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Abstract Airborne particulate matter (PM) contains several
quinones, which are able to generate reactive oxygen species
impacting on cell viability. A method able to detect and quan-
tify PM oxidative potential, based on the cytochrome c (cyt-c)
reduction by means of superoxide anion produced through
quinones redox cycling in the presence of reducing agents,
is here described. Tris(2-carboxyethyl)phosphine resulted to
be the most efficient reducing agent among the ones tested.
The procedure included rapid particles extraction, followed by
two alternative analytical methods, a spectrophotometric as-
say based on the initial rate of cyt-c reduction at 550 nm, and

an amperometric assay, based on self-assembled monolayers
modified gold electrodes. The smallest amount of PM needed
to obtain an evaluable signal is 2 μg. The described procedure
may represent a starting point to develop devices for PMmea-
surements in polluted atmospheric environments.
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Introduction

Airborne PM is a complex mixture of solid particles
suspended in gaseous phase. PM fine fraction (namely
PM2.5, i.e., particles with a mean aerodynamic diameter lower
than 2.5 μm) is usually constituted by elemental carbon par-
ticles (soot carbon core) on which various organic aromatic
compounds, such as polycyclic aromatic hydrocarbons
(PAHs), inorganic ions (sulfates, nitrates, ammonium), and
trace elements, such as heavy metals, are adsorbed. In highly
polluted cities (Kinney et al. 2000; Naser et al. 2008), diesel
exhaust particles (DEP) are the most present in PM2.5, thus
exposure to PM and DEP is one of the leading causes of
respiratory diseases such as asthma, decreased pulmonary
function, and lung cancer (Ristovski et al. 2012). Moreover,
fine particle inhalation has been associated with adverse car-
diovascular effects like hypertension, thrombus formation,
and myocardial infarction (Peters et al. 2001; Brook 2007,
2008; Lucking et al. 2008). These effects have a strong world-
wide impact on economic and social burden in terms of health
care costs and quality of life (Leal et al. 2006; Luengo-
Fernández et al. 2006).

According to the IARC report (Loomis et al. 2013), there is
a strict correlation between air pollution and cardiopulmonary
disease all over the world. Recent evidences emphasized that
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PM adverse effects are strongly related to particles chemical
composition (Gualtieri et al. 2010a; Camatini et al. 2012;
Longhin et al. 2013a) rather than to their concentration, even
though the role of PM levels has to be taken into account.
Since the early 2000s, many researchers have focused their
attention to the identification of the PM components respon-
sible for human adverse health effects (Rohr and Wyzga
2012).

Pathological onsets, induced by PM exposure, implicate
mainly oxidative stress events (Li et al. 2003, 2008, 2009).
Numerous studies have shown that PAHs and some of their
quinone derivatives play a primary role in the oxidative stress
induced to pulmonary tissues (Wei et al. 2010; Shimada et al.
2004; Li et al. 2003). 9,10-Phenanthrenequinone (PQ), 1,2-
naphthoquinone (NQ), and other ortho-quinones such as
aceanthrenequinone and acenapthenequinone are commonly
present both in PM and DEP as incomplete combustion prod-
ucts or l PAHs derivatives (Cho et al. 2004; Jakober et al.
2007; Layshock et al. 2010). It has been demonstrated
(Kumagai et al. 2002; Chung et al. 2006) that aerosol ortho-
quinones are redox-active species able to catalyze the electron
transfer from dithiothreitol (DTT) to oxygen-generating su-
peroxide, which can be quantified by DTNB titration of the
residual DTT (Li et al. 2003; Cho et al. 2005) or, alternatively,
by spectrophotometric measurement of acetylated or non-
acetylated cytochrome c (cyt-c) reduction (Kumagai et al.
1997, 2002). All these methods are quite complex and time-
consuming procedures.

