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ABSTRACT: Redox imbalance and oxidative stress-related biomarkers are raising increasing consensus in the scientific community
for their significant role in a wide range of human disorders. In this framework, the Total Antioxidant Capacity (TAC), namely the
overall pattern of both enzymatic and non-enzymatic antioxidant compounds within the body, represents an important bioanalytical
parameter. To date, however, antioxidant assays require costly instrumentations, laboratory setups and reagents, and they are invasive.
Yet, their accuracy typically suffers from strong sensitivity to interfering matrices and inability to detect the complete pattern of
physiological antioxidant molecules, due to the use of reaction schemes and probes/substrates that are not sensitive to the diverse
range of relevant target species. Here, we exploit the enzyme-mimetic properties of platinum nanoparticles combined to hydroxyl
radical probes produced at the particle surface, to develop an effective detection scheme that is sensitive to both Single Electron
Transfer (SET) and Hydrogen Atom Transfer (HAT) reactions, thus covering all the physiologically relevant antioxidant species.
Importantly, the nanozyme-enabled method allows fast (5 min), accurate, and non-invasive evaluation of the body TAC, through

saliva, via simple naked-eye or smartphone-based inspection.

The increasing exposure to environmental pollutants, ciga-
rette smoke, UV radiations, along with drug abuse and stressful
daily routine may alter the redox homeostasis, one of the most
important balances for our well-being and health.":? The equi-
librium between free radicals (Reactive Oxygen Species, ROS
and Reactive Nitrogen Species, RNS) and antioxidants in the
body plays a key role in maintaining cell functionality and in-
tegrity."? On the other hand, ROS/RNS overproduction, as well
as decrease of antioxidant levels, has been recently related to
oxidative stress, premature ageing, and onset of a wide variety
of disorders.'? The Total Antioxidant Capacity (TAC) is
emerging as an important oxidative stress-related biomarker for
monitoring the health status of the organism. TAC includes the
overall pattern of both enzymatic and non-enzymatic endoge-
nous antioxidant compounds able to scavenge ROS and RNS.*
5 In recent years, several assays for measuring TAC in biologi-
cal fluids have found commercial application.®® They evaluate
the ability of antioxidant molecules to i) quench or reduce radi-
cal substrates (indirect methods); ii) reduce metal ions (methods
based on inhibited autoxidation); and iii) competitively block
fluorogenic or chromogenic radical probes (methods based on
competitive probe reaction).® Despite some of these assays have
already been introduced in clinical analyses to measure antiox-
idant levels in blood, they present some limitations in measur-

ing TAC. Indeed, some of them are inappropriate from a phys-
ico-chemical perspective,® as they are not sensitive to thiol-con-
taining molecules’ and/or do not involve biologically relevant
radicals in the measurements,® thus not providing a reliable
evaluation of all the physiological antioxidant species, forming
the body TAC. Moreover, they are instrumental, time-consum-
ing, require costly and unstable reagents, specialized personnel
and equipped laboratories, and they are invasive.” '’All of these
features impair their frequent and accurate application.

Recently, due to their low-cost and rapidity, colorimetric
methods based on nanomaterials have been proposed in diag-
nostics as an alternative to traditional approaches.!'"!3 In this re-
spect, the ability of antioxidants to modulate the size or aggre-
gation of gold nanoparticles (AuNPs) and, consequently, their
optical properties, has been exploited to develop new colorimet-
ric biosensors.'* > Other methods were based on the growth in-
hibition of AuNPs by hydrogen peroxide (H,O,),'® or on the
color change of ceria nanoparticles, upon incubation with anti-
oxidant solutions.'® In this work, we report the development of
a rapid and portable colorimetric assay for the naked-eye or
smartphone-based evaluation of the TAC of the organism
through a small sample of saliva, exploiting the nanozyme func-
tionality of platinum nanoparticles (PtNPs).!”
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Figure 1. Working mechanism of the Pt nanozyme-based colorimetric test for the measurement of antioxidant species. (A) The
scheme describes the competitive reaction of the TMB chromogenic substrate and antioxidants (AH) with the OH- radical formed at
the particle surface. This produces oxidized colored TMB, with an absorbance signal inversely proportional to the AH concentration
(direct reaction of AH and oxidized TMB can also occur). (B) The scheme on the right shows that the combined nanozyme-OH-
system can promote both Single Electron Transfer (SET) and Hydrogen Atom Transfer (HAT) reactions, thus covering all the phys-

iologically relevant antioxidant species.

