of H202

Non-catalytic detection approaches of HoO, are leaner and are often
more straightforward than those requiring an additional, catalytic assay
component. Typical and recent examples for the detection of HyO5 are
probes with a boronic-ester group as a recognition element, (quenching
of) aggregation-induced emission, sonochemiluminescence, and fluo-
rescence quenching. Obviously, the lack of an enzyme or catalyst as
recognition element leads to reduced selectivity as unwanted (faster)
reactions with other (oxidizing) reagents occur, such as boronic-ester
groups reacting non-specifically also with peroxynitrite, hypochlorous
acid and peroxymonophosphate [36]. Also, the lack of a catalyst and
hence increased activation energy barrier suggests that additional en-
ergy input is needed, or increased assay times occur, possibly limiting
the practical application of such devices. That is the case for Dutta and
Maitra’s [77] paper-based approach utilizing a cholate hydrogel with
the deboronation of a sensitizer ligand to then allow the energy transfer
of UV-excitation light to the lanthanides Eu3t or Tb®", respectively
(Fig. 9). With an incubation time of 1 h and a required temperature of
50 °C the method is both time-consuming and requires an additional
heating element to work. Surprisingly, the method shows reasonably
good reproducibility and disc to disc variation despite the ‘simple’ drop
coating preparation.

Cheng et al. [78] used a naphtalimide-based dye with a hexyl
backbone and an aryl boronic ester moiety (C6NIB) on an aluminum
foil-based silica gel plate sensing platform for the detection of HyO; in
vapor. They were able to detect HyO2 down to an LOD of 2 ppb with a
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detection time of only 70 s. For higher concentrations such as 30 %
H50,, a detection/response time of 0.5 s could be achieved. However,
presumably due to difficulties regarding reproducibility in the produc-
tion of the films and the and the construction-related measuring time,
the authors did not carry out multiple determinations. Similarly, the
group of Zhang [79] used pyrene/fluorene-based probes DB-WCZ (with
two carbazole groups) forming porous microstructures enhancing the
diffusion of Hy05 in vapor and DB-W with two aryl boronic-ester moi-
eties, one on the pyrene and the fluorene moiety each, for the fluoro-
metric detection of HyO5 and triacetone peroxide (TATP) in vapor. The
spin-coated films could detect 2.2 ppb of HyO, with a reasonably good
reproducibility.

Xu et al. [80] integrated a fluorescent ratiometric probe for
smartphone-based detection of HyO5 into a paper-based device or iante a
miniaturized portable 3D printed testing system with an integrated UV
light excitation source. They used a flavonoid dye with an organoboron
Hy0»-reactive moiety that can bind or coordinate to the hydrophobic
drug reception sites in albumin in a 1:1 ratio resulting in both, an
enhancement and a blue shift of the observed fluorescence reaching an
emission maximum after about 5 min assay time. In a titration assay, the
flavonoid/albumin probe (HFPQ@ALB) could reach an LOD of
approximately 3.5 pmol-L™! and a linear range of up to 50 pmol-L L.
With the smartphone application Color Desk a good linear relationship
up to 200 pmol'L_1 H;0, was achieved (Fig. 10). Here, the general
disadvantages of the non-catalytic approach are overcome through the
favorable hydrophobic environment in the albumin. As is true for most
reactions in organic chemistry, the oxidative cleavage of boronic ester
moieties and their kinetic is strongly influenced by electronic and steric
coordination effects. These result in the stabilization of transition states
due to solvent cages and other groups from the boronated molecule.
These factors could explain some of the variations seen in the required
reaction times and temperatures of the aforementioned probes and
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assays.

Chang et al. [81] published a strategy for the detection of HyO5 and
glucose on a paper-based system using an AIE fluorogen-based sensing.
The proposed AIE fluorogen-based sensing strategy shows high sensi-
tivity for HyO5 detection in both, solution state and on a paper-based
fluorescence sensor. The paper-based assay has an LOD of 2.5
umol-L~! and a range up to 5 mmol-L ! for HyO, and 50 nmol-L ™! for
glucose. An obvious disadvantage is the incubation time of 30 min at
37 °C and, if human serum is applied, the need to dilute the sample 1:10
to avoid a reduction of the fluorescence intensity (Fig. 11).

