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Label-Free Time-Resolved Monitoring of Photolipid Bilayer
Isomerization by Plasmonic Sensing

Jinhua Zhang, Francis Schuknecht, Ludwig Habermann, Alexander Pattis,
Jonathan Heine, Stefanie D. Pritzl, Dirk Trauner, and Theobald Lohmiiller*

The photo-isomerization of the photolipid azo-PC, a derivative of
phosphatidylcholine containing an azobenzene group in its sn2 acyl chain,
enables optical control over key properties of supported lipid bilayers (SLBs),
such as membrane fluidity and bilayer thickness. However, azobenzenes are
well-known for their interaction with various dyes through photo-modulation
and -sensitization pathways, presenting a challenge in bilayer characterization
by fluorescence microscopy. Label-free tools capable of monitoring the
switching process of photolipid SLBs at the nanoscale are therefore highly
desired. In this study, the use of dark field scattering spectroscopy on gold
nanorods as a highly sensitive approach is demonstrated for analyzing the
reversible photo-isomerization dynamics of photolipid SLBs in real time at the

single particle level.

1. Introduction

Supported lipid bilayers (SLBs) are a versatile platform technol-
ogy for emulating the lateral fluidity exhibited by native cell mem-
branes on a solid support.!l A remarkable feature of SLBs is
their relative ease of formation, which has contributed to their
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widespread use in biophysical research. By
drop-casting a solution of small unilamellar
vesicles (SUVs) onto, for example, a clean
glass substrate under buffered conditions,
vesicle fusion, and extended bilayer forma-
tion can be achieved within minutes.[?l A
thin water film separating the membrane
and the substrate ensures that lipid mobility
is sustained within the bilayer.]

Since the establishment of the SLB
technology, various strategies have been
reported for labeling SLBs with func-
tional biomolecules, enabling the study
of membrane organization,[*! membrane-
protein interactions,’!  protein-protein
interactions,!®! enzyme kinetics,”] or cell-
membrane interactions.’] This progress
has also inspired the development of new methods to control
or restrict membrane organization and fluidity on SLBs, by ap-
plying electric fields!® and temperature gradients,[' physical
barriers,"! or nanoscale obstacles.l However, interfering with
membrane properties in a reversible, fast, contactless, and local-
ized fashion, compatible with physiological conditions, is not al-
ways straightforward. Light is ideally suited to meet all these de-
mands, but this requires a photo-responsive bilayer membrane.
In this regard, the use of photoswitchable lipids, or shortly pho-
tolipids, has emerged as a particularly useful strategy to obtain
optical control over supported bilayer properties.

Azo-PC, a derivative of phosphatidylcholine containing an
azobenzene group in its sn2 acyl chain, stands out as one of the
most widely used photolipids.['*l When exposed to UV and blue
light, the azo-PC lipids undergo reversible cis/trans isomeriza-
tion. This photoisomerization process results in a fast change
of bilayer thickness, density, and fluidity, providing a means to
control membrane characteristics such as bending stiffness, do-
main formation, membrane permeability, and fusion.!"*>'#] The
efficiency of optical membrane control thereby depends on the
photostationary state (PSS), which refers to the trans/cis pho-
tolipid ratio reached in a SLB under specific experimental con-
ditions. For example, an azo-PC bilayer is only ~4 nm thick,
and the photo-isomerization from trans to cis can yield a mem-
brane thinning of 5 and 10 A in water and under buffered con-
ditions, respectively.'] This thickness change is further accom-
panied by an increase in the lipid cross-section.['*! The differ-
ence observed in water and buffer solution can be attributed to
a different PSS that is reached by the photolipid bilayer in each
case. Analyzing such small changes on a single supported bilayer
with sufficient spatio-temporal resolution is challenging and ex-

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH


http://www.advopticalmat.de
mailto:t.lohmueller@lmu.de
https://doi.org/10.1002/adom.202302266
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202302266&domain=pdf&date_stamp=2024-02-14

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

perimental methods that are suitable and sensitive enough are
limited.

