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Abstract−The measurement of particulate matter induced oxidative potential activity by dithiothreitol (DTT) as an

alternative quantitative method has been of recent interest. The mechanism of this process is not well understood. Pro-

posed mechanisms often involve formation of the hydrogen peroxide as the final step. Evidence suggests that this may

not be the dominant route. We applied computational methods to determine a possible alternative mechanism in the

presence of •OH radical production. An energetically favored mechanism was found for DTT-chemical reactivity reaction

which is consistent with previously reported experimental results.
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INTRODUCTION

The positive associations between particulate matter (PM) and
adverse health outcomes are supported by numerous studies [1-3].
The mechanisms of PM-related health effects have not been explained
clearly, but an outstanding hypothesis is that many of the adverse
health effects may derive from oxidative stress [4-7]. Thus, the meas-
urement of PM induced oxidative stress is a key factor in evaluat-
ing PM-related health effects at the beginning step. One measurement
approach is the use of the dithiothreitol (DTT)-based chemical reac-
tivity as a quantitative method for the assessment of the capacity of
a PM sample to catalyze ROS generation [1,8-12]. Cho et al. [4]
demonstrated that the DTT assay can provide a good measure of
the redox activity by determining reactive oxygen species (ROS)
formation (Scheme 1).
In this assay, reduced DTT is oxidized to its disulfide in the pres-

ence of ROS generated by PM. After the reaction, the remaining
reduced DTT is reacted with 5, 5'-dithiobis(2-nitrobenzoicacid) to
produce a chromophore that absorbs light at 412 nm. The rate of
DTT consumption is proportional to the oxidative activity of the PM
sample. Previous studies have demonstrated that three reactive oxy-
gen species in PM samples, such as superoxide, hydrogen peroxide
and hydroxyl radical, have been measured using DTT assay [8,9].
Cho et al. [4] observed that carbonaceous species, such as organic
carbon, water soluble carbon and quinones in PM samples was highly

correlated with DTT loss, indicating these chemical species were
redox active. Charrier and Anastasio [8] have estimated that for typical
PM samples approximately 80% of DTT loss is from transition met-
als (especially copper and manganese), while quinines account for
approximately 20%. In some cases, some metals were found to not
be sensitive to DTT loss [4]. The addition of a low concentration
(50 nM) of iron or cooper into the PM extracts did not increase the
rate of DTT oxidation [4]. In addition, Lin and Yu [9] reported that
Cu (II) and Zn (II) concentration was strongly correlated with DTT
loss, but not from Fe. They proposed that these metals could cata-
lyze ambient PM to generate ROS species production, such as hy-
drogen peroxide and hydroxyl radical. While most of the current
literature indicates that DTT assay did not respond strongly to some
species of PM, especially Fe [8,11]. However, results from in vivo
assays reported the increase of ROS production by PM has also been
linked to the content of Fe. These results suggest there is a differ-
ence between the DTT assay and other measurements of the oxida-
tive potential of PM, although the assays should be measuring similar
properties of PM [8]. These results raise an interesting question for the
possibility that an alternative reaction mechanism may be dominant.
Our objective was to use computational methods to afford rea-

sonable alternative mechanisms for the dithiothreitol (DTT)-based
chemical reactivity. These mechanisms start with molecular reac-
tant shown in Eq. (1). Although the computational method used does
not provide accurate quantitative values, it does provide relative
values that can be compared with each other and used to determine
if the proposed mechanism is energetically favored. It is hoped that
the results obtained in this study will help to increase understand-
ing of the mechanism of the dithiothreitol (DTT)-based chemical
reactivity. A well understood mechanism may help to improve the
technique by suggesting routes to increase efficiency, avoid or reduce
interferences, and expand the method.

THEORETICAL METHODS

The ground-state geometries of all the molecules studied opti-

Scheme 1. Proposed reaction mechanism by Cho et al.
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mized at the B3LYP/6-311G(d, p) level of theory are shown in Fig. 1.
The geometries of various stationary points and harmonic vibra-
tional frequencies were calculated at the same level. Only one imagi-
nary frequency for each transition state could be found. The reaction
pathways were investigated and confirmed by intrinsic reaction coor-
dinate (IRC) calculation at the B3LYP/6-311G(d, p) level. The changes
of thermodynamic functions including entropy, enthalpy, free ener-
gies for reactants, transition states and products, and the equilib-
rium constants of the reaction in Eyring transition state theory were
calculated at the B3LYP/6-311G(d, p) level. Reaction rate constants
(k(T)), changes (ΔS#, ΔH# and ΔG) in thermodynamic functions
and equilibrium constants of the reactions were calculated using
the B3LYP/6-311G(d,p)-optimized geometries and the harmonic
vibrational frequencies. The rate constant is given by k(T)=(kbT/h)

exp(ΔS#/R-ΔH#/RT), where kb and h are the Boltzmann and Planck
constants, respectively, ΔH# is the activation enthalpy of the transi-
tion states, and ΔS# is the activation entropy of the transition states.
The reaction equilibrium constant is calculated by K=exp(−ΔG×
1000/RT), where ΔG is the Gibbs free energy of the reaction. In
the preset study all kinetic and thermodynamic calculations were
performed using Gaussian 03 series [13].

