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The application of nonthermal atmospheric pressure plasma is emerging as an alternative and

efficient technique for the inactivation of bacterial biofilms. In this study, reactive molecular

dynamics simulations were used to examine the reaction mechanisms of hydroxyl radicals, as key

reactive oxygen plasma species in biological systems, with several organic molecules (i.e., alkane,

alcohol, carboxylic acid, and amine), as prototypical components of biomolecules in the biofilm.

Our results demonstrate that organic molecules containing hydroxyl and carboxyl groups may act as

trapping agents for the OH radicals. Moreover, the impact of OH radicals on N-acetyl-glucosamine,

as constituent component of staphylococcus epidermidis biofilms, was investigated. The results

show how impacts of OH radicals lead to hydrogen abstraction and subsequent molecular damage.

This study thus provides new data on the reaction mechanisms of plasma species, and particularly

the OH radicals, with fundamental components of bacterial biofilms. VC 2014 American Vacuum
Society. [http://dx.doi.org/10.1116/1.4904339]

I. INTRODUCTION

It has become evident that bacterial cells typically live in

colonies or a so-called biofilm instead of as free single

micro-organisms. A microbial biofilm is an aggregation of

microorganisms embedded in a matrix of hydrated extracel-

lular polymeric substances (EPS) and it adheres to both bio-

logic and nonbiologic surfaces.1 The EPS matrix is mainly

composed of polysaccharides, proteins, nucleic acids, and

lipids and plays a critical role in the mechanical stability and

surface adhesion, as well as in antimicrobial treatments of

the biofilm. Studies showed that the formation and integra-

tion of biofilms is mainly dominated by polysaccharides

present in the EPS matrix. For instance, poly-N-acetyl-gluco-

samine as a polysaccharide in the biofilm of Staphylococcus
epidermidis plays a critical role in the integrity of the biofilm

structure.1,2

It is known that the majority of the bacteria found in

natural, clinical, and industrial environments are formed as a

biofilm on the surface. Clinical studies have revealed the for-

mation and growth of a biofilm in 80% of human microbial

infections, such as endocarditis, osteomyelitis, chronic otitis

media, foreign-body-associated infections, gastrointestinal

ulcers, urinary tract infection, chronic lung infections in

cystic biofilms fibrosis patients, caries, and periodontitis.3

Studies in the field of bacterial treatment show an enhance-

ment in the resistance of bacterial biofilms to antibiotics by a

factor of 1000 as compared to antibiotic resistance of single

bacteria (planktonic).4 The main reason of the high resistiv-

ity of biofilms to chemical antimicrobial agents, however,

has not yet been exactly elucidated, although a number of

studies have addressed the considerable effect of the EPS in

the impermeability of antimicrobial agents inside the

microbial community. For instance, a study on the treatment

of biofilms of Pseudomonas aeruginosa showed that

alginates (as anionic polysaccharides) are capable to bind to

positively charged amino glycosides and prevent their pene-

tration into the biofilm.5 Accordingly, treating the biofilm

with conventional methods has become a challenge.

Therefore, the development of appropriate alternative techni-

ques for the inactivation of bacterial biofilm is urgently

required. In recent years, nonthermal atmospheric pressure

plasmas (NTAPP) have shown great potential for the inacti-

vation of bacteria, also in cases where antibiotics are no lon-

ger efficient due to natural pathogen and bacterial resistance.

Studies on plasma therapy for bacterial treatment have

demonstrated the ability of NTAPP to inactivate planktonic

bacteria6–9 and bacterial biofilms,10–15 as well as to provide

an effective method for surface decontamination and

sterilization.16,17

Additionally, plasmas are of interest for antimicrobial

wound treatment, i.e., to disinfect and heal wounds in a

contact-free and painless procedure. The antimicrobial prop-

erties of NTAPP are mainly attributed to plasma-generated

reactive agents, including the neutral particles [e.g., reactive

oxygen and nitrogen species (RONS)], charged particles,

UV photons, and electromagnetic fields. Especially, the

RONS are considered to be able to target cellular compo-

nents and influence metabolic processes in microorgan-

isms.18 Plasmas generating these species typically operate at

or near room temperature, without being harmful for living

tissue. Nevertheless, while NTAPP have proven to eradicate

bacterial biofilms, the interaction processes of plasma agents

with the biofilm structure are not yet fully understood.