Arguably, the most widely applied methods for studying SLBs
are fluorescence-based. The lateral distribution and diffusivity of
fluorescent dyes within an SLB can be analyzed by Fluorescence
Recovery After Photobleaching (FRAP), Fluorescence Correla-
tion Spectroscopy (FCS), or Forster Resonance Energy Transfer
(FRET), to name some of the most prominent examples.['®) How-
ever, one must consider that fluorophores can influence the pho-
toisomerization dynamics of azobenzene through photosensiti-
zation and energy transfer,'”) which requires a careful selection
of an appropriate fluorescent label. Standard lipid dyes can fur-
ther affect the photoisomerization efficiency and the PSS reached
in an azo-PC bilayer. Since the lipid photoswitch itself operates
with light, label-free methods are therefore generally preferable.

Neutron" or X-ray scattering techniques, such as small an-
gle X-ray scattering (SAXS),['*#15) can accurately determine bi-
layer thickness of liposomes. However, capturing the switch-
ing dynamics with sufficient time resolution within a sub-um
spot-size can be challenging. In contrast, high-speed atomic
force microscopy (AFM) offers both lateral and axial resolu-
tion in the nm range, making it suitable for observing lipid
raft formation in SLBs of quaternary lipid mixtures containing
photoswitchable ceramides.['! With an AFM, the membrane is
scanned from the top with a physical probe that is in contact with
the bilayer. For measuring height differences, a reference point
for the AFM tip is needed during imaging, such as a hole in
the SLB or the presence of a membrane domain that remains
at a constant height. Obtaining precise height differences can
be challenging by AFM when a pure, defect-free azo-PC SLB,
which can cover a surface area of a few cm?, is homogeneously
switched.

An alternative approach for label-free bilayer investigations is
offered by plasmonic sensing. Plasmonic nanoparticles are well
established as highly sensitive nanoscale probes for monitoring
changes in the local refractive index of the embedding medium,
via a measurable shift of the particle plasmon resonance. Ad-
ditionally, they do not blink or bleach, which enables measure-
ments over long timescales (up to hours and even days!?’)). Plas-
monic sensing has been successfully used to monitor protein
binding!?!! and protein-membrane interactions on supported bi-
layer membranes.[?2] At the same time, the possibility of detect-
ing azobenzene photoisomerization by plasmonic sensing has
been demonstrated with gold nanoprisms functionalized with
azobenzene containing, self-assembled monolayers (SAMs).[?3
Inspired by these reports, we designed an experiment to investi-
gate the isomerization dynamics of photolipids in an azo-PC SLB
by plasmonic detection.

We utilized gold nanorods for the label-free monitoring
of azo-PC-SLB photoswitching. The gold rods, stabilized by
cetyltrimethylammonium bromide (CTAB) in solution, were first
randomly deposited on the surface of a glass cover slip by drop-
casting. Then, an SLB of azo-PC photolipids was formed via
vesicle fusion of small liposomes. Lipid bilayer formation on
top of the nanorods was observable with dark-field scattering
microscopy by a red-shift of the nanorod’s plasmon resonance
peak. Furthermore, we show that continuous monitoring of the
plasmon resonance peak for individual rods allows for monitor-
ing time-resolved lipid photoisomerization and bilayer dynamics.
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Upon membrane photoisomerization with UV (4 = 365 nm) and
blue (4 = 465 nm) light, a reversible plasmon resonance shift
was observed due to the combination of a membrane thickness
and membrane refractive index change. Both experimentally and
by finite difference time domain (FDTD) calculations, we find
that the magnitude of the observed plasmon peak shift is depen-
dent on the nanorod coating and larger for plasma treated sam-
ples compared to CTAB stabilized particles. Overall, these results
highlight the potential of plasmonic nanoparticles as sensitive
probes for studying the dynamics of supported lipid bilayer mem-
branes at the nanoscale with high accuracy.

