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Nanoscale materials can have cytotoxic effects. Here we present the first combined empirical and theoretical
investigation of the influence of electrostatic attraction on nanoparticle cytotoxicity. Modeling electrostatic interactions
between cells and 13 nm spheres of zinc oxide nanoparticles provided insight into empirically determined variations of
the minimum inhibitory concentrations between four differently charged isogenic strains of Pseudomonas aeruginosa
PAOI1. We conclude that controlling the electrostatic attraction between nanoparticles and their cellular targets may

permit the modulation of nanoparticle cytotoxicity.

1. Introduction

Nanoparticles (NPs), natural and manufactured substances
with sizes in the range of 1—100 nm, have been proven to
be valuable materials for sensing and manipulating biological
systems. However, many of these materials demonstrate cytotoxic
properties in a wide range of eukaryotic and prokaryotic cells.'
One of the recognized mechanisms of metal oxide NP-induced
toxicity (e.g., ZnO, TiO,, etc.) has been attributed to the forma-
tion of reactive oxygen species (ROS) upon NP exposure.” '
Conduction electrons (freely moving electrons in the conduction
band) and valence holes (the absence of valence electrons or
vacancies in the valence band) in semiconductors such as ZnO and
TiO, have been traditionally used for the photocatalytic oxidation
of organic and inorganic pollutants and sensitizers for the
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photodestruction of cancer cells,® 1 bacteria,'®!” and viruses'®
via oxidative damage.!® Although in these experiments adequate
electrons and holes are usually produced via UV irradiation and
excitation, in NPs, large numbers of holes and/or electrons might
be available even without the presence of UV light. The holes are
powerful oxidants and can react with water or surface-bound
chemisorbed hydroxyl groups to produce hydroxyl radicals. The
conduction band electrons are good reductants and can move to
the particle surface and get trapped in metastable surface states or
react with electron acceptors or oxidants such as adsorbed O,.
The band gap, which influences the difference between the
energies of the conduction electrons and valence holes in semi-
conductors such as ZnO and TiO,, provides sufficiently large
overpotentials for redox reactions and ROS production.
NP-induced toxicity via ROS-mediated cellular damage has
been most clearly and extensively demonstrated in eukaryotic
cells."*?*~ Less is known about the mode of toxicity in bacterial
cell systems, although some investigators have proposed similar
ROS-dependent mechanisms.”®"%* Although these studies have
illuminated certain aspects of the mechanism of NP cytotoxicity,
further research is needed to describe the specific interactions
between cells and NPs as a means of understanding NP cytotoxi-
city. We have performed what are, to the best of our knowledge,
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the first combined experiments and computer-based mathemati-
cal modeling studies to investigate whether charge-based interac-
tions that occur prior to cellular damage are significant factors in
determining whether interactions between bacterial cells and zinc
oxide nanoparticles (ZnO NPs) result in cell death or survival.

Prior work has demonstrated the importance of electrostatic
interactions between bacterial cell surfaces and cationic anti-
microbial peptides (CAPs) in determining the efficacy of bacterial
cell killing.** Pink et al.*® employed a “minimum model” of the
outer cell surface of wild-type strains of Pseudomonas aeruginosa
and conducted Monte Carlo (MC) simulations of the interactions
of the CAP protamine with the bacterial surface in the presence
and absence of divalent cations. They predicted that divalent
cations would replace protamine molecules in the charged region,
resulting in a shift of the protamine distribution toward the
aqueous solution and that, accordingly, the minimum inhibitory
concentration (MIC) would increase. This prediction was con-
firmed by measurements, and grazing incidence X-ray scattering
has since provided direct confirmation that Ca®* ions partially
exclude protamine.”” There is evidence that suggests that the
electrostatic properties of positively charged NPs, like CAPs, can
play a role in biological membrane permeability;*' however, less is
known about these processes in the case of NPs.

We hypothesized that the bactericidal properties of metal oxide
NPs are due in part to electrostatic attraction between the NP and
the cell surface, affecting the time during which the NP is in the
neighborhood of the cell surface, and that an increased duration
of NP association with the cell surface results in increased cell
killing. A minimal model was employed to provide specific
predictions for how differences in the bacterial-cell surface charge
would influence the energies of interaction between positively
charged 13 nm ZnO NPs and the outer membrane lipopolysac-
charides (LPSs) of four isogenic strains of the gram-negative
bacterium P. aeruginosa PAO1. Implicit in this prediction is that
the toxic effects of ZnO NPs are exacerbated by prolonged
contact between the cell and the NP. To test the model predic-
tions, all four strains of PAO1 were exposed to a range of ZnO NP
concentrations and the effects of exposure were assessed by
determining minimum inhibitory concentrations (MICs) for
metabolic activity and cell viability.