Besides experimental studies, atomistic simulations are a

useful tool to gain insight into the fundamental aspects of

reaction mechanisms of plasma particles with bioorganisms.
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atomistic simulation methods in plasma medicine context is

available in the recent review articles.19,20

In this respect, reactive molecular dynamics (MD) simu-

lations were recently applied to investigate the interaction

mechanisms of ROS with peptidoglycan (PG) in bacterial

cell wall.21,22 Moreover, the exact penetration mechanisms

of ROS (O, OH, HO2, and H2O2) in a liquid layer as the

major component of biofilms was examined.23 Also, reactive

MD simulations were used to investigate the interaction of

ROS (OH, HO2, and H2O2) with the endotoxic biomolecule

lipid A of the gram negative bacterium Escherichia coli.24

In this study, the reaction mechanisms of hydroxyl (OH)

radicals, as one of the most effective ROS in biochemical

reactions, with four major groups of organic molecules

(alkane, alcohol, carboxylic acid, and amine) surrounded

with water was investigated as a model for plasma/biofilm

interactions. The simple organic molecules in this investiga-

tion are acyclic aliphatic compounds containing ten carbon

atoms, viz., decane, decanol, decanoic acid, and decylamine.

The importance of studying these molecules is due to the

existence of their functional groups in bio-organic mole-

cules, such as lipids, fatty acids, bacterial proteins, and poly-

saccharides, which are structural components of bacterial

biofilms. Furthermore, we also investigate the impact of OH

radicals on N-acetyl-glucosamine as a saccharide, which has

a considerable contribution to the integrity of the S. epider-
midis biofilm.2

II. METHODOLOGY

In our MD simulations, we employed the reactive force

field (ReaxFF),25 using the C/H/O/N glycine/water parame-

ters developed by Rahaman.26 The parameters for the

ReaxFF potential are optimized with respect to quantum

mechanical calculations for reaction energies, reaction bar-

riers, and structures. More information on the force field pa-

rameters used in this study can be found in references.26

ReaxFF was developed based on the bond order/bond

distance relationship, formally presented by Abell.27 In this

potential, all types of bonding, ranging from covalent to

ionic bonding as well as long-range van der Waals forces

and Coulomb forces, are taken into account. The molecular

charge distribution, based on molecular geometry and con-

nectivity, is calculated using the electronegativity equaliza-

tion technique.28,29

The simulation setup adopted in this work is as follows.

An organic molecule is located at the center of the simula-

tion box with dimensions of 25� 25� 24.38 Å3. Periodic

boundary conditions are applied in all dimensions. Water

molecules were randomly positioned in the empty space sur-

rounding the molecule, until a water density of 1 g cm�3 was

obtained. Before initiating the OH radical impact, the system

is first minimized and then thermalized for 250 ps in the

canonical ensemble at room temperature (i.e., 300 K) using

the Bussi thermostat.30 In our simulations, the water-organic

molecule system is first equilibrated, and subsequently the

OH radical is randomly added to the simulation box. To

simulate a dilute solution with an OH mole fraction of 0.002,

one OH radical is inserted in the water box containing 500

water molecules and one organic molecule, corresponding to

a concentration of about 0.1 M.