In this study, we have focused the attention on the
property of quinones, which produce ROS through the
well-known redox cycling process (Squadrito et al.
2001). The quinones are reduced either by DTT or by
tris(2-carboxyethyl)phosphine (TCEP) to form semiquinone
radicals, which in turn are oxidized to quinones under
aerobic conditions with the contemporary production of
superoxide. TCEP was here used as alternative to DTT
for its higher stability in aqueous solutions and resistance
to air oxidation. Since several organic and inorganic com-
pounds are adsorbed on PM, particles representative of
urban air pollution (PM2.5 and PM10 sampled in Milan
and a standard reference DEP, namely SRM 1650b) were
used to test the formation of ROS. As reference material
to evaluate the potential oxidative effects of the carbon
core of soot emissions, we used commercially available
carbon black; the oxidative potential of metals present on
PM and DEP was also evaluated.

The cyt-c sensitivity to superoxide is here used for
the development of a simple, rapid, and continuous as-
say able to measure the PM oxidative capacity. Two
different methods are here proposed: the initial rate of
cyt-c reduction measured by a spectrophotometric assay
and the steady-state current generated on a self-
assembled monolayer-modified gold electrode.

Materials and methods

Reagents

Cytochrome c (cyt-c) from horse and bovine heart, 9,10-
phenanthrenequinone (PQ), 1,2-naphthoquinone (NQ), an-
thraquinone (AQ), 2-fluoro-9-fluorenone (FL), naphthalene
(NA), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), 11-mercapto-1-
undecanol (MU), 11-mercapto-1-undecanoic acid (MUA),
t r i s ( 2 - c a r boxye t hy l ) pho sph i n e (DTT ) , t r i s ( 2 -
carboxyethyl)phosphine (TCEP), and Carbon Black reference
particles (<50 nm) were purchased from Sigma-Aldrich. All
reagents were of analytical grade and were used without fur-
ther purification. All solutions were prepared using Milli-Q
water. Standard reference DEP (SRM 1650b) was purchased
from the National Institute of Standards and Technology
(NIST, Gaithersburg, USA). PM10 (i.e., particulate matter with
a mean aerodynamic diameter lower than 10 μm) and PM2.5

samples were collected in Milan, Italy during winter 2009 on
Teflon filters by a low-volume gravimetric sampler (EU sys-
tem; FAI Instruments, Rome, Italy), as described by Longhin
et al. (2013a, b)).

Sample preparation

PQ and NQwere dissolved in DMSO and used for subsequent
tests (final concentration from 10 to 100 nM). Organic carbon
(OC) soluble fraction of SRM 1650b and PM was extracted
according to three different protocols: (1) a multistep proce-
dure which includes particles re-suspension in acetonitrile
(CH3CN) at 1 mg/mL followed by sonication in an ultrasound
bath (SONICA, Soltec) for 10 min and a final centrifugation
(15 min, 12,000 rpm, 4 °C) to separate the extracted organic
fraction from particles. The resulting supernatant, containing
soluble OC, was dried in a desiccator and the pellet dissolved
in DMSO at various concentrations. Soluble OC suspensions
were vortexed for 30 s before use; (2) the same procedure
described in (1) except the extraction was made in water to
evaluate the contribution of water-extractable compounds on
reactive species generation; and (3) a simplified procedure in
which PM was suspended directly in DMSO, vortexed for
15 min, and after settling of particles, the supernatant was
removed. The amount of extract used in each experiment is
reported to the original amount of particles (μg) used for
extraction.

Several heavy metals (Gualtieri et al. 2010b) which cata-
lyze the formation of reactive species through Fenton reaction
are present. Thus, the ability of the method to detect the oxi-
dative potential of these heavy metals ions has been tested.
Test solution (final concentration range 1–10 μM) of Fe(III),
Fe(II), Cu(II), Mn(II), and Zn(II) was prepared before each
experiment. Iron chloride (FeCl3), iron sulfate (FeSO4·H2O),
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zinc sulfate (ZnSO4·7H2O), copper sulfate (CuSO4), and man-
ganese chloride (MgCl2) were of analytical grade (Sigma
Aldrich, Italy).

Spectrophotometric analysis of DEP, PM10, and PM2.5

Superoxide generation in the presence of different particle
soluble compounds was determined by measuring the reduc-
tion rate of cyt-c at 550 nm on a Cary 50 Scan spectropho-
tometer (Varian), based on themethods of Kumagai et al. 1997
and Kumagai et al. 2002 with minor modifications. The reac-
tion was measured in 50 mM Tris-HCl buffer at pH 7.5 (1 ml)
containing 100 μMDTTor TCEP, 50 μM cyt-c, and different
amounts of dissolved PM. To avoid significant increase in the
temperature reaction after mixing DMSO with water, the vol-
ume of the extracted compounds was maintained below 10 μl.

