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ABSTRACT: New insensitive munitions such as IMX-104 formulations are being
developed to improve the safety suffering from accidental stimulations. Experimental
data indicated the synergistic toxicity of 2,4-dinitroanisole (DNAN) and hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX) in IMX-104, which increased the concern about
its environmental and health threats. Indeed, little is known about the synergistic
mechanism. Here, we investigated the membrane absorption of DNAN and RDX as
the first step toward uncovering synergistic toxicity. The permeability coefficient,
transmembrane time, and liposome−water partition coefficient were calculated by
the umbrella sampling technique. The results show that component RDX in the
IMX-104 formulation promotes the membrane absorption of another more toxic
component DNAN, suggesting that the synergistic toxicity effect of IMX-104 may
emerge from their membrane adsorption stage. In detail, the integrating free-energy
curves show that DNAN, RDX, or their mixture in membranes would promote
subsequent molecules passing through membranes. For the mixture of DNAN and RDX, RDX was absorbed by the membrane
before DNAN. Postabsorbed DNAN tends to stay around RDX, which is due to the strong van der Waals (VDW) interaction
between them. RDX stabilized under phospholipid headgroups limits the overflow of DNAN from the membrane, which results in
11% more absorption of DNAN by the membrane than in the case of the pure DNAN system.

■ INTRODUCTION
Traditional explosives including 2,4,6-trinitrotoluene (TNT)
and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) are difficult
to control the explosion risk of unintended stimulations during
transport, manufacturing, and handling.1 New insensitive
munitions (IMs) are being developed to replace traditional
high explosives to improve relative safety in terms of accidental
explosions. Among them, the famous IMX-104 formulation, a
mixture of 2,4-dinitroanisole (DNAN), 3-nitro-1,2,4-triazol-5-
one (NTO), and RDX, has been qualified as a Composition B
replacement.2−5 However, recent toxicity studies suggested that
components of IMX-104 have unique toxicological properties,
which pose significant health and environmental threats. For
example, NTO elicits toxicity by increased acidity at high
concentrations in aquatic exposures.6 The neurotoxic effects of
RDX, such as seizures in humans, have been known for both
humans and othermammals.7 The aquatic toxicity of DNANhas
been reported for cladocerans, tadpoles, and fish.1,8 Especially,
studies reported that the toxicity responses of DNAN-based IM
mixtures were driven by the effective concentration of DNAN,
which was much more toxic than other explosives, such as NTO
and nitroguanidine (NQ).9,10

IM constituents are manufactured and discharged together,
and the toxicity of chemical mixtures is very complex. Toxicity
assessment of IM mixture formulations has lagged considerably
relative to individual IM constituent evaluations.8,10−12

Recently, Gust et al. reported that the acute toxic effects of

IMX-104mixture formulation exposed in fatheadminnow larvae
were 18% greater than the additive (or synergistic) effect.13

DNAN and RDX, but not NTO, were characterized to
contribute to the toxicity of IMX-104 by functional tran-
scriptomics analysis. In addition, the transcriptomic responses to
acute RDX and DNAN individual exposures showed that
DNAN and RDX affected the transcriptional expression of Nrf2-
associated kelch-like ECH-associated protein 1 (keap1), with
some degree of confliction.12,13 Finally, the potential mecha-
nisms of synergistic toxicity within the IMX-104 mixture were
hypothesized to be related to the interactive effects of each
DNAN and RDX molecule. Toxicological interactions between
organic compounds leading to synergistic toxic effects have been
observed years ago.14−16 Atrazine and terbuthylazine mixtures
elicited synergistic responses on the swimming behavior of
zebrafish larvae.15 When investigating the synergistic inter-
actions between the herbicide atrazine and the organophosphate
insecticide chlorpyriphos to larvae of the midge Chironomus
tentans, Belden and Lydy found that the addition of atrazine
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increased chlorpyriphos uptake by 40%.16 Additive toxicity as
slightly greater-than additive effects for a mixture of TNT, RDX,
and 1,3,5,7-octahydro-1,3,5,7-tetranitrotetrazocine (HMX) was
also observed in the earthworm Eisenia fetita exposed to spiked
soils.17 Nevertheless, thorough insights into the synergistic
toxicity interaction mechanisms between the mixture molecules
are still absent.
To target a cytosol (e.g., keap1), a drug molecule must be able