The paper-based device of Mei et al. [82] detects HyO5 via the
quenching of the aggregation-induced emission (AIE) of Cu nanoclusters
with Ce3*. The detection of HyO is possible with an LOD of 3 pmoloL_1
and a linear range of 14-140 pmol-L ™. Combined with GOx, the device
could be used for the detection of glucose in human serum with an LOD
of 2.4 pmol-L ™! and a linear range of 8-48 pmol-L~! showing high
sensitivity and selectivity for glucose detection. The authors also
claimed that glucose concentrations from 16 to 3200 pmol-L ™! could be
discerned by eye-vision based on the color change under a 365 nm UV
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lamp, making rapid clinical or POC diagnostics possible. However, with
a total incubation/reaction time of 40 min, the term ‘rapid’ diagnostics
is questionable especially compared with commercially available elec-
trochemical glucose sensors, that can provide data from whole blood
within seconds.

Providing an apparative improvement the sonochemiluminescence
(SCL) approach of Meng et al. [83] features an apertureless ultrasonic
spray-based photoacoustic sensing platform for the detection of HyOo,
glucose, and GOx activity. The apertureless USB-piezoelectric ultrasonic
transducer (USB-PUT) overcomes the limitations of the previously
established mesh-type USB-PUT, such as solution leakage and atomi-
zation, and enhances the sensitivity and intensity of the detection.

Sharma et al. [84] modified the surface of a paper-based device with
a silver nanoparticle alginate composite (AgNPs@alg) for the
smartphone-based colorimetric detection of HO; in a custom-made 3D
printed photobox suitable for multiple smartphone models and form
factors. With only 5 s of assay time (dipping into solution), detection is
simple and fast, but with an LOD of 0.1 mmol-L ™! not the most sensitive
approach.
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Fig. 10. Xu et al. [80] present the integration of an advanced flavonoid dye with a boronate group as recognition element embedded in albumin in a paper-based
device or cuvette-based assay for smartphone readout. Reprinted with permission from Ref. [80]. ©2023 Elsevier.

He et al. [85] developed a paper-based fluorescent device for the acid and 10-100 pmol-L ! for choline, with LODs of 5.7 pmol-L ™! and

rapid early screening of oral squamous cell carcinoma by detecting 8.9 pmol-L ™! respectively. With the need for an UV-lamp for detection
lactate and choline via the generation of HoO5 by GOx and LOx. Hy02 the device is not the most convenient, but with a very short assay time of
was detected by the fluorescence decrease of porphin-grafted composite only 5 min and the smartphone-based readout the method offers an
fluorescent polymer colloids (PF-PDMTP/HQ) (Fig. 12). The signal intriguing and powerful opportunity for POC-care.

could be detected by a grayscale value analysis of a smartphone image of Unfortunately, with a few positive exceptions, many publications of
the paper-based device allowing for the quantification of HyO5 with an single-use devices do not examine important analytical measurement
LOD of 9.4 pmol-L ™! and a range up to 200 pmol-L™!. The linear parameters such as the reproducibility of the production process or the
detection ranges of the grayscale value were 10-200 pmol-L ™! for lactic precision and accuracy of the results. Layer thickness variation for (thin)
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films, coated and printed devices [86], the coffee-ring effect [87] or
dispensing volume variations for drop coated and similar applications or
variations from the probe carrier material or catalyst can negatively
affect performance, to name a few. Unfortunately, such considerations
and measurements receive too little attention although they are direly
needed to evaluate the production process and all measurements. Yet,
since manual preparation in the lab cannot provide the precision pro-
vided by mass-produced devices, and since additional significant effort
is needed to produce such results, too many academic scientists shy
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away from presenting such potentially difficult data.

2.2. The complexity of smartphone-based optical data acquisition

With several groups using smartphones in previously mentioned
publications, one cannot and should not avoid addressing the issue here.
The dramatic improvement of camera and imaging technology of
smartphones enables researchers to use them for data recording of
sensor signals [88-90] and in general as transducers and photon
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detectors for optical applications. Smartphones can represent a compact
and user-friendly detection system for performing various chemical as-
says, enabling real-time, on-site, and point-of-care testing. This shift
from  traditional laboratory-based analyses to  portable,
smartphone-integrated approaches broadens the accessibility of chem-
ical testing away from the lab toward the general public. In contrast to
photoluminescence, chemiluminescent [56,71] and colorimetric appli-
cations [25,40,63,91] generally require no additional external light
source, making the latter two the preferred detection methods in the
readout of analyte concentrations with smartphones.