Electrode preparation

Screen-printed electrodes (DropSens, Spain) with a gold
working electrode of 12.6 mm2, a gold counter electrode,
and a silver reference electrode were used. Gold electrodes
were electrochemically cleaned by cycling the potential be-
tween 0 and +1.45 V at a scan rate of 100 mV s−1 in 0.1 M
H2SO4, until a typical cyclic voltammetry profile for a clean
gold electrode was obtained. After cleaning, the electrodes
were rinsed with water and ethanol, and incubated 24 h with
a 5 mM MU/MUA ethanol solution (3.75 mM MU and
1.25 mM MUA). The modified surface of working electrode
was then rinsed thoroughly with absolute ethanol and with
water in order to remove any unattached thiol residues.
Next, the MU/MUA monolayer was activated by incubation
of the electrode in an aqueous solution of 200 mM EDC and
50 mM NHS for 30 min. The excess of EDC and NHS was
eliminated by rinsing with 5 mM KPi pH 7.0. Cyt-c was then
immobilized on the working electrode surface by incubation
in a 50 μM cyt-c solution in 5 mM KPi pH 7.0. Finally, to
remove non-attached molecules, the electrode was rinsed
again with the same buffer.

Electrochemical measurements of the superoxide
production

Cyclic voltammetry (CV) for the characterization of the mod-
ified electrode surface was performed with a PARSTAT2263
galvanostat by cycling the potential between −0.2 and 0.2 V
against a saturated calomel electrode (SCE) at different scan
rates, ranging from 50 to 500 mV/s. Chronoamperometric
measurements for the determination of the superoxide produc-
t i on c apac i t y o f PM were pe r f o rmed w i t h an
AUTOLABPGSTAT 302N galvanostat. The reaction mixture
was prepared in 5 mM KPi pH 7.0 containing 400 μM TCEP
and variable amounts of organic extracts from DEP, PM, or 9,

10-phenanthrenequinone, diluted in DMSO to a final volume
of 50 μl. The reaction mixture was then dropped onto the
working electrode, and the open-circuit voltage (OCV) was
observed until stabilization. In order to ensure the correct po-
larization of the electrode surface, measurements were started
by applying a potential equivalent to OCV+200 mV. The
currents were recorded over 150 s and the mean value record-
ed over the last 50 s of each determination (i.e., where the I/t
curve became flat, Fig. 5a) was considered for plotting results.
For DEP and PM10, subsequent sets of measurements with
sample amounts ranging from 0 (only DMSO) to 10 μg of
sample were carried out until the deterioration of the electrode.
For DEP, preliminary electrochemical deposition of chlorine
on the silver reference electrode was performed.

Statistical analysis

At least three independent experiments were performed for
each test.

Rates of cyt-c reduction were determined from absorbance
progression curves by calculating the d[P]/dt at time zero
using the software CaryWin for Windows XP. The analysis
of the concentration-response curves were performed using
GraphPad Prism 6.0 for Windows (San Diego, CA).
All statistical analyses were conducted at a significance
level of p <0.05.

Results

Quinones reactivity

The ability of aromatic quinones to generate superoxide rad-
icals frommolecular oxygen in the presence of cyt-c and DTT
has been tested by monitoring the variation of the absorbance
at 550 nm. Two orthoquinones (PQ and NQ) and a
paraquinone (AQ), significantly present in ambient PM
(Jakober et al. 2007), were analyzed. As shown in Fig. 1a,
PQ is slightly more reactive than NQ at the final concentration
of 100 nM, with a ΔE/min value of 0.1467 (PQ) and 0.0885
(NQ) at 26 °C, and 0.0906 (PQ) and 0.0496 (NQ) at 20 °C
(Table 1). As expected for protein-driven catalysis, the rate of
cyt-c reduction was temperature dependent. In the case of AQ,
cyt-c reduction rate was approximately 5000 times lower than
that obtained in the presence of PQ. The relationship between
PQ or NQ concentration and cyt-c reduction rate was assessed
by different concentrations of both compounds and a linear
dependencewas determined (Fig. 1b). At 26 °C, the calculated
slopes (ΔE/min/[quinone]) were 0.001494±0.00002737 and
0.0008748±0.000005663 for PQ and NQ, respectively. This
means that 7 nM PQ and 12 nM NQ are needed to observe a
readable reduction rate of 0.01 absorbance/min. Reactionmix-
tures, constituted of TCEP as reducing agent, were analyzed

