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The evaluation of Total Antioxidant Capacity (TAC), namely the
complete pattern of antioxidant species in a complex medium, is of
major interest in many fields ranging from health monitoring to quality
control in the food industry. In this framework, point-of-care (POC)
testing technologies are a promising diagnostic solution for rapid on-
site analyses, unlike laboratory based-assays, which are often limited
by centralized analyses, time-consuming and costly procedures, and
invasiveness in the case of health diagnostics. In this work, we
developed a POC methodology that evaluates TAC in different
matrices, exploiting the peroxidase-like properties of 5 nm platinum
nanoparticles (PtNPs), combined with a colorimetric paper-based
device. Notably, we designed and optimized a multi-line PtNPs-
based Lateral Flow Assay (LFA), which relies on three sequential test
lines with increasing concentrations of platinum nanozymes, to get
a non-invasive, accurate, and fast (10 minutes) colorimetric evaluation
of the body TAC in saliva samples. Furthermore, we employed the
device as a prototype of a quality control tool in the food industry, for
the determination of the TAC in fruit juices.

1. Introduction

Nowadays, with the increase of lifestyle-related disorders,
frequent preventive screenings are of great interest in
healthcare.”” In this context, point-of-care (POC) testing is
raising consensus as a reliable alternative technology to
instrumental-based assays,*® which are often limited by costly
and time-consuming procedures and need for centralized
laboratories and specialized personnel.*” POC testing allows the
detection of several biomarkers in a variety of biological fluids,
primarily serum and plasma, which include many relevant
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analytes at considerable concentrations.® Nevertheless, the use
of blood involves some drawbacks, such as invasiveness, thus
the employment of saliva as an alternative biological fluid for
biomarkers' detection is gaining strong interest, thanks to its
easy sampling and handling.®** In recent years, in fact,
a growing development of salivary POC testing has been
proposed.*>™”

In the context of early prevention, an interesting biomarker
for monitoring the health condition of the organism is repre-
sented by the Total Antioxidant Capacity (TAC)."*'* Currently,
TAC can be measured by laboratory-based assays,” which
however require long, expensive, and invasive procedures that
prevent frequent screenings. To address this, some POC
methods for the evaluation of antioxidant species have been
recently published,”*” although most of them require an
instrumental detection or could be improved in terms of
stability and ease of reading.

In this work, we aimed to develop an effective antioxidant
detection strategy, able to evaluate TAC in both food matrices
and biological fluids (i.e., saliva), by exploiting the nanozyme
properties of platinum nanoparticles (PtNPs).”® The use of
nanozymes has recently seen an increasing diffusion in many
applications.*** Nanozymes are nanomaterials able to mimic
natural enzymes, and thus they can be employed as powerful
alternative tools, especially in uncontrolled non-biological
environments, due to their unique features combining high
catalytic efficiency with long-term stability at ambient condi-
tions.** In this context, platinum nanoparticles are particularly
effective peroxidase-like nanozymes, characterized by an easy
and low-cost synthesis and high operational stability, thus
making them interesting materials for POC diagnostics.?**#333¢
Furthermore, it has been demonstrated that PtNP size and
shape can significantly modulate their catalytic properties,
opening the possibility of tailored design and/or maximization
of the catalytic activity of the nanoparticles.*”*° In this appli-
cation, we designed a hybrid system combining 5 nm Pt nano-
zymes with a paper-based device engineered with a multi-line
Pt-based Lateral Flow Assay (LFA). Notably, this innovative
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strategy allows a semi-quantitative evaluation of TAC, providing
a direct colorimetric readout within 10 minutes.

2. Results and discussion

2.1. Catalytic properties of 5 nm platinum nanoparticles

5 nm citrate-capped spherical platinum nanoparticles were
selected as optimized peroxidase mimics to be employed in our
colorimetric diagnostic assay (see Materials and methods for
the synthesis details).?® Fig. S17} illustrates the characterization
of the as-synthesized nanoparticles. PtNPs were homogeneous
in size and shape, as reported in the Transmission Electron
Microscopy (TEM) image (Fig. S1at) and size distribution plot
(Fig. S1bt). Moreover, they presented a good dispersion in
aqueous solution, with a narrow peak centered around 9 nm, as
shown in the Dynamic Light Scattering (DLS) spectrum
(Fig. S1ct). The high catalytic activity of the PtNPs is illustrated
by the 5 min reaction kinetics relative to the oxidation of the
chromogenic probe 3,3',5,5-tetramethylbenzidine (TMB) in
presence of hydrogen peroxide (Fig. Sidt). Even at sub-
micromolar concentrations, PtNPs showed a high peroxidase-
like activity, as highlighted by the evident blue color genera-
tion reached after only 5 minutes.