III. RESULTS AND DISCUSSION

A. Validation of the force field

We first validated the force field used in our simulations

(C/H/O/N glycine/water) by calculating structural, statistical

and dynamic properties of pure water including the O-H

bond length, the partial charge on the oxygen and hydrogen

atoms, the HÔH angle, the water dipole moment, the O-O

distance and the radial distribution function. The results

show overall a very good agreement with ab initio calcula-

tions,31 classical MD simulations,32 as well as experi-

ments33–38 (see supplementary material, Fig. 1 and Table

I).39 The validity of the force field to reproduce the hydrocar-

bon–water complex formation was previously demonstrated

for the glycine/system.26 Furthermore, this force field, in

combination with a ReaxFF description for organophos-

phates, as used by Zhu et al.,40 was successfully applied by

Abolfath et al.41 for the simulation water of DNA damage

by hydroxyl radicals in solution.41

We also examined the applicability of the force field to

describe the water–hydroxyl radical system. First, we calcu-

lated the diffusion coefficient of OH in a water box from the

long-time evolution of the mean squared displacement

(MSD), using the Einstein relation:

D ¼ lim
t!1

jr tð Þ � r t0ð Þj2

6 t� t0ð Þ

* +
; (1)

where r(t) is the position of the molecule at time t. The MSD

was calculated over a 250 ps interval in a 500 ps simulation

time. The obtained value for the diffusion coefficient is 0.84

Å2/ps, which is in good agreement with earlier MD simula-

tions of hydroxyl radicals in water.42

Subsequently, in order to further validate the force field

for the water-OH radical system, the interaction energy

between one OH radical and one water molecule for a cer-

tain initial orientation was calculated as43

EWR¼ EPES � ðEH2OþEOHÞ; (2)

where EWR is the water-radical interaction energy, EPES is

the potential energy surface of the water-OH complex, and

EH2O and EOH are the energies of a single isolated water mol-

ecule and OH radical, respectively. Following Pabis et al.,43

we calculated the energy profile for a specific configuration,

where the water molecule and OH radical lie in the same

plane, forming an angle of /¼ 110�. The energy profile is

plotted in Fig. 1. This figure shows that a minimum energy

of �33.21 kJ/mol is found at a distance of ROrOw¼ 2.78 Å.

Comparing with the DFT result obtained in Ref. 43 (i.e., pre-

dicting a minimum energy of �21.1528 kJ/mol at a distance
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of 3 Å), it can be concluded that in this case only qualitative

agreement is found between ReaxFF and DFT.

Although the main objective of this paper is the investiga-

tion of reactions of the OH radical with organic molecules

(or biomolecules) in aqueous solution, it is useful to first

examine the reaction of OH with the organic molecules to be

studied in the gas phase using the above mentioned force

field, in order to further validate the force field, by compari-

son with available experiments from literature. Therefore,

we have simulated the reaction of OH radicals with the

above mentioned alkane, alcohol, carboxylic acid, and amine

in the gas phase.

The observed reaction with these four organic compounds

was hydrogen abstraction, leading to the formation of a

water molecule and an organic radical, in agreement with

experiments.44 We thus conclude that the force field is suita-

ble for investigating OH/organic molecule chemical

reactions.

B. Mass density of water in a box including an organic
molecule

In this section, we investigate the mass density of water

in the simulation box in the presence of an organic molecule.

Here, we consider the alcohol (decanol) as the organic mole-

cule. The molecule was fixed at the center of the simulation

box. The mass density of water was calculated by construct-

ing a three dimensional grid with a bin size of 1 Å in the

three Cartesian directions and count the number of water

molecules in each bin. To enhance the visibility of the effect

of the presence of the organic molecule on the local water

mass density, the mass density was integrated z¼ {9�14

Å}, i.e., over the slab in which the molecule is located. The

contour plot of the resulting mass density is illustrated in

Fig. 2. We have also calculated the mass density as inte-

grated over the entire z-range, as shown in Fig. 2 of the sup-

plementary material. As can be clearly seen, the mass

density of water around the organic molecule is slightly

increased. We propose the following mechanism. In the bulk

of the water (i.e., near the periodic boundaries of the simula-

tion box), the water tends to adopt the normal mass density

so as to minimize its free energy. At the interface between

the water and the organic molecule, only dipole-induced

dipole and London dispersion interactions are present and

the water molecules cannot form hydrogen bonds with the

alkane chain due to its hydrophobic nature. The organic mol-

ecule thus attracts the surrounding water molecules less

strongly than the bulk water does. As a result, the water

mass density slightly increases in the vicinity of the organic

molecule.