RESULTS AND DISCUSSION

1. Dehydrogenation Reaction

An alternative mechanism for the oxidation reaction starting with
dehydrogenation reaction of DTT is shown in Scheme2. The over-
all reaction surface for this process is endothermic energy favor-

Fig. 1. The geometries of reactants, transition states and final products calculated at the B3LYP/6-311G (d,p) level.
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able with a net change in energy of 38.1 kJ mol−1 (Fig. 2).
The first-order saddle points TS1, the transition state from Re to

P1, was verified by IRC calculation. In the reaction of Re to P1,
the hydrogen atom detached from the -SH group at the beginning
of the reaction, resulting in the increased distances between S(1)
and H(3) (from 1.349 to 1.643Å), forming TS1. IRC calculation
showed that in the reaction of Re to TS1, the hydrogen atom moved
to oxygen atom, breaking the S-H bond. Simultaneously, the distance
S(1)-S(2) was shortened and became a TS1 with a negative charge
in which the distance S(2)-H(4) increased from 1.345 to 1.348Å
(Table 1). Compared with Re, the distances H(4)-O(6) and H(3)-
O(5) decreased from 2.520 to 2.514Å and from 2.278 to 1.177Å,
respectively. The activation barrier from Re to P1 was 46.7 kJ mol−1.
After getting over the TS1, the distances S(1)-S(2) and H(4)-O(6)
decreased from 3.475 to 2.579Å and from 2.514 to 2.024Å, respec-
tively. Meanwhile, the distance O(5)-O(6) and S(2)-H(4) increased
from 1.289 to 1.396Å and from 1.348 to 1.385Å, respectively. At
the end of reaction, the molecular HO2

+ and C4H9O2S2

− were pro-
duced. Through the calculation for above reaction pathway, the ob-
tained results indicated that the more positive H was, and negative
the atom S became, making a weaker S(1)-H(3) bond reach the tran-
sition state more easily (Table 2). Generally, kinetic and thermody-
namic analyses may illustrate the feasibility and likelihood of such
reactions. The kinetic and thermodynamic calculations for the opti-
mized parameters, zero-point-corrected energies, scaled vibrational
frequencies, and Hessian matrix in canonical variational-state the-

ory (CVT) with small tuning approximation (SCT) over the tem-
perature range of 400-1,500K were carried out at the B3LYP/6-
311G(d,p) level (Table 3). As shown in Table 3, the calculations
showed that the kinetic constants increased slightly with the tem-
perature increasing. In addition, the equilibrium constant of the reac-
tion was very small, indicating thermodynamics feasibility of reverse
reaction existed. This discrepancy can be resolved if the external
energy supply is greater than the reaction barrier in step 1, thus making
C4H9O2S2

− the kinetically favored product.
2. Formation of Disulfide

The formation of disulfide starting initially with HO2

+, reacts di-
rectly with C4H9O2S2

− to yield C4H8O2S2 (Scheme 3). The overall
reaction surface described by Scheme 3 is energetically favorable
by 196.3 kJ mol−1.

Scheme 2. Proposed mechanisms for the oxidation reaction start-
ing with dehydrogenation reaction of DTT.

Fig. 2. The energy profiles for DTT-based chemical reactivity as a
quantitative method for the assessment of the capacity of a
PM sample to catalyze ROS generation. The energy values
are expressed in kJ mol−1 and are relative to reactants.

Table 1. The structural parameters calculated at the B3LYP/6-311 G(d,p) leve [bond length: Å; bond angle: (o); dihedral: (o)]

Species S(1)-H(3) S(2)-H(4) S(1)-S(2) H(3)O(5) H(4)O(6) O(5)O(6) S(1)H(3)O(5) S(2)H(4)O(6) S(1)H(3)O(5)O(6) S(2)H(4)O(6)O(5)