to absorb in the lipid membrane,18,19 which is of vital
importance to study the progress of adsorption, distribution,
metabolism, and excretion (ADME) in organisms. For example,
the toxicity of canthaxanthin (β,β-carotene-4,4′-dione) to
humans was strongly related to its transmembrane and
interactions with the lipid membranes.20 α-Synuclein eliciting
Parkinson’s disease might be the consequence of its abnormal
interactions with the membrane.21 Our previous work found
that the monoamino metabolites of TNT had higher trans-
membrane capacity than their parent compound, which helps to
explain why they are even more toxic than TNT.22 It is still a
challenge for experimental techniques to obtain a detailed
molecular-level understanding of chemical−membrane inter-
actions, and molecular simulation technology has been proved
to be a useful tool for obtaining information about the
penetration and distribution of small molecules in cell
membranes and how they affect the properties of lipid bilayer
membranes.20,22,23 In the present work, we used the all-atom
molecular dynamics (MD)method and umbrella sampling (US)
technology to study the permeation process of RDX and DNAN
mixtures, according to their molar ratio within IMX-104
formulation, from the water phase to the 1-palmitoyl-2-oleoyl-
sn-glycerol-3-phosphocholine (POPC) phospholipid bilayer
membrane, and investigate the effect of intermolecular
interaction between RDX and DNAN on their entering into
the membrane.

■ METHODS
Lipid Bilayer Model and Simulation Details. The lipid

bilayer model consisting of 128 POPC lipids (with 64 in each
leaflet) was constructed by CHARMM-GUI.24 The bilayer was
oriented perpendicular to the z-axis and surrounded by at least
12 500 water molecules. NaCl (0.15M)was added to the system
to maintain physiological concentration. The system was
equilibrated for 100 ns, and the final simulation box for the
pure membrane system (M-system) was about 6.5 × 6.5 × 13.0
nm3.
First, we studied the dynamic behavior of 23 DNAN, 23 RDX,

and DNAN/RDX mixtures containing 16 DNAN and 7 RDX in
water. The results show that explosives in the three systems
gathered into a large cluster in 3, 1, and 2 ns, respectively (Figure
S1). The large clusters kept the aggregation state to the final
simulation time (Figure S1), indicating that DNAN, RDX, or
DNAN/RDX mixtures would aggregate together before reach-
ing the membrane−water interface. Therefore, we chose a
structure of aggregation state from their dynamic trajectories to
insert in the z-direction in the range from 4.0 to 4.4 nm of theM-
system and built another three simulation systems containing 23
DNAN (D-system), 23 RDX (R-system), and 7 RDX/16
DNAN (DR-system). The molar ratio of DNAN and RDX in
the DR-system is the same as that in the IMX-104 formulation
(DNAN/RDX = 16:7).25

All MD simulations were carried out with GROMACS 5.1.2
packages.26 The all-atom CHARMM36 force field27 was utilized
to describe POPC lipids. Water molecules were described by the

TIP3P model.28 Newton’s equations were integrated by the
leapfrog algorithm with the time step of 2 fs. To constrain the
bonds involving hydrogen atoms, the LINCS algorithm was
chosen.29 Bond lengths and angles of water were constrained by
the SETTLE algorithm.30 The particle mesh Ewald (PME)
algorithm31 was used to compute the electrostatic interaction
with the real space cutoff of 1.2 nm, a grid spacing of 0.16 nm,
and fourth-order interpolation. The van der Waals (VDW)
interaction was switched smoothly to zero over the region
between 1.0 and 1.2 nm. Periodic boundary conditions were
used in all directions. Tomaintain the pressure at about 1 bar, all
of the simulations were performed at 310 K in the NPT
ensemble using the velocity-rescaling thermostat32 with a time
constant of 0.2 ps. The semi-isotropic Parrinello−Rahman
algorithm33 chose a time constant of 1 ps and a compressibility
of 4.5 × 10−5 bar−1. Energy minimizations were performed by
the steepest descent algorithm.
Additionally, the parameters of DNAN were derived from