The constant evolution of smartphone cameras and the variation
between models brings forth a substantial challenge for standardization
and hence universal applicability in analytical systems. While the
ongoing advancements enable more sensitive and sophisticated detec-
tion methods, the plethora of choices in the smartphone market makes it
challenging to create detection cabinets and protocols that can seam-
lessly integrate with every model. Each smartphone model possesses
unique features, dimensions, camera specifications, positioning of the
camera on the smartphone, software (availability & compatibility) and
sensor configurations, leading to variations in light detection perfor-
mance and potentially compromising the reliability of analytical results,
a factor typically overlooked or ignored in papers featuring smartphones
as detection platform. Specifically, most researchers are content to
demonstrate the feasibility of their studies with one specific smartphone
model and one operating system and do not provide general applica-
bility. Moreover, the abundance and widespread availability of smart-
phones are often touted as major selling points and primary reasons for
utilizing them in analytical applications. However, the very character-
istic that makes smartphones attractive for widespread use becomes a
double-edged sword. The allure of accessibility can lead to a lack of
thorough consideration for the challenges posed by the diversity of
smartphones.

With regard to the measurement setup or measurement design, one
should ask oneself in many publications why, if a simple and portable
low-effort system is to be developed for ‘everyone’, the complex and
time-consuming calibrations should not also be simplified. Especially for
colorimetric and reflectometric measurements, the addition or rather
integration of a calibration color-bar or code (as is already used in a
variety of indicator and test strips [92]) should do the trick. Thinking
onward: With the current developments and interest in
machine-learning and image analyzing Al, future applications in
detection and analysis with smartphone based apps could also greatly
benefit from that development with some groups already applying that
to basic colorimetric systems [93].

The lack of standardized reporting of operational parameters used in
smartphone-based detection in publications exacerbates this issue.
Without comprehensive information on the specific parameters and
settings used in experiments, the reproducibility of results becomes a
daunting task. Researchers aiming to replicate or build upon these
studies may face difficulties in achieving consistent outcomes without a
clear understanding of the operational intricacies tied to specific
smartphone models. Ideally, parameters that would be published are (if
available) used aperture, shutter speed, white balance, ISO-value, color
space, data format (e.g. JPEG, RAW, TIFF, etc.; with only RAW files
representing real image data unbiased by the camera software), type of
(CCD or CMOS)sensor, software version of image-capturing software
and used automated image processing routines by the camera software
(if so), and the used illumination source. Such datasets should become
standard or at least be a standard to that should be striven for to warrant
replicability of analytical detection with smartphones and contribute to
let them become a more accepted means of detection rather than a
trendy additional detection system.

The need for adaptability across different smartphones and operating
systems is crucial for the advancement and acceptance of smartphone-
based analytical systems. Collaborative efforts within the scientific
community, involving researchers, developers, and industry
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stakeholders, are essential to establish guidelines for reporting opera-
tional parameters and creating adaptable detection cabinets. Such
guidelines would ensure a more systematic approach to smartphone-
based analytical research, fostering standardization and improving the
overall robustness and reliability of these systems. This issue is gaining
attention, with different groups on the scientific side proposing such
standards for reproducible reporting and data acquisition [94,95], open
source software for image analysis [96], digital color analysis [97], color
correction algorithms [98] and positive influences arising from micro-
scopy applications [99].

3. Sensors, intermediate and semi-reversible sensing systems for
quantitation of HyO,

Many applications including environmental analysis, process,
biomedical and general cell culture monitoring, will greatly benefit from
a constant monitoring of HoO5 or precursor analytes [100]. Overall,
development of such continuous and fully reversible optical sensors has
been slow since their tasks are significantly more challenging. The
well-known interferences and problems such as (bio)fouling [101],
photobleaching, general changes in the composition of the analyte
matrix including variations in pH, ionic strength, leakage of probe
molecules and temperature are all dramatically enhanced challenges for
continuous sensors. Intermediate and semi-reversible strategies can in
some instances provide a sufficient solution through the help of an
appropriate engineering and assay design.