C. Trajectory of plasma species in water in the
presence of organic molecules

In order to assess the configurational sampling of the

water box by a single OH radical in the presence of an or-

ganic molecule (again decanol), the trajectories of the OH

radical and the organic molecule in the simulation box are

calculated and represented as probability profiles. For this

purpose, a three dimensional grid with bin size of 1 Å3 is

constructed in the simulation box. We recorded the number

of times that the OH radical or the functional group of the or-

ganic molecule samples any bin, and from these data, the

probability is calculated. In Figs. 3(a)–3(d), the profiles for

the OH radical are shown, accumulated for total simulation

times of 125, 250, 325, and 470 ps, respectively. In these fig-

ures, the probability is integrated over every bin in the z-

direction and projected onto the {xy}-plane.

By comparing the probability profiles in Figs. 3(a)–3(d),

it can be seen that a more or less complete (albeit not uni-

form) spatial sampling requires a time scale of about 500 ps.

Also, the visiting probability of the hydroxyl group of the or-

ganic molecule was determined with the same method as for

the OH radical, as shown in Figs. 4(a)–4(d). From this figure,

it is concluded that the organic molecule can also travel in

FIG. 1. OH-H2O interaction energy for the depicted geometry of the

complex.

FIG. 2. Contour plot of the water mass density integrated over z¼ {9–14 Å},

i.e., over the slab in which the organic molecule (decanol) is located.
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the water box, but, in contrast to the OH radical, it is obvious

that the organic molecule is transported much more slowly

than the OH radical, as it is mainly found in the upper right

corner or lower left corner in Fig. 4 (which is reached by the

periodicity of the box), but it does not travel within the entire

box within this simulation time. The origin for this behavior

is twofold. First, the organic molecule is much larger and

hence it diffuses more slowly. Second, the OH radical is

transported through the water by a fast and continuous chain

of chemical H-exchange reactions (see Ref. 23 for more

details), instead of pure physical diffusion as is the case for

the organic molecule. The high reactivity and fast diffusion

of the OH radical has been demonstrated in Ref. 45 as well.

In this work it was shown that the OH radicals are very reac-

tive and can reach diffusion lengths of about the diameter of

a typical protein.

D. Distance probability of the OH radical in the water/
organic molecule box

To gain a better insight into the dynamics of the OH radi-

cal in the water box containing the organic molecule, the

probability of finding the OH radical at any particular dis-

tance from the functional group of the organic molecule is

calculated. In Fig. 5(a), the probability of the distance

between the OH radical and the (functional group of the)

alcohol is plotted. It is clear from this figure that OH can be

located at all possible distances from the alcohol. The value

of the probability increases with increasing distance up to

half the box length, 12.5 Å. This trend is expected due to the

cubic box geometry. Indeed, if we consider that the organic

molecule is fixed at the center of the box, the probability

changes corresponding to the increasing volume of the

spherical shells around the center of the box. Therefore, a

higher probability is found at a distance equal to half of the

box length, where the volume of the spherical shell is largest.

Also, it is clear from Fig. 5(a) that the OH radical can be

found at a distance below 2 Å from the alcohol, albeit with

low probability. It is concluded that in order for a reaction to

occur, it is not necessary for the OH radical to remain for a

long time close to the organic molecule. Instead, as soon as

the radical reaches the vicinity of the reactive part of the or-

ganic molecule, the reaction occurs.

