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We have studied the pH-dependent interaction between mycolic acid (MA) monolayers and
hydrophobic and hydrophilic surfaces using molecular (colloidal probe) force spectroscopy. In both
cases hydrophobic and hydrophilic monolayers (prepared by Langmuir-Blodgett and Langmuir
Schaefer deposition on silicon or hydrophobized silicon substrates respectively) were studied. The force
spectroscopy data, fitted with classical DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory to
examine the contribution of electrostatic and van der Waals forces revealed that electrostatic forces are
the dominant contribution to the repulsive force between the approaching colloidal probe and MA
monolayers. The good agreement between data and the DLVO model suggest that beyond a few nm
away from the surface, hydrophobic, hydration and specific chemical bonding are unlikely to contribute
to any significant extent to the interaction energy between the probe and the surface. The pH-
dependent conformation of MA molecules in the monolayer at the solid-liquid interface was studied by
ellipsometry, neutron reflectometry, and with a quartz crystal microbalance. Monolayers prepared by
the Langmuir-Blodgett method demonstrated a distinct pH responsive behaviour, while monolayers
prepared by the Langmuir-Schaefer method were less sensitive to pH variation. It was found that the
attachment of water molecules plays a vital role in determining the conformation of the MA
monolayers.
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1. Introduction

Members of the genus Rbodococcus [1] are well known for their capability to metabolize a variety of
pollutants [2, 3], to persist in adverse conditions, and to form biofilms. This makes them suitable
microorganisms for the biodegradation of many organic compounds [4]. Bioremediation utilising, for
example, various indigenous strains of the genus Rhodococens has proved to be a promising option for
the clean-up of polluted sites. Their assimilatory abilities have been attributed to the diversity of their
enzymatic activities which are affected by the existence of a mycolic acid monolayer on the cell surface,
which may limit the uptake of hydrophobic compounds.

Mycolic acids (MA) are high molecular weight a-alkyl-B-hydroxy fatty acids found in the cell walls of
bacteria belonging to the mycolata family of actinomycetes [5, 6], which includes genera such as
Rhodococens and Mycobacterium. In rhodococci, mycolic acids have between 54 and 60 carbon atoms and
may represent up to 40% of the cell wall composition [7, 8]. As a result, thodococci cells are
hydrophobic, allowing adhesion at the oil/water interphase. Furthermore, the cells are able to adapt
their membrane composition, in terms of fatty acid composition of the membrane phospholipids,
mycolic acid content, and cell wall permeability, in response to the carbon source [9]. The cell
envelopes of Rhodococcus and Mycobacterinm have a model structure of a stratified layer that consists of
the plasma membrane, peptidoglycan, arabinogalactan, and the outermost membrane [10-12]. The
outer membrane was proposed as a lipid bilayer with the inner layer consisting of mycolic acids which
are arranged in an orderly fashion, in parallel, and covalently bonded to peptidoglycan via
arabinogalactan; and an outer layer of free lipids [10, 13]. Recent studies have shown that the
mycobacterial outer membrane is approximately 8 nm thick and is morphologically symmetrical [14,
15]. Although the arrangement and configuration of lipids in the mycobacterial outer membrane are
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still not fully revealed [16], mycolic acids were found to be indispensable for the structural integrity of
the outer membrane [14]. The presence of an MA monolayer has also been correlated with adhesion
properties [17]. These properties have attracted much scientific and industrial interest [18-21].

A mycolic acid molecule consists of a long saturated 2-alkyl branch and a long fatty alcohol part known
as a ‘mero’ chain. It has an asymmetric structure about the hydrophilic head group (C-C with COOH
and OH) as shown in Fig. 1. Besides their basic structure, mycolic acids extracted from different strains
contain diverse functional groups that vary in type, stereochemistry, and spacing. The number of
carbon atoms in a mycolic acid molecule also varies between genera [22]. The structures of mycolic
acids of genera other than mycobacteria were found to be relatively simple in terms of chemical
function, being composed of homologous series. In contrast, mycolic acids of mycobacteria display a
large diversity of chain lengths and chemical functions that define the different classes of mycolic acids
[23]. Nevertheless, it has been shown that the lipid-rich envelope of mycobacteria could be used as a
paradigm for cell envelope organization in the genus Rbodococcus because of their similar chemical
structures [24, 25].

Atomic force microscopy has been used extensively to study the interaction between microbes and
solid surfaces directly by immobilizing bacteria on the substrate or on the AFM cantilever [26]. Another
route to further the understanding of the mechanism of bacterial adhesion is to mimic cell and tissue
surfaces on solid substrates by deposition of model biomembranes [27-29], ultrathin polymer cushions
[30], or extracellular polymers [31, 32]. Measuring the interactions between the MA monolayer and a
model surface is critical for understanding microbial adhesion to solid surfaces particulatly in relation to
biodegradation and bioremediation [33, 34].

