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The detection and quantification of antioxidant molecules is an important task in food science, the fine
chemical industry and healthcare. Antioxidants help in preventing the deterioration of nutrition and
healthcare products, while eliminating over-the-limit exogenic reactive species, which may lead to ill-
nesses. In our contribution, an inexpensive and rapid method to determine the concentration of various
molecular antioxidants was developed. The principle of the analysis relies on the cupric ion reducing anti-
oxidant capacity (CUPRAC) method, which is based on the color-changing reduction of chelated Cu?*
ions. This complex was successfully immobilized on an alginate-functionalized layered double hydroxide
(dLDH) nanosheet via electrostatic interactions. The synthesis conditions of alginate (NaAlg) and the
cupric complex were optimized, and the optimized composite was fabricated on cellulose paper to
obtain a sensing platform. The paper-based sensor was superior to the ones prepared without the dLDH
support, as the limit of detection (LOD) values decreased, and the linearity ranges broadened. The results
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offer a single-point measurement to evaluate the antioxidant efficiency in a cuvette-based method. The
superior ability of the sensor was assigned to the presence of solid dLDH particles, as they offer adsorp-
tion sites for the dissolved antioxidant molecules, which contributes significantly to the decrease of the
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Introduction

Antioxidants play an important role in protecting against
unstable reactive substances generated during normal bio-
chemical reactions, as they inhibit or reduce the harmful
effects of reactive oxygen/nitrogen species (ROS/RNS), thus pre-
venting the development of oxidative stress.' Enzymatic anti-
oxidants (i.e., superoxide dismutase, catalase, horseradish per-
oxidase) are essential for biochemical processes, where ROS is
converted to H,0, and ultimately to water. Next to the enzy-
matic species, the application of molecular antioxidants
turned out to be a widely investigated area in the last
decade.*® Molecular antioxidants can be found in plants and
in the human body as well, but synthetic representatives are
also known.”® Immobilization in/on various nanoparticles is a
common tool to enhance the sensitivity (against pH, light,

“MTA-SZTE Lendiilet Biocolloids Research Group, University of Szeged,

H-6720 Szeged, Hungary. E-mail: szistvan@chem.u-szeged.hu

bDepartment of Physical Chemistry and Materials Science, University of Szeged,
H-6720 Szeged, Hungary

‘Australian Institute for Bioengineering and Nanotechnology,

The University of Queensland, Brisbhane, QLD-4072, Australia

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1an02352g

This journal is © The Royal Society of Chemistry 2022

diffusion limitation during the detection process.

pressure, temperature, ionic strength, etc.) of both enzymatic
and non-enzymatic substances, which can facilitate bio-
medical and industrial applications.” ™ In the past decades,
antioxidants have played an important role in fundamental
sciences and in more applied disciplines and hence, assess-
ment of antioxidant activity in different environments has
become an extensively studied area.'*™"”

Accordingly, different methods were reported for measuring
the antioxidant activity in pharmaceuticals, foods, or natural
products. The classical color change-based techniques evaluate
the antioxidant activity of different compounds or products by
using a spectrophotometer. For instance, the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay is a conventional test to estimate
the effectiveness of various antioxidants.'® This test relies on
the reduction of DPPH radicals and it is designed to determine
the efficient concentration (ECsy), the antioxidant dose
required to decrease the initial radical concentration to half.
The Ferric Reducing Antioxidant Power (FRAP) assay was devel-
oped for the reduction of Fe** to Fe** ions'® and the corres-
ponding development of blue colored solutions, while decolor-
ization of 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) is also a common solution chemistry method to detect
molecular antioxidants.?® Besides, the Cu®*'-Neocuproine (Nc)
complex has proven as a powerful tool to determine the anti-
oxidant activity of different samples (so-called CuPRAC
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assay).”! During the test, Cu®>" ions are reduced to Cu” followed
by a color change, from light blue to orange. Such a color
change allows spectrophotometric detection and determi-
nation of Trolox Equivalent Antioxidant Capacity (TEAC) values.