CHARMM General Force Field (CGenFF)34 and had been
successfully used in our previous work.23 In particular, because
of its nonplanar N-heterocyclic and N-NO2 functional groups,
almost all of the parameters of RDX are not included in the
standard CGenFF (Figure 1). Herein, we calculated the force

field parameters of RDX (RDX.itp and RDX.prm in the
Supporting Information) by the ffTK program.35 To validate
the force field parameters, we calculated the 1-octanol−water
partition coefficient (log KOW) of RDX by the free energy
perturbation method (eqs S1 and S2). The calculated log KOW
(1.42) and experimental log KOW (0.87)

36 show a 1:1 agreement
with differences of 0.55 log unit. The area per lipid is also used as
a check for force field parameters in MD studies and
characterizing the change in the overall architecture of the
bilayer after the permeation of drugs.37 We calculated the area
per lipid of the DR-system using a statistical average area of the
simulation box that is perpendicular to the membrane normal
(defined by the x- and y-size of the box, Supporting Information
named x- and y-size of the box with simulation time.txt) divided
by the number of lipids per leaflet (64). Our calculated area per
lipid is 42.153 nm2/64 = 0.659 nm2 (310 K), which is almost the
same as the experimental value of 0.658 nm2 (271 K).38

Potential of Mean Force (PMF) Calculations. The free
energy (ΔG) profiles (or potentials of mean force, PMFs) of the
two explosives across the lipid bilayer model were obtained by
umbrella sampling. The initial structures of a series of 32
separate windows were prepared by pulling the solute molecules
along the z-direction from the water phase (z = 4 nm) to the
center of the bilayer (z = 0 nm), with the spacings of 0.2 nm in
the water phase and 0.1 nm inside the membrane. During each
MD simulation, an umbrella restraint was only applied to the
solute molecules along the z-direction, and the solutes can move
freely in the x−y plane. The force constant of the harmonic
spring was 1000 kJ mol−1 nm−2 for all windows, ensuring the

Figure 1. Molecular structures of DNAN and RDX.
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adequate sampling of the simulations. Each window was run for
50 ns and the last 20 ns of trajectories were used for the
calculation of PMF profiles.23 Due to membrane symmetry, we
only calculated the free energy profiles from z = 4 nm to z = 0
nm. The free energy profiles were computed by the weighted
histogram analysis method (WHAM).39 The Bayesian bootstrap
analysis (N = 100) was utilized to obtain an estimation of the
statistical error for PMF profiles.40

Three Key Parameters for Describing the Behavior of
Permeation and Partitioning. Three key parameters for
describing the behavior of permeation and partitioning, namely,
liposome−water partition coefficient (KLW), permeability
coefficient (P), and translocation time (τ), can be obtained by
free energy landscapes.

KLW is defined as the ratio of the concentration of the
compound when the lipid phase and the water phase reach an
equilibrium. It was calculated according to the free energy
profiles as presented in eq 141
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where the system is split into n layers along the z-direction, and
layer n belongs to the water phase.ΔG(zi) is the free energy at zi;
β = 1/kB, where kB is the Boltzmann constant; xw(zi) = nw(zi)/
nwtot, where nw(zi) and nwtot are the number of water molecules in
layer i and in the system, respectively; and vL and vW are the
volumes of the lipid phase and the water phase, respectively.

P describes the speed of molecules across the cell membrane.
P can be estimated according to the inhomogeneous solubility
diffusionmodel,42 in which P is expressed as a function ofΔG(z)
and diffusion coefficient D(z), as shown in the following
equations
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Figure 2. Number of explosives contained in the largest aggregates with the simulation time for D-system, R-system, and DR-system.

Figure 3. Snapshots depicting the partition process of DNAN and RDX molecules into (a) DR-system and (b) R-system. P and N on POPC are
displayed in pink and yellow. RDX and DNAN are in green and purple, respectively. Water and ions are not shown for clarity.
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where R is the gas constant, T is the temperature (K), and F(z,t)
is the constrained force on the solute at a given z-position along
the normal direction.

τ estimates the time for solutes to cross the membrane from
one side of the lipid bilayer to the other. By the assumption of
Brownian motion, τ can be obtained from eq 543
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where Dz is the diffusion coefficient of solutes in the
transmembrane direction (z-direction). In the order of
magnitude estimate of the translocation time, we are not
interested in the changes of Dz with depth. Therefore, we used
Dz at free-energy minimum in this calculation, as the solutes
mostly reside in this region.