Since monolayer molecular aggregation is related to drug permeability via molecular packing, studies
have been performed to consider conformation, structure and arrangement of mycolic acid molecules
in the Langmuir monolayer on a solid substrate at the air-solid interface [35-41]. Hasegawa et al. [36]
investigated the conformation of mycolic acids in a Langmuir-Blodgett monolayer at different surface
pressures, and reported that the MA chains take a two or three fold structure; but this study concerned
the structure and arrangement of MA molecules in the monolayer, and its topography at the air-solid
interface rather than the liquid-solid interface considered in the present work. Although a monolayer of
trehalose dimycolate was recently used to manipulate the membranes of mycobacteria [42, 43], few
experiments [44, 45] have been performed to explore MA monolayers at the solid-liquid interface, or to
simulate microbial adhesion to solid surface by examining the interaction between an MA monolayer
and a model surface.

In the present study, mycolic acid monolayers were prepared by two methods; one with the
hydrophobic tail exposed at the surface, and the other with the hydrophilic head exposed. These
different orientations resulted in different molecular arrangements within the monolayers. Quartz
crystal microbalance (QCM), ellipsometry, and neutron scattering methods were utilised to examine the
conformation of mixed (keto-, methoxy-, and o-) mycolic acid monolayers at different pH. The results
lead to the conclusion that water content is responsible for conformational changes in MA molecules in
the monolayer. Interactions between MA monolayers and hydrophobic, or hydrophilic model surfaces
have been measured using colloidal probe force spectroscopy. Adhesion forces between the MA
monolayer and polystyrene were found to be much greater than that between the MA monolayer and a
silica surface. Detailed analyses of the interaction between the MA monolayers and model surfaces
were facilitated by a DLVO (after Derjaguin, Landau, Verwey, and Overbeek) analysis.

2. Materials and methods
2.1 Monolayer preparation

Mycolic acid (extracted from Mycobacterium tuberculosis, human strain) was used as received from Sigma-
Aldrich (M4537-5mg). Silicon (100) wafers (Prolog Semicor Ltd., Ukraine) with native oxide layer intact
were used as the substrates for monolayer transfer. The silicon wafers were cut into pieces of
approximately 5 cm X 1 cm and washed in RCA-1 solution (pure water, ammonia and hydrogen
peroxide with a volume ratio 5:1:1) at 75°C for 15 minutes to remove any organic contaminants. The
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silicon pieces were then rinsed thoroughly with ultrapure water (Elga PURElab option water purifier,
15 MQ.cm) and dried under nitrogen. Substrates were pre-treated in UV-Ozone (Spectra physics,
model 6048, Oriel Instruments, USA) for 15 minutes before Langmuir-Blodgett deposition; or sealed in
a Petri dish (overnight) with a limited amount of 1,1,1,3,3,3-hexamethyl-disilazane (HMDS) (Sigma-
Aldrich) to form a hydrophobic film as an adhesive layer for Langmuir-Schaefer deposition.

The monolayer transfer was performed using a NIMA LB trough 611D (NIMA Technology Ltd.,
Coventry, UK), with an initial area 600 cm” 70 pL mycolic acid/chloroform solution (1 mg mL™") was
spread over an ultrapure water subphase by means of a microsyringe. After the complete evaporation
of the chloroform (10-15 minutes), the monolayer film was compressed with a PTFE barrier at a speed
of 25 cm” min™" until the surface pressure of the monolayer reached 25.0 mN m.

The monolayer, with its hydrophilic end (3-hydroxy and 2-carboxyl groups) in contact with the
underlying silicon substrate and hydrophobic methyl groups on top, was transferred by the Langmuir-
Blodgett method (lifting the substrate out of the subphase). The lifting speed of the substrate during
LB deposition (vertical dipping) was 0.5 cm min". The monolayer with opposite arrangement of
molecules (hydrophilic end on top) was transferred by the Langmuir-Schaefer method (lowering the
HMDS-functionalised silicon wafer into contact with the compressed monolayer). The monolayer
prepared by the LB method will be denoted LB_MA monolayer, while LS_MA indicates a monolayer
prepared by the LS method. The transferred monolayers were dried with nitrogen and sealed in
nitrogen filled vials.

Film quality was verified by scanning force microscopy (SFM) experiments on the dried MA
monolayers (Fig. 2). These surface topography measurements were performed using a Digital
Instruments Multimode Nanoscope IIIA (Digital Instruments, Santa Barbara, CA, USA) operating in
contact mode with silicon nitride SNL probes (Veeco Probes, Cambridge, U.K.) with a nominal spring
constant of 0.12 N m™' and a nominal tip radius 2 nm.

