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Abstract: Superhydrophilic and superhydrophobic substrates are widely known to inhibit the
attachment of a variety of motile and/or nonmotile bacteria. However, the thermodynamics of
attachment are complex. Surface energy measurements alone do not address the complexities of
colloidal (i.e., bacterial) dispersions but do affirm that polar (acid-base) interactions (∆GAB) are often
more significant than nonpolar (Lifshitz-van der Waals) interactions (∆GLW ). Classical DLVO theory
alone also fails to address all colloidal interactions present in bacterial dispersions such as ∆GAB and
Born repulsion (∆GBorn) yet accounts for the significant electrostatic double layer repulsion (∆GEL).
We purpose to model both motile (e.g., P. aeruginosa and E. coli) and nonmotile (e.g., S. aureus and
S. epidermidis) bacterial attachment to both superhydrophilic and superhydrophobic substrates via
surface energies and extended DLVO theory corrected for bacterial geometries. We used extended
DLVO theory and surface energy analyses to characterize the following Gibbs interaction energies
for the bacteria with superhydrophobic and superhydrophilic substrates: ∆GLW , ∆GAB, ∆GEL, and
∆GBorn. The combination of the aforementioned interactions yields the total Gibbs interaction energy
(∆Gtot) of each bacterium with each substrate. Analysis of the interaction energies with respect to
the distance of approach yielded an equilibrium distance (deq) that seems to be independent of both
bacterial species and substrate. Utilizing both deq and Gibbs interaction energies, substrates could be
designed to inhibit bacterial attachment.

Keywords: bacterial-substrate interaction; Gibbs interaction energy; surface energy; extended DLVO
theory; superhydrophobic; superhydrophilic

1. Introduction

Reducing nosocomial infection rates is a significant concern in the medical community.
Many of the microorganisms contributing to the aforementioned infections originate in
biofilms. Biofilm mitigation has been studied in depth including the disruption of the
initial primary colonization [1–18].

To disrupt primary colonization, bacteria may be treated as a colloidal dispersion
which abides by Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory which relates
dispersion stability, ∆Gtot, to Gibbs interaction energy shown in Equation (1) [19–24]:

∆Gtot = ∆GLW + ∆GEL (1)

where ∆GLW describes the Lifshitz-van der Waals (i.e., nonpolar) adhesive interactions be-
tween the bacterium and substrate and ∆GEL describes the electrostatic double layer repulsive
force of the bacterium with the substrate. Classical DLVO theory can account for dilute bacte-
rial dispersions in a solvent of known zeta potential (ζ) and ionic strength (I) and requires a
smooth, homogeneous substrate surface for the substrate interactions [23,25–27]. Superhy-
drophobic and superhydrophilic surfaces can provide a smooth, homogeneous surface energy
compliant with classical DLVO theory [28,29]. However, classical DLVO theory does not
account for either acid-base adhesive interactions (∆GAB) or Born repulsion (∆GBorn) between
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the bacterium and the substrate; extended DLVO theory details the contribution of both ∆GAB

and, in some cases, ∆GBorn as shown in Equation (2) [17,19,30–32]:

∆Gtot = ∆GLW + ∆GAB + ∆GEL + ∆GBorn (2)

In both classical DLVO and extended DLVO theories, the Gibbs interaction energies
are defined in terms of the bacterial geometry and the distance between the bacterium
and substrate [17,22,24,33]. Understanding the bacterium-substrate interaction is critical for
designing substrates that are inherently biofilm resistant via inhibition of primary colonization.

Therefore, the purpose of this paper is to model the bacterium-substrate (super-
hydrophobic and superhydrophilic) Gibbs interaction energies with respect to bacterial
geometry to determine an equilibrium distance (deq) between a bacterium and substrate.
To assess motility, we modeled the behavior of two nonmotile bacteria [S. epidermidis (SE)
and S. aureus (SA)] and two motile bacteria [E. coli (EC) and P. aeruginosa (PA)]. Using
established protocols based on extended DLVO theory, we calculated each bacterium’s
component Gibbs interaction energies (∆GLW , ∆GAB, ∆GEL, and ∆GBorn) and the total
Gibbs interaction energy (∆Gtot) with respect to bacterial geometry. Having thereby estab-
lished the fractional contribution of the component interaction energies with respect to the
total interaction energy and assuming constancy for moderate bacteria-substrate distances,
we then graphically determined ∆Gtot and deq of bacteria-substrate aqueous interactions.
By accounting for each bacterium’s surface area, we were able to determine the percent
contribution of each extended DLVO component interaction energy which can then be
used to better tailor biofilm resistant substrates.

2. Results
2.1. Surface Energy Determination of Gibbs Interaction Energies

After aggregating surface energy data necessary for the numerical experiments, we
calculated nonpolar (i.e., Lifshitz-van der Waals) adhesive interactions (∆GLW) and polar
(i.e., acid-base) adhesive interactions (∆GAB) for each aqueous bacterium [P. aeruginosa (PA),
S. aureus (SA), S. epidermidis (SE), and E. coli (EC)] with both superhydrophobic and super-
hydrophilic substrates. The total Gibbs interaction energy (∆Gtot) was calculated for each
bacterium with each substrate. The results of the numerical experiments are shown below
in Tables 1 and 2 for the superhydrophobic and superhydrophilic substrates, respectively.

Table 1. Numerical experimental surface energy results for bacteria (PA, SA, SE, and EC) with super-
hydrophobic substrates where the subscripted 132 indicates bacteria dispersed in water interacting
with a superhydrophobic substrate.

Surface Energy PA SA SE EC

∆GLW
132 , mJ/m2 4.87 6.43 2.25 −1.62

∆GAB
132, mJ/m2 −33.39 −32.77 −21.72 −14.70

∆Gtot
132, mJ/m2 −28.52 −26.34 −19.47 −16.32

∆Gtot
132·As, J −1.31 × 10−13 −8.28 × 10−14 −4.96 × 10−14 −1.03 × 10−13

The Hamaker constants (Hi where i describes the interacting materials) for each
bacterium was determined using Equation (3) with respect to the bacterium-substrate
approach distance (d) to obtain the graphically determined H1 (Figure 1a) and equilibrium
distance (deq) for each bacterium (Figure 1b):

H1 =
γLW

1
32πd2 (3)

where γLW
1 is the nonpolar surface energy component of the bacterium [33].
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Table 2. Numerical experimental surface energy results for bacteria (PA, SA, SE, and EC) with
superhydrophilic substrates where the subscripted 13 indicates bacteria dispersed in water interacting
with a superhydrophilic substrate with surface energies equivalent to water.

Surface Energy PA SA SE EC

∆GLW
13 , mJ/m2 −55.10 −58.79 −48.92 −39.77

∆GAB,sum
13 , mJ/m2 −86.95 −89.20 −91.14 −97.82

∆GAB,calc
13 , mJ/m2 −102.89 −104.54 −95.42 −95.08

∆Gtot,calc
13 , mJ/m2 −142.05 −147.99 −140.06 −137.59

∆Gtot,sum
13 , mJ/m2 −158.00 −163.32 −144.34 −134.85

∆Gtot,calc
13 ·As, J −6.53 × 10−13 −4.65 × 10−13 −3.56 × 10−13 −8.64 × 10−13

∆Gtot,sum
13 ·As, J −7.26 × 10−13 −5.13 × 10−13 −3.67 × 10−13 −8.47 × 10−13

Percent Difference 11.23 10.36 3.06 1.99
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Figure 1. Hamaker constants (×10−21) versus distance for PA (blue circles), EC (green diamonds), SA (red triangles),
and SE (orange squares): (a) bacterial Hamaker constant determination (HPA

1 = 3.46 × 10−22 J, HSA
1 = 3.94 × 10−22 J,

HSE
1 = 2.73 × 10−22 J, and HEC

1 = 1.80 × 10−22 J) and (b) bacterial equilibrium distance (deq) determination where deq is
2.80 ± 0.00479 nm (N = 4).

The graphically determined H1 for EC correlates with literature value indicating that
our calculated values in Figure 1a are representative of their respective bacteria [14]. Based
on Figure 1b, deq for each bacterium was determined to be 2.80 ± 0.00479 nm (N = 4).