3.1. Intermediate and semi-reversible sensing systems for quantitation of
H30,

Intermediate and semi-reversible systems represent the stepping-
stone between discontinuous single-use sensors and continuous fully
reversible sensors. These systems allow semi-continuous detection by
repeated sample injection with irreversible reactions, with steadily or
repeated input of reagents, such as flow injection analysis (FIA) or
external factors such as light, temperature, addition of redox reagents or
cycling by an applied potential to allow (sufficiently fast) regeneration
of the sensing capability.

3.1.1. FIA systems

Due to the in-flow addition of buffer and reagents, FIA systems can
work with a variety of sample types and concentration ranges with a
broad range of pH values, assuming a sufficient dilution and buffering
can be reached. The noteworthy recently developed FIA-protocols are
mostly CL-based. Aside from the advantage of not requiring an excita-
tion lamp, thus reducing the required number of optical components, CL
reactions often show rapid to seemingly instantaneous kinetics, the
temporal resolution therefore being mostly defined by instrumental
limitations. However, requiring a certain level of instrumentation with
pumps, waste disposal, reagents, buffers and the like combined with a
temperature dependence of CL reactions, such FIA systems are not the
preferred choice for remote or POC applications. As the injected samples
are being ‘contaminated’ with reagents and buffers such systems are also
not applicable to ‘closed loop’ systems and are not ideal for very small
sample volumes.

Advances both in instrumental nature and on the basis of reagent
additives were key to the work by Mophammer et al. [102] (Table 2)
who developed a versatile FIA system coupled with microdialysis probes
allowing an initial size exclusion to avoid contamination of the system
with larger molecules for the sensitive detection of H,O5 with an acri-
dinium ester as CL reagent (Fig. 13). Their protocol and setup offers
customizable calibration ranges and exhibits enhanced selectivity,
especially with the addition of EDTA to prevent commonly occurring
interference from metal ions such as Fe(II) and Fe(III) [103].

As with single-use devices, also enzyme mimics are seeing their use
in FIA systems. For example Li et al. developed a [104] CL FIA protocol
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Table 2
Intermediate and semi-reversible sensors for the detection of H,O, presented in this review.
Probe/recognition Detected signal (LOD) Analytical/calibration Range(s) of H,O,  conditions Regeneration condition/cycle Ref
element time & condition
acridinium ester CL 0-1000 nmol-L"%; 0-10 pmoluL’l; FIA [102,
1-100 pmol--L~? 103]

Luminol/Fe- CL (5.3 nmol-L™") 0.01-10.0 pmol-L ™! carbonate buffer pH 10.5  FIA [104]

PorCOF
SPAN/HKUST- CL (60 nmol-L 1) 0.1-30 pmol-L~* pH 7.4 PBS FIA [105]

1@Luminol (25 pmol-L~!) 30-600 pmol-L~? 0.1 moleL ™! NaOH.
TCPO/Carbon CL (11.7 pmol-L Y up to 15 mmol-L ! (linear); up FIA [106]

nanodots to 50 mmol-L~! (exponential fit)
WS, QD NaCLO CRET (38 nmol-L ") 0.14-14 pmol-L ™. FIA [107]
Amplex Red/HRP HRP/H,0, oxidation of (0.05 pmol-L’l) 0-49 pmol-L~! 1/6 dilution with buffer FIA, washing with buffer 15 [108]

Amplex Red to resorufin min
CeO,.x NPs Luminescence quenching n.a. 36 min UV light +52 °C [110]
CoHCF Absorbance 1.5-20 mmol-L? Redox Cycle [111]
Sample Loop
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Fig. 13. Schematic of the FIA setup developed by Mophammer et al. with microdialysis probe for sample uptake with a syringe pump. The reagent and buffer
additions are achieved with a with peristaltic pump. Reprinted from with permission [102]. ©2018 Elsevier.

using a Fe-porphyrin covalent organic framework (Fe-PorCOF) as
peroxidase mimic combined with luminol for HyO, detection and a
broad linear range of 0.01-10.0 pmol-L ™! and an LOD of 5.3 nmol-L ! in
carbonate buffer pH 10.5. Aside from the use of the enzyme mimic, the
FIA protocol and setup were standard.

