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We report the development of a real-time localized surface plasmon resonance (LSPR) biosensing strategy to
detect three-dimensional morphological changes in a supported lipid bilayer (SLB) on a plasmonic substrate. The
sensing concept advances on past efforts to detect subtle conformational changes in adsorbed biomacromolecules
by demonstrating the capability to track large-scale, complex adsorbate shape changes and to classify different
types of shape changes based on specific, multi-step measurement signatures. To validate this concept, we tested
the addition of antimicrobial fatty acids, monoglycerides, and surfactants in micellar form to the SLB platform,
which triggered specific three-dimensional membrane morphological changes such as tubule or bud formation
along with solubilization. Experimentally, the different remodeling events were detected by distinct measure-
ment signatures related to the shape and size of lipid protrusions that formed and evolved over time, which
agreed well with a newly developed theoretical model. Our conceptual approach and formalism are applicable to
various biosensing techniques, including not only LSPR but also surface plasmon resonance (SPR) and total
internal reflection fluorescence (TIRF) microscopy. These sensing capabilities are advantageous for evaluating
the mechanisms of antimicrobial drug candidates and other membrane-active compounds, and the measurement

Antimicrobial

strategy is extendable to a wide range of biomimetic lipid compositions.

1. Introduction

There is broad interest in developing real-time biosensing strategies
to characterize cell-membrane-mimicking supported lipid bilayer (SLB)
interactions with a wide range of biomacromolecules and biological
nanoparticles, such as peptides, proteins, micelles, exosomes, and virus
particles, as well as with drug delivery vehicles, e.g., liposomes and lipid
nanoparticles (Buck et al., 2019; Han et al., 2019; Nishio et al., 2020;
Park et al., 2019). One of the most challenging measurement aspects is
to track SLB morphological changes, which result from bio-
macromolecular interactions and are relevant to various biological
phenomena and pharmaceutical drug testing applications. Key examples
include cholesterol-induced membrane remodeling and
three-dimensional crystallization (Lee et al., 2020; Rahimi et al., 2016;
Varsano et al., 2015), and antiviral drug development to inhibit
membrane-associated viral genome replication (Cho et al., 2010, 2016).

* Corresponding author.
** Corresponding author.

Currently used biosensing techniques include surface plasmon reso-
nance (SPR) (Ryu et al., 2019; Soler et al., 2018), total internal reflection
fluorescence (TIRF) microscopy (Mapar et al., 2018), evanescent light
scattering (Agnarsson et al., 2016), and quartz crystal microbalance
with dissipation (QCM-D) (Di lorio et al., 2020), which all have pene-
tration depths of about 100-250 nm while the SLB thickness is much
shorter (~5 nm). On the other hand, nanoplasmonic sensors can exhibit
penetration depths of ~20 nm or less that are more comparable to the
SLB thickness and thus potentially more sensitive to membrane
morphological changes (Bruzas et al., 2016; Jose et al., 2013; Oh and
Altug, 2018).

While nanoplasmonic sensing experiments are typically conducted
on metal nanoparticle surfaces, indirect nanoplasmonic sensing (INPS)
platforms enable the use of silica-coated gold nanodisk arrays on which
SLBs can readily form (Langhammer et al., 2010). The embedded
nanodisks exhibit localized surface plasmon resonance (LSPR), whereby
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light extinction induces the collective oscillation of conduction-band
electrons within the nanodisk that gives rise to an enhanced electro-
magnetic field in close proximity to the silica coating, which is the active
sensing interface (Dahlin et al., 2013; Jackman et al., 2017a; Unser et al.,
2015). This field is scattered by adsorbate molecules that induce changes
in collective electromagnetic oscillations. Physically, this sensing
concept is similar to SPR and the main difference is in the type of
evanescent field that is generated by the sensor (exponential in the SPR
case vs. dipole-like in the LSPR case) and the degree of surface sensi-
tivity. Experimentally, the LSPR sensing approach has been widely uti-
lized to detect subtle conformational changes involving adsorbed
liposomes, SLBs, and proteins that can be modeled as a uniform film or
spherically shaped objects (Ferhan et al., 2018; Jackman et al., 2017b,
2017c). However, various types of biologically relevant bio-
macromolecular interactions involve more complex, non-uniform
adsorbate shape changes and there is an outstanding need to develop
advanced nanoplasmonic sensing approaches to track such changes.
Herein, using a combination of experimental and theoretical ap-
proaches, we developed a real-time LSPR biosensing strategy to detect
and classify complex adsorbate shape changes based on proof-of-concept
experiments involving three-dimensional membrane morphological
changes in an SLB platform. Specifically, we evaluated the LSPR mea-
surement responses that occur when membrane-active, antimicrobial
compounds interact with an SLB platform on a silica-coated gold
nanodisk array and give rise to complex, dynamic changes in three-
dimensional membrane morphology. The test compounds included
two of the most biologically active fatty acids and monoglycerides
termed lauric acid (LA) and glycerol monolaurate (GML), respectively,
along with a related surfactant, sodium dodecyl sulfate (SDS), all of
which demonstrate potent antimicrobial effects by disrupting the lipid
membranes surrounding bacteria and enveloped viruses (Yoon et al.,
2018). The mechanistic details of how each compound disrupts phos-
pholipid membranes remain under investigation and we demonstrate
how the LSPR technique is well-suited to address this measurement need
as well as its compelling advantages compared to other biosensing
techniques used in past works. Furthermore, the sensing concepts
developed in our work and the underlying theoretical formalism are
broadly useful for not only LSPR measurements but also readily
extendable to the SPR and TIRF microscopy techniques as well.