2.2 Quartz crystal microbalance-dissipation (QCM-D)

The QCM-D measurements were conducted using a Q-Sense D300 system (Q-Sense AB, Gothenburg,
Sweden). Silicon coated quartz crystals (5 MHz, AT-cut) were used to transfer LB_MA or LS_MA
monolayers. The crystal was mounted in the QCM flow chamber (QAFC301) in which the monolayer
was exposed to various pH solutions. Changes in the resonant frequency and the dissipation factor of
the crystal were monitored simultaneously at four frequencies (fundamental and three overtones). The
shifts from the measurements achieved at 15 MHz (3rd overtone) are presented here due to the
increased sensitivity of the signal at this frequency. Loading different pH solutions induces small
pressure changes which are observable in the frequency and dissipation traces.

2.3 Ellipsometry

A spectroscopic phase-modulated ellipsometer (UVISEL, HORIBA Jobin Yvon, France) was used to
monitor the thickness of LB_MA and LS_MA monolayers in different pH environments. Each
monolayer was positioned (on its substrate) in a chamber filled with 40 mL pure water. Sodium
hydroxide (NaOH) and hydrogen chloride (HCI) solutions were used to adjust pH which was
monitored in situ by a pH meter. The refractive index was taken as 1.48 for the evaluation of
monolayer thickness [41]. The thickness of the monolayer was calculated by using WVASE software. A
Matlab routine developed in-house was used for parameter fitting of the kinetic measurements, in
which changes of monolayer thickness were monitored continuously in various pH environments

2.4 Neutron reflectometry

Neutron reflectivity reveals the scattering length density of a material as a function of distance from a
substrate [40]. The scattering length is a nuclear property, and is directly analogous to electron density
for x-ray experiments. In our experiments, the scattering length density information can be readily
converted into a volume fraction-depth profile if there is significant contrast between the biosurfactant
and the water. (The volume fraction-depth profile tells us the fractional volume of the mycolic acid as a
function of distance from the substrate.) We use D,O because its scattering length density is
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significantly greater than that of the mycolic acid, whereas that of H,O is not. LB and LS_MA
monolayers were transferred to 50 mm diameter circular silicon wafers and placed in a liquid cell to
which the D,0O was added. The pD (here we retain the formal use of pD rather than pH) was altered by
the addition of NaOH or HCI to the solution and is considered accurate to within *0.5. The
experiments were performed using an inverted geometry, with neutrons incident on the mycolic acid
layer through the silicon. The data presented in this paper were obtained using the CRISP reflectometer
of the ISIS pulsed neutron source [47] at the Rutherford Appleton Laboratory (Oxfordshire, UK). The
scattering length density-depth profile was obtained through the use of an optical matrix analysis [48]
using MOTOFIT software [49].

2.5 Colloidal probe force spectroscopy

Colloidal probes were prepared by attaching either a silica or polystyrene particle (both with certified
mean diameters of 10 pm from Duke Scientific Corporation, California) at the apex of an AFM
cantilever (MLCT, Veeco probes) using a minimum of epoxy resin. Each colloidal probe was checked
by optical microscopy to verify the position of the particle, both before and after each experiment.
Force spectroscopy measurements were performed using a molecular force probe (MFP-1D, Asylum
Research Inc., Santa Barbara, USA) on a Halcyonics active vibration table. Control experiments were
carried out between colloidal probes and clean silicon wafers to obtain the deflection sensitivity of the
cantilever. We used the thermal method to calibrate the spring constant of the cantilever [50]. Each
colloidal probe was rinsed in ethanol, dried with nitrogen, and then placed in UV-ozone for at least 20
minutes before each experiment to reduce tip contamination. After laser alignhment and loading of the
sample surface, 40 pL solution was placed on both the monolayer and cantilever to form a water drop
which immersed both substrate and cantilever. In these experiments 1 mM NaCl was used as the
supporting electrolyte to screen electrostatic repulsive forces. The experiment was performed after 5-10
minutes giving adequate time for the monolayer to reach equilibrium. The pulling speed of the
cantilever was kept constant at 1053 nm s for all experiments, with no dwell time on the surface. A
loading force of 1 nN was used for the silica probe, and 0.1 nN for the polystyrene probe. Raw data
acquired from MFP-1D were converted into force-separation data using a method described previously

[51].
3 Results and discussion
3.1 Mycolic acid monolayer deposition

The arrangement of MA molecules in the monolayer at the liquid/air interface is obtained from the

surface pressure-molecular area (II-A) isotherm (Fig. 3). The MA monolayer has a lift-off area (A,)) of
0.85 nm” molecule”, at which point the molecules begin to interact and exert forces on each other as
the space available for the molecules is reduced during compression. The limiting molecular area at
which molecules are closely packed and extended by the lateral compression is 0.69 nm” molecule”,
which is obtained by extrapolating the linear part of the isotherm. Cyclic isotherm measurements
suggest that molecular rearrangement upon monolayer compression is reversible, although the
monolayer collapses at TT7>7135 mN m™. As mycolic acid extracted from Mycobacterium tuberculosis was
used, it is expected that there are different types of mycolic acids in the monolayer. The lift-off, limiting
molecular area and collapse pressure of different types of MAs [37] are compared in Table 1. The lift-
off and limiting molecular areas of MA molecules in the present study are 0.85 and 0.69 nm” molecule™
respectively, which is expected as (- and keto-MAs are the major components in the cell membrane of
M. tb.