Since the above classical techniques applied in homo-
geneous solutions are sufficiently elaborated, numerous
studies were concerned with the development of antioxidant
sensing devices. The sensors reported in the literature to date
are based on a color change***® or operate on an electro-
chemical basis'>?**** and often involve nanomaterials®*>® to
quantify the antioxidant contents. For instance, immobiliz-
ation of the Cu(Nc), complex on membranes,'® electrodes'” or
paper® led to the development of sensing elements, which are
potential candidates for use in complex devices. Despite the
good number of studies, the reported sensors still have limit-
ations (e.g., elevated limit of detection (LOD), lack of signal lin-
earity or instability of the sensing composite under harsher
environmental conditions), indicating the need for further
investigations in the area of antioxidant sensors, similar to the
efficient sensing elements developed in other fields.*?

In the present work, the fabrication of a highly sensitive,
paper-based colorimetric antioxidant sensor by functionali-
zation of delaminated layered double hydroxide (dLDH)
nanosheets was aimed. Conventional LDHs consist of posi-
tively charged metal hydroxide layers and charge compensat-
ing interlayer anions, however, their delamination into dLDHs
provides a great tool to obtain unilamellar nanosheets with
advanced features, such as biocompatibility, high specific
surface area and anion exchange capacity.**™” Moreover,
LDHs have already demonstrated their potential in the fabrica-
tion of various sensors.*®*' An an anionic polyelectrolyte,
sodium alginate (NaAlg) was applied to control the surface
charge of dLDH particles, while the antioxidant sensing nature
was achieved by functionalization of the polyelectrolyte coated
nanosheets with the Cu(Nc), complex. The structure and com-
position of the obtained sensing composite were explored by
microscopy, spectroscopy and light scattering techniques.
Antioxidant tests were first performed in dispersions using
spectrophotometry and an image processing program after the
formulation of the composite on cellulose filter paper. The
sensing parameters such as linear range, LOD and TEAC
values were determined for numerous molecular antioxidants.

Materials and methods
Materials

Magnesium nitrate hexahydrate (Mg(NOs),-6H,0), aluminum
nitrate nonahydrate (Al(NO3);-6H,0), sodium hydroxide
(NaOH) and lactic acid (85%) were purchased from Merck and
used without purification. Copper(u) chloride dihydrate
(CuCl,-2H,0), neocuproine (Nc), trolox, vr(+)-ascorbic acid,
eugenol, diosmin, gallic acid, glutathione (reduced), catechin
hydrate, tannic acid, chlorogenic acid (predominantly trans),
sodium salicylate, sodium alginate (NaAlg), sodium chloride
(NaCl) and ethanol were obtained from VWR International in
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analytical grade and used as received. For sensor preparation,
cellulose filter paper (Whatman Grade 602H, VWR) and crayon
were used. Ultrapure water was obtained from a Puranity TU3+
UV/UF system.

Preparation of dLDH nanosheets

A dLDH dispersion of 15 g L' concentration was prepared
using the co-precipitation method as described elsewhere with
some modifications.** Briefly, a 25 mL lactic solution contain-
ing lactic acid (40.0 mmol) and NaOH (64.0 mmol) was pre-
pared. A 15 mL salt solution containing 8.0 mmol of Mg(NO3),
and 4.0 mmol of Al(NO;); was quickly added to the lactic solu-
tion with continuous stirring for two hours, followed by soni-
cation for 30 minutes. dLDH nanosheets were obtained after
washing three times with distilled water via centrifugation and
re-dispersed in deionized water. The size, charge, and mor-
phology of dLDH nanosheets were characterized by dynamic
light scattering (DLS) and transmission electron microscopy
(TEM). For the latter measurements, a JEM-3010 ZEOL device
at an acceleration voltage of 100 kV was used.

Light scattering methods

Electrophoretic and DLS measurements were carried out with
a Litesizer 500 (Anton Paar) instrument. The device is
equipped with a 40 mW laser source operating at 658 nm wave-
length. The measurements were carried out in backscattering
mode at 175° scattering angle.