The same trend was observed for the density probability

between the OH radical and the functional group of the car-

boxylic acid, the alkane and the amine, as shown in Figs.

5(b)–5(d). However, for the amine and alkane, no reaction

occurs, as will be discussed in Sec. III E.

It must be noted that, to obtain statistically valid results

for each of the mentioned molecules in the water box, 20

FIG. 3. Trajectories of the OH radical in the simulation box for total simulation times of 125, 250, 325, and 470 ps, shown in (a)–(d), respectively.
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simulations with different initial configurations were carried

out. The reaction time of each configuration is different,

showing a very large standard deviation, in agreement with

the probabilistic nature of the reactions.

E. OH-organic molecule reaction mechanisms in the
water box

In this part, the reaction mechanisms of OH radicals with

the specific organic compounds (i.e., alkane, alcohol, car-

boxylic acid, and amine) in the water box are investigated.

The reaction mechanism of an OH radical with a dissolved

alcohol molecule is presented Figs. 6(a)–6(c). The OH radi-

cal is transported randomly through the water box until it

reaches the vicinity of the hydroxyl group of the alcohol

molecule [Fig. 6(a)]. Then, the OH radical is found to inter-

act immediately with the hydrogen of the alcohol group

[Fig. 6(b)]. Finally, the H-atom is abstracted from the

alcohol group leaving a H2O molecule and an R-O radical

[Fig. 6(c)].

In the case of reaction of an OH radical with a carboxylic

acid molecule in the water box, the same reaction path is

observed. As represented in Figs. 7(a)–7(c), the OH radical

interacts with the H atom of the carboxyl group and abstracts

the hydrogen atom to create a water molecule and the corre-

sponding RCOO radical.

It is known that the reaction of hydroxyl radicals with

some organic compounds such as alcohols and carboxylic

acids in water is dominated by concurrent addition of the

hydroxyl radical to the molecule and hydrogen abstraction

from the functional group of the molecule in reference.46

The reaction mechanism as observed in our MD simulations

is indeed consistent with the reaction of OH radicals with a

primary acyclic alcohol as observed experimentally.46

Finally, it is worth to mention that we performed the

same simulation to investigate the impacts of OH radicals in

the water box containing an alkane or an amine molecule,

but in these cases, no reaction has occurred.

Hence, based on these simulations we can conclude that

biomolecules present in the biofilm structure, which contain

hydroxyl and/or carboxyl groups such as polysaccharides,

lipids, and proteins, can react with OH radicals in plasma-

mediated treatment, and the products of these reactions (i.e.,

the resulting biomolecule radicals) can initiate structural

damage in the biofilm. To better understand this interaction

process, the impact of OH radicals on a specific polysaccha-

ride (i.e., N-acetyl-glucosamine), present in the structure of

Staphylococcal biofilm, will be investigated in Sec. III F.

FIG. 4. Trajectories of the hydroxyl group of the organic molecule in the simulation box for total simulation times of 125, 250, 325, and 470 ps, shown in

(a)–(d), respectively.
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F. N-acetyl-glucosamine

As was explained in the Introduction, polysaccharides are

essential components of the biofilm and provide stability of

the biofilm structure. They contain several hydroxyl (alco-

hol, OH) functional groups, which can be attacked by OH

radicals due to plasma exposure. To investigate the

interaction of OH radicals with a typical polysaccharide, as

present in biofilms, we simulated the impact of an OH radi-

cal on N-acetyl-glucosamine in water, as part of a polysac-

charide in the structure of Staphylococcal biofilms.

The important sites of the N-acetyl-glucosamine mole-

cule, which can be attacked by the OH radical, are the

FIG. 5. Probability of distance between the OH radical and the functional group of the alcohol (a), carboxylic acid (b), alkane (c) and amine (d), for total simu-

lation time 470, 455, 500, and 500 ps, respectively.