2. Results and Discussion

Measurements were conducted with an upright darkfield mi-
croscope equipped with a spectrometer, as depicted in Figure
la. Gold nanorods with an aspect ratio of 2.2 + 0.1 nm (99.1
+ 3.4 nm X 44.2 + 1.2 nm, CTAB coated) in water were dis-
persed on a glass cover slip by drop-casting to achieve random
particle deposition on the substrate. The nanorods size distribu-
tion was analyzed by scanning transmission electron microscopy
(STEM) (Figure S1, Supporting Information). The sample was
rinsed multiple times with DI water to remove residual parti-
cles. Under the dark-field microscope, single nanorods are iden-
tifiable as red spots by their scattered light (Figure 1b). The
particular gold nanorods were chosen for three main reasons.
First, lipid membranes can coat nanoparticles with a diameter
> 22 nm, as demonstrated for large unilamellar vesicles!**! and
SLBs.I?] Second, gold nanorods are better suited for biosens-
ing purposes compared to nanospheres, since they show weaker
non-radiative damping and higher light scattering efficiencies.2°!
Third, the nanorods exhibit a pronounced plasmon mode at
~660 nm (Figure 1c), which is red-shifted from the wavelength
range at which the photoswitch operates, and a small transverse
plasmon mode at ~530 nm (Figure S2, Supporting Information).
To prevent membrane switching during dark-field spectroscopy,
a 593 nm long-pass filter (LP593) was used to block light from
the microscope lamp below this wavelength. This is crucial, since
the broadband dark field illumination source could otherwise al-
ready be effective at switching photolipids in the gold nanopar-
ticles’ vicinity, via scattered light and high electromagnetic
fields.

In the trans state, the absorption spectrum of azo-PC exhibits a
maximum at ~#315 nm (Figure 1d,e). Undergoing photoisomer-
ization with UV-A light, the cis-azo-PC absorption spectrum re-
veals a new band around ~440 nm, corresponding to a SO — S1
transition. Illumination with light in this wavelength range al-
lows for back-switching of the photolipids to the trans state. Nei-
ther the trans nor the cis-azo-PC isomers display absorbance be-
yond 570 nm. Any photoisomerization attempt above this wave-
length is therefore not effective. This was confirmed in con-
trol measurements with azo-PC liposomes that are irradiated
with 630 nm light. Only minimal back-switching is observed
in this case, even after prolonged illumination for 1 h (Figure
S3, Supporting Information). Controlled photoisomerization was
obtained by illuminating the SLB sample from the top with a
UV (365 nm) and blue (465 nm) LED, which were both coupled
through the objective (Figure 1b).
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Figure 1. a) Experimental setup. Individual gold nanorods are detected in dark-field mode. UV and blue light are coupled through the objective to
control membrane photoswitching. b) Dark field image of gold nanorods distributed on a glass cover slip. Individual particles are visible as red dots.
The LED illumination spot with a diameter of ~20 um is visible in blue/purple. Inset: SEM image of a single gold nanorod (scale bar: 100 nm). c)
Example scattering spectra of a single nanorod. d) Chemical structure of the photolipid azo-PC. Photoisomerization is obtained with UV-A and blue light
illumination. e) Absorption spectra of azo-PC liposomes in the cis and trans state. Above 550 nm, both lipid conformations show negligible absorbance.
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Figure 2. a) Scattering spectra are obtained from a single CTAB-coated gold nanorod before (golden line) and after (red line) sample coating with a dark-
adapted, trans-azo-PC bilayer. A red-shift of the plasmon wavelength by A4 x5 nm is observed after SLB formation. b) Boxplot of the average plasmon
peak shift (A, us.020-pc = 5.49 nm; N = 65 nanorods) after trans-azo-PC bilayer deposition. Control measurements with non-switchable DOPC (gray
boxplot) show almost the same average plasmon shift AApgpc = 5.55 nm (N = 9 nanorods).