The outer membrane of P. aeruginosa consists of a lipid bilayer
with an outer leaflet of LPS (Figure 1). Under physiological
conditions (pH 7.4), the sugar moieties of an LPS carry either
uncharged or charged oligosaccharide chains, denoted as A and B
bands, respectively. To understand the role of electrostatic inter-
actions in determining the cytotoxicity of ZnO NPs, we employed
four isogenic strains of P. aeruginosa PAOL. In these strains, at
physiological pH, the outer leaflets consist of combinations
of LPS, with the O side chains comprising uncharged trimers
(A band) and charged trimers (B band), with the electric charges
on the three sugars having the sequence (0, —, —). Each strain
possesses either a mix of charged and uncharged oligosaccharides
in the LPS layer (A™B" or wild type), only charged oligosacchar-
ides (A"B™), only uncharged oligosaccharides (ATB7), or
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Figure 1. Schematic diagram (not to scale) of the model system.
Hydrophobic layer of the outer membrane (a), with hydrocarbon
chain moieties represented by large filled circles, LPS without an O
side chain (b), LPS with an O side chain (c¢) composed of repeating
trimers (O — o — o); (o, green) indicating sugar groups carrying one
negative charge (green) or uncharged sugar groups (O). Ions in the
aqueous solution (d; Na* blue, CI™ green, Ca*t red), and a nano-
particle (e). Here we show the B-band O side chain trimers with
charge sequence (0, —, —). The hydrophobic/water interface is
defined as z = 0. The x—y plane is that of the membrane.

a truncated LPS with no oligosaccharides (A" B7).**** As de-
scribed elsewhere, ~10% of the LPSs from A"B", A*B™, or
A"BT strains possess O side chains®* and were modeled as such.

Kotra et al.* used atomic-scale molecular dynamics to model a
monolayer of 16 LPS molecules with 64 Mg>* at T = 300K fora
total simulation time of 200 ps. Straatsma and co-workers®®’
constructed models of outer membranes of P. aeruginosa consist-
ing of 16 LPS molecules in the outer leaflet and 40 phos-
phatidylethanolamine molecules in the inner leaflet and ran
isothermal—isobaric simulations for 1 ns to study the distribution
and dynamics of Ca®" and saccharide moieties. These studies
demonstrated that (i) divalent cations were essential for the
stability of the LPS monolayer;35;37 (i) most of the Ca®" ions
were confined to a “thin layer (20 A) in the inner core”;* (iii) the
location of Ca>* in the inner-core region was well-defined, with an
average coordination number of Ca®" equal to 6.1 so that the
mobility of negatively charged saccharides complexed with Ca**
was lower than that of uncharged saccharides;***” and (iv) water
penetrated the membrane to a depth of ~30 A.*’

2. Materials and Methods

2.1. Bacterial Strains and Cultivation Conditions. To
assess the role of electrostatic interactions in controlling the
cytotoxicity of ZnO NP to bacteria, four different strains of
Pseudomonas aeruginosa PAO1 (A™B*, A"B", A"B™, and
A" B7) that differ in outer membrane characteristics were exposed
to the same preparation of ZnO NP. Prior to NP exposure, PAO1
cultures were grown overnight at 37 °C with continuous shaking
(200 rpm) in an LB medium. To ensure that experiments with each
strain were performed with the same initial cell density, overnight
cultures were adjusted to Agyy = 0.24 and the viable colony-
forming units per milliliter (CFU/mL) were determined by plating
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on LB media and incubating at 37 °C O/N. Initial viable cell
densities for all experiments were ~10° CFU/mL.

2.2. Nanoparticle Synthesis and Characterization. ZnO
NPs (13 nm) were synthesized in diethylene glycol (DEG) via the
forced hydrolysis of zinc acetate as reported previously.” The
average particle diameter was confirmed to be 13.7 £ 2.0 nm by
transmission electron microscopy (TEM) and X-ray diffraction,
with some observed particle agglomerates ranging in diameter
from 200 to 400 nm. TEM coupled with energy-dispersive
spectroscopy (EDS) was employed to visualize the association
of the 13 nm ZnO NPs and the cell surface of the PAO]1 strains
(data not shown).

2.3. NP Exposure Experiments. To determine the ZnO NP
MIC, each strain was incubated in 100 4L of LB amended with
NPs in the 1—4.25 mM range in black-walled 96-well plates
(Corning; Corning, NY). Cytotoxic effects of NP exposure were
determined by enumerating viable CFU/mL and a measure of
metabolic activity (i.e., Alamar blue detection) after incubation.
Alamar blue is a cell-permeable redox-sensitive dye that turns
from a nonfluorescent blue color to a highly fluorescent pink
color (excitation/emission 530/590 nm, respectively) upon reduc-
tion by cellular metabolic activity®® and has been used extensively
for assessing the metabolic activity of cells in culture. All experi-
mental treatments were amended with 10% Alamar blue to enable
the fluorescent detection of metabolic activity. Fluorescent detec-
tion of the reduced Alamar blue signal was performed in a
Synergy HT fluorescent microplate reader (BioTek, Winooski,
VT). Ninety-six-well plates were sealed with optical adhesive
covers (Applied Biosystems, Foster City, CA) to prevent eva-
poration, incubated at 37 °C, and read at 0, 24, 48, and 72 h or
until no additional change in the Alamar blue signal was detected.
For all treatment levels and strains, the Alamar blue signals
did not change after 72 h of incubation; therefore, only the 72 h
time-point data are analyzed here. To confirm if the Alamar
blue signals were indicative of cell proliferation, inhibition, or
death, samples of each experimental treatment were diluted,
as necessary, in sterile LB after 72 h of exposure to NPs, plated
on NP-free LB plates, incubated at 37 °C O/N; then CFU/mL
values were determined. All experiments were performed in
quadruplicate (n = 4).

