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Abstract

The first barrier a small molecule must overcome before trespassing into a living

cell is the lipid bilayer surrounding the intracellular content. It is imperative, there-

fore, to understand how the structure of a small molecule influences its fate in this

region. Through the use of second harmonic generation (SHG), we show how the dif-

fering degrees of ionic headgroups, conjugated system, and branched hydrocarbon tail

disparities of a series of four styryl dye molecules influence the propensity to ‘flip-

flop’ or to be further organized in the outer leaflet by the membrane. We show here

that initial adsorption experiments match previous studies on model systems, however,

more complex dynamics are observed over time. Aside from probe molecule structure,

these dynamics also vary between cell species and can deviate from trends reported

based on model membranes. Specifically, we show here that the membrane composition

is revealed to be an important factor to consider for headgroup-mediated dynamics.

Overall, the findings presented here on how structural variability of small molecules

impacts their initial adsorption and eventual destinations within membranes in the

context of living cells could have practical applications in antibiotic and drug adjuvant

design.
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Significance

Remediation of bacterial infections is a global predicament that is challenged by the preva-

lence of antibiotic resistant species and the limited progress in novel drug design and discov-

ery. It is well known that the success of antibiotics relies on an initial interaction with the

plasma membrane of the target bacteria regardless of the drug’s mode of action. However,

few robust empirical methods currently exist for tracking and quantifying the progression of

the individual steps of permeation in living bacterial membranes. These steps are, broadly, 1)

initial adsorption, 2) flipping of the molecule into the inner bilayer leaflet and 3) subsequent

desorption tactics. Each event leading to plasma membrane penetration is imperative to iso-

late in order to understand their individual contribution to the overall infiltration process.

More specifically, how the structure of the exogenous small molecules, and the membrane

composition they are exposed to, impact these processes is a necessary direction to explore

as slight modifications of chemical structure can pose differences in membrane interactions

and further pharmacokinetic properties. To address this, the interface specificity of second

harmonic generation, a nonlinear optical technique, is employed to reveal how structural vari-

ances among small molecules influence their affinity to and dynamics within living bacterial

lipid bilayers.

Introduction

One of the most important natural interfaces is the cellular plasma membrane. This bound-

ary between the cytoplasm and extracellular space is responsible for maintaining structural

integrity, protecting the cell from environmental stressors, and mediating small molecule

transport and signaling.1,2 This latter role is especially important for efforts to combat an-

tibiotic resistance as penetration into the cell has limited rational drug design.3 The typical

biological membrane is often portrayed as a heterogeneous, multidimensional unit composed

primarily of a phospholipid bilayer - equipped with a hydrophobic core and hydrophilic ex-
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terior - with proteins and cytoskeletal components interspersed throughout. Moreover, lipid

membrane architecture is one of the characteristics that defines a living system. For in-

stance, the presence of membrane-bound organelles differentiates a eukaryotic cell from a

bacterium, and having a single or double membrane present discerns between Gram-positive

and Gram-negative bacteria classifications. Although cell types can be generally classified by

their membrane design, the membranes between individual species, and even among strains

of the same species, differ drastically in composition and organization. For instance, al-

though Staphylococcus aureus and Bacillus subtilis are both Gram-positive bacteria, their

carotenoid content and phospholipid headgroup/tail compositions vary drastically, imposing

significant differences in membrane organization.1,4–6 This compositional difference between

bacterial species can consequently result in contrasting interactions with small molecules,

including antibiotics.7–9

Further, the lipid bilayer is an ever-changing landscape in which the components can

alter their arrangement and composition in response to environmental cues such as changes

in pH, temperature, and the presence of ions, fatty acids, and small molecules in the cells’

surroundings.1,10–12 In some cases, this characteristic imparts drug-resistant capabilities,13–15

further necessitating the ability to examine interactions between small molecules (i.e. drug

molecules) and living cells. As such, how small molecules adsorb and subsequently traverse

this complex boundary is a facet of the scientific community that offers insight into drug

development and understanding antibiotic mechanisms of actions.16–23

Thus far, a majority of experiments capturing these phenomena are conducted on model

systems although the compositions of the most commonly studied mimetic membranes differ

drastically from that of infectious Gram-positive bacteria. For instance, fluidity in model

systems is mostly mediated by various degrees of saturation in the fatty acid tails and

cholesterol content, while for bacteria, fluidity is primarily determined by the abundance of

branched-chain fatty acids instead.24,25 The highly negatively charged bacterial membrane

is an additional factor that makes mimicking this environment a difficult task. Although
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there has been progress in addressing these discrepancies, model systems are still overall

limited, particularly for Gram-positive bacteria.26–31 Due to the prevalence of Gram-positive

bacteria in life-threatening infections,32,33 it is of paramount importance to understand how

small molecules navigate the living cell membrane terrain. LogP values, a measure of a

molecule’s partitioning ability between hydrophobic and hydrophilic environments, is one of

the primary considerations for predicting membrane permeation in current methods of drug

design and alteration. Specifically, molecules with more positive computed LogP (cLogP)

values are more lipophilic and thus more prone to membrane penetration up to the threshold

of 5 after which reduced penetration is expected.34 However, this approach is not always

reliable, and new rules governing this behavior are needed.3 Here, we examine how tunable

parameters of small molecules, such as charge and lipophilicity, alter their adsorption and

movement within the living membranes of Gram-positive bacteria, S. aureus and B. subtilis

by leveraging the surface specificity of second harmonic generation (SHG).