2. Materials and methods

2.1. Reagents

Stock solutions of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) lipids in
chloroform were obtained from Avanti Polar Lipids (Alabaster, AL). SDS
and LA in lyophilized form were obtained from Sigma-Aldrich (St. Louis,
MO). GML in lyophilized form was obtained from Abcam (Cambridge,
UK). An aqueous buffer solution consisting of 10 mM Tris [pH 7.5] with
150 mM NacCl was used and prepared with deionized water (>18 MQ
cm).

2.2. SLB fabrication

DOPC SLBs were fabricated on silica-coated LSPR sensor chips by
depositing DOPC/DHPC lipid bicelles onto the sensor surface, as previ-
ously described (Kolahdouzan et al., 2017). The molar ratio of DOPC to
DHPC phospholipids in the bicelles was 0.25 and the bicelles were
prepared at a total lipid concentration of 5 mM. The bicelle sample was
diluted 32-times before experiment.

2.3. LSPR measurements

The experiments were conducted on silica-coated gold nanodisk ar-
rays by using an Insplorion XNano instrument (Insplorion AB,
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Gothenburg, Sweden), as previously described (Jackman et al., 2014).
Before experiment, the sensor chip was rinsed with water and ethanol,
and then treated with oxygen plasma by using a CUTE-1MPR machine
(Femto Science Inc., Hwaseong, Republic of Korea). Afterwards, the
sensor chip was placed within the measurement chamber and liquid
samples were injected under continuous flow conditions by using a
peristaltic pump (Reglo Digital MS-4/6, Ismatec, Glattsburg,
Switzerland) at a volumetric flow rate of 100 pL/min. The optical
extinction spectrum was measured in transmission mode and the
centroid position was determined (Dahlin et al., 2006). The extinction
spectrum was recorded every 1 s and data analysis was performed using
the Insplorer software package (Insplorion AB).

3. Results and discussion

3.1. LSPR sensing experiments

We conducted LSPR experiments using a silica-coated gold nanodisk
array upon which a fluid-phase DOPC SLB coating was fabricated and
served as the biosensing interface (Fig. 1a). The gold nanodisk trans-
ducers had diameter and height of around 100 and 20 nm, respectively.
Transmission-mode optical extinction measurements showed that the
silica-coated gold nanodisk array on a glass substrate, which was housed
within a microfluidic chamber, had an ensemble-average, maximum-
intensity LSPR wavelength (4max) position around 715 nm in aqueous
buffer solution (Fig. 1b). Real-time interaction processes were tracked
by monitoring the Aln.x shift, which reflects changes in the local
refractive index near the sensor surface (Spackova et al., 2016). A DOPC
SLB on the sensor surface was fabricated by the bicelle method (Jackman
and Cho, 2020). Two-stage SLB formation kinetics were observed due to
bicelle adsorption and fusion, and the rate of increase in the A,y signal
was greater in the second stage of the formation process, which is related
to reorganization of adsorbed lipid molecules to form the SLB (Sut et al.,
2019) (Fig. 1c). More specifically, during the first stage, bicelles adsorb
in the diffusion-limited fashion and remain intact on the sensor surface.
After a critical surface coverage of adsorbed bicelles is reached, there is a
transition to the second stage and the greater rate of increase in the
Almax signal during the latter stage occurs due to diffusion-limited
adsorption of newly arriving bicelles along with fusion and rupture of
already adsorbed bicelles to form an SLB, whereby adsorbed phospho-
lipid molecules move, on average, closer to the sensor surface. The final
Aldmax shift due to SLB formation was around 2.98 + 0.11 nm, which
agrees with literature values (Jackman et al., 2016; Sut et al., 2019).