2.4. Effect of Coincubation with CaCl, on ZnO NP
Toxicity. To further assess the role of electrostatic interactions
in controlling the antimicrobial activity of ZnO NPs against
P. aeruginosa, we exposed the PAO1 strains to ZnO NP concen-
trations above and below their respective MICs in the presence of
a range of divalent cation (Ca’") levels (0, 3, 5, and 7.5 mM
CaCl,). To assess the influence of CaCl,, experimental treatments
were amended with 10% Alamar blue to enable the fluorescent
detection of metabolic activity. Fluorescent detection of the
reduced Alamar blue signal was performed as described above.
CaCl, is a nontoxic compatible solute for many bacteria. How-
ever, to confirm the noninhibitory nature of CaCl,, ZnO NP-free
control treatments were established for all CaCl, treatment levels
employed here. No effect of CaCl, exposure on PAOI1 growth was
observed (data not shown). In addition, sterile controls for CaCl,
with and without ZnO NP treatments were performed to correct
for any background reduction of the Alamar blue dye. Fluores-
cence observed in the sterile treatments was subtracted from the
nonsterile treatment signals prior to analysis. All experiments
were performed in quadruplicate (n = 4) in black-walled 96-well
plates as above. To confirm that the Alamar blue signals
were indicative of cell proliferation, inhibition, or death, after
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48 h of incubation, samples of each experimental treatment were
diluted, as necessary, in sterile 0.9% NaCl and plated onto
NP-free LB plates and then incubated at 37 °C O/N to determined
CFU/mL.

2.5. Statistical Analyses. Microbial viability data (i.e.,
CFU/ml and Alamar blue fluorescence) were analyzed by analysis
of variance (ANOVA). All statistical tests were performed using
SPSS v11.0.4 software (SPSS Inc., Chicago, IL), and p values of
<0.05 were considered to be indicative of statistically significant
interactions (i.e., the observed differences in strain responses to
the experimental treatments had at least a 95% probability of not
being due to chance alone).

3. Theory and Modeling

3.1. Model System. We built on a recent minimum mode
to establish whether electrostatics and saccharide—saccharide
bonding play important roles in determining the dependence of
the relative MIC of ZnO NPs on bacterial strain. In modeling
the system, we must consider (a) the outer membrane of
P. aeruginosa, (b) the aqueous solution with which the outer
membrane is in contact, with or without ions, and (c) the
charged ZnO NP. The characteristic length and timescales
must be able to model a system involving spherical NPs with
mean radius of ~6.5 nm and ionic concentrations correspond-
ing to Debye screening lengths of ' ~ 1 to 2 nm. Accordingly,
if we use computer simulation, then we must model an area of
an outer membrane that is >20 nm on each side. We use
periodic boundary conditions (PBCs) in directions parallel to
the surface of the outer membrane but not perpendicular
to that surface (the z axis), which is the direction with respect
to the “bulk” aqueous solution.

Figure 1 shows the model system comprising (a) a hydro-
phobic dielectric layer, (c/b) LPS molecules with/without
O side chains, (d) the aqueous solution with Na*, CI~, and
Ca’" ions, and (e) a dielectric NP. In our model, the LPS
molecules comprised two spheres representing the hydro-
carbon chains anchoring the LPS in the membrane and a core
made up of six sugar groups with negative charges and six
uncharged sugar groups.”” The hydrocarbon chain region
plays no role other than (i) constraining the polysaccharides
to lie in the water region, (ii) keeping their bases at the oil/water
interface a certain distance apart that is characteristic of such a
membrane in its fluid phase,” and (iii) providing a dielectric
slab that can be polarized by charges in the aqueous solution.
Although we could have represented the hydrocarbon chains
by simply a disk on the surface of the membrane or even a soft
cylinder, we found that it was simpler to represent them by
spheres in order to facilitate diffusion in the plane of the
membrane. We refer to such spheres as anchoring spheres.
Sugar groups were represented by spheres, and the polymers
were semiflexible.*® Unit vectors X and j were in the x—y plane
(the plane of the membrane), and Z was along the z axis,
perpendicular to the membrane (Figure 1).

All charges were integers (+1, —1, +2) in proton charge units of
e = 1.602 x 10~ C. Tons in solution were spherical, and all sugar
and ion spheres had the appropriate charge located at their
centers. To simplify the simulation, charges on the NP sphere
were located on 100 uniformly distributed locations at a depth of
0.10 nm inside the geometrical surface of the NP.