2.2. PtNP-based LFA

The proposed LFA device is described in Fig. 1a. The device is
based on a lateral flow strip, consisting in a sequence of pads
(sample, conjugate, and absorbent pad) applied onto a nitro-
cellulose running membrane** (see Experimental for details).
Unlike a standard LFA, which usually presents a single test line
containing a probe (e.g., an antibody) able to capture a gold
nanoparticle-based detection bioreceptor to provide an optical

(a)

5 Reduced Oxidized
Saliva ™B TMB
sample Q
Y N —
Sample pad Conjugate pad . - Absorbent pad
Detection zone

Flow

View Article Online

Communication

readout,” our device exploits a different and innovative
strategy. In particular, we designed a multi-line detection zone
relying on three sequential PtNP-based test lines at increasing
concentrations of nanozymes, which provide the colorimetric
response of the assay by oxidizing TMB. The TMB probe is
deposited onto the conjugate pad after the latter one is pre-
treated with conjugate pad buffer (see Experimental for
details). Untreated saliva samples, containing physiological
antioxidants (AOX), are pre-mixed with hydrogen peroxide
(H,0,) and directly deposited onto the sample pad, starting to
flow through the strip. The sample reaches the conjugate pad
and the reduced (colorless) form of TMB. When the flow gets to
the detection area, the oxidation reaction takes place
(Fig. 1b).>**® First, 5 nm platinum nanozymes activate H,O,,
leading to the formation of hydroxyl radicals at their surface.
Such radical species are responsible for the oxidation of TMB
and the color change of the molecule from colorless to blue,
providing the colorimetric response of the test. At the same
time, antioxidants compete in the reaction mechanism at two
levels. The major contribution to the competition is given by the
direct interaction between AOX and hydroxyl radicals, which
causes a saturation of active sites making them no longer
available for the oxidative reaction with TMB. A secondary
competitive mechanism is represented by the reverse reaction
of TMB oxidation, carried out by AOX in excess. As an overall
result, a minor quote of TMB is oxidized, and therefore the blue
color intensity is inversely proportional to the concentration of
AOX in the saliva samples.

We exploited such mechanisms to develop a detection zone
able to provide a semi-quantitative readout of the antioxidant
content, realizing three test lines at increasing concentration of
Pt nanozymes (Fig. 1c). Such sensing design allowed us to

(b)

Reduced TMB Reduced AOX

Oxidized TMB Oxidized AOX
Reduced AOX
Oxidized AOX
(C) AOX LEVELS
High Medium Low
PtNP CONC.
High 000
Medium 00
Low )

Fig. 1 Design and detection mechanism of the Pt nanozyme-based LFA. (a) Scheme of the device, based on three test lines at increasing
concentrations of PtNPs. The antioxidant species in saliva compete with the chromogenic probe at the detection zone, preventing the oxidation
of TMB and providing the color change of a number of test lines inversely proportional to the amount of AOX molecules. H,O; is added to the
saliva sample in advance, leading to the formation of the hydroxyl radicals at the nanoparticles’ surface and leading to the oxidation of the
reduced species (b). Antioxidants compete with TMB primarily directly interacting with hydroxyl radicals, and secondarily by reversing the TMB
oxidation reaction. (c) As a result, a sample with a high amount of antioxidants shows one single test line, corresponding to the higher
concentration of PtNPs. A medium TAC sample presents two test lines, while a sample with a low antioxidants level shows all the three test lines,
since the amount of antioxidants is too small to compete with TMB.
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discriminate between three classes of samples based on their
antioxidant levels. In a sample with a high antioxidant content,
AOX species are in large excess with respect to hydroxyl radicals,
thus, at the first two lines, where PtNP concentrations are,
respectively, low and medium, antioxidants win the competi-
tion and the two test lines result colorless. Conversely, when the
PtNP amount is high (third test line), there are still hydroxyl
radicals available to oxidize TMB, and so the line appears blue.
Therefore, a sample with high antioxidant level will color just
one test line, the one with the higher concentration of PtNPs.
Progressively decreasing the AOX levels, the competition is in
favor of TMB, and the test lines with less PtNPs will assume
a blue color as well. In particular, a medium sample will color
two lines, whilst a sample with a low antioxidant content will
color all the three test lines.