Furthermore, we determined Hi for the bacterial ∆GLW interaction with both super-
hydrophobic (Figure 2a) and superhydrophilic (Figure 2b) substrates using Equation (4)
which accounts for the spherical-plane and spherocylindrical-plane interaction geometries
and bacterial surface area:

Hi =
−∆GLW

i r
6d2

A1
(4)

where ∆GLW
i is the nonpolar bacterium-substrate interaction energy, r is the bacterium

radius, d is the approach distance, and A1 is the surface area of the bacterium. Interestingly,
deq for each bacterium increased to 3.58 ± 0.00267 nm (N = 8).

Considering the bacteria-water-superhydrophobic substrate interaction (indicated as
a subscripted 132) in Table 1, ∆GLW

132 were slightly positive with the exception of EC which
was slightly negative. All of the ∆GLW

132 were relatively small in magnitude relative to ∆GAB
132.

Interestingly, upon comparing ∆Gtot,sum
132 [Equation (5)] with ∆Gtot,calc

132 [Equation (6)], no
differentiation is observed for superhydrophobic substrates.

∆Gtot,sum
132 = ∆GLW

132 + ∆GAB
132 (5)

∆Gtot,calc
132 = γtot

12 − γtot
13 − γtot

23 (6)
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philic substrates after which 𝛥𝐺𝑡𝑜𝑡 may be calculated. As before, x-intercepts will indicate 

Figure 2. Hamaker constants (×1011) versus distance to determine equilibrium distances accounting for bacteria-substrate
interaction geometries and bacterial surface area for PA (blue circles), EC (green diamonds), SA (red triangles), and SE
(orange squares) with: (a) superhydrophobic substrates where deq is 3.58 ± 0.00479 nm (N = 4) and (b) superhydrophilic
substrates where deq is 3.58 ± 0.00250 nm (N = 4).

Given the assumption of the associated water interface with the substrate [34–36],
the aqueous bacteria-superhydrophilic substrate interactions (indicated as a subscripted
13) are also remarkable with ∆GLW

13 , ∆GAB
13 , ∆Gtot,sum

13 , and ∆Gtot,calc
13 all presenting as fa-

vorable/spontaneous with ∆GAB
13 having the largest magnitude. Unlike the bacteria-

water-superhydrophobic substrate interactions, ∆Gtot,sum
13 [Equation (7)] and ∆Gtot,calc

13
[Equation (8)] are differentiated for each bacterial species with EC having an inverse rela-
tionship (i.e., ∆Gtot,sum

13 > ∆Gtot,calc
13 ) relative to the other bacteria.

∆Gtot,sum
13 = ∆GLW

13 + ∆GAB
13 (7)

∆Gtot,calc
13 = γtot

13 − γtot
1 − γtot

3 (8)

The plot of the bacteria-substrate Hamaker constant versus distance for both superhy-
drophobic (H132) and superhydrophilic (H13) substrates (Figure 2a,b, respectively) yielded
what appears to be identical equilibrium constants (deq) for both substrates.

2.2. Extended DLVO Determination of Gibbs Interaction Energies

The four individual interaction components of the extended DLVO theory (e.g., ∆GLW ,
∆GAB, ∆GEL, and ∆GBorn) need to be evaluated with respect to the distance separating
bacterium (e.g., PA, SA, SE, and EC) from either superhydrophobic or superhydrophilic
substrates after which ∆Gtot may be calculated. As before, x-intercepts will indicate the deq
of bacterium to substrate. Each dataset is given a logarithmic trendline for consistency with
previous experiments and to obtain the graphical deq. Bacterial geometries are accounted
for in terms of sphere-plate interactions where applicable.

The predominately adhesive Gibbs interaction energies (i.e., ∆GLW and ∆GAB) of
each bacterium with superhydrophobic and superhydrophilic substrates with respect to
distance are compared in Figure 3. ∆GLW are provided in Figure 3a (superhydrophobic)
and Figure 3b (superhydrophilic) while ∆GAB are depicted in Figure 3c (superhydrophobic)
and Figure 3d (superhydrophilic).
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SE (orange squares)] versus distance for bacterial interactions: (a) ∆GLW

132
(
×10−21) where deq = 7.02 ± 0.00479 nm (N = 4),

(b) ∆GLW
13
(
×10−21) where deq = 7.02 ± 0.0149 nm (N = 4), (c) ∆GAB

132
(
×10−8) where deq = 6.83 ± 0.00854 nm (N = 4) and

(d) ∆GAB
13
(
×10−8) where deq = 6.81 ± 0.0193 nm (N = 4).

The trends for each plot demonstrate that adhesive bacteria-substrate interactions in-
crease as the bacterium approaches the substrate. Comparing ∆GLW and ∆GAB, the former
has less magnitude indicating that ∆GAB is the more influential adhesive bacteria-substrate
interaction. Furthermore, deq for each bacterium is in a narrow range of 6.81–7.02 nm
regardless of bacteria shape or motility.

The interaction energies contributing most to bacteria-substrate repulsion (i.e., ∆GEL and
∆GBorn) are depicted in Figure 4 for both superhydrophobic and superhydrophilic substrates.

∆GEL is repulsive across all distances with a maximum approximating 6 nm for all
bacteria-substrate interactions. ∆GBorn for bacteria-substrate interactions is increasingly
repulsive when bacterial approach to the substrate is closer than deq (6.24–6.25 nm). Also,
∆GEL has a much larger magnitude than ∆GBorn indicating that ∆GEL is the dominant
repulsive bacteria-substrate interaction.

According to Equation (2), ∆Gtot may now be calculated by simple summation of
∆GLW , ∆GAB, ∆GEL, and ∆GBorn with respect to distance. ∆Gtot

132 and ∆Gtot
13 is depicted in

Figure 5a,b, respectively.
Figure 5 differentiates ∆Gtot for bacterial-superhydrophobic substrate interactions

(Figure 5a) and bacterial-superhydrophilic substrate interactions (Figure 5b). For superhy-
drophobic substrates, adhesive interactions become prominent as bacterial approach within
6.56 nm (i.e., deq). Across most approach distances for superhydrophilic substrates, repul-
sive interactions dominate with maxima around 6–7 nm. Therefore, bacterial response to
superhydrophobic and superhydrophilic substrates is markedly different and is deserving
of further discussion.
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3. Discussion
3.1. Equilibrium and Bacterial Attachment

When a bacterium is suspended in an aqueous medium, the bacterium is functionally
a colloid where interactions with a substrate (i.e., primary colonization) may be thermody-
namically assessed for spontaneous interaction (i.e., attachment). By mitigating primary
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colonization as the initial step in biofilm formation, propagation and growth of bacteria in
biofilms may be controlled thereby decreasing pathogenesis.

Thermodynamically, bacterial attachment to a substrate is a dynamic equilibrium
involving both adhesion and repulsion. Primary colonization is the only reversible step in
biofilm formation. If adhesive bacteria-substrate interactions are more significant than re-
pulsive interactions, bacterial attachment is said to be spontaneous (i.e., thermodynamically
favored) with a negative ∆Gtot. However, when repulsive bacteria-substrate interactions
dominate adhesive interactions, bacterial attachment is thermodynamically unfavored
(i.e., non-spontaneous) yielding a positive ∆Gtot. Examination of bacterial interaction with
two substrates with very different surface energies [i.e., superhydrophobic (low surface
energy) and superhydrophilic (high surface energy)] will help provide thermodynamic
limits within which a bacterium interacts with a substrate. To model the equilibrium of
bacterial attachment and thereby thermodynamically address the primary colonization
mechanism, extended DLVO theory may be applied to aqueous bacterial suspensions and
their interaction with substrates. For our purposes, we can use extended DLVO theory to de-
termine (1) the equilibrium distance (deq) where adhesive forces are equivalent to repulsive
interactions and (2) the contribution of the individual adhesive and repulsive components
to the dynamic equilibrium of bacterial attachment leading toward primary colonization.

Since extended DLVO theory is based in part on the distance of approach of a colloid
(i.e., bacterium) to a substrate, deq is a critical determinant with respect to the equilibrium
of bacterial attachment to a substrate. At an equilibrium approach distance (i.e., deq) where
∆G = 0 J, adhesive and repulsive bacterial-substrate interactions are equivalent, resulting
in a determinable deq (Table 3).

Table 3. deq and effect of bacterial approach to a defined substrate accounting for bacteria-substrate
interaction geometries and bacterial surface area.