After SLB formation, we then added SDS, LA, or GML to the DOPC
SLB platform under continuous flow conditions and tracked the real-
time interaction Kkinetics. We tested SDS, LA, and GML micelles
because all three compounds exhibit membrane-disruptive activity
mainly in the micellar state. The tested concentrations of 2 mM SDS, 2
mM LA, and 500 pM GML were selected because the corresponding
critical micelle-formation concentration values in equivalent solution
conditions are around 800 pM, 900 pM, and 60 pM, respectively (Yoon
etal., 2017, 2020). Fig. 2 presents the time-resolved LSPR measurement
responses corresponding to the interactions of SDS, LA, and GML with
DOPC SLBs. We discuss each case for SDS, LA, and GML individually
below.

The addition of 2 mM SDS to a DOPC SLB caused a rapid drop in the
Almax signal within 2 min (Fig. 2a). The corresponding Ay shift was
around —3 nm, which indicates that the DOPC SLB adlayer was removed
from the sensor surface (Yoon et al., 2015). A subsequent buffer washing
step caused no further change in the Ay, signal. Closer inspection of
the measurement kinetics showed that the initial rate of decrease in the
Almax signal was sharp, with around 60% of the Adyax shift occurring in
the first 30 s of the SDS-DOPC SLB interaction process and likely related
to transient tubule formation (Yoon et al., 2015). Thereafter, the rate of
decrease in the Adn,x signal was more moderate and exhibited minor
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Fig. 1. Overview of nanoplasmonic sensing strategy. (a) Schematic illustration of LSPR sensing concept to track three-dimensional membrane morphological
changes. (b) Representative optical extinction spectrum for a silica-coated gold nanodisk array in aqueous buffer solution. (c) Real-time A1y.x measurement tracking
SLB formation kinetics on a silica-coated gold nanodisk array. An initial baseline in aqueous buffer solution was recorded before bicelles were added under
continuous flow conditions starting at t = 5 min (see arrow). Kinetic data are shown from a single, representative experiment. The mean =+ standard deviation of the
Almax shift corresponding to SLB formation (relative to measurement baseline) is listed and reported based on 9 independent experiments.

fluctuations in the slope, which are likely related to structural changes
that occurred during membrane solubilization.

The addition of 2 mM LA to a DOPC SLB also caused a rapid drop in
the Admax signal, however, the Adnay shift in this case was appreciably
smaller with a value around —0.4 nm (Fig. 2b). This result supports that
the DOPC SLB adlayer remains mainly intact while the negative Adnax
shift indicates either a net loss of adsorbed mass due to LA-induced
membrane lysis and/or membrane remodeling events that cause the
spatial proximity of adsorbed lipid molecules to move away, on average,
from the sensor surface. The relatively small magnitude of the mea-
surement response is consistent with out-of-plane tubule formations in
the DOPC SLB (Yoon et al., 2015, 2020). Notably, a subsequent buffer
washing step caused a transient increase in the Aldnax signal that
approached the baseline value corresponding to a complete DOPC SLB,
before the signal dropped again and the final Adp,y shift after washing
was around —0.3 nm relative to the baseline.

In marked contrast, the addition of 500 pM GML to a DOPC SLB
caused a transient increase in the Ay« signal to around +1.2 nm, which
lasted for around 50 min and was followed by an abrupt decrease in the
measurement response (Fig. 2¢). The corresponding A4,y shift after the
drop was around —0.4 nm relative to the baseline and there was a high
degree of noise in the Aiyax signal during this stage. A subsequent buffer
washing step did not affect the magnitude of the Adn,x shift, which
remained around —0.3 nm, but did cause an appreciable decrease in
signal noise. Overall, the LSPR measurement response had four stages
that can be summarized as follows: (1) a gradual Am.x increase that
approached a stable value up to around 50 min; (2) a relatively rapid

and spontaneous Alpm.x decrease for around 5 min until a Al value
modestly below the baseline was reached; (3) a rather stable Alp,x shift
with a negative value and high signal noise was reached; and (4) the
negative Admax shift response maintained a nearly constant value after
buffer washing but had lower signal noise.