Environ Sci Pollut Res



and the results indicate that TCEP is a more efficient reductant
than DTT (Fig. 1c). To further evaluate the reactivity of the
different classes of aromatic compounds, commonly present
in PM from various sources (e.g., Albinet et al. 2007;
Lovinsky-Desir et al. 2014), the rate of cyt-c reduction in the
presence of DTT and/or TCEP and two aromatic non-quinone
compounds, namely FL and NA, was measured. The ΔE/min
obtained has led to rule out any type of reactivity of these
compounds (Table 1).

Transition metal reactivity

In a second set of measurements, the behavior of the transition
metals Cu(II), Mn(II), Fe(II), Fe(III), and Zn(II) usually pres-
ent in PMwas evaluated. Table 1 shows that only 1 μMCu(II)
among the metals tested in the presence of DTT has a signif-
icant reactivity. When TCEP is used, the ΔE/min is 32 times
lower, indicating that the signal obtained in the presence of
TCEP is more quinone specific. This feature could be helpful
to discriminate between quinone-induced and Cu(II)-induced
response.

DEP reactivity

DEP reactivity was evaluated using the standard refer-
ence material SRM 1650b. This was processed with
CH3CN and DMSO, water, or DMSO alone as described
in the BMaterials and methods^ section. Appropriate vol-
umes of these organic extracts were mixed with cyt-c
and DTT, and the reduction of cyt-c was followed at
550 nm. The reduction rates measured according to the
three different protocols were respectively (ΔE/min;
mean±SE of three independent experiments) 0.045±
0.012 for CH3CN, 0.000 for water, and 0.045±0.01 for
DMSO. These results indicated that ΔE/min values of
samples directly re-suspended in CH3CN and DMSO
were comparable with those obtained with DMSO-
extracted DEP organic fractions (Fig. 2), whereas a direct
re-suspension in water was not sufficient to generate a
reactive sample. However, DMSO re-suspension provides
a more stable signal than CH3CN and DMSO extraction
(data not shown). Moreover, direct DMSO extraction did
not include sonication, thus reducing the risk of generat-
ing new radicals and raising the temperature, events pro-
moting reactive activation. Therefore, the direct DMSO
extraction could represent a valid and effective alterna-
tive to standard extraction methods for a quick test to
evidence quinones in PM. This simplified procedure was
adopted for the subsequent experiments. First of all, cyt-c
reduction rate as a function of DEP concentration was evalu-
ated. The results showed a linear relation between the ΔE/min
signal and the DEP organic fraction concentration (Fig. 2).The
smallest amount able to achieve a signal of ΔE/min
corresponded to 2 μg of SRM 1650b.

PM reactivity

To investigate whether PM extractable OC could be reactive
in the presence of reducing agents, in a way similar to DEP,
PM10 and PM2.5 samples collected in Milan during winter
2009 were used. Measurements of the ΔE/min in the presence
of cyt-c and DTTwere carried out. As shown in Fig. 3, a linear
correlation between cyt-c reduction rate and initial amount of

Fig. 1 Spectrophotometric assay of cyt-c reductions in the presence of
quinones. a Cyt-c reduction in the presence of DTTand (a) 100 nM 9,10-
PQ, (b) 100 nM1,2-NQ, and (c) DMSO as control. bCorrelation between
initial reduction rate of cytochrome c in the presence of DTT and
concentration of 9,10-PQ (filled squares) and 1,2-NQ (open squares). c
Correlation between initial reduction rate of cytochrome c in the presence
of TCEP (filled squares) (slope 6.72+0.12) and DTT (open squares)
(slope 1.49+0.02) at different concentrations of 9,10-PQ, used as
reference quinone
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PM10 or PM2.5 used for extraction has been observed. The
calculated slope for PM10 was significantly higher than that
obtained in the presence of PM2.5 (p<0.0001).