The membrane space of living bacteria is historically difficult to probe due to, for example,

a typical S. aureus cell spanning ∼1 µm in diameter and the lipid bilayer averaging ∼5 nm in

thickness.35,36 Exploring intrinsic dynamics in real-time at this spatial scale is difficult due to

traditional techniques being either destructive to the living specimens or lacking resolution

and specificity. While electron microscopies have capabilities to resolve structures on these

spatial length scales, sample preparation requires cells suspended in time.37–42 Additionally,

separation and subsequent mass spectrometry techniques are also limited by their destructive

nature.43–48 While not generally detrimental to biological samples, traditional light-based

microscopies, such as one-photon fluorescence modalities, are limited by the diffraction limit

of light.4,49–52

Aside from the technical limitations experimental techniques pose, living cells are im-

pressively complex, and thus, oftentimes computational methods and, as mentioned above,

mimetic membranes, such as planar or vesicular lipid bilayers, are employed to explore fun-

damental properties such as transport through the membrane.30 Model membranes serve as
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a simplistic view of an otherwise complicated space and have offered an abundance of fun-

damental insight into small molecule passive diffusion. Of special interest is a membrane’s

ability to migrate cargo from one leaflet of the lipid bilayer to the other (i.e., flip-flop) as this

movement is responsible for the diffusion of small molecules, incorporating newly synthesized

phospholipids from the intracellular environment to the outer leaflet, and maintaining lipid

asymmetry.53 This is also often seen as the rate-limiting step in permeation making it a

crucial parameter in assessing antibiotic penetration.54 As such, much attention has been

devoted to understanding which small molecule structural parameters impact the molecule’s

ability to flip-flop. There is a large body of literature proposing that contributions from the

polar/charged headgroup and the hydrophobic tail regions have significant impacts on the

rate at which flip-flop occurs. For instance, many have shown that the charged nature of

fatty acids and phospholipid headgroups predominantly impact the rate of flip-flop,55,56 while

others have shown that their hydrophobic tail portion may play a larger role than initially

thought.57,58 Others have shown that both should be regarded as having considerable impacts

on their translocation capabilities.59,60 Among this debate, other differences between classes

of molecules have also been linked to dictating translocation rate. For instance, Regev, et

al. have shown with a series of drug molecules that there is no correlation between their

lipophilicity and their flip-flop kinetics;61 Rog, et al. and Parisio, et al. attributed changes

in sterol polarities to their flip-flop discrepancies;62,63 and lastly, Rokiskaya, et al. describe

conflicting results owing to a small ions ability to flip-flop in correlation with their size

and hydrophobicity.64,65 However, this large range of results suggests that the impact of

these molecular parameters are highly influenced by the composition of the membrane under

investigation.58,66,67

While there has been tremendous progress toward understanding how small-molecule

structure influences permeation and flip-flop, there remains a necessity to employ techniques

that are able to directly monitor the impacts of these parameters on living cells as their

membranes are expected to be far more complex in structure and function than that of model

5



systems. Gram-positive bacteria, such as S. aureus, serve as ideal bridges between studies

on living and model systems. As living cells, they have a complex membrane composition

as well as direct relevance for human health, but they also contain only a single plasma

membrane with a size and uniform curvature reminiscent of model vesicles. As Gram-

positive bacteria, however, the lipid composition of their membranes varies significantly

from many of the model systems typically employed, specifically the headgroup species, lack

of cholesterol, and the presence of branched fatty acid chains in contrast to the unsaturated

fatty acid chains most prevalent in the previously mentioned models.68 Therefore, here,

we use SHG, a surface-specific nonlinear optical technique, to examine differences between

structural variants of small molecules and their interactions with living cells.

SHG relies on the interaction of two photons of the same energy with a noncentrosym-

metric medium to generate a single photon of twice the incident photon energy.69 Because

of the symmetry requirement for this process, interfaces and surfaces make ideal candidates

to study with SHG as symmetry is inherently broken. SHG has previously been employed

in many experiments to quantify the adsorption and transport kinetics of small molecules

across the membranes of model systems,70–80 living eukaryotic cells,81–85 and live bacte-

ria.9,86–96 As such, we have previously illustrated the membrane adsorption characteristics

and subsequent behavior of the styryl dye molecules FM 2-10 and FM 4-64, within Enterococ-

cus faecalis and S. aureus membranes with SHG and two-photon fluorescence.9 In regards

to S. aureus, Miller et al. determined that the smaller, less lipophilic FM 2-10 molecule

had a significantly weaker affinity for the membrane environment, thus following predictions

posed by Overton’s Rule.97,98 However, the more surprising result was how the conjugation

length altered their dynamics within the membrane over time. It was observed that the more

highly conjugated FM 4-64 molecule had a greater propensity to experience flip-flop while