2.1. Plasmonic Sensing of SLB Formation and Photoswitching

Photolipid SLBs were formed on top of the gold rods by vesi-
cle fusion of azo-PC SUVs. Prior to membrane formation, the
SUVs were stored in darkness for over 24 h to ensure that the
photolipids were converted to the thermodynamically preferred,
dark-adapted trans state. Scattering spectra of individual gold
nanorods were measured before and after the bilayer formation
(Figure 2a). The shift of the plasmon resonance peak for each
rod is analyzed by fitting its dark-field scattering spectrum with
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a Lorentzian function (Figure S4, Supporting Information). An
average plasmon wavelength red-shift 4,,, pc %5.49 nm is ob-
served after adding the azo-PC vesicles (Figure 2b, blue box). This
shift is indicative of a change in the nanorod’s dielectric envi-
ronment due to lipid bilayer covering the gold particles. We fur-
ther performed control measurements with the non-switchable
phospholipid DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine).
For DOPC SLBs, an average red-shift of A,,,c~5.55 nm was
observed (Figure 2b, gray box). This shows that the refrac-
tive index change (An) due to membrane deposition is com-
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Figure 3. a) Reversible photoisomerization of an azo-PC bilayer measured by monitoring the peak shift of the nanorod’s plasmon resonance. The
plasmon resonance peak of the CTAB-coated nanorod prior to SLB formation is indicated by a yellow square. Sequential illumination with UV-A and blue
light for 2 min respectively leads to reversible cis (blue squares)/ trans (red squares) membrane photoisomerization over many switching cycles. b) A
median plasmon resonance shift A1 = 1.14 nm was observed due to azo-PC photoisomerization (N = 15 nanorods; 58 switching cycles). Gray box: No
peak shift was observed in control experiments with non-switchable DOPC (A4 = 0.04 nm; N = 9 nanorods; 20 switching cycles). The observed plasmon
resonance shift upon photoisomerization was significant with p < 0.01. ¢,d) Time-trace of the photoisomerization dynamics of the plasmon resonance
shift for UV and blue illumination. Both LEDs were turned on at t = 10 s. A PSS was obtained within a few seconds for isomerization in cis and in trans

direction.

parable in both cases. A DOPC and trans-azo-PC bilayer are
of similar thickness. For DOPC, thickness values (d;;: head-
to-head) between 3.691%’) and 3.83 nm!?®! have been reported.
In comparison, the azo-PC bilayer thickness depends on the
PSS, that is, its trans/cis ratio of lipids in the membrane. For
the dark-adapted state (with ~5% cis), a head-to-head-distance
dyyyy of 41.9 A was reported, compared to a dyyyy of 34.8 A af:
ter UV light illumination.'**] However, as mentioned earlier,
these distances were also found to be solvent dependent. For
example, in DI water, a maximum dy,;; of only 39.0 A was ob-
tained after blue illumination, since a considerable fraction of
lipids remained in the cis state. Based on these literature val-
ues, the value of bilayer thickness of DOPC can thus be as-
sumed to lie between trans and cis-azo-PC. This is also the case
for the area per molecule, which was reported to be 72.5 A2 for
DOPC,/”’] and between 78.6 and 56.6 A? for trans and cis-azo-
PC.[]Sa]

In the next step, the azo-PC SLB was subjected to an alternat-
ing illumination with UV and blue light through the objective
(Figure 1a — the LED illumination spot is depicted in Figure 1b.
Measured nanorods were aligned to be in the center of the illu-
mination spot.). After a 2-min UV exposure to induce trans-to-cis
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membrane isomerization, a blue shift in the plasmon resonance
peak was observed. This shift was entirely reversible by blue light
illumination, which triggers cis-to-trans back-switching (Figure
3a)

Analyzing the data collected from 15 nanorods over 58 illu-
mination cycles revealed an average shift of 1.14 nm for azo-PC
due to isomerization (Figure 3b, blue box). Notably, this shift was
exclusively observed in photolipid membranes. Control experi-
ments with a non-photoswitchable DOPC SLB showed no consid-
erable plasmon shift (Figure S5, Supporting Information). This
also shows that the plasmon signal itself is not affected by the
illumination sequence.

We further collected scattering spectra at a rate of 2 frames per
second (fps) to determine the switching rates for the azo-PC SLB
to reach its UV- or blue-adapted PSS. As depicted in Figure 3c,d,
the photolipid bilayer reached a steady state within 10-20 s of il-
lumination, as indicated by a constant signal in the time-trace.
The switching rate for trans-to-cis was determined to be k = 0.446
s71, while back-switching exhibited at a rate of k = 0.313 s~!. No-
tably, switching rates are not absolute but do depend on the il-
lumination power density and wavelength of the individual light
source.[?]
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Figure 4. a) A plasmon resonance shift A1 = 9.59 nm was observed after the deposition of azo-PC SLB (blue box) on a plasma treated nanorod sample
(data obtained; N = 28 nanorods). For DOPC (gray box) a similar shift was observed after SLB deposition (A4 =9.35 nm, N = 12 nanorods). b) Plasmon
resonance shift of plasma treated nanorods due to azo-PC photoswitching (blue box, AA=2.12 nm, N = 8 nanorods; 49 switching cycles). Gray box: No
peak shift was observed in control experiments with DOPC (A4 = 0.0T nm; N = 15 nanorods; 33 switching cycles). The observed plasmon resonance

shift upon photoisomerization was significant with p < 0.01.