A few examples of platinum-based LFAs have been recently
reported in the literature, however in these systems, based on
immunodetection strategies, platinum is usually employed in
classical LFA configurations as a signal enhancer of other types
of nanoparticles, primarily gold nanoparticles, exploiting the
formation of Au@Pt nanoparticles and/or using chromogenic
probes, such as TMB, to improve the sensitivity of the
assay.***>*% Yet, in our work, the detection mechanism is
completely different, since it exploits a “competitive” catalytic
reaction at the test line, with no antibodies or recognition/
capturing species.

2.3. LFA strip optimization

Since we aimed at a rapid colorimetric detection, we first
screened various types of nitrocellulose membranes with
different pore sizes, and then selected a large pore size one, able
to provide a faster run of the biological sample. Regarding the
design of the detection zone, we tested and optimized a wide
range of PtNP concentrations (from 1 to 100 ppm) in order to

(2) Absg,=0.2  Absg=0.5  Absgs,=0.8
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have a selective response within the dynamic range of salivary
antioxidants, getting a final configuration of three Pt-based test
lines (4, 25 and 100 ppm), deposited at a mutual distance of
4 mm by using an automatic dispenser (see Experimental for
details).

Afterwards, we investigated the possible effect of pads' pre-
treatments on the homogeneity and performance of the flow
along the device.** We found the best condition by treating the
sample pad with a sodium dodecyl sulfate-based buffer (see
Experimental for details). Furthermore, to ensure a homoge-
neous coloring of the detection zone, without smears between
the various test lines, we decided to first pre-treat the conjugate
pad with a proper buffer (based on sucrose and tween), and then
soak it with TMB stock solution (see Experimental for details).

2.4. Evaluation of antioxidant species in saliva samples

The optimized strips were then employed to evaluate the anti-
oxidant content in saliva samples, collected from healthy
donors. The TAC level of each sample was first evaluated
through a reference instrumental method, namely UV-vis
spectrophotometry (see Experimental for details), leading to
the identification of three main classes, each one corresponding
to the maximum absorbance level of oxidized TMB evaluated at
652 nm (Absgs,).>* We related samples with Absgs, = 0.2 to
a high antioxidant content, samples with Abses, = 0.5 to
a medium antioxidant content, and samples with Absgs, = 0.8
to a low antioxidant content.

Taking into the account these reference values, we prelimi-
narily performed a proof-of-concept experiment employing
a salivary sample with a medium antioxidant content (Fig. 2). To
simulate the entire dynamic range of antioxidant species, we
divided the sample in three aliquots after the pre-filtration step.
One aliquot was diluted with water (“Diluted saliva”), to simu-
late a sample with a low antioxidant content, while in another

(b) SAMPLE
Saliva Saliva Diluted
+ GSH saliva
|
-

1 ||

Fig. 2 Proof-of-concept experiment to determine antioxidant content in saliva samples. (a) Vials showing the visual results of the UV-vis
spectrophotometry analysis performed on the considered samples. As illustrated, the intensity of the blue color increases while decreasing the
antioxidant content, in agreement with the Absgs, value on top of each vial. (b) Representative pictures of the three devices evaluated at 10
minutes. The number of lines increases while decreasing the antioxidant levels in the samples. “Saliva + GSH": physiological saliva sample with an
addition of 10 mM glutathione; “Saliva”: physiological saliva sample without further modifications; “Diluted saliva”: physiological saliva sample

diluted with 90% of pure water.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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one we added a glutathione (GSH) stock solution, up to a final
concentration of 10 mM (“Saliva + GSH”), which is an appro-
priate content to simulate a high AOX saliva.?® The third aliquot
was left as it was (“Saliva”). The antioxidant content of the
samples was first evaluated instrumentally as mentioned above
(Fig. 2a). Then, we added H,0,, and we started the test depos-
iting 100 puL onto the sample pad (Fig. 2b). At 10 minutes, we
evaluated the results by a simple visual inspection and through
a standard smartphone camera.