After extensive studies of the conformational behaviour of monolayers of different mycolic acids under

compression, Hasegawa and co-workers [37, 38] proposed that (-MA could be expanded to a two-fold
structure due to its cyclopropane group being hydrophobic, while keto-MA may take a triple-chain
structure, which would not expand under high pressure, as shown in Fig. 4. This hypothesis is
supported by a comparison of limiting molecular areas of different MA molecules; the large molecular
limiting area of keto-MA suggests that the molecules are not extended at high surface pressure. We



conclude that the monolayers are not uniform in terms of surface topography, chemical composition,
and film thickness.

3.2 Quartz crystal microbalance measurements

We show in Fig. 5 changes in frequency (Af) and dissipation (AD) signals when a MA monolayer was
exposed to solutions of different pH. The pH was repeatedly switched in the same experiment to check
reproducibility. The frequency decreases while dissipation increases when the LB_MA monolayer is
exposed to high pH solution, and vice versa (Fig. 5a). Since no further MA was introduced into the
system, changes in frequency and dissipation result from either the binding and unbinding of mycolic
acid molecules from the supporting substrate, as there is no strong bond between MA and the silicon
wafer, or, more likely, due to the presence of water molecules between the monolayer and the substrate
or within the monolayer, as has been shown in previous studies [52-56]. The water layer sensed by the
crystal can be either ‘bound’ in the adsorbed molecules, as in the hydration film, or mechanically
trapped in cavities on a rough surface; these two contributions being difficult to separate.

If rigid layer behaviour and no slip at the crystal-liquid boundary are assumed, the changes in frequency
can be used to measure mass changes on the surface according to the Sauerbrey equation, which is a
linear relationship between adsorbed mass, 7 and Af[57, 58]. Such an assumption fails to explain mass
changes in the high pH environment, which suggests that changes in the viscoelasticity of the
hydrodynamic layer (including both the monolayer and the associated hydration layer) in contact with
the crystal are also responsible for the observed frequency shifts. The viscosity of the hydrodynamic
layer depends on several factors, including interfacial slip associated with the interaction of the
monolayer with the solvent and water drag by hydrated molecules at the interface and hydrophobic
interactions between the alkyl chains in the monolayer.

The response of the LS_MA monolayer to different pH solutions is shown in Fig. 5b. The changes of
both frequency and dissipation are not as distinct as those for the hydrophobic layer. Since the mycolic
acid molecules were immobilised on top of the HMDS layer with the hydrophilic end on top, the pH
responsive behaviour of the LS_MA monolayer is mainly attributed to the interaction between the
carboxylic group and water molecules.

Comparison of the QCM results for both LB_MA and LS_MA monolayers reveals that, although both
monolayers display pH-dependent behaviour, the underlying mechanisms are not same; some water
molecules are coupled to the carboxylic group in the LS_MA monolayer, whereas a hydration layer is
formed between the LB_MA monolayer and the supporting silicon substrate.

It should also be noted that both Afand AD traces did not shift back to the baseline value after being
exposed to pH 9.4 solution (Fig. 5a). This can be attributed to trapped water molecules not being
released thoroughly. The odd reverse behaviour when the chamber is filled with pH 6.5 solution a
second time (at #= 50 and 88 min) is hard to understand, but may be due to water molecules being
released from the monolayer when the system switches from pH 9.4 to pH 6.5. Although it is expected
that there are spikes when loading solutions into the chamber, some changes in both traces are due to
temperature fluctuations of the QCM itself, although this is not a large effect. We made every effort to
keep the temperature stable, because a fluctuation of 0.04 K could give rise to a fluctuation in Af of as
much as 0.5 Hz.

3.3 Ellipsometry

Ellipsometry experiments were performed with both LB_MA and LS_MA monolayers. The
ellipsometric thickness, measured simultaneously when changing solution pH (Fig. 0), is obtained by
fitting the experimental data to a model profile, which treats the monolayer as a uniform film. The
relative thickness variation with pH confirms the pH-responsive nature of both monolayers, which are
both thicker (heavier) at high pH, and compacted at low pH.

3.4 Neutron reflectometry

In principle ellipsometry can provide volume fraction-depth profiles with sub-nm resolution, but in
practice neutron reflectometry is a much more powerful tool for obtaining conformational information
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about thin layers. The scattering length density of the MA used in this work is a priori unknown

because it is a mixture of @, keto, and methoxy mycolic acids. A value of -2.0£0.5 x 107 A was
obtained from a consideration of the scattering lengths obtained from these types of MA using a
density of 0.9 g/cc, which is typical of similar fatty acids. The large error in the scattering length density
of MA is not as important as might be expected, because the D,O has a much larger scattering length
density than that of MA, and so it is the D,O that is being profiled; the MA essentially being an absence
of D,O and the data is verified for consistency by ensuring that the areas under the scattering length

density-depth profiles are constant to within +10%.