Stages 1 to 3 can be understood in terms of the basic mechanistic
steps involved in the GML-DOPC SLB interaction process, including
nucleation of small buds (stage 1) and coalescence of small buds to form
larger buds (stage 2) (Yoon et al., 2015, 2020). Previously, these stages
were captured by time-lapsed fluorescence microscopy imaging but
could not be discerned in QCM-D measurements (Yoon et al., 2015,
2020). Stage 3 corresponds to a state when large bud coalescence had
progressed to a sufficient extent that additional growth, if any, had no
further appreciable effect on the Ay, shift response with respect to the
spatial proximity of DOPC and GML molecules near the sensor surface.
The high signal noise during this stage was due to the size of the large
buds and adsorbate-induced light scattering effects, which caused fluc-
tuations in the optical extinction spectrum that were not observed in
earlier stages of the interaction process or after a buffer washing step
(Fig. 3a—c).

Accordingly, the buffer washing step removed the large buds so that
only remaining SLB regions on the sensor surface contributed to the net
Almax response observed in stage 4. The final Ay shift after washing
was around —0.4 nm relative to the baseline and further indicates that
the SLB adlayer remained nearly intact while there were some voids
resulting from the interaction process. In marked contrast, there were no
appreciable fluctuations in the optical extinction spectrum during the
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Fig. 2. Real-time LSPR tracking of SDS, LA, and GML interactions with DOPC SLB platforms on silica-coated gold nanodisk arrays. Data correspond to SLB treatment
with (a) 2 mM SDS, (b) 2 mM LA, and (c¢) 500 pM GML. Prior to measurement, a DOPC SLB was fabricated on the sensor surface and the Adnax signal was set to zero.
Then, an initial baseline of the SLB-coated sensor surface in aqueous buffer solution was recorded before compounds were added to the SLB platform under
continuous flow conditions starting at t = 5 min (see first arrow labeled “17). A buffer washing step was performed after the measurement signal stabilized (see
second arrow labeled “2”). The molecular structures of SDS, LA, and GML are presented as insets in the respective graphs. Schematic illustrations of the membrane
morphological changes corresponding to the SDS, LA, and GML interaction cases are also shown below each graph.
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SDS or LA interaction processes, supporting that only large buds but
neither small buds nor tubules cause such effects based on the experi-

mental data (Fig. S1).

Fig. 4a summarizes the maximum Ay shifts that occurred during
each of these three interaction cases. For the SDS case, there was a sharp,

Wavelength (nm)

Fig. 3. Time-lapse extinction spectra of
DOPC SLB-coated nanodisk array during
different stages of the GML-DOPC SLB
interaction process. Six representative
spectra are presented for (a) small bud
growth regime upon GML addition, (b) large
bud growth regime due to bud coalescence
and before buffer washing, and (c) remain-
ing SLB adlayer after a buffer washing step
was performed. Time points correspond to
the kinetic data in Fig. 2c. Note that the
spectra are superimposed in panels (a) and
(c) due to lack of spectral change.

one-step drop in the Adnax signal and hence the maximum A, shift
corresponded to a final value around —3.15 + 0.09 nm. Likewise, for the
LA case, the maximum Alnax shift was around —0.48 & 0.03 nm. Thus,
the maximum Ay shifts in the SDS and LA cases had negative values
below the baseline, indicating that the spatial proximity of adsorbed
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Fig. 4. Quantitative comparison of (a) maximum LSPR measurement response
and (b) surface area percentage of SLB removal corresponding to SDS, LA, and
GML treatment of DOPC SLBs. Analysis is based on data presented in Fig. 2.
Mean + standard deviation values were calculated from 3 independent exper-
iments per test group.

lipid molecules moved away, on average, from the sensor surface due to
solubilization (irreversible) or membrane remodeling (partially revers-
ible). By contrast, the maximum A,y shift in the GML case was around
+1.17 £ 0.43 nm, which supports that bud formation caused a distinct
measurement response that is likely related to GML attachment during
the initial stages of small bud nucleation.