FM 2-10 had a more complex behavior associated with either aggregation or movement into

more rigidly organized membrane domains.9 This study further demonstrated the feasibility

of using SHG to evaluate molecule dynamics in living Gram-positive membranes. As drug
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molecules exhibit drastically different effects on their target cells from minuscule alterations

in their structure,99,100 it is imperative to understand how the individual moieties, aside from

conjugation length, impact the independent steps of permeation, including flip-flop. There

exists multiple styryl dye molecules, beyond these two, that differ in their charged head-

groups, conjugation length, and branching in their tail region. By expanding our studies to

include a wider range of these molecules and other cell types, we can begin to tease apart

the factors with the most significant influence on the interplay between the molecules and

membranes.

Styryl dyes are popular membrane probes as they exhibit distinctive fluorescence signa-

tures when bound in lipophilic environments as opposed to free molecules in solution.101,102

Additionally, their non-symmetric induced dipoles make them ‘SHG-active’ in that they can

produce prominent second harmonic signals dependent on how their individual dipoles are

arranged along the membrane surface. The second harmonic signal produced is sensitive

to how the molecules are arranged relative to one another and in response to their imme-

diate environment, as explained schematically and mathematically below in Figure 1 and

Equations 1 and 2, respectively.

The SHG signal (ISHG) resulting from the alignement of molecules at an interface is

directly proportional to the product of the two incoming electric fields (Eω) and the effective

second-order nonlinear susceptibility term (χ
(2)
eff ) as depicted in Equation (1).

ISHG =| ESHG |2=| χ(2)
effEωEω |2 (1)

χ
(2)
eff is a tensor element that describes the symmetry dependence of the resulting signal.

Assuming the electric field of the incoming light being applied to a sample stays constant

for the duration of an experiment, it can also provide insight into the source of change in

the intensity of an SHG signal over time by considering its two constituent terms:

χ
(2)
eff ∝ Ns⟨β⟩ (2)
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Figure 1: Cartoon schematic of styryl dye molecules interacting with a lipid bilayer and the
resulting SHG signals (ESHG). After adsorption to the membrane, (I) dye molecules produce
an initial SHG signal. The molecules can then either (II) flip-flop to produce destructive SHG
signals, or (III) migrate to a more rigid environment that enhances the overall orientationally
averaged hyperpolarizability, producing a greater intensity SHG response.

As seen in Equation (2), the value of χ
(2)
eff , and therefore the resulting SHG intensity, can

be described by 1) the relative population of the probe molecules in the membrane (Ns) and

2) the orientational average of the hyperpolarizability (⟨β⟩). Ns is simply determined by how

many molecules are being illuminated in the noncentrosymmetric space of the bacterial sur-

face and can vary depending on the number of surface sites available and the probe molecule

concentration. In the second term, the hyperpolarizability alone (β) refers to the oscillatory

strength of the light-induced dipole in response to the molecule’s chemical environment (i.e.

presence of ions and/or solvent identity), whereas ⟨β⟩ describes the orientational average of

the overall arrangement of these dipoles. Figure 1 illustrates how the latter term can alter

the ensuing signal. In each case displayed, the number of probe molecules stays constant,

but the orientation of them varies. In panel I, two molecules are inserted into the outer

leaflet of the example lipid bilayer. Assuming the location of these probe molecules is in a

fluid-like region of the membrane, the probes will insert with a large degree of variability in
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their angular orientation with respect to each other, and thus a less-than-perfect constructive

interference of their second harmonic signals. After initial adsorption into the outer leaflet,

possible fates of the molecules are shown in the successive panels. In panel II, it is illustrated

how when one of the molecules present in the outer leaflet flip-flops into the inner leaflet, the

orientation of each molecule arranges in an anti-parallel fashion producing opposite phases,

and thus, destructive interference lowering the SHG intensity. Lastly, as illustrated in panel

III, the probe molecules could instead migrate to a more rigid environment in the membrane

space. The rigidified lipids surrounding the membrane probe reduce the variability in the

molecules’ angular orientation promoting a higher degree of alignment with one another.

This phenomenon significantly increases the ⟨β⟩ term and the resulting SHG intensity.

Herein, we perform a series of experiments to answer the following posed questions: 1)

How do the size and shape of the hydrophobic moieties impact the molecules’ behavior in

the membrane of a living cell? 2) Does the headgroup identity have a significant role in these

dynamics? and, 3) What role does membrane composition impart in the context of living

cells? The answers to these questions can inform on what aspects of small molecule structure

may be tuned to alter their overall permeation capabilities and how well model systems

capture these disparities. As such, we examine the structural parameters of headgroup

identity, length of the conjugated region, and the length of the branched tails on molecules

FM 2-10, FM 4-64, FM 1-43 and 4-Di-2-ASP (Figure 2). The latter two parameters allow

us to differentiate between the impacts of overall hydrophobicity versus the shape of the

hydrophobic region. Additionally, we examine the impact of the membrane composition by

showing differences in molecule dynamics in the membranes of S. aureus and B. subtilis.