In a second set of experiments, the reduction rate of cyt-c
was examined in the presence of TCEP. The ΔE/min was
lower with TCEP than DTT for PM10, whereas the ΔE/min
was slightly higher for PM2.5 (Table 1). This result can be
explained taking into account the different composition

among DEP, PM10, and PM2.5 and the different specificity
towards quinones and metals of DTT and TCEP, as reported.

Biological reducing agents

In a set of experiments, physiological thiol molecules such as
reduced glutathione (GSH) or cysteine have been tested for
their ability to replace DTT or TCEP as reducing agents. The

Fig. 2 Effect of standard reference DEP soluble OC on cytochrome c
reduction rate. Initial reduction rate of cytochrome c is measured in the
presence of DTT and SRB 1650b organic fraction obtained by
acetonitrile/DMSO extraction (filled squares) (slope=5.197×10−3±
0.05393×10−3) and DMSO extraction (open squares) (slope=4.745×
10−3±0.05520×10−3). The x-axis values are referred to the mass of
SRB 1650b used for OC extraction

Fig. 3 Effect of PM on cytochrome c reduction rate. Initial reduction rate
of cytochrome c is measured in the presence of DTTand organic fractions
derived from PM10 and PM2.5 collected on filters and re-suspended in
DMSO. PM10 (filled squares) (slope=8.917×10−3±0.09261×10−3) and
PM2.5 (open squares) (slope=6.242×10−3±0.1145×10−3). The x-axis
values are referred to final volumes extracted OC-PM sample used in
the reaction mixture

Table 1 Initial reduction rates of
cytochrome c in the presence of
DTT or TCEP at 20 or 26 °C and
various compounds and
particulate samples

Compounds Amount ΔE/min

DTT (26 °C) DTT (20 °C) TCEP (20 °C)

9,10-Phenanthrenequinone 0.1 μM 0.147±0.022 0.091±0.016a 0.691±0.054a

1,2-Naphthoquinone 0.1 μM 0.088±0.006 0.049±0.003a 0.105±0.025a

Anthraquinone 200 μM nd No signal 0.283±0.030

9-Fluorenone 200 μM nd No signal No signal

Naphthalene 10 μM nd No signal nd

Cu(II) 1 μM nd 0.621±0.042a 0.019±0.002a

Mn(II) 1 μM nd No signal No signal

Fe(II) 1 μM nd 0.041±0.002 No signal

Fe(III) 1 μM nd No signal No signal

Zn(II) 1 μM nd No signal No signal

SRM 1650b (acetonitrile and DMSO) 20 μg/ml 0.099±0.002 nd nd

SRM 1650b (DMSO) 20 μg/ml 0.085±0.01 nd nd

SRM 1650b (DMSO) 10 μg/ml nd 0.060±0.01b 0.228±0.02b

PM10 winter 10 μg/ml 0.089±0.001 0.161±0.08b 0.067±0.01b

PM2.5 winter 10 μg/ml 0.067±0.002 0.078±0.02a 0.097±0.02a

Carbon Black 100 μg/ml 0.012±0.001 nd nd

Initial reduction rates (ΔE/min at 550 nM) of cytochrome c in the presence of DTT or TCEP at 20 or 26 °C and
various compounds and particulate samples. The ΔE/min values are calculated by subtracting the background
reduction rate of cytochrome c due to the reductant used (nd not determined). Mean±SE of triplicates; a, b
denotes statistically significant differences, p<0.05 and p<0.01, respectively
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cyt-c reduction rate was measured in the presence of 100 μM
GSH or 100 μM cysteine, and of 0.1, 1, and 10 μM NQ
(Table 2). In all the experiments, rates were linearly correlated
with NQ concentration and the following slopes (rate/μM)
were calculated: 0.6845±0.01401, 1.110±0.002852,
0.02012±0.00056, and 0.05005±0.002057 for DTT, TCEP,
GSH, and Cys, respectively. All the slopes were statistically
different (p<0.0001) applying an all pairwise test. These re-
sults have suggested that biological thiols could participate to
redox cycling event albeit at a much lower degree in respect to
TCEP. Moreover, cysteine resulted to be slightly more active
than glutathione

Stability test

The cyt-c spectrophotometric reduction assay in the presence
of quinones was not altered by the use of a stock working
solution at room temperature. Buffer, TCEP, and cyt-c solu-
tions did not modify their effects, when used after 9 days from
the preparation and maintained at room temperature, except a
slight reduction observed for the cyt-c solution stored at 4 °C
(Supplementary data S1).