FIG. 6. Snapshots from MD simulations, showing the interaction of an OH radical with decanol in the water box, resulting in the formation of a water molecule

and an R-O radical (a)–(c). The newly formed water molecule (i.e., atoms 1, 2, and 3) is shown in the red dashed circle.
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hydroxyl groups shown by the dashed circles in Fig. 8(a).

Our simulations demonstrate that OH can indeed react with

the H atoms from these functional groups.

In this process, hydrogen abstraction from three sites of

N-acetyl-glucosamine [hydrogen numbers labeled 25, 26,

and 27 in Fig. 8(a)] lead to the formation of the same prod-

ucts (i.e., a water molecule and an R-O radical). Also, the

bond lengths between the other atoms of N-acetyl glucosa-

mine remain unchanged, and the ring remains intact, as

shown in Figs. 8(b) and 8(c). In the case, however, that the

OH radical abstracts hydrogen number 21, the distance

between the O-atom from this hydroxyl group and the

attached C-atom [shown in dashed circle line in Figs.

9(a)–9(c)] decreases and leads to the formation of a double

C-O bond and subsequently bond cleavage of C-O in the

ring [see Fig. 9(c)].

The average bond length of the C¼O double bond is

found to be 1.18 Å, which is a typical value for a double

C¼O bond. Hence, we can conclude that the reaction of an

OH radical with a polysaccharide (here N-acetyl

glucosamine) in the biofilm leads to structural damage,

depending on the H-atom that is abstracted. In other words,

the OH radicals are able to induce instability in the structure

of the biofilm by hydrogen abstraction of functional groups

(OH) of polysaccharides present in the EPS matrix of the

biofilm. For better visualization, the water molecules around

the biomolecule were hidden in Figs. 8 and 9. In Figs.

3(a)–3(c) in the supplementary material, the reaction mecha-

nism of an OH radical with N-acetyl-glucosamine in water is

presented. As shown in Fig. 3(a), the OH radical reaches the

vicinity of H21 and abstracts this hydrogen, so as to form a

water molecule [dashed circle in Fig. 3(b)]. As explained

above, this abstraction leads to ring opening in the N-acetyl-

glucosamine molecule [see Fig. 3(c)].

IV. CONCLUSIONS

We have investigated the interaction of OH radicals, as

key reactive species in chemical and biochemical processes,

with typical functional groups of organic molecules (i.e.,

FIG. 7. Snapshots from MD simulations, showing the interaction of an OH radical with decanoic acid in the water box, resulting in the formation of a water

molecule and an R-O radical (a)–(c). The newly formed water molecule (i.e., atoms 1, 2, and 3) is shown in the red dashed circle.

FIG. 8. Snapshots from MD simulations, showing the important sites (hydroxyl groups) of the N-acetyl glucosamine molecule, which can be attacked by the

OH radical (a). Abstraction of (b) H25 and (c) H27, leaving the ring unchanged.
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alkane, alcohol, carboxylic acid, and amine), in aqueous so-

lution. We found that OH radicals can only react with the or-

ganic molecule after stochastically reaching the vicinity of

the functional group. In the case that the organic molecule

contains a hydroxyl or carboxyl group, such as in the case of

an alcohol and carboxylic acid, the OH radical can interact

with the hydrogen of the hydroxyl group and abstract the

hydrogen to form a water molecule and an oxyl radical. It is

therefore concluded that some organic molecules may act as

trapping agents for OH radicals: as soon as they come close

to the molecule, they react.

On the other hand, our results show that no reactions

occur between OH radicals and saturated alkane and ali-

phatic amine molecules in water.

Finally, the reaction of OH radicals with N-acetyl gluco-

samine as a saccharide in the biofilm was examined. The

simulations show that impact of OH with some specific part

of N-acetyl-glucosamine leads to bond breaking in the ring

and subsequently to structural damage to the polysaccharide

in the biofilm.
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