■ RESULTS AND DISCUSSION
Membrane Adsorption of Molecules. At first, we

investigated the process of 23 DNAN, 23 RDX, and DNAN/
RDX mixture containing 16 DNAN and 7 RDX entering the
lipid bilayer from the aqueous phase at the same concentration
(17 mol %). Initially, the explosives arrived at the membrane−
water interfaces in aggregation states (Figure S1), corresponding
to 0 ns of the three systems (Figure 2). To quantitatively
describe the aggregate (or cluster), we characterized the
aggregate size by counting the number of explosive molecules
in the largest aggregate. As seen in Figure 2, the clusters scattered
gradually and became individual molecules or smaller clusters
(two to three molecules). The breaking-up time for the large
aggregate of DNAN, RDX, and DNAN/RDXmixtures were 8.5,
47, and 16.5 ns, respectively. The significant difference in the
aggregate breaking time suggests that the processes of
membrane adsorption for the three systems might be different.
From the snapshots depicting the partition process of DNAN
and RDX molecules into lipid membranes (Figure 3), we can
find that RDXwould preferentially penetrate into themembrane
over the DNAN molecules. All RDX molecules in the DR-
system reside in the membrane at 50 ns (Figure 3a), and the
RDX molecules are far from each other. At 130 ns, all DNAN
molecules in the DR-system are observed to move to the inside
of the membrane. The penetrated RDX and DNAN molecules
dispersed in the head region of the POPC membrane in form of
dimers, trimers, and tetramers with the simulation time.
To further explore the membrane absorption process, we

calculated the average molar percentage (M) of DNAN and
RDX in the membrane by the molar density profiles along the
bilayer normal (z-direction) in different systems (Figure S3 and
Table 1), according to the following equation

= _
_

×M n
n

DNANs DR
total

100%
(6)

where n_DNANs-DR is the average molar number of DNAN in
the lipid bilayer (−2 nm < z < 2 nm) and n_total (n_total =
n_DNANs-DR + n_DNAN in water) is the molar number of
total explosives in the considered systems. The value of n_total is
identical in the present three systems (about 3590 mol/m3)

because the molar ratio for explosives in the three systems is 17
mol %.
In the first 30 ns, RDX was found to preferentially penetrate

into the membrane over DNAN molecules. In detail, the M of
RDXs-DR and DNANs-DR are 56 and 19%, respectively. It is
worth noting that there is still a stable aggregate of about 13−15
RDX molecules in the RDX-system at 30 ns (Figure 3b). The M
of RDXs-R is only 25%. It reveals that the stable aggregation
might reduce the speed of RDX molecules entering the cell
membrane. From the next 30 ns (30−60 ns), DNANs-DR was
adsorbed rapidly, and the number of RDXs-DR increased lesser.
During the simulation time of the last 90 ns (150−180, 180−
210, and 210−240 ns), the molar percentage of DNAN and
RDX in all of the membranes changed little, indicating that the
small molecules in the lipid phase and the water phase reached
an equilibrium. In the last 30 ns (210−240 ns), the molar
percentage of more toxic DNAN in the lipid bilayer increased
from 67% (DNANs-D) to 78% (DNANs-DR), indicating an
increase of membrane adsorption for a more toxic DNAN. We
can also find that the molar percentages of RDXs-DR (86%) and
RDXs-R (85%) are both more than those of DNANs-DR and
DNANs-R. In the next part, we used US technology to further
explore the mixture effect on the membrane adsorption of
DNAN and RDX.
Single-Molecule Simulations. PMF Profiles. The PMF