Electrochemical measures on screen-printed electrodes

To verify if superoxide generation in the presence of reducing
agents and PM samples could be electrochemically detected,
screen-printed electrodes with immobilized cyt-c were pre-
pared. The electrochemistry of PM extractable OC was eval-
uated by cyclic voltammetry and chronoamperometry. Typical
cyclic voltammograms (CV) of cyt-c immobilized on a SAM-
modified gold electrode, taken at different scan rates, are
shown in Fig. 4. The current potential profiles indicated that
cyt-c is anchored to the membrane and participates to the
electron transfer as expected. Moreover, the thin cyt-c layer
behavior is similar to the active modified electrodes; hence,
during CV scans the peak currents should be directly propor-
tional to the scan rate. Indeed, the linear relationship law was
observed (Fig. 4b) confirming the diffusion-less thin layer
behavior, where the maximum current is only limited by the

number of electroactive species on the electrode surface. The
peak current/scan rate equation is (Bard and Faulkner 2001)

ipeak ¼ n2F2

4RT
� A� Γ*

0 � vrate

where n is the number of electrons involved in the reaction, F
the Faraday constant (C/mol), R is the gas constant (J/mol K),

Table 2 Reduction rates of
cytochrome c at different NQ
concentrations and in presence of
different synthetic or biological
reductants

NQ (μM) ΔE/min

DTT TCEP GSH Cys

0.1 0.0488±0.002 0.123±0.021 0.0016±0.0003 0.0018±0.0003

1 0.512±0.024 1.091±0.034 0.0136±0.012 0.0244±0.0034

10 6.76±0.17 11.10±0.235 0.1982±0.034 0.4877±0.0450

Initial reduction rates (ΔE/min at 550 nm) of cytochrome c as a function of NQ concentration and in the presence
of synthetic reductants (100 μM DTT or TCEP) or biological thiol compounds (100 μM glutathione—GSH or
cysteine—Cys) at 20 °C. The ΔE/min values are calculated by subtracting the background reduction rate of
cytochrome c due to the reductant used. Mean±SE of triplicates

Fig. 4 Covalently immobilized cyt-c on a SAM-modified screen-printed
gold electrode in 10 mM K-PB pH 7.0. Counter electrode, Pt mesh;
reference electrode, SCE. Scan rates: 50–500 mV s−1. a Cyclic
voltammogram; b Laviron’s plot of the dependence of the cathode and
anode peak current on the scan rate
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T is the temperature (K), A is the surface area (cm2), and Γ* is
the surface concentration of active sites or average surface
coverage (mol cm−2). Therefore, considering the redox of
cyt-c as a single electron transfer reaction, the average surface
coverage of cyt-c immobilized was calculated to be 3.8×
10−12 mol cm−2.

Chronoamperometric analyses were carried out by
dropping the reaction solution directly on the modified elec-
trode SAM-modified electrodes with cyt-c and in the presence
of DEP, PM10, or PQ as sample. Figure 5 reports representa-
tive chronoamperometric measurements in the presence of
different amounts of DEP DMSO-extracted; SAM-modified
electrodes were able to generate a linear DEP-dependent

current signal. However, the linearity is not maintained if the
electrode is reused (compare set 1 and set 3 in Fig. 5b). The
modified electrodes were less stable when PM10 was used
(Fig. 6a) likely for the PM10 metal composition which differs
from that of DEP.

Stability tests were carried out with PQ as standard in order
to avoid possible chemical interferences due to the heteroge-
neous composition of DEP and PM10 (Fig. 7), indicating that
the modifiedmixed SAM-electrode maintains their e function-
ality over 30 days.