Our approach allows overcoming current technological limi-
tations (costs, stability, and portability) arising from the use of
biological enzymes, such as peroxidase, thanks to the high effi-
ciency and stability of the Pt nanocatalysts in a wide range of
pH and temperature conditions, as well as their insensitivity to
proteases.'* 718 In particular, the proposed method is based on
the reaction between antioxidants and hydroxyl radicals (OH-),
produced at the surface of PtNPs, enabling the detection of all
the single species as well as of the global TAC pattern, repre-
senting the complete panel of physiologically relevant antioxi-
dant molecules. The colorimetric test was also applied to the
evaluation of the TAC in real samples of saliva from healthy
volunteers, and validated against standard instrumental tech-
niques.

We designed an innovative approach for the rapid and visual
evaluation of the body TAC through saliva. Saliva represents an
emerging diagnostic fluid in the field of point-of-care devices,
due to the easy and non-invasive sample collection.'-2° More-
over, a strong correlation between the TAC of saliva and blood
has been reported in the literature, with saliva containing all the
relevant antioxidant species (see also below).> 122 Our colori-
metric method is based on the reaction between antioxidants
and H,0, in presence of Pt nanozymes (Fig. S1) as peroxidase
mimics and 3,3’ 5,5 -tetramethylbenzidine (TMB) as chromo-
genic probe (Fig. 1A). In particular, a redox reaction catalyzed
by PtNPs occurs. First, H,O; is activated, leading to the for-
mation of the OH- radical on the particle surface.3-?® This is
followed by oxidation of the TMB substrate by OH-,*2¢ with
the release of water and formation of a colored TMB radical,
with a consequent color change of the solution from transparent
to dark blue in a few minutes. Antioxidants compete with the
TMB substrate in the interaction with OH- or reduce the oxi-
dized TMB back?®’ (Figs. 1A and S2), leading to a concentra-
tion-dependent color change of the solution. The color intensity
is thus indirectly proportional to the level of antioxidants, so the
assay can be applied for the naked-eye measurement of the an-
tioxidant level of the sample. As a proof of principle, time-de-
pendent absorbance curves, recorded in absence or in presence

of a well-known antioxidant compound (i.e. glutathione, GSH),
are reported in Figure 2. While in the control sample the solu-
tion turns into dark blue in 5 minutes, due to the complete oxi-
dation of TMB, a pale blue color is observed upon incubation
with GSH. Importantly, the proposed strategy based on the
combination of Pt nanozymes and OH- radical substrates allows
detection of both Single Electron Transfer (SET) and Hydrogen
Atom Transfer (HAT) redox reactions, unlike several standard
methods (Fig. 1B). This is a crucial feature to enable measure-
ment of all the antioxidant compounds that are physiologically
relevant, namely both HAT working species, such as thiol-con-
taining molecules (e.g., glutathione, cysteine), and electron do-
nating SET species (e.g., uric acid), which all together contrib-
ute to the body TAC.