The model used to fit the data consists of silicon with a scattering length density of 2.07 x 10° A2,
through which the neutrons passed, incident onto the acid layer. The native oxide layer of the silicon
was not removed. This is normally ill defined, but is required to be included in the fitting when one is
considering bare substrates, or ultra-thin films, as is the case here. The need for a layer between the
mycolic acid and the silicon is especially acute for the hydrophilic MA layer (LS_MA), where the
HMDS film complicates the interface between MA and silicon. A difficulty with fitting to an oxide
layer layer is that it is environmentally dependent, because it can be hydrated.

Neutron reflectometry data and fits are shown in Fig. 7 and the corresponding volume fraction-depth
profiles for both LB_MA and LS_MA in Fig. 8. There is a difference in profile between the hydrophilic
and hydrophobic monolayers, with the hydrophobic LB_MA layers having a more gradual decrease in
concentration than the hydrophilic layers at pD 3.0 and 7.0. The LS_MA layer at pD 10 extends into
the D,0O much more than any of the other films.

3.5 Colloidal probe measurements: Adhesion force

Adhesion force data for colloidal probes and MA monolayers were collected from individual force
curves. Statistical analyses of the adhesion force were based on over 500 force curves, and are shown in
Figs 9 and 10. The silica surface has a stronger interaction with both MA monolayers in lower pH
solution than at high pH (Fig. 9). For the polystyrene probe, adhesion forces of both hydrophobic and
hydrophilic MA were more evenly distributed at pH 6.5 and 10. At pH 3, the adhesion force of
LB_MA was mainly weak, with few events exceeding 50 nN, whereas the adhesion force of LS_MA
was mainly strong, with a significant number of events exceeding 150 nN at both pH 3 and pH 10 (Fig.
10).

The adhesion force is a combination of electrostatic, van der Waals, and meniscus or capillary forces, as
well as chemical bonds or acid-base interactions [59]. For the silica probe, the greater adhesion force in
a low pH environment is attributed to the contribution of electrostatic and hydrogen bonding because
van der Waals forces are not sensitive to the pH of the solutions. The carbonyl groups (C=0) exposed
on the LB_MA monolayer upper surface (from the keto-MA) are weakly positively charged in low pH
solution and negatively charged in a high pH environment, whereas the carboxylic acid group
(-COOH) exposed on the LS_MA monolayer is negatively charged in high pH solution and less
charged in a low pH environment. The silica sphere is negatively charged in a high pH solution and less
charged in a low pH solution. It can be concluded that the electrostatic force is repulsive in high pH
solution between the silica probe and the monolayers but attractive or less repulsive in low pH solution.

The interaction of MA with the polystyrene probe is stronger than that with the silica probe due to
hydrophobic interactions (Fig. 10). There is no strong pH dependence here, except that forces at pH
3.0 are weaker than those at pH 6.0 and 10.0 for the LB_MA. It is perhaps surprising that the
hydrophobic effect is even stronger for the LS_MA, when the hydrophilic component is exposed. The
interaction is still stronger for the LS_MA at pH 10.0 than pH 6.0. Why the polystyrene probe should
have stronger interactions with the LS_MA than with the LB_MA is particularly surprising, but we note
that the HMDS underlayer provides more hydrophobic surface than for the LB_MA, where the MA
resides on a hydrophilic silica substrate.



3.6 Colloidal probe measurements: Surface potential

The force-distance curves for the approach of silica probe to LB_MA or LS_MA monolayers in 1 mM
NaCl solutions of varying pH (3.3, 6.1, and 8.9) are presented in Fig. 11. In Fig. 12, we present
equivalent data for the approach of the polystyrene probe to LB_MA or LS_MA in similar solutions at
pH 3.0, 6.5, and 10.0. All curves were fitted with standard DLVO theory, which considers only
electrostatic double layer and van der Waals forces between the probe and the monolayer, expressed as
F=F v * Fup. [060]. The van der Waals forces were calculated in the form of a sphere interacting with
a flat surface, given by
AR

v = o ©)
where F 4 is the van der Waals force; R, the radius of the probe; A, the Hamaker constant; and D,
the distance between sutfaces. For the silica/water/MA monolayer system, the value of the Hamaker
constant (A;;) was determined from the distance at the jump-to-contact, D, [59],

jtc
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where £_is the spring constant of the cantilever. The disadvantage of this method is that the Hamaker
constant is easily affected by the underlying solid support, although small variations in Hamaker
constant do not significantly influence the results. The jump-to-contact distances for the silica probe to
LB_MA and LS_MA monolayers were 4.5 and 6.8 nm respectively based on an average of 20 individual
force curves; the respective values for the polystyrene probe were 3.5 and 4.8 nm. The calculated
Hamaker constants are 3.01 x 10?" and 1.04 x 10’20] for .LB_MA-silica and LLS_MA-silica in water and
1.09 x 10" and 2.65 x 10™ | for LB_MA-polystyrene and L.S_MA-polystyrene in water.