We employ SHG in two ways: first to quantify the adsorption of the aforementioned

molecules onto living bacterial cell membranes with adsorption isotherm experiments, and

second, to monitor the movement of the molecules with time-resolved SHG measurements.

We determine that branching in the tail of the probe molecules has minimal impact on the

initial interactions but drastically impacts flip-flop once inserted into the membrane com-
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Figure 2: Structures of membrane probes FM 2-10, FM 1-43, 4-Di-2-ASP, and FM 4-64.
Chemical structures of the probe molecules with colored shaded background regions indicat-
ing the charged headgroup (blue), conjugated region (purple) and the branched tail (orange).
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pared to a molecule with its hydrophobic tendencies localized in a straight conjugated chain.

Conversely, we show that the headgroup identity plays a small role in membrane affinity

and, for S. aureus, little difference in dynamics over time, in direct opposition to model

systems. However, by performing similar experiments with B. subtilis, we determine that

the membrane composition is a crucial determinant in the dynamics imparted by headgroup

identity.

Results and Discussion

Impacts of Molecule Structure

Tail Branching and Conjugation Length

We start our analyses by considering the hydrophobic moieties of the probe molecules, namely

the conjugated regions and branched tails highlighted by the purple and orange regions in

Figure 2. First, we will examine how this region influences the affinity of the probe molecules

to the membrane environment. This is quantified by fitting the SHG responses to increasing

probe molecule concentration to a Langmuir adsorption model (see Materials and Methods).

In doing so, the dissociation constant (Kd) for each molecule can be extracted. TheKd values

are indicative of the fraction of the rate molecules are dissipating (koff ) from to the rate

they are adsorbing to the lipid bilayer (kon) which is representative of the concentration of

molecules required to inhabit 50% of the available binding sites on the membrane. As such,

the lower the Kd value is, the higher affinity the probe molecule has for the membrane. We

have previously assessed the adsorption behavior of the probes FM 4-64 and FM 2-10 (Kd

values shown in Table 1).9 As such, we have shown that the increased lipophilic nature of FM

4-64 resulted in an increased affinity for the membrane environment. Here, we extend our

studies to consider how the shape of the branched portion may impact initial adsorption.

Specifically, between FM 4-64 and FM 1-43 (Fig. 3b), there is no significant difference
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between their affinities to the membrane, despite a relatively large difference in their cLogP

values, -1.6 vs. -0.29, as determined by ChemDraw software and listed in Table 1. These

two molecules are expected to reside in the same depth as their hydrophobic moieties are

similar in length. However, their hydrophobic moieties are distributed differently where FM

4-64 has a longer straight conjugated chain and FM 1-43 has longer saturated carbon chains

extended from the tail. We expect this structural difference between FM 4-64 and FM 1-43

will allow for differing lateral occupation. It can be noted, however, that this difference

in lateral occupation does not lead to any difference in anchoring within the membrane as

the koff values between these molecules are presumably comparable given the similarities in

their Kd values. As such, the width of the molecule seems to have minimal effects on the

overall adsorption to the membrane space of S. aureus. Therefore, the more notable feature

giving rise to a strong affinity to the membrane is the overall hydrophobic moiety lengths of

the molecule regardless of whether this property lies in the branched tail or the conjugated

chain.

Table 1: Dissociation constants (Kd) and cLogP valuesa for each membrane probe for S.
aureus and B. subtilis extracted from SHG adsorption isotherms fit to the Langmuir adsorp-
tion model.b

Membrane Probe S. aureus B. subtilis cLogP
Kd(µM) Kd(µM)

FM 4-64 14.5 ± 5c - −1.6
FM 1-43 9.0 ± 1.6 - −0.29
FM 2-10 280 ± 33c 72.1 ± 21 −2.4

4-Di-2-ASP 152 ± 40 56.7 ± 13 −0.28
a Values were obtained from ChemDraw software.

bError is displayed as standard error to the fit of the model, n = 3 for each probe.
cKd values reported in [10]

While increasing both the length of the branched tail and the conjugated region re-

sulted in similarly increased affinities for the membranes, the individual contributions to

the molecule’s architecture show significant time dynamic discrepancies. First, we will dis-

cuss the impact of increasing the length of the conjugated region, while the rest of the
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molecule remains the same. To do so, we will directly compare the behavior observed in

the time-dependent trials of FM 2-10 and FM 4-64, as shown in Figure 4b. We have pre-

viously reported how increasing only the conjugation length changes the dynamics of the

small molecules within the membrane over time.9 Briefly, the less lipophilic molecule (see

cLogP values in Table 1), FM 2-10, shows an increase in SHG signal as is also shown in

this report. In contrast, the FM 4-64 probe experiences a decrease in SHG signal over

time indicative of flip-flop. We consequently concluded that increased conjugation, and thus

increased lipophilicity, results in flip-flop.