Yuan et al. [105] realized a CL FIA approach through a sulfonated
polyaniline decorated copper-based metal organic frame composite
(SPAN/HKUST-1@Luminol). This composite has a significantly
enhanced CL quantum yield of 136 times higher than luminol and
showed good signal intensities not only in basic conditions, but also at
physiological pH of 7.4. In a PBS pH 7.4 running buffer, they were able
to detect HyO5 with an LOD of 60 nmol-L ™! with a linear range of 0.1-30
pmol-L ™! and in 0.1 mol-L~! NaOH down to 25 pmol-L~! with a linear
range of 30-600 pmol-L ™! (Fig. 14). Thus, combining their system with
an autosampling setup would make a very interesting setup for moni-
toring HyO2 in cell cultures. In another study, Shen et al. [106] pub-
lished a FIA protocol integrating carbon nanodots (CDs) and bis(2,4,
6-trichlorophenyl) oxalate (TCPO) for sensitive quantification of HoOo
and glucose with an LOD of 11.7 pmol-L ! and a wide linear range up to
15 mmol-L™! with the option for an exponential fit extending the
quantitation range up to 50 mmol-L~!. Most notably, the CL quantum
yield of the CDs reached (8.22 + 0.30)-10~2 which the authors claim is
among the best values reported for a CL nanomaterial used in chemical
analysis. New in their system is the use of these enhanced CL-carbon
dots, whereas the FIA protocol itself is a traditional strategy.

In the case of Sun et al. [107] a chemiluminescence resonance energy
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transfer (CRET) platform is proposed that utilizes WSy quantum Dots
(QDs) for assessing HyOo during photocatalytic processes, achieving a
low LOD of 38 nmol-L ™! and a linear range from 0.14 to 14 pmol-L ™.
This is especially interesting for future applications on the analysis and
evaluation of disinfectant properties of photocatalytic species.

A unique strategy to overcome problems with both the auto-
fluorescence/color of erythrocytes and the time-factor of measuring
H505 from whole blood samples is proposed by Sen et al. [108]. By using
an acoustics-based blood plasma separation module in their microfluidic
setup, they were able to remove interfering and HyO»-degrading con-
tents and quantify HoO5 from fresh whole blood samples in one setup in
flow. The separated plasma was then mixed in the microfluidic chip with
HRP, buffer and Amplex Red which could be measured on-chip and
off-chip in their setup. In the on-chip separated plasma the group was
able to detect HyO5 in a range of 0-49 pmol-L ™! and with an LOD of 0.05
prnol~L’1 within a total response time of 15 min. For healthy individuals
the group reported HyO5 values in the range of 0.8-6 pmol-L ™! in whole
blood. While microfluidic systems do allow a miniaturization of the
actual mixing and measurement modules, and in this case also makes
centrifugation obsolete the previously mentioned same restrictions as
for the other FIA systems apply, but by using a microfluidic system, they
were able to reduce the required sample, buffer and reagent volume in
comparison with a larger FIA setup. By choosing a photoluminescent
reagent, the setup naturally also requires an excitation light source or
laser, respectively. The results suggest that the setup could be applied
also to rapid blood screening (Fig. 15).
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3.1.2. Regeneration of the detection system by external factors

Reversibility of a detection strategy was proposed by Malyukin et al.
using CeOz.x NPs [109]. These NPs can detect HoO5 by oxidation of ced*
to Ce**. This is accompanied by quenching of Ce** luminescence of the
nanoceria at 430 nm by a Fenton-type reaction as the nanoceria particles
also show a peroxidase-like activity. However, the long regeneration
time of the nanoparticles of up to 120 h at 22 °C or 24 h at 37 °C for the
smaller, 2 nm nanoparticle species, with the larger 10 nm nanocrystals
taking even longer for their regeneration required faster conversion to
make this approach competitive to other methods. Later, Seminko et al.
[110] discovered, that by simultaneously increasing the temperature
and continuous irradiation with UV light, they were able to reduce the
regeneration time for the HyO; detection of CeOz. and CeOy.Eu®t NPs
from 180 h to 4 h down to 36 min at 52 °C respectively. These reduced
regeneration times might not be sufficient for applications that require
constant monitoring but could be suitable for applications where a high
temporal resolution is not required. In combination with a currently
severely limited capability of quantitation this technology requires
further development and improvement before being implemented into a
functional sensing device.