Substrate Interaction Energy deq, nm d < deq deq < d

Bacteria ∆GLW 2.80 ± 0.00479
3.58 ± 0.00267 aggregation suspension

Superhydrophobic

∆GLW 7.02 ± 0.00479 adhesion suspension
∆GAB 6.83 ± 0.00854 adhesion suspension
∆GEL — — suspension

∆GBorn 6.25 ± 0.00854 suspension adhesion

Superhydrophilic

∆GLW 7.02 ± 0.0149 adhesion suspension
∆GAB 6.81 ± 0.0193 adhesion suspension
∆GEL — — suspension

∆GBorn 6.24 ± 0.00957 suspension adhesion

We found that deq for bacteria-bacteria interactions was 2.80 nm whereupon nonpolar
cell aggregation would be favored (i.e., spontaneous) when d < deq else the cells would
remain suspended in aqueous solution. Considering superhydrophobic and superhy-
drophilic substrates, adhesive bacteria-substrate interactions predominate when d < deq
for ∆GLW and ∆GAB and when deq < d with regard to ∆GBorn. When repulsive bacterial-
substrate interactions with superhydrophobic and superhydrophilic substrates dominate,
the bacteria remain suspended in aqueous solution as described by ∆GLW , ∆GAB, and
∆GEL when deq < d and also for ∆GBorn when d < deq.

Each of the isolable components from extended DLVO theory (e.g., ∆GLW , ∆GAB,
∆GEL, and ∆GBorn) provide a non-equivalent portion of the mechanistic story for bacterial-
substrate primary colonization interactions and attachment. To that end, Table 4 summa-
rizes the percent contribution of each component energy at equilibrium (i.e., ∆Gtot = 0 J)
toward the total thermodynamic picture of bacteria-substrate interaction.
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Table 4. Percent contribution to ∆Gtot of extended DLVO components (∆GLW , ∆GAB, ∆GEL, and
∆GBorn) for bacterial (PA, SA, SE, and EC) interactions with superhydrophobic and superhydrophilic
substrates at deq where negative percentages illustrate adhesive (i.e., spontaneous) interactions and
positive percentages illustrate repulsive (i.e., non-spontaneous) interactions.

Substrate Interaction Energy PA SA SE EC

Superhydrophobic

∆GLW , % −7.11 × 10−14 −4.20 × 10−14 −8.00 × 10−14 −3.96 × 10−14

∆GAB , % −51.15 −34.94 −66.36 −31.51
∆GEL , % 151.15 134.94 166.36 131.51

∆GBorn , % 1.45 × 10−21 8.58 × 10−22 1.63 × 10−21 8.08 × 10−22

Superhydrophilic

∆GLW , % −1.30 × 10−12 −2.45 × 10−13 −8.88 × 10−13 −1.08 × 10−13

∆GAB , % −0.383 −0.0758 −0.357 −0.0550
∆GEL , % 100.38 100.08 100.36 100.05

∆GBorn , % 2.65 × 10−20 5.01 × 10−21 1.81 × 10−20 2.20 × 10−21

Examination of the percent contribution illustrate that both ∆GLW (adhesive) and
∆GBorn (repulsive) do not significantly contribute to the mechanism for bacterial attach-
ment to either superhydrophobic or superhydrophilic substrates. For bacterial attachment
to superhydrophobic substrates, ∆GAB (adhesive) and ∆GEL (repulsive) are the major
contributors. Interestingly, only the repulsive ∆GEL significantly affects bacterial attach-
ment to superhydrophilic substrates. Thus, bacterial-substrate attachment mechanisms
are very complex and diverse but can be thermodynamically assessed to determine both
favorable (i.e., spontaneous) and unfavorable (i.e., non-spontaneous) bacteria-substrate
interactions involving sphere (i.e., coccus)-plane and spherocylindrical (i.e., bacillus)-plane
geometric interactions.

3.2. Short Range Interactions and Bacterial Attachment

Traditionally, short range interactions have been Coulombically defined relating inter-
acting particle charges with respect to distance. The interaction distances are very close
resulting in (1) Lifshitz-van der Waals adhesive interactions based on induced dipolar
forces caused by the approach of one species’ electron cloud to another’s and (2) Born
repulsive interactions involving the repulsion of two ionic species in close proximity. Both
adhesive and repulsive interactions have a defined deq at which point the interaction
increases significantly as d < deq.

3.2.1. Lifshitz-Van der Waals Adhesive Interactions

The effect of the non-polar adhesive interactions on ∆GLW may be determined via
surface energies or extended DLVO theory. By using each bacterium’s unique Hamaker
constant (from surface energies) and its relation to ∆GLW , bacterial radius, and approach
distance, we were able to determine the nonpolar equilibrium interaction distance (dLW

eq ).
For both superhydrophobic and superhydrophilic substrates, dLW

eq is 3.58 nm. Yet the
extended DLVO theory when applied to both superhydrophobic and superhydrophilic
substrates and similarly accounting for bacterial radius and approach distance yielded a
dLW

eq of 7.02 nm when considering the bacterial surface areas. We posit that the latter dLW
eq

is likely the actual value for the nonpolar adhesive interactions. Based on our findings,
substrate polarity does not affect dLW

eq for bacterium-substrate nonpolar interactions. More
intriguingly, dLW

eq is independent of bacterial species, size, and shape. Therefore, dLW
eq may

be an intrinsic value for the examined bacterial interactions with a substrate.
Furthermore, ∆GLW is relatively small in magnitude for bacterial interactions with

superhydrophobic and superhydrophilic substrates (−10−21 J to −10−20 J per bacterium). The
magnitude of ∆GLW is slightly more pronounced for the superhydrophilic substrates due to
the comparatively larger nonpolar surface energy than that of the superhydrophobic substrate.
Therefore, ∆GLW is a relatively minor contributor to the overall attachment thermodynamics.

Three of four bacteria examined showed a spontaneous trend for adhesion to a super-
hydrophobic substrate while all bacteria exhibited a non-spontaneous adhesive trend for
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superhydrophilic substrates indicating that the bacteria would thermodynamically prefer
aqueous suspension to penetration into the hydration layer.

3.2.2. Born Repulsive Interactions

Considering the interfacial interaction of an ionic bacterial surface with either a su-
perhydrophobic or superhydrophilic substrate, Born repulsive interactions are possible
when in close proximity. Neither substrate is ionically charged given the nonpolar nature
of a superhydrophobic substrate or the hydration layer associated with a superhydrophilic
substrate; therefore, the bacteria-substrate interaction is an ion-dipole interaction. Since
the interaction does not involve ion-ion interactions, the magnitude of repulsion should
be diminutive. Thus, we find that ∆GBorn for each examined bacterium with both super-
hydrophobic and superhydrophilic substrates becomes non-spontaneous with very small
magnitudes on the order of +10−24 J per bacterium leading to the conclusion that ∆GBorn

is also a relatively minor contributor to the overall attachment thermodynamics.
When evaluating dBorn

eq , substrate polarity and bacterial species, size, and shape seem
to not affect dBorn

eq approximating 6.24 nm. As with dLW
eq , dBorn

eq seems to be an intrinsic
value of the examined bacteria-substrate interactions. Finally, PA is least affected by Born
repulsion regardless of substrate examined; however, no other significant trend is observed.

3.3. Long Range Interactions and Bacterial Attachment

Long range interactions in simple ion-counterion systems are easily modeled, but
polyionic systems (e.g., bacteria-substrate interactions) are significantly more complex.
Bacteria function as large colloids wherein the many peripheral ions effectively yield a
species that is very charged/ionic. The aforementioned summation of intermolecular forces
due to the multitude of ions on a bacterium result in an adhesive acid-base (e.g., ∆GAB) and
repulsive electrostatic double layer (e.g., ∆GEL) interactions that are orders of magnitude
larger than their short range counterparts (e.g., ∆GLW and ∆GBorn). Comprised of electron
acceptor/donor interactions between two species, a plot of ∆GAB versus distance yields a
defined dAB

eq wherein the spontaneity of interaction becomes much more pronounced. Un-
like all of the other component energies in the extended DLVO theory, ∆GEL is consistently
repulsive (i.e., non-spontaneous) across most examined distances resulting in a very small
dEL

eq , if any.