For the determination of electrophoretic mobilities (u), Q-
shaped plastic cuvettes were purchased from Anton Paar. The
total sample volume for the experiments was 400 pL. During
sample preparation, calculated amounts of NaAlg and dLDH
dispersion were mixed to achieve the appropriate polyelectro-
Iyte dose. To adsorb the copper complex on the polyelectrolyte
coated particles, Cu(Nc), solution, in calculated volume, was
added to the particle dispersions. The mixtures were prepared
one day before the measurements. 1 mM NaCl was used as the
background electrolyte, the pH was set to 9 and the final par-
ticle concentration was 10 mg L™". Zeta potentials ({) were cal-
culated using Smoluchowski’s equation:*?

e 1)
n

where ¢ is the relative permittivity of water, ¢, is the permittiv-

ity of vacuum and 7 is the dynamic viscosity.

DLS measurements were carried out in disposable poly-
styrene cuvettes (VWR International). The final volume was
2 mL, and the sample preparation was the same as the one
described for the electrophoretic measurements. Nevertheless,
the DLS analyses were performed immediately after mixing the
components to assess the initial stage of aggregation. To deter-
mine the particle size, the second cumulant fit was applied to
the correlation function and the hydrodynamic radius (R;,) was
calculated using the Einstein-Stokes equation:**

ksT

h = (2)

n 6nnD
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where kg is the Boltzmann constant, T is the temperature and
D is the translational diffusion coefficient. The stability ratio
(W) values were used to express the speed of particle aggrega-
tion as follows:*

kfast

w == 3)
where k is the apparent aggregation rate constant calculated
from the increase in the hydrodynamic radius in time resolved
DLS measurements and kg, was determined during diffusion
limited particle aggregation achieved in 1 M NaCl concen-
tration. Further experimental details on W assessment are
given elsewhere.*®

Antioxidant test

The CuPRAC assay based on the reduction of the Cu(Nc),
complex was applied to measure the antioxidant activity
(Scheme S1 in the ESIt)."” From the molecular antioxidants
(trolox, sodium salicylate, diosmin, glutathione, ascorbic acid,
chlorogenic acid, catechin, eugenol, gallic acid and tannic
acid)) 1 mM aqueous solutions were prepared, while
CuCl,-2H,0 and Nc were dissolved in a 50 v% ethanol-water
mixture to reach 1 mM complex concentration and 1:1 metal-
to-ligand ratio. The total reaction mixture was 2 mL. During
the measurements, the complex concentration was set to
0.1 mM, while the antioxidant concentration was systemati-
cally varied. The concentration of the sensing composites in
the cuvette was set to 10 mg L. After 30 minutes of reaction
time, the absorbance was measured at 450 nm wavelength. To
determine the TEAC values, the molar absorbance (&) values of
the antioxidants and trolox (reference molecule)
compared:"?

were

TEAC =

€A0
. 4
ETrolox ( )

Sensor fabrication and analysis

To prepare paper-based sensors, a conventional crayon was
used to draw the desired pattern on both sides of filter paper.
Thereafter, the filter paper was placed in an oven and heated
at 150 °C for 5 minutes. To measure the antioxidant activity,
100 pL of Cu(Nc), or immobilized Cu(Nc), was dropped on the
surface of the filter paper. After drying, 20 pL of antioxidant
solution was added at different concentrations. The sensors
were allowed to air-dry at room temperature for 30 minutes
and scanned using a Kyocera ECOSYS M5526¢dn scanner with
a resolution of 1200 dots per inch. The color intensity was ana-
lyzed using the Image] software in the RGB color range. Since
the sensors turned to an orange color after the addition of the
antioxidant, blue, as the complementary color, was used to cal-
culate the change in intensity during the analysis. The AMBV
values were determined using the following equation:

AMBYV = MBV ontrol — MBVo (5)

where MBVignio1 1S the measured mean blue value of the
control (without antioxidant) and MBV,, is the measured
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mean blue value of the antioxidant containing area. The
points were fitted with the Hill Equation in the IGOR data ana-
lysis software. To calculate the TEAC, the xp,¢ parameter of
antioxidants and xp,¢ parameter of trolox, as a reference, was
compared:

Xhalf,
alfao ) (6)
Xhalfirolox

TEAC =

All measurements were taken three times (n = 3) and the
LOD was determined using the following equation:

LOD = (7)

where 6 is the standard deviation of the control and s is the
slope of the fitted line.