2.2. Effect of Nanorod Coating

Having established the ability to monitor membrane isomeriza-
tion through plasmonic sensing, we further aimed to character-
ize the impact of nanorod coating on the sensing performance.
The measurements were thus repeated with nanorod samples
that had undergone plasma cleaning to remove their CTAB
coating (initially present to prevent aggregation of nanorods in
solution).**] Here, the average plasmon resonance shift after bi-
layer deposition was larger compared to the CTAB coated rods.
An average shift of 9.59 nm was obtained for an azo-PC bi-
layer membrane and 9.35 nm for DOPC. (Figure 4a). The dark-
adapted trans-azo-PC bilayer is ~2-3 A thicker than a DOPC
bilayer, which agrees with the higher average red-shift of the
plasmon wavelength observed after photolipid bilayer deposition.
Note that for CTAB coated rods, no significant difference for the
plasmon shift after SLB formation was observed between DOPC
and photolipids, likely due to the overall lower sensitivity** with
increased nanorod-lipid distance, as explained in the following.
The plasmon resonance shift (A1) depends on the refractive
index change of the surrounding dielectric medium (An) and the
thickness of the adsorbate layer (d), which is expressed by[*!l:

AL = mAn (1—e?/) (1)

where I, is the electromagnetic field decay length and m repre-
sents a sensitivity factor that is determined by the size, shape,
and composition of the nanorods.[*® The nanorods used in our
experiment displayed an aspect ratio of 2.2 + 0.1 nm, which is
slightly more monodisperse than the aspect ratio of 2.2 + 0.2 nm
for nanorods of similar volume reported by Ye et al.[?24] For the
latter, a refractive index sensitivity of ~#183 + 5 nm per RIU was
obtained, which means that refractive index changes of < 0.005
could be detected by the nanorod sensors. Furthermore, a sens-
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ing distance of ~15 nm was estimated, which is almost three
times higher than the thickness of a bilayer membrane. Based
on these considerations, the nanorods should provide sufficient
sensitivity to analyze azo-PC bilayer photoisomerization.

For a constant I, the larger average red-shift of the plasmon
resonance peak observed for both DOPC and azo-PC SLB forma-
tion on the plasma cleaned sample can thus be explained by a
closer proximity between the lipid bilayer and the nanorod sur-
face. We also conducted reversible photoswitching experiments
on plasma-treated nanorods, were an average plasmon wave-
length shift of 2.12 nm was observed over multiple switching
cycles (blue box in Figure 4b). Again, this larger peak-shift can
be attributed to the exponential decay of the plasmons’ electro-
magnetic field away from the nanorod’s surface, yielding a higher
sensitivity factor m in the absence of a CTAB layer. The conforma-
tion changes of the photolipids induced by photo-isomerization
therefore result in a more pronounced signal. In this case, con-
trol measurements on DOPC membranes as shown in Figure 4b
(gray box) were also performed.

As mentioned earlier, a thin water layer is formed between sub-
strate and SLB, which keeps the bilayer fluid. For SiO, substrates,
this water layer was reported to be in the range of 2-8 A.l’] We
have previously conducted FRAP measurements on azo-PC SLBs
formed on glass and found that both blue and UV light illumi-
nated membrane photolipids are mobile, although the diffusion
coefficient D for a trans bilayer is by a factor of 2 lower compared
to a cis bilayer (between D, 0.4 and D ~0.8 pm? s~1).[1] If
only a local spot on a photolipid SLB is switched, both isomers
can mix, which changes the trans/cis ratio and allows for an ad-
justment of the bilayer diffusivity.'*3] However, one must take
under consideration that FRAP measurements only provide evi-
dence for membrane fluidity over a large area on the whole sub-
strate. This does not necessarily mean that the membrane itself
is still fluid on top of the nanorods.
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Figure 5. Probing SLB fluidity on a) CTAB coated and b) plasma treated nanorods. In both cases, a trans-azo-PC SLB was illuminated with 365 nm UV
light for 5 s to switch the bilayer to a cis-rich state leading to a back-shift of the plasmon peak due to continuous dilution of the cis-azo-PC lipids with

trans photolipids diffusing into the illumination spot.