The ability of the Pt nanozyme-based assay to detect the wide
variety of the antioxidant species was demonstrated by probing
the antioxidant molecules that primarily constitute the TAC,
namely glutathione (GSH), cysteine (Cys), homocysteine
(Hcy), thiocyanate (KSCN), uric acid (UA), ascorbic acid (AA),
and 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolox, the hydrosoluble analogue of vitamin E). All the meas-
urements were performed at room temperature, recording the
absorbance of the solution 5 minutes after incubation. As re-
ported in Figures 3A and S3, all the tested species showed a
concentration-dependent colorimetric readout, indicating that
the proposed nanozyme-based assay can efficiently detect all
the relevant antioxidant compounds (both SET and HAT reac-
tions). We also assessed the ability of the assay to detect anti-
oxidant enzymes (e.g. catalase), and the test was proven to work
efficiently (Fig. S3). Notably, in the experimental conditions
optimized herein, we observed a linear correlation between the
absorbance intensity and the antioxidant concentration (with R?
values always higher than 0.89), in the range of about 0.2-0.8
absorbance units, namely in an optical window easy to be de-
tected by naked-eye. The detection limit was specific for each
antioxidant compound, ranging from 0.012 mM for catalase to
32 mM for uric acid, in such optical window. As anticipated,
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we exploited a PINP concentration that magnifies the test re-
sponse, allowing a visual determination of the TAC. On the
other hand, the test is highly versatile, as the limit of detection
and the analyte concentration ranges could be modified by
simply changing the concentration of the artificial enzyme as
well as of the other reagents.

2.5

£
g 20( — CTRL
® 1.54 -
g
8 1.0
™
2
2 0.5
< JRRSTITLITINNRELLRES veseses

0.0 r ,

0 100 200 300

Time (sec)

Figure 2. Time-dependent absorbance signals at 652 nm of TMB
after incubation with platinum nanozymes and H20: in presence of
water (CTRL) or 14 mM glutathione (GSH) aqueous solution. In-
set: effect of the presence of antioxidants on the colorimetric re-
sponse of the sensor. In the presence of antioxidants, the color in-
tensity decreases as a function of the antioxidant molecule concen-
tration.

Some traditional antioxidant tests are only able to detect an-
tioxidants acting through electron transfer and, hence, they
poorly perform in determining the amount of thiolated antioxi-
dants (Fig. S4(A,B)).”® Indeed, the reaction between antioxi-
dants and free radicals occurs by either SET or HAT process,
depending on the antioxidant chemical structure and physico-
chemical properties, such as redox potential, polarity, solubil-
ity, and hydrophobic/hydrophilic character.” > 2 As thiols
mainly react by HAT mechanism in acidic environments, SET-
based methods are poorly sensitive to their presence.”® How-
ever, from a biological point of view, thiol-containing mole-
cules represent the first class of antioxidant compounds con-
sumed within the body by free radicals, so changes in their lev-
els may be indicative of the onset of oxidative stress condi-
tions.”

We observed different reaction kinetics for each antioxidant
compound (Fig. S5). Radical chain-breaker antioxidants, such
as AA and Trolox, instantaneously react with OH-,% %3 causing
a complete inhibition of the TMB oxidation in the early phase
(for a period time that depends on the antioxidant concentra-
tion), followed by a rapid absorbance increase. On the contrary,
UA and thiol-containing scavengers, only cause a partial inhi-
bition of TMB oxidation compared to the control, due to their
relatively slower reaction rate.> ® As a consequence, the pro-
posed method is characterized by high versatility. Indeed, while
punctual measurements at a given time allow titrating the total
antioxidant content of a sample, a kinetic investigation might
provide information about its antioxidant species, in terms of
reactivity towards radicals.®

The analytical performance of the assay was evaluated by
measuring intra- and inter-day precision (repeatability and re-
producibility, respectively). We recorded the same absorbance
responses repeating the measurement 6 times for the same sam-
ple (Fig. S6A) or using 10 samples prepared in different days
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(Fig. S6B), obtaining a relative standard deviation of ca. 6% for
both the experiments. Moreover, to validate the nanozyme-
based antioxidant test, the response of the sensor to the physio-
logical range of TAC was analyzed in artificial saliva samples,
obtained modulating antioxidant levels in a wide range,*!” as
reported in Table S1. Figure S7A shows a clear concentration-
dependent optical response of the assay as a function of the
TAC, confirming its ability to detect the total panel of physio-
logically important antioxidant molecules. The colorimetric test
was also evaluated in comparison to a standard instrumental
technique based on fluorescence measurements (ORAC test,
see Fig. S7B). Interestingly, the colorimetric nanozyme-based
assay showed excellent agreement with the reference test, with
a correlation R? of 0.96 (Fig. 3B).