Cobalt(II)-hexacyanoferrate (CoHCF) was used as an advanced
Prussian white substitute by Virbickas et al. [111] as an optical indicator
for HyO, which is electrochemically regeneratable as a layer on an
ITO/glass substrate. This unique system shows high stability of COHCF’s
thermochromic properties after voltammetric cycling and also resis-
tance to air exposure. The needed constant temperature of 25 °C for
photometric detection seems to be a minor disadvantage that can be
overcome with a simple chip-controlled temperature module (Fig. 16).
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3.2. Continuous and fully reversible sensors for quantitation of H202

The interplay between signal response, recovery, interferences,
calibration, and long-term signal drift distinguishes continuous and fully
reversible sensors from discontinuous or single-use sensors. In the case
of HyO4 detection, sensors should show rapid response times, allowing
for real-time detection of concentration changes in a dynamic environ-
ment as this timely information enhances safety, efficiency, and overall
process optimization. For all new concepts proposed, it is hence very
important to understand the mechanisms underlying the reversibility as
only this will allow smart optimization of the sensor performance
ensuring their longevity in demanding applications.

Publications over the last five years have proposed valuable new
concepts and probes for continuous and reversible optical sensors for
H0,. Such concepts address photobleaching, leakage, internal refer-
encing, reduction of interferences and background signals.

3.2.1. Ratiometric fluorescence

Dung and Rhee [112] (Table 3) immobilized HRP on the surface of a
sol-gel glycidoxypropyl trimethoxysilane and aminopropyl trimethox-
ysilane membrane containing carboxyl group functionalized-CdSe/ZnS
quantum dots (QDs) and aminofluorescein (AF)-encapsulated polymer
particles as probe and reference material, respectively. The membranes
were excited at 400 nm and measured at 500 nm for the reference and at
560 nm for the QDs, respectively. In presence of HyOo, the luminescence
of the QDs was quenched allowing a detection of HoO5 with a calculated
LOD of 11 pmol-L™! and a linear range of 0.1-1 mmol-L™! with a
response time of 5.5-8.5 min. The membrane also showed an acceptable
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reusability and stability of the signal after 60 test runs for concentrations
up to 1 mmolL™! whereas for higher concentrations (up to 10
mmol-L~1) the response of the membranes was reduced. The authors
attribute this reduction in sensitivity to the polymer backbone degra-
dation. By using QDs, the sensor eliminates the issue of photobleaching
if one ignores the photobleaching of the reference (AF)-encapsulated
polymer particles. On the negative side, QDs innately also show a
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blinking emission, an issue usually easily remedied by longer integration
time of the signal. With the rather long response time and a limited
useable analytical range further research in the field is required
(Fig. 17).

3.2.2. SPR-based detection
The label-free SPR technique has long been used in flow-systems
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Table 3
Reversible sensors for the detection of H,O, presented in this review.
Probe/recognition element Detected signal Sensor type (LOD) Analytical Conditions  Response time Ref
Range of Hy0,
Carboxyl group Ratiometric fluorescence/fluorescence GPTMS/APTMS a1 pmol-L’l) [112]
functionalized-CdSe/ZnS quenching hydrogel 0.1-1 mmol-L!
membrane
GO nanosheets/catalase SPR curve shift SPR Flow Cell (55 pmol-L’l) up to 30s [114]
1000 pmol -L~?
PtTFPP in D4 membrane Oxygen quenching of PTFPP emission by Hydrogel 15 pmol-.L ™1 1 <1 min for 3 mmol-L~! Hy0, [117]
KCC-1-PEI/PtNPs in D4 catalase-like mimic degradation of HyO, membrane based pmol-L™! - 10 up to 6 min for other
membrane mmol-L~! concentrations
PtTPTBPF/PdTPTBPF RuO,/PtNP catalyzed degradation of HyO, Flow-cell based (0.17 pmol-L D) PtNP spots 4.6 min total, ~2.5 min [118]
with O,-quenching of PtTPTBPF and (0.16 pmol-L™1) RuO, retention time
PATPTBPF phosphorescence Up to 1000 spots 5 min equilibration
pmol-L~!