For the CTAB stabilized or plasma cleaned gold nanorods,
the formation of a water layer has not been reported, but one
could assume a similar value for both DOPC and azo-PC due
to their chemically identical head-groups. For CTAB coated par-
ticles, the formation of a fluid bilayer membrane has been
demonstrated. Bare gold, however, has been characterized as a
barrier material for lipid membranes, because lipids are more
densely packed on gold, which could impair or even hinder bi-
layer fluidity.('"!! For azobenzene SAMs it was also shown that re-
versible trans/cis photoisomerization requires a sufficient volume
for each azobenzene-group to undergo a conformational change.
Otherwise, steric hindrance between the molecules prevents the
switching process. Notably, as shown in Figure 4b, photoisomer-
ization is observed on plasma treated gold rods, which indicates
that the azobenzene groups in the lipid tails have enough space
to switch their conformation. The lipids are also not covalently at-
tached to the substrate in a dense film, as it is the case for SAMs.

We conducted time-resolved measurements of the plasmon-
shift to probe bilayer fluidity on single nanorods. Experiments
were performed where individual particles covered by a trans-
(blue adapted) azo-PC bilayer were illuminated with UV light
through the objective. For these conditions, only photolipids
within the illumination spot are switched to cis, while the ma-
jority of lipids of the extended SLB area (several mm?) are un-
affected. Each nanorod was illuminated for 5 s to reach the UV
adapted, cis-rich PSS (Figure 5). For both the CTAB and plasma
treated gold nanorods, a fast blue-shift of the plasmon resonance
peak due to trans-to-cis isomerization was observed. After the UV
light was turned off, the plasmon resonance shifted back to the
initial value of the trans-SLB with a rate of ~0.03 s7! for A4 of
the CTAB-nanorods and a slightly lower rate of ~0.02 s7! for
the plasma treated sample. This back-shift is evidence for lipid
mixing, that is, cis-photolipids diffusing out of the illumination
spot, while trans- azo-PC lipids simultaneously diffusing into the
spot. In other words, the cis/trans ratio of the SLB covering the
nanorods is continuously decreasing. The cis-lipid fraction is di-
luted throughout the entire bilayer, and the plasmon resonance
peak position indicative for a trans-rich SLB is recovered. Note,
that this is, in principle, a similar concept as in FRAP, where flu-
orescence in a photobleached spot recovers over time, due to an
exchange with non-photobleached lipids. FRAP thus allows to
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determine a membrane diffusion coefficient D. However, there
is an important difference. The back-shift of the plasmon reso-
nance peaks shown in Figure 5a,b is a result of lipid mixing and
therefore a direct measure of the change of the local trans/cis ra-
tio over time. Each time point corresponds to a different isomer
ratio and accordingly to a different value of the local D.

2.3. Numerical Simulations

We conducted Finite Difference Time Domain (FDTD) simula-
tions to gain a better understanding about the origin of the plas-
mon shift observed due to photoswitching (Figure 6). In partic-
ular, we compared the two scenarios of photolipid SLB forma-
tion on gold nanorods with and without CTAB coating. For the
CTAB case, we used a model where the nanorod surface and the
photolipid bilayer are separated by 3.6 nm, which corresponds
to the average height of a CTAB coating reported in literaturel3?!
(Figure 6a). For the plasma treated sample, we assumed that the
photolipid bilayer is formed directly on the nanorod with no spac-
ing in between (Figure 6b). The thickness of the dark-adapted
trans-azo-PC bilayer was assumed to be 42 A.['5] A water layer
separating the bilayer from the substrate was not implemented
in the calculation. Scattering spectra obtained from FDTD simu-
lations are shown as Figure S6 (Supporting Information).