We also quantified the fractional amount of SLB adlayer that was
removed due to the interactions with SDS, LA, and GML (Fig. 4b). The
SDS interaction caused 98.95 + 0.62% removal, while LA and GML in-
teractions caused around 11.28 4+ 1.11% and 11.52 + 5.18% removal,
respectively. Note that the calculated percentages of SLB removal are
lower bound estimates because the antimicrobial compounds (especially
LA and GML) might intercalate into the SLB. Based on past experimental
results (Yoon et al., 2017) and the known tendency for single-chain lipid
amphiphiles to have short residence times in planar membrane config-
urations, such effects are expected to be modest and the removal per-
centages obtained by the LSPR measurements agree well with past
fluorescence microscopy imaging results (Yoon et al., 2020). SLB
removal implies the presence of voids, which likely correspond to re-
gions where three-dimensional tubules or buds protruded from the SLB.
During the buffer washing step, tubules and buds became detached
when the bulk solution is exchanged from a LA- or GML-containing so-
lution to buffer solution without these species, resulting in the voids. In
addition, compared to the DOPC SLB, the LA- and GML-containing tu-
bules and buds represent new phases with spontaneous curvature (Yoon
etal., 2020). Accordingly, the intercalation of LA and GML species in the
planar SLB is expected to be thermodynamically unfavorable.

Hence, the high surface sensitivity of the LSPR measurement
response is able to track complex membrane remodeling processes
related to SDS, LA, and GML interactions with SLBs as well as to char-
acterize SLB adlayer properties. Of particular note, the LSPR measure-
ment response demonstrated high sensitivity to tracking different stages
of the GML-induced membrane budding process, which were not pre-
viously detected in QCM-D measurements in which case hydrodynamic
effects — stemming from changes in the amount of hydrodynamically-
coupled solvent as opposed to changes in membrane morphology itself
— dominated the measurement response and masked the different
interaction stages. By contrast, the LSPR measurement readout is
directly related to changes in the shape configuration and location of
adsorbed biomacromolecules relative to the sensor surface and is not
sensitive to hydrodynamically-coupled solvent molecules, which
allowed detailed tracking of different stages involved in the complex
remodeling process.
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3.2. Theoretical analysis of membrane morphological changes

To further analyze the experimental results, we developed a theo-
retical model to describe how the LSPR measurement response depends
on the type of membrane remodeling event and the specific geometrical
properties of lipid protrusions that form. In general, the LSPR-enhanced
electromagnetic field decay can be described by various models and we
use the dipole approximation due to its physical accuracy and mathe-
matical simplicity (Jackman et al., 2014).

In the present experiments, SDS, LA, and GML interact with a DOPC
SLB. The SLB thickness, L, is much smaller than the length of the LSPR-
enhanced electromagnetic field penetration, and accordingly the LSPR
Almax shift corresponding to an SLB is proportional to [ and, in the
absence of SDS, LA, and GML, is given by

Ay = AX3EB = 1| @
where C is a proportionality constant that depends on the size and op-
tical properties of the nanodisks as well as on the optical properties of
the SLB. After SDS, LA, or GML attachment, the resulting Amax shift
depends on the shape, size, and arrangement of the nano- or micro-
structures formed as part of the membrane remodeling process that is
triggered by these species.

In the SDS case, the attachment is accompanied by transient tubule
formation and rapid detachment of the SDS-DOPC-interaction product.
The detachment process is the dominant effect manifested in the LSPR
measurement response and, after complete removal of DOPC lipids from
the sensor surface, SDS does not attach further to the surface. Thus,
relative to the baseline signal in aqueous solution before lipid attach-
ment, we have
A = CL(1 = f) = Ml (1 f), @
where f is the SLB fraction that is removed from the sensor surface. If the
baseline signal corresponds to a complete, prefabricated DOPC SLB, then
the Alpmax shift can be obtained by subtracting eq. (1) from eq. (2), ie.,