3.2. Electrostatic Interactions. The aqueous solution
(z > 0) and the hydrocarbon-chain region (z < 0) were repre-
sented as two dielectric continuums with relative permittivities
of &, = 81 and ¢,, = 5, respectively,3 ' and we represented
monovalent ion screening in the aqueous solution by linearized
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Poisson—Boltzmann theory.**~* Although the representation
of monovalent ions via Poisson—Boltzmann theory, which is a
mean field theory, can be justified, the same cannot be said of
multivalent ions, specifically, Ca>" ions. Ca*" ions can form
dynamic bridges with pairs of negatively charged moieties and
thus take partin highly correlated three-body interactions that are
generally inadequately described by mean field theory. Accord-
ingly, all Ca*" ions and their associated Cl ™~ ions were represented
by explicition spheres. We calculated the electric potentialat R =
XX + yy + zZ due to an electric charge Q at Ry = xoX + yoy + zoZ
in the aqueous solution. Netz*>3¢ derived expressions for the
electrical potential at R (eqs 14 and 15 in ref 36.). Defining n =
enp/éw and x = (1 —_n)/(1 — 1), then, because &, <&, the
electrical potential at R becomes

- 1 -
VO.RR) = () S0/,
w J

e_K‘R/‘

F(R))) = (1)

IR]
where the sum is overj = 1t02,§1 =R —ﬁo,ﬁz =R —§0+
220,01 = 0, 0> = 40, 'isthe Debye screening length, and &,
is the permittivity of free space. V(Q, Ry, R) goes to the correct
limiting values as &, — 0 and as k — 0.

3.3. Zeta Potential and Electric Charge. The surface
potential, V(g, Ry), associated with a spherically symmetric NP is

q/(1+KR")

Vig.Ro) =2 50 @
where ¢ = + ¢Q (Q = 0, 1, 2....) is the total charge, bulk, and
surface (including the Stern layer) of the NP of radius Ry and Ry
= Ry + 0 with 0 ~ 0. We calculate the surface potential a small
distance into the water in order to include the tightly bound Stern
layer. Zeta potential measurements were performed to help
parametrize model characteristics associated with NP surface
charge. Zeta potentials of powdered samples of ZnO NPs
(average diameter ~13 nm) suspended in nanopure water were
measured with a Malvern Zetasizer NanoZS. The temperature
was equilibrated to 25 °C, and the pH was adjusted to ~7.5 using
1.0 N HCl and 1.0 N NaOH prior to collecting the data. At least
eight data collections per run were performed on four inde-
pendently synthesized ZnO samples, yielding an average zeta
potential of 38.7 & 1.8 mV. At this pH and ion concentration,
k~0.03nm . When Ry, = 6.5 nm, we find that V(eQ, 6.5) =
2.290 mV so that, with an average zeta potential of 38.7 mV,
0~ 17+£0.8. Wechose tomodel Q = 10and 100 to study limiting
cases.

3.4. Bonding. A physical bond of energy Egz may form
between a pair of sugar spheres that are a center-to-center
distance R apart if R < Rg. We chose Rg = 0.5 nm, a distance
typical of hydrogen bonding. For the bond energy, we chose Eg =
0.4 x 1072°J, a value slightly lower than kg7 at 30 °C and typical
of hydrogen bonding energies.

3.5. System Parameters. Our simulation membrane plane
possessed dimensions of 32.0 x 27.8 nm?, which accommodated
400 LPS molecules. The z dimension of the simulation volume
ranged over 0 < z < 30.0 nm. The “bulk” was taken to be the
volume ranging over 20.0 < z < 30.0 nm. For computational
simplicity, the Stern layer charge was equally distributed over
100 sites lying 0.1 nm below the geometrical surface of the NP

(39) Carmesin, I.; Kremer, K. Macromolecules 2002, 21, 2819-2823.
(40) Stevens, M. J.; Kremer, K. Phys. Rev. Lett. 1993, 71, 2228.
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(above) and ranged in magnitude from Q = 10 (0.1e per site) to
O = 200 (2.0e per site). The radius of each sugar sphere was
Rgygar = 0.15 nm,” and the equilibrium stretchable bond length
was Ly = 0.52 nm.***! The relative angle between adjacent
saccharide—saccharide bonds was 30 & 10°.** The hydrocarbon
chain region of an LPS, represented by the two spheres that serve
to anchor and move the polysccharides in the plane of the
membrane, each had a radius of R,pehor = 0.70 nm (Figure 1).
The sphere closer to the water region possessed an equilibrium
position of zy = —0.40 nm and could move along the z axis by
+0.15 nm from equilibrium. The second sphere was connected to
the first sphere via a center-to-center bond that could stretch from
1.0 to 1.5 nm. These “anchoring spheres” (above) could rotate
around their centers and so reorient the polysaccharide chains,
but no sugar moiety or ion could move into the region of z < 0.
Hydrated ions were represented by spheres of radius Ry =
0.18 nm, with charges located at their centers. We chose x =
0.5 nm ™" (ionic strength ~25 mM) and added monovalent ions
until we had acquired an average of ~304 Na* and CI™ ions in
equilibrium in the bulk so that those “explicit” monovalent ions
contributed an effective Debye screening length of /, correspon-
dingtok, = 0.866nm ™' (ionic strength ~75 mM). This procedure
resulted in an effective total bulk inverse Debye length of «, =
(> + 12)"? ~ 1.0 nm~". We restricted the maximum distance
over which we took into account the electrostatic interaction to
4.0 nm. We added sufficient Ca®" ions to ensure that the core
region was saturated with divalent cations in order to mimic
conditions at the surface of a bacterium. We then added C1™ ions
so that charge neutrality in the bulk was maintained. We con-
sidered three cases: (a) zero additional Ca®" ions (Ca-free buffer),
(b) a “low” concentration of Ca*" ions in the bulk (~10 mM), and
(c) a “high” concentration in the bulk (~40 mM). The system was
equilibrated at 7 = 27 °C for 10° Monte Carlo steps, and the
properties of the system were measured for >10° steps.