3.3.1. Acid-Base Adhesive Interactions

In general, ∆GAB is much more pronounced for the superhydrophobic substrate rel-
ative to the superhydrophilic substrate (i.e., 100 times greater). The superhydrophobic
substrate has a moderate surface energy acid component (γ+

2 ) which is able to strongly
interact with the large base component of the bacteria (γ−

1 ); essentially, there is no appre-
ciable base component for superhydrophobic substrates (γ−

2 ). Given the hydration layer
associated with the superhydrophilic substrate, the equivalent acid (γ+

3 ) and base (γ−
3 )

components of water/substrate produce no appreciable interaction with the bacterium’s
base component (γ−

1 ) likely yielding a preference for the bacterium to remain suspended in
the aqueous solvent. Furthermore when d < dAB

eq , ∆GAB is orders of magnitude (−10−8 J
to −10−6 J per bacterium) more spontaneous than the short range ∆GLW and is thus much
more influential in attachment of a bacterium to a substrate regardless of polarity. As
observed for dLW

eq and dBorn
eq , dAB

eq seems to be intrinsic to the bacteria-substrate interaction
with a value of 6.82 nm and is independent of substrate polarity and bacteria species, size,
and shape.

Again, PA is closest to the defined equilibrium value (∆Gtot = 0 J) for both substrates
across most examined distances. In comparison to both ∆GLW and ∆GBorn for the superhy-
drophobic substrate, ∆GAB has the largest magnitude and therefore dominates ∆Gtot as
shown in Figure 5a.
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3.3.2. Electrostatic Double Layer Repulsive Interactions

As the dominate repulsive interaction, ∆GEL is non-spontaneous across all distances
for most bacteria and both substrates. ∆GEL for both superhydrophobic and superhy-
drophilic substrates is many orders of magnitude larger (+10−8 J to +10−7 J per bacterium)
than either ∆GLW or ∆GBorn, even at small distances. For superhydrophilic substrates,
∆GEL dominates the bacteria-substrate interaction (Figure 5b) indicating that the bacteria
would prefer suspension in the aqueous solvent to penetration of the hydration layer. No
dEL

eq is observed for ∆GEL; however, a maximum ∆GEL is reached between 6–7 nm for all
bacteria with all substrates. As with ∆GBorn, ∆GEL for PA is the least non-spontaneous of
the examined bacteria.

3.4. Effect of Bacterial Motility

Comparing the attachment of motile bacteria (PA and EC) with non-motile bacteria (SA
and SE) onto both superhydrophobic and superhydrophilic substrates, bacterial motility
seems to have little effect on attachment. If bacterial motility was a significant contributor
to the attachment thermodynamics with specific attention to ∆GLW , ∆GAB and ∆GBorn, we
would expect variable deq for each bacterium; however, this is not the case. For example,
the nonmotile bacteria have a slightly more spontaneous ∆GLW (nonpolar interaction) with
the superhydrophilic substrate relative to the motile bacteria; yet, deq remains relatively con-
stant for all examined bacteria indicating a propensity to not penetrate the hydration layer.
Interestingly, the logarithmic trendlines yield a near identical deq at approximately 7 nm for
each bacterium-substrate interaction energy component (i.e., ∆GLW , ∆GAB, and ∆GBorn).
deq seems to be independent of bacterial species, bacterial motility, species, size, and shape
as well as substrate polarity. Thus, deq of a bacterium with a substrate may be an intrinsic
property describing the polarizability of a bacterium-substrate interaction. Furthermore,
∆GEL seems to yield a maximum repulsive interaction at values approximating deq.

When comparing each of the extended DLVO component energies with bacterial
motility, the motile bacteria have the largest and smallest energies with the exception
of ∆GLW

13 and ∆GBorn
13 (superhydrophilic substrate) which are both very small relative to

∆GAB
13 and ∆GEL

13 . The nonmotile bacteria are more affected by ∆GBorn than the motile
bacteria which have a larger surface area, but again, ∆GBorn is less influential to the
overall attachment mechanism. Furthermore, surface energy analysis seems to indicate
that the attachment mechanism onto superhydrophobic substrates are thermodynamically
controlled where bacterial motility may have a minimal contribution to adsorption thereto.
Therefore, we must conclude from our data that bacterial motility likely has no appreciable
contribution to the thermodynamics of bacterial attachment to a substrate.

3.5. Significance of Bacterial Attachment Equilibria

Based on a comparison of magnitudes for each of the extended DLVO energy com-
ponents (i.e., ∆GLW , ∆GAB, ∆GEL, and ∆GBorn) for bacterial attachment to either superhy-
drophobic or superhydrophilic substrates, ∆GAB (adhesive) and ∆GEL (repulsive) are the
major contributors. Therefore, we can simplify Equation (2) to the following [Equation (9)]:

∆Gtot ≈ ∆GAB + ∆GEL (9)

While Equation (9) is postulated to generally apply to bacterium-substrate interactions,
specialized substrates (e.g., superhydrophobic and superhydrophilic) seem to trend in such
a way that the thermodynamics of attachment can be uniquely quantified. Considering
superhydrophobic substrates, ∆GEL is approximately three times larger than ∆GAB at deq
making ∆Gtot

132 quantifiable from either ∆GAB
132 or ∆GEL

132 [Equations (10) and (11)].

∆Gtot
132 ≈ 4

3
·∆GEL

132 (10)

∆Gtot
132 ≈ 4·∆GAB

132 (11)
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For superhydrophilic substrates, only the repulsive ∆GEL significantly affects bacterial
attachment to superhydrophilic substrates resulting in a ∆Gtot that approximates ∆GEL

[Equation (12)] which is non-spontaneous for most approach distances.

∆Gtot
13 ≈ ∆GEL

13 (12)

Based on our findings, the thermodynamics of bacteria-substrate adhesion are inde-
pendent of substrate polarity as well as bacterial motility, species, size, and shape leading
us to conclude that the bacterial-substrate adhesion is mitigated by only those underlying
factors upon which ∆GAB and ∆GEL are based. ∆GAB is dependent on the approach dis-
tance and is directly related to the interfacial interaction via the summation of the contact
angles of the solvent (i.e., cos θ13 and cos θ23, respectively) with both the bacterium and
substrate. While also dependent on the approach distance, ∆GEL is also dependent on the
zeta potentials of both bacterium and substrate (i.e., ζ1 and ζ2, respectively).

Both ∆GEL and ∆GEL are relatively easy to experimentally determine yielding a
facile way to evaluate bacteria-substrate interactions to inhibit biofilm formation and
pathogenesis. In other words, the adhesive-repulsive equilibrium determines bacterial
attachment to superhydrophobic substrates while bacterial attachment to superhydrophilic
substrates is most affected by repulsive forces and seems to be non-spontaneous at all
distances (Figure 6).
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d ≤ deq and d > deq.

Using this research should allow substrates to be designed that will inhibit biofilm
formation at the initial and reversible primary colonization step thereby inhibiting the large
scale, protected biofilm growth that produces most pathogenic bacteria.

Attachment of bacteria to a substrate as described herein seems to yield one major
caveat originating from the calculated values of deq. The small value of deq seems to
indicate that bacteria are most stable when suspended in aqueous media unless bacteria
penetrate deq, so how does primary colonization occur in the first place? The underlying
assumption in this modeling research is that the bacterium itself is what adheres to the
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substrate; however, our research shows that another thermodynamic interaction must
occur for primary colonization to be spontaneous.

4. Materials and Methods
4.1. Gibbs Interaction Energies for Homogeneous Substrates

Assuming that each substrate is both smooth and homogeneous, we determined the
Gibbs interaction energies via surface energy measurements and extended DLVO theory.

4.1.1. Determination from Surface Energies

Surface energy measurements relate to total (i.e., summative) Gibbs interaction energy
(∆Gtot) and may be separated into the nonpolar (i.e., Lifshitz-van der Waals, ∆GLW) and
polar (i.e., acid-base, ∆GAB) components [Equations (5) and (7)].