profiles of DNAN and RDX crossing four different lipid bilayers
were plotted (Figure 4 and Table 2). The value of the free energy
at z = 4 nm (i.e., in the aqueous phase) is set to zero. As can be
seen from Figure 4, the free energy sharply drops to a minimum
after themembrane entry (ΔGD), meaning that eachDNAN and
RDX can spontaneously enter into the membrane interior from
bulk water in all of the considered systems. The ΔGD of RDX
(−11.7 kJ/mol) in a pure system (RDX-M) is almost equal to
that of 2,4,6-triamino-1,3,5-trinitrobenzene (TATB, −12.1 kJ/
mol).23 We judge that the membrane partitioning of RDX is
mainly driven by the nitrogen heterocyclic ring, and the effect is
equivalent to that of the benzene ring. As seen in Table 2, the
ΔGD of RDX in the four systems is larger than that of DNAN,
indicating that it is easier for RDX to enter the membranes than
for DNAN. The value of the energy barriers (ΔGB), which can
be defined as the difference between the free-energy maximum
(ΔGmax) and minima (ΔGmin), shows that ΔGB of RDX is larger
than that of DNAN in the four systems, indicating that RDX is
more likely to stay in the membrane. Compared with the barrier
of RDX-R (20.1 kJ/mol) across the membrane, the barrier of
RDX-DR (21.2 kJ/mol) and RDX-D (24.1 kJ/mol) increases by
5 and 12%, respectively. More DNAN molecules in the

Table 1. Molar Percentages of DNAN and RDX in the Lipid
Bilayers

M (%)

compounda
the first
30 ns 30−60 ns 150−180 ns 180−210 ns

the last
30 ns

RDXs-DR 56 61 77 85 85
RDXs-R 25 48 81 85 86
DNANs-DR 19 37 78 76 78
DNANs-D 42 46 60 66 67

aRDXs-DR denotes the RDX molecules in the lipid bilayer of the
DNAN and RDX mixture system. RDXs-R denotes the RDX
molecules in the lipid bilayer of the R-system. DNANs-DR denotes
DNAN in the bilayer of the DNAN and RDX mixture system.
DNANs-D denotes DNAN in the bilayer of the D-system.
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membrane were expected to inhibit RDX crossing the
membrane. The energy barriers of DNAN-D (18.5 kJ/mol)
and DNAN-R (18.6 kJ/mol) are almost the same, and the
barrier increases by 5% for DNAN-DR (19.7 kJ/mol). Also, the
increase of the energy barriers for these two molecules might be
caused by the intermolecular interaction between DNAN and
RDX.
The preferred location (zmin) of DNAN and RDX is in the

range from 1.25 to 1.61 nm, indicating that they prefer to locate
in the headgroup region (1.3 nm < zmin < 2 nm) (Figure S2).

42,44

As shown in Figure 4 and Table 2, DNAN-M and RDX-M
possess the same zmin (1.39 nm). The zmin of DNAN-D (1.37
nm) and RDX-D (1.25 nm) tend to the back of the head region
of the membrane. On the other hand, the zmin of DNAN-R (1.45
nm) and RDX-R (1.47 nm) move slightly toward the head
region of the membrane. However, RDX-DR (zmin = 1.61 nm) is
closer to the head region of the membrane, and DNAN-DR is
slightly closer to the hydrophobic center of the lipid bilayer (zmin
= 1.31 nm). From the density profiles in the DR-system (Figure
S3d), we found that RDX molecules entering the membrane in

the last 30 ns of simulations have the density peak at z =±(1.6−
1.7) nm, and most DNANmolecules prefer to locate at z =±1.3
nm, corresponding well to zmin on PMF profiles (Figure 4).

Key Parameters.To quantitatively describe themixture effect
of DNAN and RDX on their membrane adsorption, we calculate
the three key parameters that describe the behavior of
membrane permeation and partitioning, namely, KLW, P, and
τ. KLW was suggested to be a more accurate descriptor than the
common KOW. We calculated log KLW of DNAN and RDX
according to eq 1, and the results are listed in Table 2. It can be
seen that the log KLW for DNAN and RDX in a pure membrane
are 1.02 and 1.46, indicating that these two explosives have the
ability to cross the lipid membrane. Zeliger et al. reported that a
lipophilic species promotes the permeation of a hydrophilic
species through amucousmembrane in all exposures tomixtures
of chemicals with varying partition coefficient values.45 It
appears that DNAN belongs to a class of relative hydrophilic
chemicals, and RDX belongs to a class of relative hydrophobic
chemicals.46 The presence of RDX might promote the
membrane adsorption of DNAN.
Our previous work suggested that P was greatly influenced by

the functional group, especially polar groups (−OH, −NO2,
−NH2, −OCH3).