Unit vectors X and y were in the x—y plane (the plane of the
membrane), and Z was along the z axis (Figure 1). We used Monte
Carlo (MC) simulation methods**~** with periodic boundary
conditions along the x and y axes. At each MC step, we attempted
to change the position of all moieties consistent with two
requirements: no two moieties should overlap, and no water-
soluble moiety was permitted to enter the region z < 0. We
computed the energy of the NP as a function of its position along
the z axis by fixing its center at one position, carrying out
the MC procedure to bring the surroundings of the NP to
thermal equilibrium, and then continuing the MC procedure to
obtain thermal averages with standard deviations for the energy
of the NP.

4. Results and Discussion

4.1. Model-Based Prediction of Relative ZnO MIC.
Figure 2 shows the average energy, E(S, z), of an NP with its
center at z for strain, S, of P. aeruginosa for NP charges Q =
10and 100. The range of z > 7.0 nm was chosen because the radius
of the NP is 6.5 nm and it was not possible to place the NP closer
to the membrane surface to calculate the energy.

4.1.1. Q = 10. As the NP approaches the cell surface,
the energy is repulsive because of the presence of Ca>" ions in
the core for all strains, except in the case of a rough mutant
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(42) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.;
Teller, E. J. Chem. Phys. 1953, 21, 1087-1092.

(43) Lai, P.-Y.; Binder, K. J. Chem. Phys. 1992, 97, 586-595.

(44) Binder, K.; Heermann, D. W. Monte Carlo Simulation in Statistical
Physics: An Introduction; Springer: Berlin, 1988.
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A™B™ bacterium when the excess Ca>" concentration is low or
high (Figure 2A, yellow curves). In that case, the center of the NP
can get within ~7.5 nm of the surface. In general, as the bulk Ca*"
ion concentration is increased, the energies become more repul-
sive. With the exception of the A"B™ bacterium, all energies are
monotonically increasing as the NP approaches the bacterial
surface. From this, we would conclude that the NP MICs should
follow the inequalities A"B~ < A'B” ~ A"B" ~ A"B™.
4.1.2. Q = 100. At a net NP charge of 100, the data fall into
three sets: (a) A" B*, (b) A’B~ and A"B", and (c) A"B"
(Figure 2B,D). For the lower-energy set (a), A"B*, there is a
broad minimum at around 8.5 nm that is most pronounced when
there is zero excess Ca> " and that broadens and moves away from
the membrane as divalent ions are added. One would expect an
NP to be trapped in it when there is zero excess Ca*" (i.e., the NP
should be held close to the cell surface when Ca" levels are low).
Overall, the energy becomes less negative as divalent ions are
added. The higher-energy set (b), A"B~ and A"B™, exhibits a
long-range repulsion for the NP, with very weak energy minima at
around 8 to 9 nm. The repulsive barrier that rises as the distance
from the membrane decreases is likely due to the Ca*" layer in the
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Figure 2. Average energies, E(S, z), of an NP for the strain, S, of
P. aeruginosa, modeled under standard incubation conditions as a
function of the position, z, of the center of an NP carrying total
charges of @ = 10 (A, C) and 100 (B, D). (A, B) A"B™ (red) and
ATB™ (yellow). (C, D) A"B* (black) and A"B™ (green). There is
no excess CaCl, in the bulk (solid lines), ~10 mM excess CaCl, in
the bulk (dashed lines), and ~40 mM excess CaCl, in the bulk
(dotted lines). At 37 °C, the magnitude of the thermal energy is
3kgT/2 = 0.642. Typical standard deviations are shown.
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core. Set (c), AYB™, is also a higher-energy set. In the absence of
excess Ca”" ions, this case exhibits a shallow energy minimum
near 8§ nm that moves to 8.5 nm and becomes deeper as divalent
ions are introduced. However, the energy is near zero, and as
more divalent ions are added (~40 mM), the potential becomes
steeply repulsive near the membrane surface. Upon the basis of
this, we predict that A" B" is most vulnerable to attack by NPs but
that A"B™ will be most resistant in the presence of divalent ions.
The fact that an energy minimum exists for A"BT is not
necessarily protection for the bacterium: the NP being held within
1 nm of the surface would be localized there while it inhibited the
bacterium.