Aimax = =D f 3
Eq. (3) describes the negative Admax shift that is depicted in Fig. 2a.
On the other hand, LA and GML attachment to a DOPC SLB is
accompanied by the formation of persistent tubules and buds, respec-
tively. As already mentioned above, the appearance of these structures is
expected to be related to phase separation in the SLB and spontaneous
curvature of the newly formed phase (Yoon et al., 2020) [for buds, this
mechanism was proposed in the seminal article by Jiilicher and Lip-
owsky (1993)]. The thickness and optical properties of the lipid bilayer
in different phases are slightly different. This factor is, however, minor
compared to the SLB restructuring at the nano- or microscale and can be
ignored. The key factor is the SLB restructuring itself. We consider that
the corresponding structures, tubules or buds, are located at random
[this is validated by our past fluorescence microscopy observations
(Yoon et al., 2015, 2020)] and operate with their average shape and size
(this is a reasonable approximation). The basements of tubules and buds
with varying geometries are considered to be free of attached bio-
macromolecules in all cases (Fig. 5). In principle, with our present
knowledge, material attachment there cannot be excluded, but statisti-
cally and kinetically this appears to be unlikely. Under such conditions,
the LSPR Al shift, calculated with respect to the Ayax signal corre-
sponding to an adsorbate-free sensor surface, can be represented as

Admax = CL[(1 = ) + 2 ] = A0 [(1 = f) + 1f ], “4

where (1 —f) is the fraction of the support area that is covered by the SLB
[asineq. (2)], f is the fraction of the support area associated with tubule
or bud basements, and y = §5/6; is the dimensionless factor that is
defined as the ratio of the contribution (to the LSPR signal) of a single
tubule or bud to that of an SLB fragment with an area equal to the area of
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Fig. 5. Schematic illustrations of (a) tubule, (b) cap-like bud, and (c) spherical
bud protrusions on a silica-coated sensor surface. Lipid bilayer, silica coating,
and gold nanodisk transducer structures are represented by green, blue, and
yellow-gold colors, respectively. Note that the basement region for each type of
protrusion is devoid of attached biomacromolecules. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

the tubule or bud basement. If the baseline signal corresponds to a
complete, prefabricated SLB, then we should subtract eq. (1) from eq.
(4), ie.,

Admax = —ASEB(1 — )f. (5)

‘max

To calculate y, we consider that tubules are oriented perpendicular to
the support (Fig. 5a; the results for other orientations can be obtained by
analogy). Buds are represented as truncated spheres (Fig. 5b and c). In
both of these cases, the basements are circular, and we have

6y ~ 7rr2, (6)

where r is the corresponding radius. The contribution of a tubule or bud
to the LSPR signal is proportional to the convolution of the tubule or bud
area with a factor taking the extinction of the LSPR-enhanced electro-
magnetic field into account. In the dipole approximation, this factor is
proportional to A/(R- 4 2)®, where R« is the effective radius corre-
sponding to the regions making the main contribution to the LSPR
signal, and A is a constant that can be chosen depending on the context
(Ferhan et al., 2018; Jackman et al., 2014, 2017b). In our present
context, we use A = R® and accordingly represent 5, as
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d RS
8y~ / 2% g %)
J :

where h is the tubule or bud height, and ds/dz is the derivative defined as
the ratio of an element of the tubule or bud area (located between z and
2+ dz) to dz. To explain the choice of this expression for A, we note that
for objects with small height (h<R-), we can neglect z in (R« + 2)°, and
accordingly

n
62~/ds:s. 8
0

For a disk-like object, we have s = zr?, where r is the object radius, and
accordingly the right-hand side of expression (7) for & is identical in this
limit to the right-hand side of expression (6) for 5. Thus, we can directly
compare expressions (6) and (7). In particular, we obtain

h

13 / ds RS
=== ————dz. ©)
=5 dz 72 (R« + 2)°

0
For tubules oriented perpendicularly to the support, we have ds/dz =
2zr. With this specification, eq. (9) yields

2R R
== (1-—" . 10
z 5r ( (R« + h)5 ) (10)

If the tubule length is short, h < R«, we obtain R3/(R- +h)® = 1—
5h/R+, and accordingly

¥ = 2h/r. an

As it should be in this limit, this is just the ratio of the tubule area 2zrh to
the basement area, zr2. In another limit when the tubules are long,

h>R«, we have R3/(R- +h)°«1, and accordingly this ratio can be
neglected in eq. (10), ie.,

7 = 2R./5r. 12)

In our case, the length of tubules is short only during the very beginning
of their growth. Neglecting this stage, we can incorporate expression
(12) into eq. (5), i.e.,

A = —AISEB(1 — 2R /51)f. 13)
In our experiments with LA (cf. Fig. 2b), tubule formation occurred
rapidly in the beginning and the corresponding Anmax shift was negative
and relatively small (compared to 42518 ) but not very small. f was also
relatively small. In terms of expression (13), this means that (1 —
2R+ /5r) should be positive and not too close to zero, i.e., we should have
R«/r < 1. Practically, this roughly means that the tubule diameter
should be comparable with or larger than the gold nanodisk diameter.