The electrostatic interaction energy between the probe and monolayer was calculated by the surface
element integration method [61], based on the linearized Poisson-Boltzmann equation under constant
potential conditions as derived previously [62]. Finally Detjaguin’s approximation (F/R=27E) was used
to convert the interaction energy, E, to an interaction force, I, between the silica probe and MA
monolayer, allowing Fy.,; to be written as

Fopo = HSSORK(I/S + I,Vzp 1- coth(KD)+ (ZW—SWp)cosech(KD) , 3)
s + p

where &, is the dielectric permittivity of vacuum, J'is the dielectric constant of the solvent, /s and /p are
the surface potentials of the probe and monolayer, and / is the inverse Debye screening length. Eq. (3)
can be used to predict the interaction accurately at large separations and also for surfaces with small
potentials [63, 64].

During fitting, the Debye length (/ _1) and electric surface potential of the MA monolayer surface (/5)
were set as adjustable parameters, while the surface potential of silica was set as -21, -40 and -53 mV
for pH 3.3, 6.1, and 8.9 respectively, based on previous studies [65-69]. The fitted values of the surface
potential of the monolayers and corresponding Debye lengths are summarized in Table 2. Although
different polystyrene surface potentials have been proposed [70-73], not all of them have been used to
fit force spectroscopy approach curves well. The polystyrene surface potentials presented in Table 3
were obtained by measuring the interaction between a polystyrene probe and a surface coated in
polystyrene. The fitted MA surface potentials and Debye lengths are listed in Table 3 for the interaction
of MA with polystyrene.

The fitted surface potentials of LB_MA monolayers in pH 6 and pH 9 are very close, which may result
from the limited number of carbonyl groups on the surface from the keto-MA (Fig. 4c). It is worth
noting that the repulsion between silica/polystyrene probe and LS_MA increases with increasing pH.
This can be explained by noting that at high pH the carboxylic groups of MA are negatively charged,
whereas at low pH the carboxylic groups are less or even uncharged. Consequently, a clear increase in
the surface potential of LS_MA samples with increasing pH is expected. The fitted Debye lengths were
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smaller than the calculated value (k' = 9.6 nm) mainly because of the additional ions required to adjust
the solution pH [64].

The measured force-distance profiles were fitted reasonably well with standard DLVO theory for both
monolayers at separations greater than the Debye length (9.6 nm), suggesting that the long-range
repulsive force from the electrostatic double-layer interaction dominates. At distances less than the
Debye length, the DLLVO analysis deviated from the measured result as it predicted a strong attractive
force, which is likely to be due to van der Waals forces dominating against electrostatic repulsive forces.
The reason for such failures at small distances is complicated, but could be due to: (i) the nature of the
constant potential boundary condition, which deviates from the full solution of non-linear Poisson-
Boltzmann curve because of increased attractive forces compared to the constant charge condition that
we used at small distances [59, 60]; (ii) additional repulsive forces originating from the hydration of the
surfaces [74-70]; (iii) the “zero distance’, which is difficult to define for thicker monolayers, as is the
case here in high pH solution; or (iv) surface roughness, which has been demonstrated to affect DLVO
interactions [77, 78] but is not taken into account in the present study.

For both LB_MA and LS_MA surfaces against the silica probe, the repulsive force is dominant at high
pH, but the attractive force becomes apparent in low pH solution. The long-range repulsive force exists
in all environments and has been attributed to an electrostatic double layer repulsive effect. It has been
suggested that a hydrous silica gel layer surrounding the silica surface can cause such an interaction at
small separations [79]; such short-range attractions have also been attributed to van der Waals forces
[80]. In the present study, the reasonable agreement between the DLVO fits and measured results
suggests that the attraction is due to van der Waals forces.

The surface potentials will be dependent on pH and the surface in question, and independent of the

nature of the probe. The differences between the values of y, presented in Tables 2 and 3 are
systematic because they require an accurate Hamaker constant for the interaction between the probe
and the surface. This is measured from the jump-to-contact distance of the AFM tip with the surface in
the approach curve, and is very sensitive to this distance because the Hamaker constant is proportional
to the cube of this distance (Eq. 2) and is also dependent upon the spring constant of the AFM tip. As
a result, comparisons between the surface potentials of the different surfaces should be made with
caution, but those between the same tip and surface as a function of pH remain valid.