On the basis of these results, the sequences of MICs were
predicted to be approximately A"BT < ATBT, ATB”, A"B”
(no excess Ca>") and A" B" < ATB~ < A"B~ < A"B™ (excess
Ca”). In the Conclusions section, we discuss whether the experi-
mental no-excess Ca’>" case does indeed correspond to no
excess Ca’".

4.2. Experimental Assessment of Model Predictions. To
test the predictions of the electrostatic modeling, all four strains of
PAOI were exposed to different concentrations of ZnO NPs, with
and without excess Ca>" present in the growth media. Specifi-
cally, we performed experiments to address the following ques-
tions: Are more highly charged cells more susceptible to ZnO NP
toxicity? Can differences in ZnO NP resistance among strains be
explained by modeling electrostatic interactions between indivi-
dual 13 nm ZnO NPs and the LPS layer of the outer membrane of
PAO1?

Significant differences in MICs were detected among strains as
measured by both Alamar blue dye conversion and CFU/mL
assessments (Fyjamar = 2.88, P < 0.001) (Figure 3). The A"B*
strain with the most highly charged LPS layer was the most
susceptible to the ZnO NP treatment, demonstrating the lowest
MIC (3.25 mM ZnO, as determined by Alamar blue reduction).
This is in agreement with the predicted responses for an NP with a
net charge of 100. The wild-type strain (A"B™) with a mixture of
charged and uncharged oligosaccharides in its LPS was the most
resistant to ZnO NPs, with MIC = 4.25 mM. The two strains with
only uncharged oligosaccharides or no O side chains (A" B~ and
A*B7, respectively) had moderate and approximately equal levels
of resistance to ZnO NPs with MICs = 3.5 and 3.75 mM,
respectively. The intermediate responses of the AYB™ and A"B~
strains were expected, on the basis of the energy predictions for an
NP with its center in the range of 7—10 nm from the cell surface
(Figure 3). However, what was not expected was the relative
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Figure 3. Relative sensitivity of P. aeruginosa PAO1 strains to 13 nm ZnO nanoparticles measured after 72 h of incubation. (A) Influence of
ZnO NPs on cellular metabolism as assessed by Alamar blue reduction. (B) Effects of ZnO NP exposure on cell viability, expressed as CFU/
mL. Alamar fluorescence is a relative measure of the metabolic activity of the PAO1 cells present in each experimental treatment.
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resistance of ATB™ to ZnO NP when there is no excess Ca*". This
apparent discrepancy might be understood when one considers
the effect of excess Ca®" concentrations in the bulk. Itis likely that
the nutrient solution itself contains divalent cations and that what
was assumed to be a zero-excess Ca’" case was in fact one
containing excess Ca”" in the bulk solution. Indeed, the growth
medium employed here (LB) typically contains approximately
80—200 uM unbound Ca*",* suggesting that our experiments in
which we did not amend with CaCl, likely contained a small
excess of Ca’".

If ZnO NPs carry a net positive charge and if the electrostatic
attraction between the NPs and PAO1 LPS controls, in part, the
toxicity of ZnO NPs, then the coincubation of cells with NPs and
a positively charged compatible solute, such as calcium chloride
(CaCl,), should reduce the effectiveness of ZnO NPs as a
cytotoxic or antibacterial substance. Indeed, the electrostatic
modeling predicts a positive shift in energy, implying a greater
repulsion (or a reduced attraction) between the cell surface and
the NPs when elevated levels of calcium ions (Ca>*") are present
(Figure 2).

Calcium is a common cationic solute present in the LPS layer
and cytoplasm of gram-negative organisms.*® The positive charge
of Ca** should help to repel a positively charged NP from the cell
and prevent binding to the negatively charged LPS O side chains
on the cell surface, thereby alleviating the toxicity of ZnO NPs.
This argument does not take into account Ca*" entropy losses;
however, we have observed® that model Ca*" ions hop between
energy minima and so do not lose all of their entropy in binding
near the surface. The modeling of this interaction supports this
hypothesis and suggests that the relative sensitivities of the four
PAOIL strains will remain the same but the extent of NP-induced
inhibition will be reduced relative to what is observed in the
absence of elevated Ca®", as reflected by the movement of the
energy of interaction toward more neutral values (Figure 2).
Furthermore, the effect of Ca>* on ZnO NP toxicity should be
concentration-dependent such that by increasing the Ca*" con-
centration one could incrementally decrease the cytotoxicity of
ZnO NPs.