making it applicable for in-situ measurements. It enables very fast
response times and depending on the setup it may only require small
sample volumes. As label-free strategy that monitors activity at the
sensor surface, it obviously suffers from non-specific interactions and
adsorption processes [113]. Gupta and Semwal [114] proposed an
enzymatic decomposition of HoO5 to O, and H30, where the latter in-
teracts with graphene oxide (GO) nanosheets in the GO/gold wafer
interface. This interaction causes a change in the refractive index and a
shift in the resonance wavelength of the SPR curve. Unfortunately, the
authors opted for discontinuous FIA-style operation and did not take
advantage of an in principle possible continuous measurement set-up.
Nonetheless, the sensor showed a response time of 30 s, an LOD of 55
urnol-L_1 and a quantitation range up to 1000 pmol-L_l (Fig. 18).

3.2.3. Oxygen-based H20 detection

The well-known and well-published concept of quantifying HyO,
through catalytically or enzymatically generated oxygen followed by
quenching of fluorescence or phosphorescence [115] allows the use of
several well-established oxygen-sensitive dyes and complexes as probes,
such as Ru-bipyridines, Ru-Phenanthrolines and Pt- and Pd-porphyrins
[116]. Major advantages of this approach include probe response time
and regeneration time with the quenching mechanism being primarily
diffusion limited. Obviously, residual oxygen or oxygen concentration
changes within the samples can severely impact measurement quality,
reproducibility, and precision and must be taken into consideration.
Ding et al. [117] present a sensor employing Pt NPs within fibrous silica
particles embedded in a hydrogel matrix, demonstrating promising
detection capabilities and requiring only very small sample volumes.
Unfortunately, they noticed a luminescence decrease of 12 % after the
first calibration cycle, which they attributed to leakage. Aside from that,
they also observed concentration-dependent response times and, while
acknowledging the issue of interference from residual oxygen and
temperature in principle only briefly suggested possible solutions, i.e.
the integration of oxygen and temperature control sensing spots. The
work of Torsten Mayr’s group [118] which they were recently also able
to use as detection element for at-line monitoring of HoO5 released from
a photocatalytic synthesis [119] offers an innovative flow-cell-based
sensor with an additional oxygen sensing element and an upstream
deoxygenation module to mitigate such baseline issues and sensory
drifts based on oxygen changes as in their previously published glucose
sensor (Fig. 19) [120]. While achieving enhanced LODs, extended linear
ranges, full reversibility, stable hysteresis, and stability over 9 h of
measurement, the sensor’s response/equilibration time of 5 min, the
batch-to-batch variation and complexity associated with the experi-
mental setup underscore the need for further refinement and consider-
ation of practical application challenges.

4. Conclusion and outlook

The development of optical HoO2 sensors shows a clear trend toward
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implementing synthetic enzyme mimics and nanozymes as tunable and
efficient replacements for peroxidases. Although some aspects,
regarding catalytic activity, issues with the vague interpretation of the
definitions and wording are under scrutiny, the hope is that these
nanomaterials can provide a better long-term and assay stability in
addition to desirably low LOD’s. Nevertheless, benchmark experiments
and closer comparison to enzyme activities and nanozyme weight- or
amount-based turnover rates should be included in publications for
better classification. The next steps towards their possibly broad-based
use in analytical systems are the comprehensive design of studies
investigating their effect on the environment including toxicity, persis-
tence, (bio)accumulation, and overall environmental impact [121]. In
fact, some of the heavy metal-based systems may be far from any sus-
tainable use. It is therefore of great interest that some efforts are made
searching for renewable sources of educts for the synthesis of certain
enzyme mimics [122-124].