To determine a bacterium’s nonpolar interaction with superhydrophobic substrates in
water, Equation (13) was used [33]:

∆GLW
132 = γLW

12 − γLW
13 − γLW

23 (13)

where γLW
12 indicates the Lifshitz-van der Waals nonpolar interaction surface energy be-

tween the bacterium and substrate, γLW
13 indicates the Lifshitz-van der Waals nonpolar

interaction surface energy between the bacterium and water, and γLW
23 indicates the Lifshitz-

van der Waals nonpolar interaction surface energy between the substrate and water. Each
of the aforementioned nonpolar interactions were calculated based on Equation (14) [33]:

γLW
ij = γLW

i + γLW
j − 2

√
γLW

i γLW
j (14)

where the subscripts (i and j) indicate any two distinct materials.
Since superhydrophilic materials are assumed to have a closely associated surface

layer of water with similar surface energy properties to water, the determination of a
bacterium’s nonpolar interaction therewith is simpler as shown in Equation (15) [33]:

∆GLW
13 = γLW

13 − γLW
1 − γLW

3 (15)

where γLW
1 is the nonpolar surface energy component of the bacterium and γLW

3 is that of
the substrate (i.e., water).

From Equations (3) and (16), Hamaker constants (Hi) were determined for each
bacterium as well as the interaction of water-dispersed bacteria with the superhydrophobic
or superhydrophilic substrates:

Hi =
∆GLW

i r1

6d
(16)

where d is the distance between bacterium and substrate, r1 is the bacterial radius, and the
subscript (i) indicates the bacteria-water-substrate interaction for either superhydrophobic or
superhydrophilic substrates [33]. Assuming a sphere-plate interaction, Equations (16) account
for the geometry of each bacterium [i.e., sphere for S. aureus (SA) and S. epidermidis (SE) or
spherocylindrical for P. aeruginosa (PA) and E. coli (EC)] interacting with the substrate.

Using similar mathematical treatments, ∆Gtot of a bacterium dispersed in water with a
superhydrophobic or superhydrophilic substrate may be determined via Equations (7) and (9),
respectively.

Knowing that the surface energetic approach for determining the Gibbs interaction
energy of a bacterium dispersed in water with a substrate does not account for either Born
repulsion (∆GBorn) or electrostatic double layer repulsion (∆GEL), we determined ∆GAB

by the difference in the ∆Gtot and ∆GLW for both superhydrophobic or superhydrophilic
substrates [Equations (17) and (18), respectively]:

∆GAB
132 = ∆Gtot

132 − ∆GLW
132 (17)
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∆GAB
13 = ∆Gtot

13 − ∆GLW
13 (18)

For comparison with Equation (19), we used an analogue of Equations (8) and (14) to
determine ∆GAB for superhydrophilic substrates [i.e., Equation (19)]:

∆GAB
13 = γAB

13 − γAB
1 − γAB

3 (19)

Table 5 provides all surface energy data and sources thereof used to perform the
surface energy numerical experiments.

Table 5. Surface energy data used to determine Gibbs interaction energies where γtot is the total
(i.e., summative) surface energy, γLW is the Lifshitz-van der Waals (i.e., nonpolar) surface energy
component, γAB is the acid-base (i.e., polar) surface energy component, γ+ is the acid surface energy
component, and γ− is the base surface energy component.

Surface Energy PA [18] SA [18] SE [37] EC [38] Superhydrophobic a Superhydrophilic b

γtot 39.26 43.91 55.36 55.88 8.63 72.8
γLW 34.82 39.63 27.44 18.14 7.25 21.8
γAB 4.44 4.29 27.92 37.74 1.38 52
γ+ 0.089 0.066 4.11 7.83 9.84 25.5
γ− 69.07 73.54 48.96 47.43 0.05 25.5

a calculated from data provided by Sun et al. [39]. b assumed to be identical to pure water.

4.1.2. Determination from Extended DLVO Theory

The ∆Gtot may be calculated via the extended DLVO theory according to Equation (2);
however, the component interaction energies (e.g., ∆GLW , ∆GAB, ∆GEL, and ∆GBorn) need
further examination, especially as related to the individual geometries of the bacteria. The
following approach is largely defined by Bradford et al., where ∆GLW may be determined
from Equation (20) [17]:

∆GLW = −H132r1

6d

(
1 +

14d
λ

)−1
(20)

where λ = 100 nm and is a characteristic wavelength, r1 is the radius of the bacterium,
and d is the distance between bacterium and substrate [40]. The Hamaker constant for the
bacterium-water-substrate interfacial interaction (H132) is determined via Equation (21) [41]:

H132 =
(√

H1 −
√

H3

)(√
H2 −

√
H3

)
(21)

where H3 = 3.7 × 10−20 J and the value of H2 for the superhydrophobic substrate is
calculated based on Equation (22) in which do is the value of closest approach taken to be
0.157 nm [42]:

H2 = 24πγLW
2 do

2 (22)

Since the equilibrium distance (deq) separating a bacterium and the substrate is de-
pendent on the nature of the bacterium, substrate, and dispersing solution, the bacterial
Hamaker constants (H1) were determined graphically with respect to distance (d) to the
substrate using Equation (3) [33].

The graphically determined value of H1 for EC is comparable to the average value
determined by Janjaroen et al. [14].

∆GAB is determined using Equation (23) [42]:

∆GAB = 2πr1λAB∆GAB
d=do

exp
(

do − d
λAB

)
(23)

where λAB (1 nm) is a characteristic decay length of acid-base interactions in water [41]
and ∆GAB

d=do
is the Lewis acid-base interaction energy per area between two surfaces when

do = d calculated via Equations (24) and (25) [43,44]:
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∆GAB
d=do

= − K
2πdoλAB

(24)

log K = −7.0
(

cos θ13 + cos θ23

2

)
− 18.0 (25)

∆GEL is calculated via Equation (26) [45]:

∆GEL = πε3r1

(
ζ1

2 + ζ2
2
){ 2ζ1ζ2

ζ1
2 + ζ2

2 ln
[

1 + exp(−κd)
1 − exp(−κd)

]
+ ln [1 − exp(−κd)]

}
(26)

where ε3 is the dielectric constant of water, ζ1 and ζ2 are the respective zeta potentials of
bacterium and substrate, and κ is the inverse Debye length.

To account for ∆GBorn, Equation (27) is utilized:

∆GBorn =
H132σc

6

7560

[
8r1 + d

(2r1 + 7)7 +
6r1 − d

d7

]
(27)

where σc (0.26 nm) and is the collision diameter which would achieve a primary minimum
depth of 0.157 nm [17,46].

Table 6 provides all relevant constants and sources thereof while Table 7 provides the
aggregated data to perform the extended DLVO numerical experiments.

Table 6. Constants used to determine Gibbs interaction energies from extended DLVO theory.

Description Value

Dielectric constant of H2O at 37 ◦C (ε3 , C2N−1m−2) 74.15 [47]
Characteristic wavelength (λ , nm) 100 [40]

Correlation/decay length in H2O (λAB , nm) 1 [41]
Value of closest approach (do , nm) 0.157 [42]

Collision diameter (σc , nm) 0.26 [17]
Debye length in 1 × PBS (κ , nm) 0.75 [48]
Hamaker constant of H2O (A3 , J) 3.70 × 10−20 [41]

Table 7. Additional data used to determine Gibbs interaction energies via extended DLVO theory.

Data PA SA SE EC Superhydrophobic Superhydrophilic

r1, µm 0.325 [49] 0.50 [50] 0.45 [50] 0.50 [51]
As, µm2 4.595 3.142 2.545 6.283

Hi, J 3.78 × 10−21 4.30 × 10−21 2.98 × 10−21 1.97 × 10−21 1.60 × 10−20 [39,41] 3.70 × 10−20 a

ζi, mV −15.0 [52] −35.6 [53] −17.1 [12] −44.2 [53] + 45 [54] 0 b

a assumed to be identical to pure water [41]. b Pure water is not conductive (ζi = 0 mV).

4.2. Numerical Experiments

Our experimentation utilizes literature components to formulate Gibbs interaction
energies determined via surface energy analyses and extended DLVO theory. In order to
standardize the data, several experimental parameters were established, some of which
were based on fundamental assumptions.