The colorimetric method was then applied to analyze real
samples of saliva. As a preliminary control experiment, we ver-
ified that the test results are not significantly affected by the
complex biological matrix (Fig. S8). In particular, a test per-
formed in a saliva sample supplemented with increasing amount
of KSCN confirmed the concentration-dependent colorimetric
response, proving the possibility to use the method also in this
biological fluid without major interferences. Hence, the test was
exploited to measure the saliva TAC from 83 healthy volun-
teers.
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Figure 3. (A) Absorbance signal of the Pt nanozyme-based antiox-
idant assay as a function of different antioxidant molecules. (B)
Validation of the colorimetric test versus the standard ORAC assay,
probed for the TAC in samples of artificial saliva.

As shown in Figure 4, the optimized conditions of the
nanozyme-based assay allow obtaining a clear colorimetric
characterization of the different TAC levels, in a wide range of

ACS Paragon Plus Environment



oNOYTULT D WN =

Analytical Chemistry

absorbance (ca. 0.2-0.8, in line with the previous TAC meas-
urement in simulated saliva samples, see Fig. S7A). In particu-
lar, the donors’ TAC was characterized by a broad Gaussian
distribution centered around 0.5 absorbance, consistent with the
corresponding average value of salivary TAC (1.20 mM, see
Fig. S7TA and Tab S1).3* A fraction (ca. 30%) of the tested pop-
ulation fell in the regions of high or low TAC, the lower TAC
level suggesting onset of oxidative stress (15% population). In-
terestingly, such wide colorimetric response can be also evalu-
ated by simple visual inspection, thus enabling a fast and instru-
ment-free semi-quantitative assessment of this interesting bi-
omarker (see photos in the insets of Fig. 4).

Frequency

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Absorbance values

Figure 4. TAC levels of saliva samples collected from 83 healthy
volunteers, aged between 20 and 50 years, measured by the
nanozyme-based assay. Insets: representative photographs of two
vials corresponding to different levels of salivary antioxidants (0.3
and 0.7 absorbance), showing a clear visual readout.

At the same time, a quantitative portable sensor for TAC
measurements can be obtained by smartphone-based readout.
To this aim, we used a commercially available smartphone app.
As a proof of principle, we performed Hue, Saturation, Light-
ness (HSL) analysis on captured images, quantifying the color
change of the solution, in presence of different amounts of GSH
(Fig. 5). As shown, the antioxidant compound elicited a distinct
color decrease of the solution as a function of its concentration.
Remarkably, plotting S values obtained by HSV analysis
against GSH concentration, we observed an excellent linear re-
lationship, with R? value of 0.99, in close agreement with spec-
tral analysis in terms of accuracy and precision. Accuracy, ra-
pidity, easy-to-use, and low-cost make the proposed colorimet-
ric analysis approach a valid alternative to laboratory methods,
enabling also unspecialized people the ability to measure their
body TAC.

In conclusion, the method described in this paper combines
the advantages of the instrumental antioxidant tests whilst over-
coming their major limitations. This is due to the combination
of PtNPs as artificial enzymes and the reactivity of the OH- rad-
ical formed at the particle surface, to measure both SET and
HAT reactions as well as the global TAC pattern.® The assay
was optimized to give a wide colorimetric response, allowing
straightforward evaluation by naked-eye or smartphone-based
quantitative analysis. The test can be performed in 5 min at
room temperature, allowing the same accuracy as instrumental
techniques. The possibility to use the nanozyme-based test on
real saliva samples was demonstrated by analyzing the TAC of
83 donors, envisaging the possibility to exploit it for frequent
non-invasive screenings as well as in specialized studies deep-
ening the role of TAC biomarker in a wide range of sectors,
including sport performance, nutrition, wellness, aging, and
others.
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Figure 5. Smartphone-based measurement of antioxidant levels.
Colorimetric response of the Pt nanozyme-based assay, measured
as Saturation percentage by Hue, Saturation, Lightness (HSL) anal-
ysis on captured images, versus the glutathione concentration.
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