Re 1.349 1.345 4.333 2.278 2.520 1.225 171.4 083.4 −178.2 −65.8

TS1 1.643 1.348 3.475 1.177 2.514 1.289 154.0 066.3 −107.8 −46.6

P1 2.631 1.385 2.579 0.971 2.024 1.396 088.5 063.8 0−86.5 −34.8

TS2 2.439 1.374 3.270 0.976 1.763 1.345 075.1 146.4 −124.3 −42.6

P2 3.035 2.460 2.138 0.967 0.974 1.452 106.0 150.2 0−79.1 −76.1

Table 2. Absolute energies, zero-point energies and relative ener-
gies of reactants, intermediates, transition states and prod-
ucts calculated at the B3LYP/6-311G(d,p) level

Species
EZPVE/

(kJ mol−1)

B3LYP/6-311G (d, p)

E/a.u. ET/a.u. ER/(kJ mol
−1)

Re 383.8199 −1255.7104 −1255.5642 0.0000

TS1 379.4996 −1255.6909 −1255.5464 46.7339

P1 397.1789 −1255.7010 −1255.5497 38.0698

TS2 391.6632 −1255.6899 −1255.5407 61.6993

P2 402.0918 −1255.7909 −1255.6378 −193.2368

Table 3. The kinetic properties and thermodynamic properties of
the reaction step 1 calculated at the B3LYP/6-311G(d,p)
level

T/K
Rate constants

k(T) (s−1)

Equilibrium

constants K(T)

Changes of free energy

(ΔG) (kJ mol−1)

0400 3.59×104 4.64×10−8 056.15

0500 5.08×105 3.10×10−7 062.30

0600 2.97×106 1.07×10−6 068.57

0700 1.06×107 2.56×10−6 074.92

0800 2.74×107 4.89×10−6 081.33

0900 5.80×107 8.05×10−6 087.77

1000 1.06×108 1.19×10−5 094.24

1100 1.74×108 1.65×10−5 100.74

1200 2.64×108 2.14×10−5 107.25

1300 3.76×108 2.68×10−5 113.78

1400 5.10×108 3.24×10−5 120.33

1500 6.65×108 3.81×10−5 126.89



1118 Y. Bei and Q. Liu

July, 2014

When HO2

+ attacked the C4H9O2S2

− from the front of S(2), the
bond S(2)-H(4) broke first, with positive charge H(4) left S(2) and
moved forwards the electron deficient HO2

+, forming disulfide and
•OH radicals. This route was exothermic and the potential barriers
were very low. The kinetic results for Scheme 3 indicated that the
reaction proceeded at a high rate. In addition, the equilibrium con-
stants reported herein suggest that formation of disulfide is thermo-
dynamically more favorable (Table 4).
Interestingly, our results showed that the products for DTT reac-

tion were a little different and to be significant. The formation of
hydrogen peroxide in the process of DTT reaction was reported by
previous studies (Eq. (1)). Thus, we developed the formation of hy-
drogen peroxide in the presence of disulfide at the beginning step
and found •OH radicals instead of hydrogen peroxide, were ener-
getically favored. According to these mechanisms, DTT could not
react readily with the hydroxyl radical and ultimately formed the
disulfide species, which led to the increased DTT activity observed.
Recently, many studies have revealed associations between hy-

droxyl radical production with Fe contents of PM [14,15]. Produc-
tion of PM associated hydroxyl radicals may also be related to the
generation of surface-associated environmentally persistent free rad-
icals through Fenton reaction [14]. It is noteworthy that these associa-
tions persisted even after adjustment for individual environmental
factors. Kelley et al. [16] proposed that •OH radicals formed on the
surface of the particles redox cycle to produce first the superoxide
and then, via Fenton reactions, and then finally the hydroxyl radicals.
Evidence in support for our findings that DTT could not react

readily with the hydroxyl radical is provided by studies conducted
by Lin and Yu [9]. In their studies, the increase of Fe concentration
could not influence the consumption rate of DTT concentration.
Studies presented here highlighted that some species such as Fe may

indeed redox cycle to produce ROS that can be maintained in biologi-
cal environments, but that the selection of assays for the measure-
ment of ROS is critical to the interpretation of data obtained in these
types of experiments.

CONCLUSIONS

Alternative mechanisms have been suggested for the oxidation
reaction of DTT as a quantitative method for the assessment of the
capacity of a PM sample to catalyze ROS generation. These mech-
anisms rely on disulfide and •OH radicals as oxidation products,
rather than the previously suggested hydrogen peroxide. Although
there are limitations to the B3LYP method for solvent calculations,
the limitations do not influence the calculation results. The qualita-
tive aspects of the energy surfaces presented herein suggest the pro-
posed mechanisms are reasonable. Although only oxygen has been
studied in this work, similar reaction mechanisms might be expected.
In our work we have not been able to prove or disprove these mecha-
nisms experimentally. We therefore offer these proposed mechanisms
for others to consider and investigate experimentally.
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