The plasmon shift for gold nanorods on a glass substrate that
are covered by a 42 A thick, trans-azo-PC bilayer is linearly de-
pendent on the membrane refractive index, as shown with the
red lines of Figure 6a,b. In the case of CTAB coated particles, the
experimentally observed average plasmon shift A4 of 5.49 nm
before and after bilayer deposition would correspond to a refrac-
tive index change from 1.33 (water) to 1.431 (trans-azo-PC-SLB)
(Figure 6a; red line). This is in good agreement with literature val-
ues for DOPC, where a refractive index between 1.435 and 1.450
has been reported.[**] Since the plasmon shift after trans-azo-PC
and DOPC bilayer deposition was almost identical, a similar re-
fractive index for both lipid membranes can be assumed. In com-
parison, the average plasmon shift of 9.59 nm for the plasma
treated rods yields a refractive index shift from 1.33 (water) to
1.433. This shows that in both independent measurements the
observed wavelength shifts after bilayer formation are consistent.
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Figure 6. FDTD simulations of azo-PC SLB photoswitching. a) CTAB coated gold nanorods. b) Plasma treated sample. Red lines in both graphs represent
the calculated dependence of the plasmon resonance shift on the refractive index of a 4.2 nm thick layer (corresponding to a trans-azo-PC SLB) coating
of a gold nanorod on a glass substrate as illustrated in the sketches on the left. Blue lines represent the calculated dependence of the plasmon shift on
refractive index for a 3.5 nm thick layer (corresponding to a cis-azo-PC SLB). The refractive index of water (n = 1.33) is the origin in all cases. The average
plasmon shifts after bilayer deposition and membrane photoisomerization, as described in the main text, are highlighted by blue and red squares in the
respective graphs. Dashed horizontal and vertical lines are guides to the eye.

To account for the reversible plasmon peak shift obtained by
SLB photoisomerization, a change of azo-PC bilayer thickness
by 7 A between trans and cis was assumed for the calculations.
This value lies between the membrane thickness change of 5 A
reported for photolipid membranes in DI water and a change of
8-10 A in buffered solution.!">!

A7 A thickness change yields a calculated blue-shift of the plas-
mon peak from 5.49 to 4.82 nm for CTAB-nanorods (Figure 6a;
blue line) and from 9.59 to 8.43 nm for plasma treated particles
(Figure 6b; blue line). This shows that the measured AA of 1.14
and 2.12 nm, respectively, cannot be completely reproduced by
only taking a thickness difference into account. However, by con-
sidering an additional refractive index change An of 0.01, the ex-
perimental results can be matched in both cases.

The small refractive index change can originate from a com-
bination of effects. For example, the lipid density is different
for a trans and cis bilayer, where trans lipids are more densely
packed.!'*"! Additionally, photoswitching of azobenzene will also
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result in a polarizability and thus a refractive index change. It
was reported that the change of the refractive index between blue
and UV light irradiated polyacrylates depends on the methylene
(-CH,), spacer length. For 8 methylene groups, a An of ~ 0.02
was determined, but it was also shown that the An was decreas-
ing for increasing spacer length.**] The refractive index change
further depends on boundary conditions, such as the orientation
of the azobenzene group. Based on these literature values a An
of 0.01 obtained by membrane photoisomerization appears rea-
sonable, although values obtained for polymer films cannot be
directly translated to an azo-PC bilayer.