Notably, for the sample “Saliva + GSH”, having a high anti-
oxidant content, a single test line became blue, corresponding
to the higher PtNPs' concentration (100 ppm). The sample with
a medium antioxidant content (“Saliva”) resulted in two colored
test lines (100 and 25 ppm), while “Diluted saliva” (with a low
antioxidant content) elicited the colorimetric detection of all
the three test lines.

After assessing the correct working mechanism in a proof-of-
principle experiment, we evaluated the TAC levels of different
saliva samples, in a real case application. In order to minimize
viscosity variations among the different samples, achieving
a homogeneous flow with a reproducible test response, we setup

View Article Online

Communication

a simple and rapid pre-filtration step (no other sample pre-
treatments or purification necessary), using cellulose acetate
syringe filters (0.2 pm pore size). This easy and fast procedure
(the entire process takes about 30 seconds) allowed us to
remove mucins from saliva in a single-step, requiring about
1 mL of sample.**

As described above, we first identified the three classes of
AOX levels based on the spectrophotometric measurements
using 9 saliva samples (Fig. 3a). Remarkably, using the multi-
line device, we obtained three samples with a high antioxi-
dant content (samples 1, 2 and 3, showing one main test line),
three samples characterized by a medium TAC level (samples 4,
5 and 6, with two test lines highlighted), and three samples with
low AOX levels (samples 7, 8 and 9, coloring all the three test
lines), in line with the instrumental readouts (Fig. 3a). More-
over, exploiting smartphone pictures of these samples, we per-
formed a quantitative analysis of the detection zones,
calculating the red (R) value (complementary color of blue)*>**
for each test line (Fig. 3b). The graph highlights that signals
corresponding to R value below 20 (dashed reference line) can
be considered as noise, in fact such test lines were typically

(a) Absgs, = 0.3 Absgg, = 0.6 Absgs, = 0.9
HIGH MEDIUM LOW
AOX levels AOX levels AOX levels
SAMPLE 1 2 3 4 5 6 7 8 9
— - i [ | “ s
:
- jo ) -
| »
(b) Smartphone-based test lines quantification
100 -
—~ 80 4
3
©
> 60 - =39 TL
§ w0 ] @2 TL z
3 o1stTL =
X 20 4-- L L R ) O
Nl [mps h
High Medium Low
TAC level

Fig. 3 Body TAC assessment in real saliva samples. (a) The 9 samples evaluated were divided into three groups (based on the Absgs, level), each
one characterized by a different amount of antioxidant species (high, medium, and low AOX levels). The number of test lines is clearly visible on
each device. (b) ImageJ analysis of the 9 samples reporting the average values of the red coordinate (complementary of the blue color) and the
relative standard deviations corresponding to the first, second, and third test line (TL) of each group (samples with high, medium, and low TAC
level, respectively). In the “low" group, the red value relative to the first test line has lower intensity because the concentration of PtNPs used was
very small (4 ppm), in order to better discriminate the “medium” group from the “low” group. The dashed line serves as a reference to better
highlight the noise threshold.
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negligible upon visual inspection. On the contrary, such anal-
ysis clearly indicates that salivary samples with high (1, 2, 3),
medium (4, 5, 6), and low (7, 8, 9) TAC levels respectively dis-
played one, two, or three positive test lines, all of them char-
acterized by an intense red value (the 1st test line is less intense,
due to the lower concentration of PtNPs employed, which
enabled the assay discrimination). We thus confirmed the
reliability and the robustness of the proposed POC device for
the rapid and easy colorimetric evaluation of the body TAC
through saliva samples (also via automated smartphone-based
readout), in agreement with the antioxidant levels measured
by UV-vis spectrophotometry.