3.7 General discussion

Hasegawa et al. [37] proposed that keto-MA molecules adopt triple-chain folding structures (Fig. 4) due
to repulsive intramolecular electrostatic forces between C=O groups, i.e. the mero branch of keto-MA
folds at the carbonyl group. The carbonyl group was exposed to aqueous medium in the LB_MA
monolayer, and the surface of the hydrophobic MA monolayer is partially covered by this carbonyl
group. In the C=0O structure, oxygen is more electronegative than carbon, hence oxygen pulls the
electron density away from carbon to increase the polarity of the bond. Therefore, the carbonyl carbon
becomes electrophilic, and the electronegative oxygen can react with electrophiles such as protons in an
acidic solution. On the other hand, the LS_MA monolayer was made to have the carboxylic group on
top, which will be negatively charged in high pH solution and less charged (or neutral) at low pH.

It can now be understood why both LB_MA and LS_MA monolayers display similar behaviour in the
force measurement experiments. The LB_MA monolayer is neutral in high pH solution, and switches
to weakly positively charged in low pH solution, whereas the LS_MA monolayer is negatively charged
at high pH and neutral in the low pH environment. The values of surface potential obtained from
DLVO fitting reflect all of these chemical changes.

In analyzing the whole force curve for the interactions with silica, there is hysteresis between the
approach and retraction parts when there are strong attractive forces between the probe and sample
surface, and no hysteresis when both surfaces repel each other. The likelihood of such hysteresis is
much greater for both MA monolayers against the silica probe in pH 3.3 solution than for higher pH,
which confirms that the surfaces are less negatively charged. The adhesion force between the silica
probe and the hydrophilic MA monolayer is greater than the hydrophobic monolayer in the low pH
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solution, which can be attributed to the formation of hydrogen bonds between the carboxylic group
and the silanol group on the silica sphere. This hysteresis was not observed with the polystyrene probe,
which cannot form hydrogen bonds with the hydrophilic MA monolayer.

The increased thickness of the LS_MA monolayer in high pH solution is attributed to the dissociation
of carboxylic acid groups which generates more space between MA molecules to enable the
accommodation of water molecules. Both carboxylic and silanol groups are negatively charged at high
pH, and therefore there is a repulsive force between the bottom of the LB_MA monolayer and the
underlying silicon surface, which offers the opportunity for water molecules to form a hydration layer
here (Fig. 13). The distinct mass changes of LB_MA in high pH conditions are due to the formation of
such a hydration layer.

Under compression by the colloidal probe, the water trapped within and under the MA monolayer is
squeezed out of the layer. The osmotic repulsive force caused by the compression of the hydrodynamic
layer (which includes both the MA monolayer and the hydration layer) depends on the water content
within the layer. The water content can be estimated from force curves based on a consideration of the
compression of the hydrodynamic layer from a fully hydrated state to a “dry” state. Here, the decrease
in thickness reveals the degree of hydration. Such a compression phenomenon happens with LB_MA
and LS_MA monolayers only in pH 8.9 solution, supporting the QCM, ellipsometry, and neutron
reflectometry results, which all show that the monolayers are hydrated in a high pH environment.

The possibility of the precipitation of sodium ions on the silicon substrate cannot be ignored because
1 mM sodium chloride solution was used as background in all measurements. The hydroxyl groups on
a hydrous oxide have donor properties, and therefore the sorption of sodium ions and protons can be
understood as a competitive complex formation with de-protonated surface groups (Si-O-) in high pH
environments. However, no obvious changes have been observed from the control experiments of the
bare silicon substrate, which means the possibility of precipitation can be excluded in the present study.

4 Conclusions

Colloidal probe force measurements on mycolic acid monolayers (hydrophobic and hydrophilic) on
silicon wafers (HMDS-coated for hydrophilic films) have provided information on both the total
surface forces and the components contributing to the net force. The measured interfacial forces can
be interpreted in terms of contributions that depend on the surface chemistry of the monolayer as well
as the pH of the solutions that measurements were taken in. From fitting to classical DLVO theory it
can be concluded that: () van der Waals forces play a minor role and do not contribute significantly to
the interaction with the surface; (ii) the electrostatic double-layer force is the main contribution to the
long-range repulsive interaction; and (iif) the deviation of the DLVO theoretical curve from the
experimental data at small distances (< k') is due to repulsion upon compression of the hydrated
monolayer, which is not included in the classical DLVO theory. The adhesion between the MA
monolayers and the polystyrene surface were found to be much stronger than that between the MA
monolayers and a silica surface. These results can be applied to explain phenomena of the outer layer of
the cell membrane. The differences between LB_MA and LS_MA and the pH sensitivity demonstrate
the scope for explaining different cell adhesion properties in different mycobacteria.

The results support the validity of the “triple-folded” structure of keto-MA in Langmuir-Blodgett
monolayers, and that the exposure of the carbonyl group to an aqueous medium leads to the
appearance of a significant electrostatic contribution to the net surface force. Although both LB_MA
and LS_MA monolayers were hydrated in high pH solution, they have different hydration mechanisms:
at high pH, a hydration layer is formed between a LB_MA monolayer and the underlying silicon
substrate or on top of the LS_MA monolayer, whereas both LB and LS_MA monolayers are compact
and rigid at low pH due to the loss of the hydration layer.
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Tables

Lift-off Limiting Collapse surface
molecular area molecular area pressure
(nm?) (nm?) (mN m™)
a-MA (M. #h) 0.63 0.48 20
Keto-MA (M. #h) 0.90 0.77 40
Methoxy-MA (M. ) 0.80 0.64 20

Table 1. Comparison of the surface pressure-molecular area (II-A) isotherm results of different MAs
extracted from M. 7 [37].