Alternatively, if a bud with height h and basement radius r is rep-
resented by a truncated sphere (cf. Fig. 5b and c), then the radius of its
curvature is p = (r> + h?)/2h, and ds/dz = 2zp = #(r? +h?)/h [the fact
that, in this case, ds/dz is independent of z was earlier used in the
contexts of TIRF (Olsson et al., 2015), SPR (Rupert et al., 2016), and
LSPR (Ferhan et al., 2018) measurements]. With this specification, eq.
(9) yields

2 2\ p.
X_(r+h)R,.<l RS ) 14

Shi? (R +h)’

Then, by analogy with eqs. 10-13, one can obtain the following ex-
pressions for small and large buds
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x = (P +K)/r forh <R, @s)
B (r* + K*)R.
x= g for i>>R-, (16)

and accordingly, the respective LSPR measurement responses can be
described by

M = —DEE[1 = (PP + ) /7 ]f for h < R, a7)
2 2\R.
M = —AISB [ 1 — (2 4+ )R f for h>R-. 1s)
ma S5h?

In our experiments with GML (cf. Fig. 2c), the A/« shift was positive
and appreciable up to about 50 min. During this stage, there is primarily
formation of numerous small nuclei of buds so that their height is
somewhat larger than that of the basement radius. This case is expected
to be described by using eq. (17). With f =~ 0.3, the observed mea-
surement response can be explained by assuming r =~ h < R.. This
assumption appears to be physically reasonable. Afterwards, the nuclei
rapidly coalesce and form large buds. During this stage, the Alp,y shift
was negative and appreciable. It can be described by employing eq. (18).
Using again f = 0.3, we conclude that the ratio (r?>+h?)R-/ (5hr?)
should be small («1). Practically, this means that we should have R-/
r<1. This conclusion is confirmed by our past fluorescence microscopy
observations (Yoon et al., 2020) and the transition in the Ay, shift
response from small buds to large buds is further supported by the
experimentally observed fluctuations in the optical extinction spectrum
that occurred for large, but not small, buds (cf. Fig. 3).

The theoretical formalism developed above is based on the LSPR-
related dipole approximation. In principle, one can alternatively use
the exponential approximation (Larsson et al., 2009), which physically
corresponds to the sensing concepts underpinning the SPR or TIRF mi-
croscopy techniques. To extend the applicability of the theoretical part
of our work, we have additionally reworded our theoretical results in
terms of the exponential approximation (see Supplementary Informa-
tion for more details) so that they can be directly used in the SPR or TIRF
microscopy contexts for relevant biosensing applications.

4. Conclusions

In this study, we have shown that real-time LSPR measurements can
distinguish and track distinct types of three-dimensional membrane
morphological changes in an SLB adsorbate based on the corresponding
measurement signatures provided the scale of sizes of the corresponding
structures is known. While it has been recently shown that LSPR mea-
surements can detect subtle conformational changes in adsorbed bio-
macromolecules that can be treated analytically as uniform films or
spherically shaped structures, our findings demonstrate a new angle of
biosensing capabilities to detect large-scale, non-uniform shape changes
in adsorbed biomacromolecules. The sensing concept was validated in
experiments involving three-dimensional membrane morphological
changes triggered by antimicrobial fatty acids, monoglycerides, and
surfactants in micellar form. Aside from detecting the distinct morpho-
logical changes occurring in each case, our findings also establish a
theoretical framework to understand how the growth and evolution of
different types of adsorbate protrusions yield complex, multi-step
measurement signatures that can be used to classify the membrane-
disruptive properties of different antimicrobial compounds and other
membrane-active compounds. Importantly, such capabilities demon-
strate superior advantages to biosensing techniques used in past works
and the nanoplasmonic sensing approach is also compatible with a wide
range of biomimetic lipid compositions to enable numerous sensing and
diagnostic application opportunities.
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