Sample preparation for surface enhanced Raman spectroscopy
(SERS)

Silver nanoparticles were used to functionalize the filter paper
to enhance the Raman intensity, as their size and shape-
dependent surface plasmonic properties are widely utilized in
SERS experiments.*® Silver nanoparticles were prepared by the
Lee and Meisel method.” Accordingly, 500 mL of 1 mM
AgNO; solution was heated to boiling and thereafter, 10 mL of
1% trisodium citrate was added dropwise into the boiling solu-
tion under vigorous stirring. The mixture was kept boiling
until a green-grey silver colloid was obtained. The dLDH dis-
persion, the Cu(Nc), complex solution and the functionalized
dLDH dispersion were uniformly introduced dropwise to the
surface of the filter paper. After drying, silver colloid coated
filter paper was obtained. The SERS measurements were
carried out based on a previously established protocol®® with a
Bruker Senterra II Raman microscope. An excitation wave-
length of 532 nm applying 25 mW laser power was used and
128 spectra with an exposition time of 4 s were averaged.

Scanning electron microscopy (SEM)

Morphological analyses of bare and modified filter papers
were performed using a Hitachi (Tokyo, Japan) S-4700 SEM at
10 kV accelerating voltage. Small parts of functionalized cell-
ulose paper were cut and glued on the sample holder with
double-sided carbon tape. Before the measurement, a gold
layer was deposited on the surface of the glued papers.

Results and discussion
Functionalization of dLDH particles

dLDH nanosheets containing Mg”>* and AI** metal ions and
charge compensating lactate anions exhibited a uniform size
distribution (polydispersity index of 0.176) with a Z-average
hydrodynamic size of 47 nm (Fig. S1AT) and a zeta potential of
+26.3 mV. The TEM image shows that dLDH has a hexagonal
and sheet-like morphology (Fig. S1BY).

Since both dLDH and the Cu(Nc), complex have positive
surface charge, the direct functionalization of the nanosheets
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Fig. 1 (A) Zeta potential and stability ratio values at different polyelectrolyte doses. (B) Zeta potentials as a function of the complex concentration.

The inset (in B) shows the hydrodynamic radius in time at 0.1 mM Cu(Nc), concentration. The solid lines are a guide to the eye. The polyelectrolyte

dose in A refers to mg NaAlg per 1 g of dLDH.

with the complex via electrostatic interactions is not feasible.
Therefore, a negatively charged NaAlg polyelectrolyte was
adsorbed on dLDH particles. To optimize the NaAlg dose, zeta
potential values were determined at different polyelectrolyte
concentrations (Fig. 1A).

At low doses no change can be detected in the zeta poten-
tial, while upon increasing the amount of the polyelectrolyte,
the potentials decreased. The adsorption of NaAlg on the
oppositely charged nanosheets led to charge neutralization at
the isoelectric point (IEP at 50 mg g '), while the surface
charge turned negative above this dose. Finally, the zeta poten-
tials decreased until reaching the adsorption saturation
plateau (ASP at 150 mg g™ "). The particles are fully covered by
the polyelectrolytes at the ASP and, thus, further increasing
the NaAlg dose gave rise to constant zeta potential values, indi-
cating that the further added NaAlg did not interact with the
particle surface. Polyelectrolyte induced charge reversal of sur-
faces has been already published in the literature and it was
related to entropy effects, ion correlations and hydrophobic
interactions.”*>*

The trend in the stability ratios is in good agreement with
the zeta potential values if one considers the presence of repul-
sive forces of electrostatic origin. Accordingly, at low doses,
where the particles possess considerable positive charge,
aggregation did not occur, ie., the dispersions were stable.
However, at the IEP, where the overall charge is zero, the
electrostatic repulsion between the particles vanishes and
hence, the particles rapidly aggregate. Note that a stability
ratio close to one means that the particles undergo diffusion-
controlled aggregation. At higher NaAlg doses, the charge
reversal induced the re-entrance of significant surface charges,
leading to the rise of repulsive forces stabilizing the samples.
These results are further demonstrated by time resolved hydro-
dynamic radii shown in Fig. S2.1 At low and high polyelectro-
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Iyte doses the particle size is constant, while close to IEP,
hydrodynamic radii increased rapidly.