22,23 As DNAN and RDX both contain three
polar groups, it is not surprising that the value of P for these two
molecules in different systems is almost identical (Table 2). It
also indicates that the membrane structures are not damaged,
which is proved by the evolution of the density profiles along the
bilayer normal (z-direction) for lipids and water in the DR-
system (Figure S2). Then, we calculated the translocation time
(τ) of DNAN and RDX to pass through a phospholipid
membrane in the four systems. As listed in Table 2, the τ of
DNAN and RDX molecules in the present systems is several μs;
therefore, it is difficult to observe a complete transmembrane
event in the unconstrained simulations with only hundreds of ns.
The τ of DNAN and RDX crossing the other threemembranes is
slightly shorter than that of the pure membrane. We deduce that
DNAN and RDX or their mixture previously entering the
membrane will slightly promote subsequent DNAN and RDX
crossing through the membrane, which agrees with the result
that the energy barrier (ΔGB) of DNAN (or RDX) in the pure
system is larger than in the three other systems. Furthermore,
both DNAN andRDX in the DR-system need slightly more time
to pass through the bilayer than in the D-system and the R-
system, implying the mixture effect of DNAN and RDX.
Role of Hydrogen Bonds (H-Bonds) and Intermolecu-

lar Interaction. H-Bonds. The processes of solutes leaving the
aqueous phase and entering the membrane are accompanied by
the destruction of theH-bonds network and the loss of H-bonds.

Figure 4. PMF profiles along the normal of themembrane (z-direction)
as a function of the distance from the bilayer center (z = 0) for (a) a
DNANmolecule and (b) an RDXmolecule in four membrane systems.

Table 2. Calculated Transport Properties of DNAN and RDX in Different Systems

compounda ΔGD(kJ/mol) ΔGB(kJ/mol) ΔGmax(kJ/mol) P(cm/s) zmin (nm) log KLW τ (μs)
DNAN-M −9.3 20.9 11.6 0.32 1.39 1.02 6.85
DNAN-D −7.5 18.5 11.0 0.60 1.35 2.37
DNAN-R −5.7 18.6 12.9 0.45 1.45 2.63
DNAN-DR −7.1 19.7 12.6 0.67 1.31 3.69
RDX-M −11.7 24.5 12.8 0.19 1.39 1.46 32.4
RDX-D −11.1 24.1 13.0 0.38 1.25 11.04
RDX-R −8.6 20.1 11.5 0.71 1.47 4.61
RDX-DR −6.8 21.2 14.4 0.11 1.61 11.89

aDNAN-M, DNAN-D, DNAN-R, and DNAN-DR denote DNAN in M-system, D-system, R-system, and DR-system, respectively. RDX-M, RDX-
D, RDX-R, and RDX-DR denote RDX in M-system, D-system, R-system, and DR-system, respectively.
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The hydrogen-bonding ability of solutes plays a critical role
during their transport across biomembranes.47,48 We calculated
the number of H-bonds of DNAN and RDX molecules with
water molecules from the water phase (z = 4 nm) to the center of
the bilayer (z = 0 nm) in the four systems. The definition of
hydrogen bond was the default criterion of the GROMACS
package. It is obvious that the number of H-bonds of RDX-DR
remains about 1 from entering the head region of the membrane
to near the center of the membrane, and there must be a water
molecule around RDX during its partition, which can be proved
by the snapshot at the right bottom of Figure 5b. In addition, we

found that the H-bonds in the preferred location can affect the
location of solutes inside the membrane (Table 3). The number

of hydrogen bonds for both DNAN-M and RDX-M at zmin is 0.7
and that in water (z = 4 nm) is 3.5 and 3.6, respectively. Also,
DNAN-M and RDX-M locate at the same zmin (1.39 nm). It can
be found that the −NO2 group and −OCH3 group have the
same effect on the ability of these two explosives to form H-
bonds with water molecules. In all, the higher the number H-
bonds at the preferred location, the closer the preferred region of
solutes is to the head groups of the membrane. However, the

number of H-bonds for these two explosives in all of the systems
decreases to less than 1 from zmin to the center of the lipid bilayer
(nearly zero), meaning that the H-bonds in the membrane are
not strong enough to control the ability of DNAN and RDX to
pass through the membrane.