2.5. Evaluation of antioxidant species in fruit juices

Given the relevance of antioxidant species not only in biological
fluids, but also in other fields such as nutrition and food
industry,>~>” we exploited our device to evaluate the antioxidant
content of some commercially available fruit juices. Eight juices
were preliminary tested for their antioxidant content through
UV-vis spectrophotometry as mentioned before, and we selected
three types of juices based on their Abses, value: “red orange
juice” had a high antioxidant content, “peach juice” had
a medium antioxidant content, and “apricot juice” was char-
acterized by a low antioxidant content. We employed these three
samples in a real case experiment (Fig. 4).

Before performing the test, we first optimized the concen-
tration of the Pt nanozymes at the detection zone for this
application, selecting 2, 15, and 100 ppm as the optimal
conditions to have an efficient discrimination between the
different juice samples. Then, we diluted each juice in water, to
minimize the viscosity and color differences among the
different fluids. After mixing with H,0,, we deposited 100 pL of

AOX LEVELS
High Medium Low
- i L‘.- Jridy
Ab3652 = 0.2 Ab8652 = 0.6 AbsGSZ = 1

Fig. 4 Antioxidant levels evaluation in fruit juices. Representative
pictures of the devices after been tested with the three fruit juice’s
samples. One, two and three blue test lines are respectively shown for
high, medium and low AOX levels samples. Absgs, levels are respec-
tively reported for each sample: red orange (“High"), Absgs, = 0.2;
peach ("Medium”), Absgs, = 0.6; apricot ("Low"), Absgs, = 1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the test juice onto the sample pad and we evaluated the results
at 10 minutes, as previously reported. Fig. 4 shows a represen-
tative picture of the devices at the end of the test. Also in this
case, the catalytic multi-line LFA proved effective in discrimi-
nating AOX levels in juice matrices, with the red orange juice
(high antioxidant content) coloring one test line, the medium
sample (peach juice) coloring two test lines, and the apricot
juice (low antioxidant level) coloring all the three test lines.
Hence, this method allowed fast and easy characterization of
fruit juices based on their antioxidant contents, representing
a promising POC technique in quality control procedures.

3. Conclusions

In this work, we have developed an innovative multi-line PtNPs-
based lateral flow device for the evaluation of antioxidant
species in saliva and fruit juice samples. We exploited the
peroxidase-like properties of small spherical platinum nano-
particles to obtain a direct optical detection, based on the
coloring of a variable number of positive blue test lines. We
were able to identify three main classes of samples, based on
their antioxidant levels (high, medium, and low), which were
validated through comparison with reference instrumental
detection, i.e. UV-vis spectrophotometry. The POC device was
tested on real saliva and juice samples, requiring fast and easy
sample pre-treatments, and showing reproducibility and
robustness in the tested conditions. The results were rapidly
evaluated after 10 minutes by using naked-eye inspection or
a smartphone readout. The proposed technology is the first
example of multi-line catalytic Pt-based LFA and could be
a promising POC approach for the visual evaluation of antiox-
idant levels in different matrices. Although the designed multi-
line system has some limitations in terms of resolution, it can
provide a wide dynamic range and can be quite easily adapted to
several types of non-invasive biological fluids or food matrices,
requiring minimal pre-analytical steps, thus opening inter-
esting perspectives for applications in POC wellness monitoring
or as a quality control tool in food industry and nutrition.

4. Materials and methods

4.1. Chemicals and materials

All chemicals and reagents employed were of high technical
grade, stored following vendor recommendations, and directly
used with no further purification.

Chloroplatinic acid hexahydrate (H,PtCls-6H,0, BioXtra),
sodium borohydride (H,BNa, granular, 99.99% trace metal
basis), sodium citrate tribasic dihydrate (C¢HsNaz;O;-2H,O0,
BioUltra, for molecular biology, =99.5%), hydrogen peroxide
solution (H,0,, 30% (w/w) in H,O, contains stabilizer), -
glutathione reduced (C;0H;7N30¢S, =98.0%), phosphate buff-
ered saline (tablet), sucrose (C1,H,,044, BioUltra, for molecular
biology, =99.5% (HPLC)), Tween 20 (CsgH;140.6, viscous
liquid), sodium dodecyl sulfate (C;,H,50,S-Na, BioUltra, for
molecular biology, =99.0% (GC)), Amicon Ultra-15 Centrifugal
Filter Unit (Ultracel-50 regenerated cellulose membrane, 15 mL
sample volume) were purchased from Merck (Sigma-Aldrich).