To address the other crucial facet of the hydrophobic nature of the molecules, the

branched tail, we compare the overall shape of this region between FM 4-64 and FM 1-

43. As stated previously, both FM 4-64 and FM 1-43 have comparable adsorption affinities

for the S. aureus membrane. However, the structural differences between the two molecules

result in varying behaviors in the membrane space over time. Both molecules experience

flip-flop indicated by a relative decrease in SHG signal over time but, as seen in Figure 4c,

while FM 4-64 slowly decreases until it reaches approximately 50% of its maximum inten-

sity after the two-hour duration, the FM 1-43 molecules flip-flop more rapidly, reaching it’s

lowest intensity within 30 minutes but then slowly rises in signal for the remainder of the

experiment which may indicate aggregates forming in one or both bilayer leaflets or the

eventual migration of molecules to more rigid environments, as depicted in Figure 1. These

discrepancies can be explained by the increased length of the branched region in the tail

of the FM 1-43 probe in comparison to the two-carbon chains of FM 4-64. As alluded to

above, FM 1-43 occupies a larger lateral site than would be expected for the straighter FM

4-64 molecules when adsorbed to the membrane due to the increased width in the tail region

of the FM 1-43 molecules. By requiring more lateral space in the membrane, the FM 1-43

molecules can be expected to create an immediate area of increased fluidity which may pro-

vide the space to facilitate flip-flop. Alternatively, this difference in lateral occupation may

vary the probe molecule’s affinity for certain portions of the membrane in which FM 1-43 is
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Figure 3: SHG adsorption isotherms of 4-Di-2-ASP (top) and FM 1-43 (bottom) with S. au-
reus living cells. For each probe, n = 3. Circles (◦) represent the averages of the individual
trials while the solid lines (—) are the fits from the Langmuir model. Error bars are repre-
sentative of standard deviations. Kd values are shown in Table 1
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attracted to more fluid-like regions that were already present in the membrane. While the

studies monitoring impacts from the hydrophobic tails mentioned above increase the length,

here, we are examining a modification to the lateral structure in addition to the length.

It is interesting to acknowledge that while FM 1-43 molecules primarily flip-flop in the

membrane space of S. aureus, alternate mechanisms begin to arise soon thereafter - a tran-

spiration not previously considered a possibility as it is not commonly reported in model

systems. This implies that the dynamic landscape of the bacterial membrane is mediating

additional organizational forces. Further, it seems that this phenomenon is highly dependent

on the probe molecule’s structure as a rise is not seen during the same time period for FM

4-64. The results from this experiment further demonstrate the necessity to monitor flip-flop

and potential events occurring afterward in living cell membranes.

Figure 4: 16 µM membrane probe time-dependent SHG trials with S. aureus cells. (A)
shows how headgroup identity impacts membrane dynamics (4-Di-2-ASP versus FM 2-10),
(B) compares FM 4-64 and FM 2-10 to show differences arising from conjugation length,
and (C) portrays similar lipophilic lengths of FM 1-43 and FM 4-64 having comparable SHG
responses. For each membrane probe, n = 3 and shaded regions represent the standard
deviation between the individual trials.
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Impact of Probe Headgroup Charge/Size

The headgroup of membrane-residing small molecules has been hypothesized to be a crucial

ingredient when attempting to promote flip-flop dynamics.55,56,62,63 By comparing molecules

FM 2-10 and 4-Di-2-ASP (Fig. 2), we can directly assess how the contributions arising from

the headgroup region impacts initial adsorption and subsequent membrane dynamics. The

Kd values observed for probes FM 2-10 and 4-Di-2-ASP are both significantly greater than

those witnessed for molecules FM 4-64 and FM 1-43, discussed above. Moreover, it can be

seen that the reduced headgroup charge from +2 on FM 2-10 to that of +1 on 4-Di-2-ASP

results in a smaller Kd value signifying the singly-charged molecule has a greater affinity

for the membrane. Aside from differences in charge, FM 2-10 has a bulkier substituent in

the headgroup so sterics may also be involved in the differences seen between FM 2-10 and

4-Di-2-ASP adsorption. Further, the adsorption discrepancies between FM 2-10 and FM

1-43/FM 4-64 are expected as FM 2-10 is significantly less lipophilic than both FM 1-43 and

FM 4-64. However, 4-Di-2-ASP is the most lipophilic molecule of the four examined here,

as determined by their cLogP values (Table 1. These results show that the cLogP values are

not always reliable indicators of membrane adsorption.

The time-dependent experiments performed with FM 2-10 and 4-Di-2-ASP interacting

with S. aureus show that these two molecules exhibit the same overall dynamics, although to

different extents. As can be seen in Figure 4a, both show a relatively static initial signal with

an overall increase in SHG over the two-hour time period. We have previously considered

both cell growth and increased probe population (i.e. components responsible for changes

in Ns, Eq. 2) in the membrane space as contributing factors to this rise in signal.9 However,

we have shown that the cells are restricted in their growth by the temperature at which

these experiments are conducted and the two-photon fluorescence signal remained fairly

static throughout the course of the experiments.9 As such, as seen by Equation 2, this leaves

the only contribution to an increase in SHG to be due to a change in the ⟨β⟩ term. As

discussed above, the increase in this term could arise from the probe molecules associating
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with a change in solvent identity or neighboring lipids, aggregating in the membrane space,

or moving to more rigid environments.