VDW Interactions. Our previous work suggested that TNT
molecules previously entering the membrane will promote the
permeability of the latter molecules in the membrane, and the
VDW interactions between TNT molecules play the main role
in their attraction and clustering.22 Wang et al. reported that 8
mol % of cimetidine would lead to a decrease in the ability of
subsequent cimetidine molecules across the membrane, which
was attributed to the insignificant interactions between
cimetidine molecules.49 Therefore, we calculated the VDW
energy between the explosive molecules during their membrane
adsorption process in a mixture system. It can be seen from
Figure 6 that the VDW energy between RDX molecules (VMD-

RR) is very weak and quickly decreased to almost zero, even
showing repulsion to each other. The value of VDW energy
between DNAN and RDX (VDW-DR) and DNAN molecules
(VDW-DD) decreases gradually from several hundred to zero
from 0 ns to about 15 ns and is maintained at about zero during
the next 50 ns, indicating that RDX/DNAN clusters break up
and become individual molecules to enter the membrane. At
about 130 ns, when most DNAN had been in the lipid bilayer,
VDW-DR gradually increased again, implying the formation of
DNAN and RDX dimers or multimers in the lipid bilayer.
Therefore, we conclude that RDX tends to aggregate with
DNAN rather than with itself in the lipid bilayer, and these
results prove our observing snapshots in Figure 3a. Accordingly,
the value of VDW-DR is stronger than that of VDW-DD and
VDW-RR, whichmay contribute to the promotion of membrane
adsorption for DNAN.

■ CONCLUSIONS
In summary, themembrane adsorption of 16DNAN (12mol %)
and 7 RDX (7 mol %) mixtures revealed a synergistic absorption
effect for more toxic DNAN molecules, that is, the molar
percentage of DNANs-DR (78%) is 11% more than that of
DNANs-D (67%). Also, the molar percentage of RDXs-DR
(85%) and RDXs-R (86%) are nearly identical. It can be inferred
that the molar percentage of membrane absorption increase for
the DNAN molecules is due to the presence of RDX molecules.
The PMF curves show that these two kinds of molecules enter
the four systems (M-system, D-system, R-system, DR-system)

Figure 5. H-bonds between solute molecules and the surrounding
water molecules from the water phase (z = 4 nm) to the center of the
bilayer (z = 0 nm) for (a) DNAN and (b) RDX in different membranes.

Table 3. H-Bonds of DNAN and RDX at zmin

compound NO2-SOL OCH3-SOL total

DNAN-M 0.6 0.2 0.8
DNAN-D 0.4 0.2 0.7
DNAN-R 0.7 0.2 0.9
DNAN-DR 0.3 0.2 0.5
RDX-M 0.9 0.9
RDX-D 0.5 0.5
RDX-R 0.7 0.7
RDX-DR 1.1 1.1

Figure 6. VDW energy of DNAN and RDX molecules with the
simulation time for 16 DNAN/7 RDX entering POPCmembrane from
the aqueous phase.
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spontaneously. The value of P and τ reveal that DNAN and RDX
or their mixture previously entering the lipid bilayer will slightly
promote subsequent DNAN and RDX penetrating through the
lipid bilayer and entering cells. The energy barrier for RDX
across the membrane is higher than that of DNAN, indicating
that RDX is more likely to stay in the lipid membrane than
DNAN. DNAN in the membrane was expected to inhibit RDX
crossing themembrane, and the energy barrier of RDX increased
with the concentration of DNAN. The H-bonds in all of the
considered systems are not strong enough to control the ability
of DNAN and RDX to pass through the membrane. Based on
the unconstrained MD simulations and the intermolecular
interaction energy analyzing (VDW-DR, VDW-DD, and VDW-
RR), it can be concluded that RDX in the mixture system will
preferentially penetrate into the membrane over DNAN. RDX
molecules disperse in the head of the lipid membrane and catch
the DNAN molecules entering, subsequently preventing them
from returning to the water again by forming dimers or
multimers with them. Therefore, we infer that the synergistic
toxicity effect may emerge from the membrane entry process,
and VDW interactions played a critical role in this process.
Clearly, the results in this work are only a first step toward a

better understanding of mixture toxicology for IMX-104
components. In our next work, we will focus on the interaction
between explosive molecules and their targeted protein
keap1,12,13 which is a key expression-related protein in toxicity
tests for many drug molecules in addition to DNAN and RDX.50
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