For colorimetric applications, TMB continues to be the most common
indicator, despite the availability of other valid options such as Amplex
Red, nanomaterials or ABTS. This increased use is likely due to its
commercial availability, comparably low price, and an abundance of
protocols for enzymes and synthetic enzyme mimics. However, finding a
replacement for colorimetric substrates with a broader dynamic range,
lower background signal and lower environmental impact would be
highly desirable. Considering the vast number of published enzyme
mimics, there may be a possibility of new developments and applica-
tions on this front in the future.

The dramatic improvement of cameras integrated in smartphones
has made those an easy transducer for sensor development as signals can
easily be taken and processed through appropriate apps. This clearly is a
significant and growing, but not entirely unproblematic trend in the
field of analytical chemistry [90]. The paradigm shift from lab-based
detectors to smartphone cameras is driven by the widespread use,
computational power, and portability of modern smartphones, which
have transformed these handheld devices into versatile tools for quan-
titative chemical analysis. Smartphone-based detection is also
commonly used with paper-based sensors combining low-cost and
weight disposable sensors and broadly available smartphone devices.
However, standardization of smartphone optical data acquisition and its
software conversion to work with smartphones from any producer still
remains an unsolved task. Specifically, comprehensive reporting of
experimental parameters regarding image capture and data/software
processing, is mnecessary for reproducibility and reliability in
smartphone-based detection. The diversity of smartphone models does
pose a challenge for standardization and universal applicability in
analytical systems. Efforts to adapt measurement setups to accommo-
date different models and operating systems are crucial. In combination,
performing control experiments with different smartphones are needed
to show the robustness and versatility of sensing platforms. The imple-
mentation or integration of simplified calibration processes such as
standard color bars or codes into measurement designs to facilitate
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ease-of-use for a wide range of users in different lighting and (smart- guidelines for reporting operational parameters and creating adaptable
phone) camera situations could also improve sensing accuracy and detection systems. This would promote standardization and improve the
accessibility. reliability of smartphone-based analytical research. Such standards from

Overall, such collaborative efforts within the scientific community researchers for researchers will help development and innovation and
are needed and are being actively pursued [92,94-99] to establish serve as a benchmark, as well as provide regulatory institutions with

20
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helpful examples for and
requirements.

The current rise of machine-learning algorithms and Al-tools could
also provide a massive enhancement for image and data analysis for
both smartphone-based mobile and more classical laboratory-based
applications. This trend leans on early research in the 1990s using
neural networks for pattern recognition [125]. A main hurdle will al-
ways be the sheer amount of data that is needed to feed such digital
learning tools but considering current trends and openness from funding
agencies to go along this developmental route, the integration of Al in
sensors and sensing technology will become not only feasible but also
useful.

Although an abundance of novel photoluminescent probes is devel-
oped and published, the number of sensors based on new probes is
limited. Literature surveys show that over 1152 papers alone are found
in the Web of Science since 2018 when searching for ‘fluorescence
detection hydrogen peroxide’. Yet, these are seldomly picked up by re-
searchers developing optical sensors, who tend to use established
probes. One may ask why this disconnect exists. Don’t the new probes
address challenges hampering optical sensors? Or do sensors lag behind
probe development? Obviously, there should be more interaction be-
tween these two research fields. If there was more cooperation here,
great sensors would surely come to or rather emit light (with a higher
wavelength).

For the semi-reversible/continuous systems FIA methods, especially
in combination with CL reagents, have seen improvement and have
shown to be powerful tools. With the developments based on newer,
brighter CL reagents, microfluidics, portable systems useable for more
remote work [126] and the improved sampling systems, new in-
novations and better systems are just around the corner.

Clearly, fully reversible and continuous optical HoO5 sensors remain
a rarity where to-date no fully satisfying solution exists. Yet, the
development of probes or recognition or catalytic elements alone is not
sufficient. It is also necessary to develop new, sustainable membrane
coatings that protect optical probes from fouling and leaking. Self-
referencing or ratiometric probes are needed to avoid extensive cali-
bration and sensory drifts. Novel probes with a truly reversible detection
mechanism that work not only in cuvettes but can be used in sensor
membranes and for continuous detection are required. We thus think
that this should motivate the leading minds in sensor and optical probe
development to enhance collaboration towards the advancement of
superior optical sensors addressing the critical issues here described that
are beyond each single lab’s expertise.

developing operational guidelines
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