Our surface energy measurements [e.g., Lifshitz-van der Waals nonpolar component
(γLW), polar acid-base component (γAB), acid component (γ+), base component (γ−),
and total surface energy (γtot)] were assumed to be temperature independent across the
fairly narrow range between room temperature (20–25 ◦C) and physiological temperature
(37 ◦C). Volatility of the solvents used for surface energy calculations would provide the
most significant source of error with variable temperatures. The solvents from which the
measurements were obtained are not very volatile and would persist for the time frames
during which the measurements were taken.
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For the measurements related to extended DLVO theory, we ensure all measurements
were obtained in a physiological mimic solution, phosphate buffer solution (PBS), with
neutral or physiological pH values. Since PBS is buffered, pH is relatively constant across a
wide range of additional acids or bases. Therefore, dilute bacterial dispersions would not
significantly alter pH nor be affected by PBS. Furthermore, the bacterial zeta potentials (ζ1)
were all obtained in PBS having a pH between 7.0 and 7.4. The inverse Debye length (κ),
used in the measurement of ∆GEL, was determined to be 0.75 nm in 1× PBS [48].

Superhydrophilic substrates exposed to an aqueous medium are assumed to yield
surface properties and chemistry closely resembling those of pure water which is consistent
with the experimentally observed wetting behavior of such substrates (e.g., underwater
oil contact angles) [34–36,55]. The aforementioned experimental observation seems to
indicate that ions would be largely excluded from the hydration layer associated with the
substrate [35,56]. Thus, the surface energies, zeta potentials, and other related data for
superhydrophilic substrates are assumed to be identical to water.

5. Conclusions

We purposed to mathematically model bacterial interactions with superhydrophobic
and superhydrophilic substrates to determine the thermodynamic components of bacteria-
substrate interactions leading to attachment and primary colonization. Assuming colloidal
behavior for the bacteria, we used extended DLVO theory to assess four thermodynamic
components of bacterial attachment to a substrate: Lifshitz-van der Waals nonpolar ad-
hesion (∆GLW), acid-base polar adhesion (∆GAB), electrostatic double layer repulsion
(∆GEL), and Born repulsion (∆GBorn). The equilibrium distance (deq) was determined to
be 6–7 nm for ∆GLW , ∆GAB, and ∆GBorn and is independent of substrate polarity and
bacterial motility, species, size, and shape. Thus, deq may be intrinsic to bacteria-substrate
interactions. Both ∆GLW and ∆GBorn were determined to be minor contributors to the
overall bacteria-substrate interaction for both substrates (∆Gtot). Therefore, we were able
to simplify the extended DLVO theory illustrating primary dependence of ∆Gtot which
assesses the thermodynamic favorability of bacterial-substrate interactions on ∆GAB and
∆GEL for bacteria-substrate interactions. For superhydrophobic substrates, both ∆GAB

and ∆GEL regulate the thermodynamics of bacteria-substrate interactions with adhesion
predominating when the approach distance is less than the equilibrium distance (d < deq).
Due to the hydration layer associated with superhydrophilic substrates, bacteria seem to
thermodynamically prefer suspension to adhesion evidenced by the predominance of the
repulsive ∆GEL. Thus, superhydrophilic substrates should be most resistant to primary
colonization and bacterial attachment. Unfortunately, the model herein also illustrates that
the colloidal treatment of bacteria as a whole to determine the bacteria-substrate attachment
mechanism needs further evaluation. However, the model herein could assist scientists in
the design of substrates that are resistant to primary colonization which often produces a
mature biofilm that becomes a major contributor to pathogenic bacteria.

Author Contributions: Conceptualization, T.B.C.; methodology, T.B.C. and N.P.; validation, T.B.C.
and N.P.; formal analysis, T.B.C.; investigation, T.B.C. and N.P.; resources, T.B.C.; data curation, T.B.C.
and N.P.; writing—original draft preparation, T.B.C.; writing—review and editing, T.B.C. and N.P.;
visualization, T.B.C.; supervision, T.B.C.; project administration, T.B.C.; funding acquisition, T.B.C.
Both authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by Lipscomb University’s Department of Chemistry
and Biochemistry.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceuticals 2021, 14, 977 16 of 17

References
1. Blanco-Cabra, N.; Vega-Granados, K.; Moya-Andérico, L.; Vukomanovic, M.; Parra, A.; De Cienfuegos, L.; Torrents, E. Novel

Oleanolic and Maslinic Acid Derivatives as a Promising Treatment against Bacterial Biofilm in Nosocomial Infections: An in Vitro
and in Vivo Study. ACS Infect. Dis. 2019, 5, 1581–1589. [CrossRef]

2. Chandra, J.; Ghannoum, M.A. CD101, a Novel Echinocandin, Possesses Potent Antibiofilm Activity against Early and Mature
Candida albicans Biofilms. Antimicrob. Agents Chemother. 2018, 62, e01750-17. [CrossRef]

3. Lee, J.; Kim, Y. Carvacrol-rich oregano oil and thymol-rich thyme red oil inhibit biofilm formation and the virulence of
uropathogenicEscherichia coli. J. Appl. Microbiol. 2017, 123, 1420–1428. [CrossRef]

4. Devlin-Mullin, A.; Todd, N.M.; Golrokhi, Z.; Geng, H.; Konerding, M.A.; Ternan, N.; Hunt, J.; Potter, R.; Sutcliffe, C.; Jones, E.;
et al. Atomic Layer Deposition of a Silver Nanolayer on Advanced Titanium Orthopedic Implants Inhibits Bacterial Colonization
and Supports Vascularized de Novo Bone Ingrowth. Adv. Health Mater. 2017, 6, 1700033. [CrossRef] [PubMed]

5. Zhong, X.; Song, Y.; Yang, P.; Wang, Y.; Jiang, S.; Zhang, X.; Li, C. Titanium Surface Priming with Phase-Transited Lysozyme to
Establish a Silver Nanoparticle-Loaded Chitosan/Hyaluronic Acid Antibacterial Multilayer via Layer-by-Layer Self-Assembly.
PLoS ONE 2016, 11, e0146957. [CrossRef] [PubMed]

6. Fan, F.-X.; Zheng, Y.-M.; Ba, M.; Wang, Y.-F.; Kong, J.-J.; Liu, J.-H.; Wu, Q. Long time super-hydrophobic fouling release coating
with the incorporation of lubricant. Prog. Org. Coat. 2021, 152, 106136. [CrossRef]

7. Gotlib, O.; Vaitkus, S.; Simoes-Torigoe, R.; Morris, K.; Bodnar, A.; Spada, F.E.; Alagiri, M.; Talke, F.E. Investigation of an improved
electricidal coating for inhibiting biofilm formation on urinary catheters. J. Mater. Res. Technol. 2020, 10, 339–348. [CrossRef]

8. Xie, Q.; Zeng, H.; Peng, Q.; Bressy, C.; Ma, C.; Zhang, G. Self-Stratifying Silicone Coating with Nonleaching Antifoulant for
Marine Anti-Biofouling. Adv. Mater. Interfaces 2019, 6. [CrossRef]

9. Ferreira, T.P.; Nepomuceno, N.C.; Medeiros, E.L.; Medeiros, E.S.; Sampaio, F.C.; Oliveira, J.; Oliveira, M.; Galvão, L.S.; Bulhões,
E.O.; Santos, A.S. Antimicrobial coatings based on poly(dimethyl siloxane) and silver nanoparticles by solution blow spraying.
Prog. Org. Coat. 2019, 133, 19–26. [CrossRef]

10. Ashton, N.N.; Allyn, G.; Porter, S.T.; Haussener, T.J.; Sebahar, P.R.; Looper, R.E.; Williams, D.L. In vitro testing of a first-in-class
tri-alkylnorspermidine-biaryl antibiotic in an anti-biofilm silicone coating. Acta Biomater. 2019, 93, 25–35. [CrossRef]

11. Ba, M.; Zhang, Z.-P.; Qi, Y.-H. The influence of MWCNTs-OH on the properties of the fouling release coatings based on
polydimethylsiloxane with the incorporation of phenylmethylsilicone oil. Prog. Org. Coat. 2019, 130, 132–143. [CrossRef]

12. Ong, T.H.; Chitra, E.; Ramamurthy, S.; Ling, C.C.S.; Ambu, S.P.; Davamani, F. Cationic chitosan-propolis nanoparticles alter the
zeta potential of S. epidermidis, inhibit biofilm formation by modulating gene expression and exhibit synergism with antibiotics.
PLoS ONE 2019, 14, e0213079. [CrossRef]