Fig. 5 DEP-dependent current generation on SAM-modified gold
electrodes. a Representative chronoamperometric measurement
performed on a screen-printed gold electrode. b Correlation between
current and DEP amount measured on SAM-modified screen-printed
gold electrodes with deposition of cyt-c. Set 1, 2, and 3 refer to three
repeated experiments with the same electrode. The DEP amount is
referred to the initial amount extracted in DMSO [protocol (3), reported
in BSample preparation^ section]

Fig. 6 PM-dependent current generation on SAM-modified gold
electrodes. a Correlation between current and PM10 amount derived
from subsequent series of chronoamperometric measures on a single
SAM-modified screen-printed gold electrode. Each of the subsequent
sets of data is obtained by adding the extract equivalent 0, 1, 2, 5, and
10 μg of PM10 as initial amount of PM extracted in DMSO. bCorrelation
between current and PM10 amounts obtained from the first set of
measurements on each of two different SAM-modified screen-printed
gold electrodes
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Discussion

DTT is well known for its low stability at ambient tempera-
ture, its sensitivity to air oxidation, and slightly sulfur smell.
Despite these characteristics, it is an assay widely used for PM
samples redox activity evaluation (Kumagai et al 2002;
Charrier and Anastasio 2012; Sameenoi et al. 2012). TCEP
is a non-volatile, odorless compound often used in laboratory
practice as a reducing agent, in substitution of DTT, for its
higher stability and reactivity (Getz et al. 1999; Cline et al.
2004). Thus, whereas DTT is widely used as electron donor
for quinone-catalyzed electron transfer to oxygen, TCEP has
not yet been explored for this role. Our results demonstrate
that TCEP does react with orthoquinones to produce superox-
ide intermediates as well as DTT. In comparison to DTT,
TCEP is more reactive towards quinones, suggesting that
TCEP may be further investigated for establishing detection
devices or methods able to measure ROS-generating com-
pounds in complex mixtures. A disadvantage of DTT assay
is the ability of seven of the ten transition metals to oxidize
DTT (Charrier and Anastasio 2012). Although metals are less
efficient than quinones, their concentration in fine PM is gen-
erally high. It has been estimated that up to 80 % of DTT loss
in a typical assay is from transition metals if Chelex resin
sample pre-treatment is not adopted (Charrier and Anastasio
2012). The TCEP protocol here described does not need this
pre-treatment, and it is apparently more sensitive than DTT
since it uses a less detectable amount in most instances (see
Table 1). Moreover, these observations could be helpful to
discriminate the transition metal contribution from the super-
oxide generation in a complex mixture.

It has been demonstrated that in the absence of an appro-
priate electron acceptor, quinone reduction by DTT leads to
H2O2 production (with O2

− as intermediate), and this event
can be followed kinetically as demonstrated by Chung et al.
(2006). The authors also showed a linear correlation between
the initial rate of H2O2 formation and quinone concentration,
with PQ giving the higher pseudo-first-order rate coefficient.
From their data, 100 nM was the minimal concentration of
quinone able to determine an initial rate of H2O2 formation.
In our experimental conditions, the minimal concentration for
data acquisition was significantly lower. In experiments where
cyt-c reduction rate was measured by a spectrophotometer, the
PQ lowest concentration able to determine significant signals
was 2 nM in the presence of TCEP, whereas 10 nM was
needed when DTT was used. Moreover, Chung et al. (2006)
recorded a sixfold lower rate of H2O2 formation in the pres-
ence of NQ. According to our results, the ratio between cyt-c
reduction rate in the presence of NQ was 1.7 (slopes in
Fig. 1b).