Surface potential, J (mV) Debye
length, /4
pH 3.3 pH 6.1 pH 8.9 (nm)
Silica probe -21 -40 -53
LB_MA -8.6x0.1 -17.620.1 -18.4+0.4 6.7
LS_MA -8.610.1 -18.9£0.2 -25.310.2 5.1

Table 2. Surface potential values of LB_MA and LS_MA monolayers in different pH environments
calculated by DLVO fitting for experiments in which a silica probe was used.

Surface potential, / (mV) Debye
length, /-
pH 3.0 pH 6.5 pH 10.0 (nm)
Polystyrene probe -13.2 -26.1 -28.8
LB_MA -5.220.1 -21.9+0.6  -18.7x0.2 7.0
LS_MA -21.6£0.6  -33.6x0.3  -38.6%0.3 8.0

Table 3. MA surface potentials and Debye lengths for the interaction of mycolic acid monolayers with a
polystyrene probe.

Figure captions

Fig. 1. Generic molecular structure of mycolic acids, in which £, /, 7, and 7 represent the number of
carbon atoms; £ =21 or 23, and / m, and # vary depending on the MA. R; corresponds to cis-
cyclopropyl for (-MA, CH(CH,)-CO for keto-MA, and CH(CH,)-CH(OCH,) for methoxy-MA. R, is a

cyclopropyl group, which is ¢s for (-MA and may be either cis or #rans for keto- or methoxy-MA.

Fig. 2. SFM height images of MA monolayers on a silicon wafer prepared by (a) Langmuir-Blodgett,
and (b) Langmuir-Schafer methods at a surface pressure of 25.0 mN m™. (c) Height scans for the lines
marked in (a) and (b). (The two lines are scaled with respect to each other for clarity; the absolute
values of height are unimportant.)

Fig. 3. Surface pressure-area (I1-4) isotherm of mixed mycolic acids of average molecular mass 1.3 kg
mol" on pure water at 25°C. The broken line denotes the limiting area per molecule at which the
molecules are close packed (0.69 nm” molecule™).

Fig. 4. Schematic diagram of the unfolding mechanism of MA by lateral pressure. (a) Triple-chain
structure of (-MA molecule at low pressure in which the short-branch partially interacts with the mero

group. (b) Double-chain structure of (-MA molecule at high pressure, the mero group is extended, and
the short branch does not readily interact with the linear part of the mero branch. (c) Triple-chain
structure of keto-MA molecule at all surface pressures [37].

Fig. 5. QCM-D measurements of the frequency, ®f, (grey circles) and dissipation, ®D (solid line) shifts
corresponding to changes in pH for (a) hydrophobic and (b) hydrophilic monolayers.
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Fig. 6. Thickness of (a) hydrophobic and (b) hydrophilic MA monolayers for different pH, monitored
by in situ ellipsometry.

Fig. 7. Neutron reflectivity, R data and fits as a function of Q) (twice the perpendicular component of
the neutron wave vector or the momentum transfer divided by #) for (a) LB and (b) LS_MA
monolayers. The inset shows the scattering length density (SLD)-depth profile. A scattering length

density of 6.36 x 10° A? is that of pure D,O and one of 2.07 x 10> A? is silicon.

Fig. 8. Volume fraction-depth profiles for the (a) LB and (b) LS_MA monolayers. These profiles are
strongly related to the scattering length density profiles shown in the insets to Fig. 7.

Fig. 9. Statistical analysis of adhesion forces between a silica colloidal probe and (a) a LB_MA
monolayer and (b) a LS_MA monolayer for three different pH environments.

Fig. 10. Statistical analysis of adhesion forces between a polystyrene colloidal probe and (a) a LB_MA
monolayer and (b) a LS_MA monolayer for three different pH environments.

Fig. 11. Force-distance curves for the approach of a silica probe to (a) LB_MA monolayer and (b)
LS_MA monolayer in different pH environments. The data are fitted (broken lines) to the DLVO
equation.

Fig. 12. Force-distance curves for the approach of a polystyrene probe to (a) LB_MA monolayer and
(b) LS_MA monolayer in different pH environments. The data are fitted (broken lines) to the DLVO

equation.

Fig. 13. Schematic illustration of hydration mechanism of: LB_MA monolayer in (a) pH ~3, (b) pH
~0, (c) pH ~9 solutions; and LS_MA monolayer in (d) pH ~3, (¢) pH ~6, (f) pH ~9 solutions.
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