13. Jung, H.-S.; Kim, K.; Ko, J.H. Retraction Note: Effect of a marine bacterial biofilm on adhesion and retention of pseudo barnacle to
silicone coating surface. Korean J. Chem. Eng. 2014, 31, 540. [CrossRef]

14. Janjaroen, D.; Ling, F.; Monroy, G.; Derlon, N.; Mogenroth, E.; Boppart, S.A.; Liu, W.-T.; Nguyen, T.H. Roles of ionic strength and
biofilm roughness on adhesion kinetics of Escherichia coli onto groundwater biofilm grown on PVC surfaces. Water Res. 2013, 47,
2531–2542. [CrossRef] [PubMed]

15. Zhao, Q.; Su, X.; Wang, S.; Zhang, X.; Navabpour, P.; Teer, D. Bacterial attachment and removal properties of silicon- and
nitrogen-doped diamond-like carbon coatings. Biofouling 2009, 25, 377–385. [CrossRef] [PubMed]

16. Johns, K. Biofilm Resistance. PPCJ Polym. Paint Colour J. 2001, 191, 20–21, 24.
17. Bradford, S.A.; Sasidharan, S.; Kim, H.; Hwang, G. Comparison of Types and Amounts of Nanoscale Heterogeneity on Bacteria

Retention. Front. Environ. Sci. 2018, 6, 56. [CrossRef]
18. Cavitt, T.B.; Carlisle, J.G.; Dodds, A.R.; Faulkner, R.A.; Garfield, T.C.; Ghebranious, V.N.; Hendley, P.R.; Henry, E.B.; Holt, C.J.;

Lowe, J.R.; et al. Thermodynamic Surface Analyses to Inform Biofilm Resistance. iScience 2020, 23. [CrossRef]
19. Zhang, S.; Liang, X.; Gadd, G.M.; Zhao, Q. A sol–gel based silver nanoparticle/polytetrafluorethylene (AgNP/PTFE) coating

with enhanced antibacterial and anti-corrosive properties. Appl. Surf. Sci. 2020, 535, 147675. [CrossRef]
20. Eskhan, A.O.; Abu-Lail, N.I. Force-Averaging DLVO Model Predictions of the Adhesion Strengths Quantified for Pathogenic

Listeria monocytogenes EGDe Grown under Variable pH Stresses. Langmuir 2020, 36, 8947–8964. [CrossRef]
21. Derjaguin, B. Untersuchungen ÜBer Die Reibung Und AdhäSion, Iv. Kolloid-Zeitschrift 1934, 69, 155–164. [CrossRef]
22. Verwey, E.J.W. Theory of the Stability of Lyophobic Colloids. J. Phys. Chem. 1947, 51, 631–636. [CrossRef]
23. Shao, H.; Chang, J.; Lu, Z.; Grundy, J.S.; Xie, G.; Xu, Z.; Liu, Q. Probing Interaction of Divalent Cations with Illite Basal Surfaces

by Atomic Force Microscopy. J. Phys. Chem. C 2019, 124, 2079–2087. [CrossRef]
24. Derjaguin, B.; Landau, L. Theory of the stability of strongly charged lyophobic sols and of the adhesion of strongly charged

particles in solutions of electrolytes. Prog. Surf. Sci. 1993, 43, 30–59. [CrossRef]
25. Song, Y.; Park, J.; Lim, C.; Lee, D.W. In-Depth Study of the Interaction Mechanism between the Lignin Nanofilms: Toward a

Renewable and Organic Solvent-Free Binder. ACS Sustain. Chem. Eng. 2019, 8, 362–371. [CrossRef]
26. Nazari, B.; Ranjbar, Z.; Hashjin, R.R.; Moghaddam, A.R.; Momen, G.; Ranjbar, B. Dispersing graphene in aqueous media:

Investigating the effect of different surfactants. Colloids Surf. A Physicochem. Eng. Asp. 2019, 582, 123870. [CrossRef]
27. Lohani, D.; Sarkar, S. Nanoscale Topographical Fluctuations: A Key Factor for Evaporative Colloidal Self-Assembly. Langmuir

2018, 34, 12751–12758. [CrossRef] [PubMed]

http://doi.org/10.1021/acsinfecdis.9b00125
http://doi.org/10.1128/AAC.01750-17
http://doi.org/10.1111/jam.13602
http://doi.org/10.1002/adhm.201700033
http://www.ncbi.nlm.nih.gov/pubmed/28321991
http://doi.org/10.1371/journal.pone.0146957
http://www.ncbi.nlm.nih.gov/pubmed/26783746
http://doi.org/10.1016/j.porgcoat.2021.106136
http://doi.org/10.1016/j.jmrt.2020.11.089
http://doi.org/10.1002/admi.201900535
http://doi.org/10.1016/j.porgcoat.2019.04.032
http://doi.org/10.1016/j.actbio.2019.02.010
http://doi.org/10.1016/j.porgcoat.2019.01.055
http://doi.org/10.1371/journal.pone.0213079
http://doi.org/10.1007/s11814-014-0070-y
http://doi.org/10.1016/j.watres.2013.02.032
http://www.ncbi.nlm.nih.gov/pubmed/23497979
http://doi.org/10.1080/08927010902838426
http://www.ncbi.nlm.nih.gov/pubmed/19283517
http://doi.org/10.3389/fenvs.2018.00056
http://doi.org/10.1016/j.isci.2020.101702
http://doi.org/10.1016/j.apsusc.2020.147675
http://doi.org/10.1021/acs.langmuir.0c01500
http://doi.org/10.1007/BF01433225
http://doi.org/10.1021/j150453a001
http://doi.org/10.1021/acs.jpcc.9b11202
http://doi.org/10.1016/0079-6816(93)90013-L
http://doi.org/10.1021/acssuschemeng.9b05569
http://doi.org/10.1016/j.colsurfa.2019.123870
http://doi.org/10.1021/acs.langmuir.8b02409
http://www.ncbi.nlm.nih.gov/pubmed/30299962


Pharmaceuticals 2021, 14, 977 17 of 17

28. Song, Z.; Lu, M.; Chen, X. Investigation of Dropwise Condensation Heat Transfer on Laser-Ablated Superhydropho-
bic/Hydrophilic Hybrid Copper Surfaces. ACS Omega 2020, 5, 23588–23595. [CrossRef]

29. Lu, S.; Gao, H.; Wang, Q.; Xu, W.; Szunerits, S.; Boukherroub, R. Fabrication of stable homogeneous superhydrophobic
HDPE/graphene oxide surfaces on zinc substrates. RSC Adv. 2016, 6, 29823–29829. [CrossRef]

30. Li, T.; He, Y.; An, X.; Li, C.; Wu, Z. Elucidating Adhesion Behaviors and the Interfacial Interaction Mechanism between Plant
Probiotics and Modified Bentonite Carriers. ACS Sustain. Chem. Eng. 2021, 9, 8125–8135. [CrossRef]

31. Li, R.; Ren, W.; Teng, Y.; Sun, Y.; Xu, Y.; Zhao, L.; Wang, X.; Christie, P.; Luo, Y. The inhibitory mechanism of natural soil colloids
on the biodegradation of polychlorinated biphenyls by a degrading bacterium. J. Hazard. Mater. 2021, 415, 125687. [CrossRef]

32. Pawlowska, A.; Sadowski, Z. Effect of Schwertmannite Surface Modification by Surfactants on Adhesion of Acidophilic Bacteria.
Microorganisms 2020, 8, 1725. [CrossRef] [PubMed]

33. Van Oss, C.J.; Chaudhury, M.K.; Good, R.J. Interfacial Lifshitz-van der Waals and polar interactions in macroscopic systems.
Chem. Rev. 1988, 88, 927–941. [CrossRef]

34. Wen, C.; Guo, H.; Yang, J.; Li, Q.; Zhang, X.; Sui, X.; Cao, M.; Zhang, L. Zwitterionic hydrogel coated superhydrophilic hierarchical
antifouling floater enables unimpeded interfacial steam generation and multi-contamination resistance in complex conditions.
Chem. Eng. J. 2021, 421, 130344. [CrossRef]

35. Sun, S.; Wang, Y.; Sun, B.; Zhang, F.; Xu, Q.; Mi, H.-Y.; Li, H.; Tao, X.; Guo, Z.; Liu, C.; et al. Versatile Janus Composite Nonwoven
Solar Absorbers with Salt Resistance for Efficient Wastewater Purification and Desalination. ACS Appl. Mater. Interfaces 2021, 13,
24945–24956. [CrossRef]