While both rise in signal, 4-Di-2-ASP appears to have a more significant rise in compari-

son to FM 2-10. In fact, while the overall SHG intensity increases by the two-hour mark for

both membrane probes, the final SHG intensities rise more than a factor of 7 and 2 for 4-Di-

2-ASP and FM 2-10, respectively. As discussed above, the charge, steric characteristics, or

a combination of both, may be the cause of this behavior. We hypothesize that the quicker

rate and larger signal may be due to the reduced charge and size of 4-Di-2-ASP causing less

repulsive forces between one another while embedded in the membrane resulting in more

favorable lateral migration throughout the membrane. The decrease in size may enable a

tighter packing of probe molecules in the membrane which could cause a large rise in SHG

signal, as observed here.103,104 More importantly, while others have seen that decreasing the

sterics and altering the charge of the headgroup may lead to an increased rate of flip-flop,54,65

this phenomenon is not observed here. In fact, it appears that 4-Di-2-ASP has a greater aver-

sion to flip-flop than FM 2-10 which is in opposition to what is commonly reported for model

systems. Additionally, as for 4-Di-2-ASP, in the presence of one particular type of model

vesicles, it was shown that the molecules readily flip from one leaflet into the other, with

no indications of aggregation or organization.79 The discontinuities described here between

our experiments and those performed on model systems further illustrate the necessity for

future experiments to supplement the repertoire of molecules with varying headgroup charge

and/or size in the context of living cells.

Impacts of Membrane Composition

It is ubiquitously agreed upon that the bilayer lipid composition influences molecule-membrane

dynamics among the mimetic membrane community.58,66,67 However, the extent of this factor

has yet to be fully explored in living bacterial cells. We have shown here that the membrane

identity plays a crucial role in the dynamics displayed by a small molecule. As alluded
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Figure 5: SHG adsorption isotherms of 4-Di-2-ASP (top) and FM 2-10 (bottom) with B. sub-
tilis living cells. For each probe, n = 3. Circles (◦) represent the averages of the individual
trials while the solid lines (—) are the fits from the Langmuir model. Error bars are repre-
sentative of standard deviations. Kd values are shown in Table 1
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to above, B. subtilis is another Gram-positive bacterium that differs from S. aureus by its

shape, protein population and lipid headgroup and tail identities. Our purpose for studying

this cell species was to address the generality of the claims gathered from our experiments

with the FM dyes presented here and S. aureus. To do so, we focused on revisiting the

apparent minimal role of the headgroup identity on adsorption and dynamics over time.

As can be seen in Figure 5 and Table 1, FM 2-10 and 4-Di-2-ASP have considerable

differences in their affinity to B. subtilis compared to S. aureus. Although the trend remains

the same - the smaller, less bulky headgroup substituent results in a greater affinity to the

cell species - the magnitude of the molecules’ affinity is greater for B. subtilis. Specifically,

FM 2-10 has an affinity for the B. subtilis membrane ∼4 times greater than that for S. au-

reus. Similarly, the Kd of 4-Di-2-ASP is ∼3 times larger for S. aureus than B. subtilis.

However, the results from the time-dependent trials reveal the two probe molecules demon-

strate starkly different dynamics in B. subtilis. Whereas FM 2-10 had an immediate rise

due to adsorption and a subsequent slow increase over the duration of the experiment in

S. aureus, for B. subtilis, the second rise for the probe molecule, associated with membrane

organization, is ∼6 times faster. Soon thereafter, the signal in B. subtilis decays slightly and

remains fairly constant for the duration of the experiment. However, 4-Di-2-ASP did not

share this trend at longer times. Despite 4-Di-2-ASP displaying a large propensity to remain

in the outer leaflet of S. aureus, the exact opposite occurs when this molecule interacts with

B. subtilis. After the initial interaction, a slight rise is detected similarly to FM 2-10 with

B. subtilis. Following this increase in signal, instead of a drastic rise over time as seen with

S. aureus, 4-Di-2-ASP in the B. subtilis membrane environment exhibits flip-flop at a rate

congruent to FM 1-43 with S. aureus.

This discrepancy in membrane dynamics most likely arises due to differences in mem-

brane composition and organization between these two bacteria. A recent study on model

systems has proposed that membrane thickness is one of the leading parameters controlling

small molecule permeation.105 Based on electron microscopy experiments, the membrane
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thickness of S. aureus is 5.4±0.4 nm36 while the B. subtilis plasma membrane was found

to be thicker at 6.6±0.8 nm.106 Given that more flip-flop is observed in our B. subtilis

experiment, membrane thickness is not expected to be the dominant contributor. Both

B. subtilis and S. aureus have been shown to possess membrane structural heterogeneity,

most commonly referred to as regions of increased fluidity (RIFs) or functional membrane

microdomains (FMMs), respectively, which are thought to play roles in passive diffusion

of small molecules.105,107,108 Fluidity in the membranes of both species is controlled by the

ratio of branched-chain fatty acids (BCFAs) of the lipids. The percentage of BCFAs in the

membranes of these bacteria is starkly different: ∼50 of the lipids in the S. aureus plasma

membrane contain BCFAs109 while in B. subtilis this is over 90%.26,110 This disparity in

BCFA amount, and thus membrane composition, results in differing overall membrane flu-

idity and organizational forces. The more fluid membrane corroborates what is commonly

seen in the literature where a smaller headgroup results in a quicker flip-flop rate, and thus

a greater propensity to do so.65 However, these results show that this generalized statement

cannot be applied to all systems, especially complex and dynamic living bacterial membrane

systems.