To test these predictions, we exposed all four strains of PAOI
to ZnO NPs above and below their respective MICs in the
presence of 0, 3, 5, and 7.5 mM CaCl, as described above for
the Alamar-based detection of ZnO NP toxicity. ZnO NP-free
controls were established for all CaCl, treatment levels, and no
effect of CaCl, exposure on PAOI1 growth was observed (data not
shown). The ability of CaCl, to alleviate ZnO NP toxicity among
the different strains differed as indicated by a statistically sig-
nificant interaction between the strain type and the level of CaCl,
applied in the presence of ZnO NP (Fpaoistrainxcact, = 3.339,p =
0.001). The effect of Ca*" amendment was most pronounced in
the A"B" and A"B" strains (Figure 4). At ZnO concentrations
below the MIC for A"B™ (i.e., <3.25 mM), Ca*" amendment
had no significant effect on metabolic activity (data not shown).
However, in the presence of ZnO at or above the MIC (i.e., >
3.25 mM), amendment with Ca’" at 3 mM resulted in the full
recovery of growth equivalent to no NP controls. Ca>" concen-
trations above 3 mM resulted in no further increase in metabolic
activity, indicating that the threshold for full recovery from ZnO
NP toxicity is below the lowest concentration of Ca’* tested (i.e.,
<3 mM Ca®") for alleviating ZnO NP toxicity at concentrations
of up to 3.75 mM. These results suggest that the coincubation of

(45) Boehm, D. F.; Welch, R. A.; Snyder, 1. S. Infect. Immun. 1990, 58, 1951-
1958.

(46) Poole, R. K. Advances in Microbial Physiology; Academic Press: 2009; Vol.
55, p iii.
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Figure 4. Effect of CaCl, addition on ZnO NP toxicity with
respect to P. aeruginosa PAOLI strains at their respective MICs.
Influence of a 72 h co-incubation of ZnO NPs and CaCl, on
cellular metabolism, as assessed by Alamar blue reduction.

A"B" with positively charged ZnO NPs and a compatible
positively charged ion reduces the toxicity of ZnO NPs. Similar
results were observed for the wild-type PAO1 strain (A"B™)
(Figure 4). Although this strain has a higher inherent tolerance to
ZnO NPs, the presence of a positively charged compatible ion
provided relief from ZnO toxicity. The binding of Ca®" to the
charged O side chains in both of these strains®* may lower the net
surface charge of these cells, thereby reducing the electrostatic
attraction between the NPs and the cell surface. The A"B™ and
A" B’ strains (i.e., those carrying no charged O side chains or no
charged or uncharged O side chains) were predicted to demon-
strate a less dramatic response to Ca>" amendment because of
their predominantly uncharged nature. Under elevated Ca®"
concentrations, the calculated energies of interaction for these
strains become less positive, although the change in energies is
smaller in magnitude than that for A"B™ and A"B™ (Figure 2).
Therefore, the NPs may be repelled less strongly from the surfaces
of the ATB™ and A"B™ cells, making the ZnO NPs a more
effective inhibitor. Indeed, we observed a significant decrease in
metabolism for these two strains as we increased the Ca®"
concentration under constant ZnO exposure (Figure 4). However,
factors other than electrostatic attraction may play a role in
modulating NP cytoxicity. For example, growth temperature and
salt concentration can affect the expression level and length of the
A- and B-band O side chains.***" A reduction in O side chain
number and length could explain the increased toxicity of the NP
treatment at CaCl, concentrations above 3 mM for the B~ strains
if the LPS modification allowed the NP to be held closer to the cell
surface, thereby increasing the NP toxicity.

When combined, our data suggest that the electrostatic
attraction between the cell and the NP surfaces controls part
of the NP cytotoxicity in our system and that the electro-
static control is context-dependent (i.e., dependent upon whe-
ther compatible solutes, with charge similar to that for the NPs,
are present and at what concentration). Additional study is
required to determine what specific LPS expression modulations
are induced by NP exposure and how this might affect NP
cytotoxicity.

5. Conclusions

We calculated the energies of an NP with a diameter of 13 nm as
a function of the distance, z, from the outer surface of the cell of

(47) McGroarty, E. I.; Rivera, M. Infect. Immun. 1990, 58, 1030-1037.
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four P. aeruginosa strains (A"B~, ATB™, A"B", and A"B") as
functions of CaCl, in the system. From the results of measure-
ments of the zeta potential, we argued that the NP possessed
approximately 17 £ 0.8 proton charges. We carried out simula-
tions of an NP possessing a total of 10 and 100 such charges
uniformly distributed over its surface, and we considered three
concentrations of excess CaCl,: 0, ~10, and ~40 mM. The system
was initially equilibrated with excess CaCl,, and after the Ca®*
ions had migrated into the core region of the LPS, excess ions in
the bulk, sufficiently far from the membrane surface, were
removed. Excess ions were restored by adding ions to the bulk
until the desired bulk concentration had been achieved. Our
results predict that the MICs of this system should obey the
following inequalities:

(I) For @ = 10, the MICs for the four strains should follow
A"B™ < A"B” &~ A"B" ~ A"B*. The effect of increasing the
number of Ca>" ions was to increase the energy barrier and repel
the NP from the membrane surface. In this case, the charge on the
NP is not sufficiently large to lead to an attraction that could trap
the NP sufficiently close to the membrane surface to inhibit the
bacterium.