Kumagai et al. (2002) have described superoxide produc-
tion by PQ as determined by SOD-inhibitable reduction of
cyt-c, suggesting a possible advantage for the use of cyt-c.
Here, we report the results obtained on the development of
the first TCEP-based spectrophotometric assay for quinone
redox cycling based on cyt-c reduction rate. The signal pro-
duced is proportional to the amount of added PQ, NQ (with
PQ more reactive than NQ), DEP, PM2.5, and PM10, whereas
other quinones and/or aromatics compounds were ineffective.
These data are in agreement with those reported by Chung
et al. (2006) on PM extracts from samples collected in
California. PM10 activity determined with TCEP is lower in
comparison with that of DTT. This event might be explained
with a major contribution of transition metal to DTT reduction
as demonstrated by the reported results (Table 1).
Furthermore, our results showed a significant higher activity
with PM2.5 and DEP samples compared to PM10. As reported
previously (Gualtieri et al. 2011; Longhin et al. 2013b), the
organic fraction adsorbed on fine PM is pivotal in determining
significant biological effects. These results suggest that the
procedure based on TCEP is able to discriminate the contri-
bution of the organic fraction over metals and other reactive
species. Interestingly, Shang et al. (2013, 2014) recently re-
ported that quinines are of primary importance in determining
adverse biological effects through ROS formation. Taken to-
gether, the results here reported and literature data focusing on
the importance of reactive organic compounds in determining
biological effects demonstrate the importance of developing
fast and simple tools able to evaluate the reactive potency of
PM ambient samples. Interestingly, with the proposed meth-
od, PM2.5 and DEP ΔE/min values were similar (Figs. 2 and
3) at equal initial amount of particles tested. Considering that
PM2.5 in winter is largely composed by vehicle soot particles
(Gualtieri et al. 2011), the accordance between the ambient

Fig. 7 Stability test on a single SAM-modified screen-printed gold
electrode. Measurements were carried out in the presence of PQ as
standard. Two different concentrations of PQ were used (40 and
80 nM). The current values are plotted after subtracting the blank value
obtained in the presence of DMSO alone
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particles and the standard ones reinforces the capability of the
method to correctly evaluate the personal exposure to com-
pounds with oxidative properties present in different particu-
lates. The damages related to PM-organic compounds expo-
sure are not limited to oxidative damages since other
genotoxic and non-genotoxic effects may be activated (Billet
et al. 2007; Sevastyanova et al. 2007).

Screen-printed gold electrodes have been largely used as
electrochemical biosensors (Zhang 2004). In most instances,
they are modified by immobilizing cyt-c on their surface, thus
generating an electrochemical device sensitive to superoxide
(Ge and Lisdat 2002; Chen et al. 2008; Prieto-Simón et al.
2008; Cortina-Puig et al. 2009). Based on well-established
protocols of protein immobilization, we found that cyt-c mod-
ified screen-printed gold electrodes are able to detect PM and
DEP superoxide formation. An interesting modification of the
existing DTT assay, based on a microfluidic electrochemical
sensor, has been recently described (Sameenoi et al. 2012).
Their method couples a high sensitivity, a low cost, and por-
tability of the screen-printed electrodes with a reduction in the
quantity of the reagents required for DTT assay, thus leading
to a more simplified detection system. They give a detection
limit of 2.49 μM, equivalent to 24.9 pmol of NQ in 10 μl. In
our experimental condition, 40 nM of PQ in 50 μl, equivalent
to 2 pmol, was able to produce a measurable current of 15 nA,
thus confirming that the use of TCEP might greatly improve
the electrochemical devices’ performance when compared
with DTT protocols.

Conclusion

Our analyses on PM and DEP samples have shown that com-
plex organic extraction procedures can be avoided by washing
the sample with DMSO; the results obtained from the simpli-
fied method were comparable to those from classic extraction
procedures. This simplified procedure has succeeded in the
quantification of the reactive species formed by the organic
compounds extracted from 2 μg of sampled PM10. The meth-
od proposed is thus promising for the development of tools
able to quantify the personal exposure to toxic organic com-
pounds adsorbed on particles able to activate oxidative dam-
ages at cellular level. Since PM effects are related to several
biological processes, the ability of the method to selectively
determine the oxidative potential of organic compounds is to
be considered both an advantage and a limitation of the meth-
od. The selectivity permits to associate the oxidative potential
of an unknown PM to its organic (quinones) components;
however, since several other mechanisms can be activated
by particulates, we are aware that our methodology underes-
timates total PM potential adverse effects.

In conclusion, the proposed quinone extraction procedure
based on DMSO is a suitable tool to obtain particulate-linked

quinones in solution from sampled material. The combination
of the spectrophotometric assay or the electrochemical assay
with the extraction procedure may be the starting point to
develop an innovative device able to monitor the oxidative
potential of PM sources.
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