Conclusions

In summary, we have shown through the interface specificity of second harmonic generation

that the fate of small molecules interacting with the membrane of living S. aureus can be

tuned through specific structural changes. Moreover, we have shown that the dynamics of

these small molecules cannot be generalized for all membrane systems, or even the seemingly

similar Gram-positive bacterial membranes, by illustrating that dynamics of small molecules

are also dependent on the membrane composition. Through adsorption kinetic studies, we

have found that the major factor contributing to initial interactions is reliant on the length

of the hydrophobic region of the molecule, no matter whether that length resides in the

20



Figure 6: 16 µM 4-Di-2-ASP and FM 2-10 time-dependent normalized SHG trials with
B. subtilis cells. For each membrane probe, n = 3 and shaded regions represent the standard
deviation between the individual trials.

conjugated chained region or the branched tail of the styryl dyes presented here. However,

these results do not always trend along with apparent LogP values. To a smaller degree,

we have also shown that a smaller charge and size in the headgroup region of the small

molecule interacting with the phospholipid headgroups of the lipid bilayer are associated

with stronger adsorption to the outer leaflet for both species investigated. These initial

adsorption experiments support what has been shown in the literature regarding how the

structure of a small molecule impacts binding to the membrane space of model systems de-

spite models, eukaryotic cells, and bacteria displaying differences in phospholipid headgroup

distributions.68

The time-dependent experiments presented here provide new insight as to what param-

eters on small molecules result in flip-flop versus the molecules undergoing predominate

organization in the outer leaflet. For S. aureus, smaller molecules, FM 2-10 and 4-Di-2-ASP,

show a propensity toward the latter while larger, more lipophilic molecules exhibit flip-flop.

More specifically, increasing the length of the branched tail, and more so the width of the

21



tail, promotes the most rapid flip-flop observed for the molecules examined. However, as

exhibited by FM 1-43, the small molecules may be subjected to additional organization by

living cell membranes after flip-flop has occurred. This finding is significant in that we ex-

plicitly show lateral contributions should be considered when assessing flip-flop dynamics

as well as the events taking place afterward. As for B. subtilis, there was a greater impact

from the headgroup identity with the singly charged 4-Di-2-ASP molecule exhibiting a large

degree of flip-flop, demonstrating how the membrane composition can alter these dynamics.

These results are not only important considerations for designing drugs that will successfully

penetrate into bacterial cells but can also be exploited to target specific cell species.
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Materials and Methods

Bacterial Strains and Dye Solutions

S. aureus (ATCC 27217) and B. subtilis 168 were the bacteria used in the experiments

outlined above. Cells were prepared similarly to what we have done previously.9 S. aureus

and B. subtilis cells were incubated overnight on brain-heart infusion (BHI)(Sigma-Aldrich,

St. Louis, MO) and Luria-Bertani Broth (LB)(Sigma-Aldrich, St. Louis, MO) agar plates ,

respectively. Single colonies were then inoculated into liquid BHI or LB with a 1:5 media-to-

head space ratio. Flasks of S. aureus and B. subtilis were grown anaerobically and aerobically

at 250 RPM, respectively, overnight at 37°C until cells reached stationary phase and then

transferred to fresh media to an optical density at 600 nm (OD600) of ∼0.01 and grown until

the OD600 reached ∼0.2. OD’s were measured using an ultraviolet-visible spectrophotometer

(SHIMADZU UV-2600; Shimadzu, Columbia, MD). Once the appropriate OD was reached,

the cells were filtered using a 0.22-micron cellulose nitrate vacuum filter with phosphate

buffered saline solution and subsequently resuspended into BHI or LB supplemented with

2% EC-OxyRase to an OD600 of ∼0.2. All cell samples were prepared immediately before

beginning each trial.

For each dye, 0.4, 0.8 and 1.6 mM stock solutions were prepared in 0.2 micron filter-

sterilized 80:20 MilliQ water (Sigma-Aldrich, Burlington, MA; 18.2 MΩ · cm) to dimethyl sul-

foxide (DMSO) (Thermo Fisher Scientific, Suwanee, GA). FM 2-10 (SynaptoGreen C2), FM

1-43 (SynaptoGreen C4), and FM 4-64 (SynaptoRed C2) were purchased from Biotium (Fre-

mont, CA). 4-Di-2-ASP (4-di-2-asp) was purchased from Sigma-Aldrich. All probe molecules

were used as received.