The above results are in line with the findings reported for
other oppositely charged LDH-polyelectrolyte systems.** To
obtain processable particles of sufficiently high negative
charge for Cu(Nc), immobilization, 150 mg g~' NaAlg concen-
tration (denoted as dLDH-Alg later) was applied in the further
measurements. Under these experimental conditions, the dis-
persions are stable and the dLDH surface is fully covered with
polyelectrolyte chains.

The effects of the possible adsorption processes of Cu(Nc),
on the charge characteristics of dLDH-Alg were studied via
zeta potential measurements (Fig. 1B). By increasing the
complex concentration, zeta potentials increased, nevertheless,
charge reversal occurred to a negligible extent. At low Cu(Nc),
concentrations, the charge did not change significantly, and
thus the dispersions are expected to remain stable. At higher
Cu(Nc), levels the particle charge was close to zero, which
resulted in an unstable dispersion. Therefore, to maintain
high colloidal stability, 0.1 mM Cu(Nc), concentration was
used to functionalize the dLDH-Alg particles (denoted as
dLDH-Alg-Cu(Nc),). Under these complex experimental con-
ditions, particle aggregation was not observed (see the Fig. 1B
inset).

Antioxidant tests with bare and immobilized Cu(Nc),

To prove that the immobilized complexes kept their anti-
oxidant sensing ability, the CuPRAC tests were performed. As
mentioned earlier, the assay is based on the redox reaction
between Cu(Nc), chelate and antioxidant substances
(Scheme S17). During Cu' formation, the color of the solution
shifts from light blue to orange. To evaluate the measure-
ments, the final absorbance values at 450 nm, after
30 minutes of reaction time, were plotted against the initial

This journal is © The Royal Society of Chemistry 2022
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antioxidant concentrations (Fig. S31). The slopes determined
from the graphs were compared with the molar absorption
coefficient of trolox to calculate TEAC values (see eqn (4)).
Once the antioxidant has high efficiency, the color will change
more rapidly and the absorbance will increase more signifi-
cantly. In other words, TEAC values higher than one means
that the antioxidant is more efficient than the reference mole-
cule. The TEAC values determined with dLDH-Alg-Cu(Nc), and
Cu(Nc), for ten different antioxidants are shown in Fig. 2.

The aim of these experiments was to compare the sensing
capability of the bare and immobilized complex. The data in
Fig. 2 indicate that the TEAC values determined by the sensor
were similar to the one observed by the complex, while the
same trend was observed in the activity of the molecular anti-
oxidants, which can be divided into three groups based on
their activity. While ascorbic acid and chlorogenic acid have
TEAC values close to one, sodium salicylate, diosmin and glu-
tathione showed lower activity than trolox. However, the rest of
the antioxidants (catechin, eugenol, gallic acid and tannic
acid) represent higher TEAC values. Note that the complex did
not lose the antioxidant sensing ability upon immobilization;
therefore, it can be applied as a potential antioxidant sensing
element.

Besides, on the basis of the liquid phase CuPRAC measure-
ments using Cu(Nc), as a sensing element, a novel single-step
method was developed to calculate antioxidant activities
without performing experiments at several concentrations. As
is shown in Fig. 3, there is a linear relationship between the
calculated TEAC and the absorbance values measured at
10 pM concentration of the molecular antioxidants.

m complex
sensor

10

0.1

TEAC

0.01

0.001

OO

Catechin

Glutathione

Sodium salycliate

Fig. 2 TEAC values determined by Cu(Nc), (complex) and dLDH-Alg-
Cu(Nc); (sensor) for different molecular antioxidants using eqn (4).
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By using the parameters obtained from the linear
regression of the data, the effectiveness, expressed in TEAC, of
the different antioxidants can be determined in a single step.
Applying this protocol, the antioxidant activity of substances
can be assessed by measuring only one absorbance value and
no need for concentration-dependent measurements. This
method represents an innovative alternative to replace pre-
viously used time consumed protocols to detect antioxidant
activity. As another advantage besides faster detection, a much
lower sample volume is necessary, since only one experiment
is carried out. It is expected that this methodology will be
widely applied as a laboratory tool to identify the presence of
molecular antioxidants in various samples.