3. Conclusion

In conclusion, we have designed and characterized an approach
to use gold nanorods as highly sensitive plasmonic probes for
the time-resolved monitoring of the photoisomerization dynam-
ics of azo-PC SLBs. The nanorod coating has an important influ-
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ence on the probe sensitivity, where CTAB coated nanorods pro-
vide a smaller plasmon shift after bilayer deposition than plasma
treated rods due to the higher spacing between the particle sur-
face and the lipids. Time-resolved measurements of lipid mixing
show that the bilayer fluidity on the nanorod surface is sustained
in both cases. Furthermore, the nanorod sensing approach allows
to study the photoisomerization dynamics of azo-PC not only af-
ter but also during blue and UV light illumination. A blue-shift
of the plasmon resonance peak is observed upon switching the
photolipid bilayer from a trans-rich to a cis-rich state. Through
FDTD simulations, we have determined that this plasmon shift
can be explained by a change in membrane thickness in the sub-
nm range and a refractive index of the supported bilayers due
to azobenzene isomerization. These findings open up opportu-
nities for real-time monitoring of the photoswitching process
and measurements of different photo-stationary states of azo-PC
membranes using plasmon nanosensors. Plasmonic nanoanten-
nas also provide large electromagnetic field enhancements upon
resonant excitation with light, which can significantly enhance
the Raman signal obtained from azobenzene close to the particle
surface. Examples in literature have shown that the cis/trans ra-
tio of azobenzene SAMs can be determined with high accuracy
with such surface enhanced Raman spectroscopy (SERS).%] The
combination of plasmonic resonance sensing and SERS would
not only provide insight into the membrane switching dynamics
but could also be suitable for obtaining in situ information on
the bilayer photostationary state during solvent exchange, tem-
perature variation, or in response to other environmental influ-
ences. Furthermore, our results highlight the potential of plas-
monic nanosensors not only for detecting molecular interactions
and biological events occurring on membranes, but also for as-
sessing changes in the membrane itself, such as conformational
shifts and alterations in membrane composition and state.

4. Experimental Section

Sample Cleaning and Nanorod Deposition: ~Glass slides were cleaned
with 50% ethanol (EtOH) and 50% Milli Q water twice, each for 30 min,
and dried by air. Then, 100 uL deionized water was added onto the sub-
strate, followed by adding 5 uL of the gold nanorod solution (Nanopartz
Inc.,Part # A12-40-650). After allowing the gold rods to adsorb to the sub-
strate for & 1 min, remaining rods were removed by rinsing the sample
with deionized water. Plasma cleaned nanorod samples were prepared in
the same ways, except that after nanorod deposition the substrates were
blown-dry with nitrogen and plasma cleaned for 75 s (air plasma, high
power setting; Harrick).

Preparation of Photolipid SUVs and SLBs: The photolipid azo-PC
was synthesized according to a previous protocol.[?’l Small unilamel-
lar vesicles (SUVs) samples of azo-PC or 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC; Sigma—Aldrich) were prepared by tip sonication.
For this, 100 pL of lipids dissolved in chloroform at a concentration of
6.36 mM were pipetted in a dry round bottom flask. The chloroform was
evaporated under a stream of air and nitrogen gas until a dry lipid film was
obtained. The lipids were then rehydrated with 1.5 mL of deionized water
and the sample was tip sonicated (BANDELIN electronic GmbH & Co. KG)
twice, for 30 s on ice, until the solution was clear. Finally, the solution was
centrifuged for 10 min at 8000 rpm and the supernatant containing SUVs
was collected. To form an SLB on top of the gold nanorods, 100 L of the
SUVs solutions were diluted with 100 pL of PBS (1 X ) and pipetted onto
the glass slide with pre-deposited gold nanorods. After 15 min, the SLB
was formed and the remaining SUVs in solution were removed by rinsing
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the sample. Absorbance measurements were performed on azo-PC SUVs
in DI water, using a Cary 60 UV—vis spectrophotometer.

Darkfield Scattering Spectroscopy/Microscopy: ~ Scattering spectra from
single gold nanorods were acquired using a dark field (DF) microscope
(Zeiss Axio Scope A1) equipped with a DF oil immersion condenser (Zeiss
445323, 1.2-1.4). A100 W halogen lamp (Zeiss) was used for DF illumina-
tion. Along pass filter (LP593) was used to prevent unwanted photoswitch-
ing of the photolipid membrane by cutting off blue and UV light from the
lamp spectrum. Scattered light from single nanorods was collected with a
100 x water objective (NA = 1, Zeiss). A digital single-lens reflex camera
(Canon EOS 6D) was used to acquire dark field images. Scattering spec-
tra were measured with an Acton SP2500 spectrometer (Princeton Instru-
ments). SLB photoswitching was realized using a UV- (365 nm, Prizmatix
Mic-LED) and blue-LED (465 nm, Prizmatix Mic-LED), which were coupled
through the objective. Measurements were conducted at constant temper-
ature under ambient conditions. Control measurements were performed
with a temperature sensor during illumination with the microscope lamp
and the UV or blue LED, respectively (Figure S7, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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