SHG Instrument and Flow Cell Passivation

A home-built SHG spectroscopy instrument was used in the adsorption isotherms and time-

dependent experiments, details of which have been previously described elsewhere.9,86 Briefly,
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laser pulses from an 80 MHz MaiTai Ti:Sapphire oscillator (Spectra Physics, Santa Clara,

CA) compressed to approximately 95 fs were directed through a power attenuator comprised

of a half-wave plate and polarizing beam splitting cube and then sent towards the sample

housed in a 2 mm path length quartz flow cell (Starna Cells, Atascadero, CA). After travers-

ing through the sample, the forward propagating signal was collected through a series of

lenses followed by a fiber and sent to a photomultiplier tube (Hamamatsu, Bridgewater, NJ)

and filters to collect SHG responses. A 450 nm long pass filter (Edmund Optics, Barrington,

NJ) was placed before the sample to ensure the second harmonic frequency being detected

was produced from the sample itself and not any previous optics. A 725 nm short pass filter

(Edmund Optics) was placed directly before the optical fiber to omit the fundamental wave-

length. For all cases, a 400/10 nm bandpass filter (Edmund Optics) was used directly before

the respective PMT to obtain the SHG response. Additionally, malachite green/polystyrene

beads power studies were carried out both before and after data collection to ensure instru-

ment stability.111 All data was collected using LabView and analyzed with MATLAB using

in-house codes.

To ensure no cell or protein adsorption onto the sample housing, the quartz flow cell

was passivated 30 minutes before each individual isotherm and time-dependent trial using a

bovine serum albumin (BSA)(Sigma-Aldrich)/1% glutaraldehyde (Thermo Fisher Scientific)

cross-linking procedure.112 Briefly, 1 M hydrochloric acid was introduced to the flow cell for

∼30 minutes and then flushed with 50 mL of sterile MilliQ deionized water. Cold (∼ 4°C) 10

mM Tris buffer (pH adjusted to ∼7.4) (Sigma-Aldrich) was then rinsed through to prepare

for the BSA solution. BSA was prepared immediately before introduction to the flow cell

with Tris buffer to a final concentration of 50 mM and then filter sterilized with a 0.22 micron

PES filter. BSA was incubated in the flow cell for 10 minutes and then followed with a 10

minute incubation period of a 1% glutaraldehyde solution prepared with Tris. Lastly, Tris

was flushed through once more. Air was pushed through the flow cell followed by a 1 mL

aliquot of prepared cells that was then discarded.
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Adsorption Isotherms

For the SHG adsorption isotherm experiments, 990 µL of cells suspended in BHI and 2%

OxyRase were aliquoted into sterile micro-centrifuge tubes. Stock solutions of each dye were

made in a filter-sterilized solution of 80:20 MilliQ water:DMSO. A serial dilution of the dye

solutions were prepared into separate sterile micro-centrifuge tubes. To prepare the sample,

the dye was introduced into the aliquot of cells for a final DMSO concentration of 0.2% and

then transferred to the quartz flow chamber. Data were acquired immediately after sample

preparation. Cells were exposed to 350 mW of light for a total of 1 s with the signals being

recorded every 25 ms. A Langmuir adsorption isotherm model was then fitted to the average

of 3 trials to obtain the dissociation constant (Kd) of each dye:

θ =

[c]
Kd

1 + [c]
Kd

(3)

where θ is the number of available binding sites and [c] is the concentration of available

probe molecules.9,86,113,114

Time-dependent Experiments

A home-built gravity flow apparatus with autoclave-sterilized tubing was used in the time-

dependent experiments. In a sterile media bottle, 7 mL of cells in BHI/OxyRase were flowed

cyclically through the apparatus at a rate of ∼7 mL/min. Signal was recorded every 25 ms

for a total of 8000 s with 70 µL of dye solution being introduced to the initial reservoir of

cells at 600 s for a final DMSO concentration of 0.2%. Power was reduced to 35 mW for

these experiments due to the extended period of data collection.
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(11) Barák, I.; Muchová, K. The Role of Lipid Domains in Bacterial Cell Processes. Inter-

national Journal of Molecular Sciences 2013, 14, 4050–4065.

(12) Zhang, Y.-M.; Rock, C. O. Membrane Lipid Homeostasis in Bacteria. Nat Rev Micro-

biol 2008, 6, 222–233.

(13) Needham, B. D.; Trent, M. S. Fortifying the Barrier: The Impact of Lipid A Remod-

elling on Bacterial Pathogenesis. Nat Rev Microbiol 2013, 11, 467–481.

(14) Lee, T.-H.; Hofferek, V.; Separovic, F.; Reid, G. E.; Aguilar, M.-I. The Role of Bac-

terial Lipid Diversity and Membrane Properties in Modulating Antimicrobial Peptide

Activity and Drug Resistance. Current Opinion in Chemical Biology 2019, 52, 85–92.

(15) Mishra, N. N.; Bayer, A. S. Correlation of Cell Membrane Lipid Profiles with Dap-

tomycin Resistance in Methicillin-Resistant Staphylococcus Aureus. Antimicrobial

Agents and Chemotherapy 2013, 57, 1082–1085.

(16) Smith, D.; Artursson, P.; Avdeef, A.; Di, L.; Ecker, G. F.; Faller, B.; Houston, J. B.;
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