Paper-based sensor

To fabricate an antioxidant sensor, the Cu(Nc), complex
and the dLDH-Alg-Cu(Nc), composite were immobilized on
cellulose filter paper surfaces, affording P-Cu(Nc), and
P-dLDH-Alg-Cu(Nc),, respectively. First, the presence of Cu
(Nc), on cellulose filter paper was confirmed by Raman spec-
troscopy. To increase the Raman signal, silver nanoparticles
were attached to the substrate. The Raman spectra of Cu(Nc),,
the paper and P-Cu(Nc), are shown in Fig. 4.

The intense peak at around 2900 cm ™" indicates CH stretch-
ing vibration, while the 1000-1500 cm™" region denotes the C-
O-C stretching, HCO and HCC bending vibrations. These
bands are characteristic of the cellulose filter paper.”>® In the
Raman spectrum of P-Cu(Nc), (Fig. 4A(d)), some additional
very intense peaks appeared. The vibrational bands found at
1404 cm™" and 1580 cm™" can be related to the C=C stretch-
ing mode vibration of the rings in the phenanthroline back-
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(A) SERS spectra of cellulose filter paper (a), P-dLDH (b), Cu(Nc); (c), P-Cu(Nc), (d) and P-dLDH-Alg-Cu(Nc); (e). Squares (M) refer to the

peaks of the paper substrate, stars (%) for dLDH and circles (®) for Cu(Nc),. (B) SEM image of P-dLDH-Alg-Cu(Nc),. The empty circles in (B) indicate

the position of dLDH particles.

bone.’® One of these bands can be found in all Cu(Nc),, P-Cu
(Nc), and P-dLDH-Alg-Cu(Nc), samples, which unambiguously
confirmed the presence of Cu(Nc), in each material. The full
assignment of the Raman peaks is shown in Table S1.}

SEM analysis confirmed the presence of dLDH particles in
the final composite (Fig. 4B). The circles indicate the particles
immobilized on the surface. The size of the dLDH particles is
in good agreement with the DLS measurements, as the average
diameter, calculated from 30 measurements, was found to be
(183 = 30) nm. The SEM images of the paper and the P-Cu(Nc),
are shown in Fig. S4,T where dLDH particles are not present.

Formulation of sensing elements on paper provides a fast
and cheap way to measure the antioxidant activity of different
samples. For quantification, the Image] software was used in
this study, but a portable color reader or a cell phone may be a
potential analyzer to detect the antioxidant activity based on
color changes. The P-Cu(Nc), and P-dLDH-Alg-Cu(Nc), without
antioxidants were almost colorless. However, a well visible
(even to the naked eye) color change occurred immediately
after the addition of antioxidant solutions, and it became
stronger with the increase of the antioxidant concentration. It
was found that the immobilization of the complex on LDH did
not affect its sensing reaction towards antioxidants. The
photos of paper-based sensors are shown in Fig. S5.1 Since the
complementary color of orange is blue, blue color intensity
values were used to identify the sensor efficiency during the
analysis.