36. Li, H.; Zhu, L.; Zhu, X.; Chao, M.; Xue, J.; Sun, D.; Xia, F.; Xue, Q. Dual-functional membrane decorated with flower-like metal–
organic frameworks for highly efficient removal of insoluble emulsified oils and soluble dyes. J. Hazard. Mater. 2020, 408, 124444.
[CrossRef]

37. Sousa, C.; Teixeira, P.; Oliveira, R. Influence of Surface Properties on the Adhesion of Staphylococcus epidermidisto Acrylic and
Silicone. Int. J. Biomater. 2009, 2009, 718017. [CrossRef]

38. Hamadi, F.; Latrache, H.; Zahir, H.; El Abed, S.; Ellouali, M.; Saad, I.K. The Relation between the Surface Chemical Composition
of Escherichia coli and their Electron Donor/Electron Acceptor (Acid-base) Properties. Res. J. Microbiol. 2012, 7, 32–40. [CrossRef]

39. Sun, J.; He, D.; Li, Q.; Zhang, H.; Liu, H. Wettability behavior and anti-icing property of superhydrophobic coating on HTV
silicone rubber. AIP Adv. 2020, 10, 125102. [CrossRef]

40. Gregory, J. Approximate expressions for retarded van der waals interaction. J. Colloid Interface Sci. 1981, 83, 138–145. [CrossRef]
41. Israelachvili, J.N. Intermolecular and Surface Forces, 3rd ed.; Academic Press: Waltham, MA, USA, 2011.
42. Van Oss, C.J. Interfacial Forces in Aqueous Media; CRC Press: Boca Raton, FL, USA, 2006. [CrossRef]
43. Bergendahl, J.; Grasso, D. Prediction of colloid detachment in a model porous media: Thermodynamics. AIChE J. 1999, 45,

475–484. [CrossRef]
44. Yoon, R.-H.; Flinn, D.H.; Rabinovich, Y.I. Hydrophobic Interactions between Dissimilar Surfaces. J. Colloid Interface Sci. 1997, 185,

363–370. [CrossRef]
45. Hogg, R.; Healy, T.W.; Fuerstenau, D.W. Mutual coagulation of colloidal dispersions. Trans. Faraday Soc. 1966, 62, 1638–1651. [CrossRef]
46. Ruckenstein, E.; Prieve, D.C. Adsorption and desorption of particles and their chromatographic separation. AIChE J. 1976, 22,

276–283. [CrossRef]
47. Malmberg, C.G.; Maryott, A.A. Dielectric Constant of Water from 0 ◦ to 100 ◦C. J. Res. Natl. Bur. Stand. 1956, 56, 1–8. [CrossRef]
48. Nakatsuka, N.; Yang, K.-A.; Abendroth, J.M.; Cheung, K.M.; Xu, X.; Yang, H.; Zhao, C.; Zhu, B.; Rim, Y.S.; Yang, Y.; et al.

Aptamer–field-effect transistors overcome Debye length limitations for small-molecule sensing. Science 2018, 362, 319–324.
[CrossRef] [PubMed]

49. Iglewski, B.H. Pseudomonas. In Medical Microbiology; University of Texas Medical Branch at Galveston: Galveston, TX, USA, 1996.
50. Harris, L.; Foster, S.; Richards, R. An introduction to staphylococcus aureus, and techniques for identifying and quantifying s.

aureus adhesins in relation to adhesion to biomaterials: Review. Eur. Cells Mater. 2002, 4, 39–60. [CrossRef]
51. Riley, M. Correlates of Smallest Sizes for Microorganisms. In Size Limits of Very Small Microorganisms: Proceedings of a Workshop;

The National Academies Press: Washington, DC, USA, 1999; pp. 21–25. [CrossRef]
52. Niemirowicz, K.; Surel, U.; Wilczewska, A.Z.; Mystkowska, J.; Piktel, E.; Gu, X.; Namiot, Z.; Kułakowska, A.; Savage, P.B.;

Bucki, R. Bactericidal activity and biocompatibility of ceragenin-coated magnetic nanoparticles. J. Nanobiotechnol. 2015, 13, 1–11.
[CrossRef] [PubMed]

53. Halder, S.K.; Yadav, K.K.; Sarkar, R.; Mukherjee, S.; Saha, P.; Haldar, S.; Karmakar, S.; Sen, T. Alteration of Zeta potential and
membrane permeability in bacteria: A study with cationic agents. SpringerPlus 2015, 4, 1–14. [CrossRef] [PubMed]

54. Zhang, B.-P.; Li, H.-N.; Shen, J.-L.; Zhou, D.; Xu, Z.-K.; Wan, L.-S. Surface Coatings via the Assembly of Metal–Monophenolic
Networks. Langmuir 2021, 37, 3721–3730. [CrossRef]

55. Fan, Z.; Zhou, S.; Mao, H.; Li, M.; Xue, A.; Zhao, Y.; Xing, W. A novel ceramic microfiltration membrane fabricated by anthurium
andraeanum-like attapulgite nanofibers for high-efficiency oil-in-water emulsions separation. J. Membr. Sci. 2021, 630, 119291.
[CrossRef]

56. Xiong, Z.; He, Z.; Mahmud, S.; Yang, Y.; Zhou, L.; Hu, C.; Zhao, S. Simple Amphoteric Charge Strategy to Reinforce Super-
hydrophilic Polyvinylidene Fluoride Membrane for Highly Efficient Separation of Various Surfactant-Stabilized Oil-in-Water
Emulsions. ACS Appl. Mater. Interfaces 2020, 12, 47018–47028. [CrossRef] [PubMed]

http://doi.org/10.1021/acsomega.0c01995
http://doi.org/10.1039/C6RA03730E
http://doi.org/10.1021/acssuschemeng.1c01166
http://doi.org/10.1016/j.jhazmat.2021.125687
http://doi.org/10.3390/microorganisms8111725
http://www.ncbi.nlm.nih.gov/pubmed/33158100
http://doi.org/10.1021/cr00088a006
http://doi.org/10.1016/j.cej.2021.130344
http://doi.org/10.1021/acsami.1c05618
http://doi.org/10.1016/j.jhazmat.2020.124444
http://doi.org/10.1155/2009/718017
http://doi.org/10.3923/jm.2012.32.40
http://doi.org/10.1063/5.0029398
http://doi.org/10.1016/0021-9797(81)90018-7
http://doi.org/10.1201/9781420015768
http://doi.org/10.1002/aic.690450305
http://doi.org/10.1006/jcis.1996.4583
http://doi.org/10.1039/tf9666201638
http://doi.org/10.1002/aic.690220209
http://doi.org/10.6028/jres.056.001
http://doi.org/10.1126/science.aao6750
http://www.ncbi.nlm.nih.gov/pubmed/30190311
http://doi.org/10.22203/eCM.v004a04
http://doi.org/10.17226/9638
http://doi.org/10.1186/s12951-015-0093-5
http://www.ncbi.nlm.nih.gov/pubmed/25929281
http://doi.org/10.1186/s40064-015-1476-7
http://www.ncbi.nlm.nih.gov/pubmed/26558175
http://doi.org/10.1021/acs.langmuir.1c00221
http://doi.org/10.1016/j.memsci.2021.119291
http://doi.org/10.1021/acsami.0c13508
http://www.ncbi.nlm.nih.gov/pubmed/32941734

	Introduction 
	Results 
	Surface Energy Determination of Gibbs Interaction Energies 
	Extended DLVO Determination of Gibbs Interaction Energies 

	Discussion 
	Equilibrium and Bacterial Attachment 
	Short Range Interactions and Bacterial Attachment 
	Lifshitz-Van der Waals Adhesive Interactions 
	Born Repulsive Interactions 

	Long Range Interactions and Bacterial Attachment 
	Acid-Base Adhesive Interactions 
	Electrostatic Double Layer Repulsive Interactions 

	Effect of Bacterial Motility 
	Significance of Bacterial Attachment Equilibria 

	Materials and Methods 
	Gibbs Interaction Energies for Homogeneous Substrates 
	Determination from Surface Energies 
	Determination from Extended DLVO Theory 

	Numerical Experiments 

	Conclusions 
	References