Nanoscale Adv., 2023, 5, 2167-2174 | 2171
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3,3',5,5-Tetramethylbenzidine (TMB) was obtained from Kem-
En-Tec Diagnostics.

Sample pad (grade 319, composition cotton fibers), conju-
gate pad (grade 8980, composition chopped glass w/binder) and
absorbent pad (grade 440, composition cotton/glass blend) were
purchased from Ahlstrom-Munksjo. Nitrocellulose membrane
(UniSart® CN 95 polyester backing 100 pm, 25 mm x 100 m)
was purchased from Sartorius.

Distilled, deionized water (Millipore, Milli-Q system) was
used for all solution preparation.

4.2. Synthesis and characterization of platinum
nanoparticles

Spherical 5 nm citrate-capped PtNPs were synthesized by wet
chemical reduction in water, following a previously reported
protocol.*® PtNP monodispersity and stability were evaluated by
Transmission Electron Microscopy (TEM, JEOL JE-1011 micro-
scope with thermionic source (W filament). Accelerating volt-
ages: 100 kV; conventional TEM imaging: bright field; TEM
resolution = 4.0 A (100 kv)) and Dynamic Light Scattering (DLS,
Zetasizer Nano Range (Malvern-PANalytical)). PtNP diameter
was measured considering at least 150 nanoparticles analyzing
TEM images with Image] software (NIH).

4.3. Lateral flow strip preparation

The sample pad was pre-treated with sample pad buffer (PBS
10 mM pH 7.4, 0.05% SDS) and let dry for 1 hour at 37 °C, and
then for 2 hours under vacuum.

The conjugate pad was pre-treated with conjugate pad buffer
(PBS 10 mM pH 7.4, 2.5% sucrose, 0.25% Tween 20) and let dry
for at least 1 hour under vacuum. Then, it was soaked with TMB
(stock solution) and let dry again for 1 hour under vacuum and
in absence of light, to preserve the TMB molecule. The three test
lines were obtained by striping three PtNP solutions at different
concentration onto the nitrocellulose membrane 4 mm one
from another, by using a Biodot XYZ S-series V3.11 (dispense
rate of 0.625 uL cm™ " and a speed of 50 mm s~ ). The combi-
nations “low-medium-high” of PtNP concentrations were 4-25-
100 ppm (ug mL ") for the evaluation of antioxidants in saliva
samples, and 2-15-100 ppm (ug mL™") for the evaluation of
antioxidants in fruit juices.

4.4. Test procedure

4.4.1. Saliva samples preparation. Unstimulated saliva
samples were collected from healthy donors at least 1 hour after
performing oral care procedures, eating and drinking.'” Their
antioxidant content was determined by UV-vis spectrophotom-
etry (Thermo Fisher NanoDrop®, wavelength accuracy + 1 nm,
absorbance accuracy 3% at 0.74 Abs @ 350 nm) reading TMB
absorbance at 652 nm following an established protocol.”® After
that, the samples were first filtered to remove mucins (0.2 pm
acetate cellulose syringe filters were used) and then diluted 1:
1.2 in 1 M H,O0,. In the proof-of-concept experiment of Fig. 2,
the high AOX content case was obtained by spiking a GSH
standard solution after the filtration to get a final GSH
concentration of 10 mM, while the low AOX level case was

2172 | Nanoscale Adv,, 2023, 5, 2167-2174
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simulated diluting saliva at 90% in pure water. Regarding the
real cases application (Fig. 3), the samples were tested as they
were after the filtration step. The red value analysis on the
smartphone pictures of Fig. 3a was performed using Image]
software (NIH).

4.4.2. Fruit juice samples preparation. Three fruit juices
(red orange, peach and apricot, respectively) were bought to
a local supermarket and their antioxidants level was initially
determined by UV-vis spectrophotometry as mentioned above.
Then, they were first diluted 1: 4 in pure water (to homogenize
the viscosity in each juice) and then 1:1.2 in 0.25 M H,0,.

4.4.3. Test run and results evaluation. 100 pL of each
sample (both saliva and juice samples) were added onto the
sample pad and the results were assessed at 10 minutes.
Pictures were acquired using a Huawei P10-lite smartphone
camera in non-controlled light conditions, to better simulate
a real utilization of the device.
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