For both P-Cu(Nc), and P-dLDH-Alg-Cu(Nc), the AMBV
values start to increase upon increasing the antioxidant con-
centration and after a threshold concentration, the AMBV
values reach a plateau. The linear increment was fitted
(Fig. S6t) and thus, the linear range and LOD values were
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determined (Table S2 in the ESI}). The linear range values are
located in the 3-300 uM range, while the LOD values are under
100 pM in almost every case. With the application of the
immobilized complex, the linear range values widened, while
the LOD values decreased significantly with a few exceptions.
For diosmin and glutathione, the linear range did not broaden
but shifted to a somewhat different concentration range. In
the case of diosmin, the linearity is shifted to a higher concen-
tration range (150-300 pM), while for glutathione, it is shifted
to lower concentration values (80-100 pM). Fig. 5 presents the

140
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Fig. 5 LOD values determined for the antioxidants by sensor measure-
ments. P-Cu(Nc),: paper/complex and P-dLDH-Alg-Cu(Nc),: paper/
sensor.
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LOD values measured with both P-Cu(Nc), and P-dLDH-Alg-Cu
(Nc),.

Accordingly, LOD values were lower with P-dLDH-Alg-Cu
(Nc), than with P-Cu(Nc), for 8 molecular antioxidants, while
for diosmin, the opposite trend was observed. The possible
reason for the decreased LOD values is that the dLDH particle
could not penetrate the paper pores, i.e., they are localized on
the surface and thus, they are more capable of interacting with
the antioxidant molecules. For catechin, trolox and eugenol,
the decrease in the LOD was moderate (less than 10 uM), while
for tannic acid, chlorogenic acid and gallic acid LOD values
decreased by 14 pM, 15 pM and 11 pM. The most striking
improvement in the LOD was in the case of glutathione, with
which the LOD difference was 67 pM, when using P-dLDH-Alg-
Cu(Nc), or P-Cu(Nc),.

TEAC values were determined based on fitting the experi-
mental data with the Hill equation (Fig. S71). The tendency in
antioxidant detection was similar for Cu(Nc), and dLDH-Alg-
Cu(Nc), (Fig. 2). However, two exceptions were identified.
Eugenol exhibited a lower TEAC value, while chlorogenic acid
had higher activity during paper-based sensor measurements.
Since eugenol has just one active phenolic OH group in its
structure (see Table S27), the loss in activity is possibly due to
the formation of H-bonds between the molecules and the cell-
ulose filter paper, covering the active sites. On the other hand,
the active groups of chlorogenic acid may be more accessible
after interaction with the surface of the sensor than in the
liquid phase. The TEAC values determined by the sensor
measurements are shown in Table S2,1 while the comparison
with other methods is collected in Table S3.F The latter data
indicate that the sensitivity and the efficiency of P-dLDH-Alg-
Cu(Nc), is comparable to other sensors reported earlier in the
literature. However, its preparation is simpler, i.e., synthesis of
dLDH is facile and cheap as well as no need for using compli-
cated sensor elements such as membranes or electrodes.

Conclusion

Mobile, on-site measurements demand the continuous devel-
opment of sensors to assess their qualities and quantities in a
rapid fashion. Herein, a paper-based sensor was developed for
the facile detection of molecular antioxidants. NaAlg functio-
nalized dLDH nanosheets were used as carriers for the immo-
bilization of Cu(Nc),, which was applied as the color changing
center. It was found that the optimal conditions for the sensor
preparation required a magnitude lower Cu(Nc), concentration
compared to the traditional CuPRAC method. The prepared
composite was placed on cellulose paper as a stable and hom-
ogenous suspension followed by fixation by drying. SERS con-
firmed the presence of characteristic vibration bands of chelat-
ing neocuproine on the sensor, while the platelets of dLDH
were spotted on SEM micrographs. The sensitivity and linearity
of antioxidant detection were also determined. Ten molecular
antioxidants were under investigation and color change accom-
panying the reduction of Cu(Nc), was more intensive with a
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higher concentration of the antioxidant, i.e., the reaction was
as sensitive to the presence of antioxidants as the traditional
cuvette method. The linearity ranges determined with
P-dLDH-Alg-Cu(Nc), were compared to the ones measured
with P-Cu(Nc), and an evident range expansion was pointed
out in the majority of the systems. This enables the sensor to
be applied at wider concentration ranges, while the LOD
values also shifted to lower antioxidant concentrations. In con-
clusion, a sensor with the ease of preparation was developed
for the evaluation of the antioxidant efficiency with a facile
color intensity measurement, offering a potential upgrade for
portable colorimetric or cell phone analysis.
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