(2) For @ = 100, the case closest to that investigated here
experimentally, the MICs should follow A"B™ < ATB™ A™B™,
A'B™ for zero excess Ca’" ion concentration. For excess Ca>*,
the MICs should follow the inequalities A" B* < A'B™ <
A"B™, A"B*. The most striking result is that the A”B" bacter-
ium is by far the most susceptible to attack by ZnO NPs. The
reason for this can be seen in an inspection of instantaneous
conformations of the surface: the NP is trapped by the negatively
charged O side chains that are attracted to the positive charges
on the NP surface. The O side chains form a “forest” around
the NP. The location of the minimum in the energy corresponds
to the maximum attractive interaction where the O side chains
can engulf the NP. Although the same effect can take place
for the ATB™ bacterium, it is inhibited by the fewer number
of negatively charged O side chains and by the presence of
the uncharged O side chains that serve to repel the NP from
the surface. Clearly this effect must depend upon the char-
acteristic lengths of the O side chains. However, this does not
change our results: A~ B will be the most susceptible to attack by
sufficiently positively charged NPs. We have suggested that the
experimental case in which we have not explicitly added excess
Ca*" to the system does, however, fall under an excess Ca*"
model because the nutrient solution is likely to contain divalent
cations.

The importance of electrostatic attraction between bacterial
cells and surfaces has been known for some time and is usually
discussed in the context of biofilm formation.*®™>" It appears that
for metal oxide NPs the electrostatic interaction is also important
for the initial attraction and eventual cytotoxicity.>* For example,
NP attachment to bacterial surfaces appears to be essential for
cytotoxicity® 3and altering the surface charges of either a metallic
substrate or the bacteria can greatly influence bacteria—metal
adhesion forces.>® Furthermore, the inclusion of dispersants

(48) Chen, X.; Stewart, P. S. Appl. Microbiol. Biotechnol. 2002, 59, 718-720.
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capable of disrupting non-charge-based interactions, such as
polyethylene glycol and polyvinylpyrolidone, has a small effect
on the attraction of NPs and model bacterial surfaces, thereby
suggesting that electrostatics plays a stronger role in attraction
than do hydrophobic interactions.” Our findings suggest that it is
likely that the association of metal oxide NPs to a bacterial cell is
mediated by electrostatic attraction and that the strength of this
association is dependent on the conditions under which the NP
and cells are exposed. Although it has been demonstrated that
ZnO NP may be able to enter bacterial cells,”® our data and that
of others suggest that electrostatic attraction at the bacterial
surface is central to much of the antibacterial activity.
For example, Liu et al.6 used Raman spectroscopy to demon-
strate that exposure to ZnO NPs damaged the membrane
of E. coli O157:H7 but not the intracellular macromolecular
structures, implying that the mode of action occurs at the surface
of the cell.®

Given that ZnO NPs appear to have the potential to produce
reactive oxygen species (ROS),%~® localization of the particles
close to the cell surface could lead to ROS accumulation and
subsequent cellular damage. ROS generation could be achieved
via particle dissolution and subsequent Zn-dependent ROS
formation catalyzed by the soluble NP components or by direct
NP-dependent ROS formation, as demonstrated elsewhere.?®
Although certain synthesis methods for generating ZnO NPs
can allow the NP to dissolve,” the availability of zinc ions via ZnO
NP dissolution does not explain the observed toxicity. The
incubation of all four PAO1 strains with ZnCl, at concentrations
well above the ZnO NP MICs resulted in no inhibition of growth
(data not shown). NP dissolution in combination with membrane
disruption could also result in ROS formation if dissolution
produced the oxygen necessary for the formation and accumula-
tion of a superoxide anion close to the cell surface. A superoxide
can be formed in solution by combining O, with free electrons
released or “leaked” from the bacterial electron-transport chain
by allowing contact between O, and reduced quinones.*® If
localization of the NP near the bacterial surface results in
membrane disruption, as suggested by others,®*° the subsequent
release of reduced components of the electron-transport chain
could result in additional oxidative cellular damage at the cell
surface. Regardless of the generation mechanism, ROS molecules
that formed near the cell surface would have a greater inhibitory
or damaging effect if the ROS generation source (i.e., the NP) was
held close to the cell surface.

Collectively, our data indicate that cells with charged outer-
membrane surfaces are most susceptible to ZnO NP treatment
and that the presence of similarly charged compatible solutes can
ameliorate the cytotoxic effect of ZnO NPs. It follows that
modifications to NPs, physiological responses of target cells, or
modification of media constituents that affect NP or cell surface
charge should alter the cytotoxic efficacy of metal oxide NPs. We
propose that the modification of NP surface charge may prove to
be a fruitful approach to modulating the cytotoxic properties of
metal oxide NPs.
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