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Abstract: Visualizing the molecular organization of lipid
membranes is essential to comprehend their biological func-
tions. However, current analytical techniques fail to provide
a non-destructive and label-free characterization of lipid films
under ambient conditions at nanometer length scales. In this
work, we demonstrate the capability of tip-enhanced Raman
spectroscopy (TERS) to probe the molecular organization of
supported DPPC monolayers on Au (111), prepared using the
Langmuir–Blodgett (LB) technique. High-quality TERS spec-
tra were obtained, that permitted a direct correlation of the
topography of the lipid monolayer with its TERS image for the
first time. Furthermore, hyperspectral TERS imaging revealed
the presence of nanometer-sized holes within a continuous
DPPC monolayer structure. This shows that a homogeneously
transferred LB monolayer is heterogeneous at the nanoscale.
Finally, the high sensitivity and spatial resolution down to
20 nm of TERS imaging enabled reproducible, hyperspectral
visualization of molecular disorder in the DPPC monolayers,
demonstrating that TERS is a promising nanoanalytical tool to
investigate the molecular organization of lipid membranes.

Supported lipid monolayers are an excellent system for
studying a range of molecular phenomena in the field of
membrane biophysics[1] such as protein-membrane interac-
tion,[2] drug-membrane interaction[3] and enzymatic reactions
in two dimensions.[4] Structured Langmuir–Blodgett (LB)
lipid monolayers are also promising model systems for
tribological studies such as wetting and adsorption in coat-
ings.[1,5] Successful biological, optical, electronic, and sensing
applications of LB films[6] are underpinned by accurate
chemical and structural characterization at the nanometer
scale. However, visualizing the molecular structure of lipid

membranes at the nanoscale remains highly challenging
because of the lack of a sensitive, non-invasive, and label-
free nanoanalytical tool that can be used under ambient
conditions. For example, conventional optical spectroscopy
techniques such as Raman, infra-red (IR) and fluorescence
spectroscopies fail to achieve this goal due to the optical
diffraction limit.[7] Therefore, confocal optical microscopy
cannot typically provide spatially resolved information about
phase-separated domains inside lipid membranes that are less
than 200 nm in size.[8] Super-resolution fluorescence micros-
copy (SRFM) can be used to visualize coexisting molecular
domains in model membranes as well as cell membranes at
the nanoscale.[9] However, SRFM is limited by the essential
requirement of extrinsic fluorescent probes with an affinity
for particular lipid phases. These fluorescent probes can
perturb phase behavior of lipid mixtures and have been
shown to reduce the amount of liquid condensed (LC) phase
by 10–20%, decrease film stability, increase equilibration
time and influence the area, shape, and interconnectivity of
phase-separated lipid domains.[10] Similarly, scanning probe
microscopy (SPM) can provide topography information with
molecular resolution; however, the chemical information is
inadequate for detailed molecular visualization of lipid
membranes.[11]

Tip-enhanced Raman spectroscopy (TERS) has emerged
as a powerful tool for non-destructive and label-free corre-
lative topographical and chemical imaging at the nanoscale,
and overcomes the limitations of confocal optical microscopy,
SRFM, and SPM.[12] In TERS, a metallic SPM probe placed in
the focal spot of an excitation laser confines and enhances the
electromagnetic field in the nanoscopic volume at the probe
apex via a combination of localized surface plasmon reso-
nance (LSPR) and lightening rod effect. Therefore, TERS
combines the high spatial resolution of SPM with the
chemical sensitivity of surface-enhanced Raman spectroscopy
providing molecular imaging at the nanometer length scales.
With a high spatial resolution and sensitivity, TERS has been
successfully used to investigate biological samples including
cells,[13] proteins,[14] and biomembranes.[15] However, the
reported TERS measurements sometimes required deute-
rium labelling and often suffered from poor spectral and
imaging reproducibility, making interpretation difficult.

In this work, we use scanning tunneling microscopy
(STM)-TERS imaging to investigate the molecular organiza-
tion of a dipalmitoylphosphatidylcholine (DPPC) monolayer
on Au (111) prepared using LB technique. DPPC monolayers
are an important constituent of pulmonary surfactants, which
modulate surface tension of the lungs, stabilize alveolar
collapse during expiration and minimize work required to
expand the alveoli during inhalation.[16] On the alveolar
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surface, DPPC can assemble
in either LC or liquid
expanded (LE) phases. The
phase transition from LC to
LE and vice versa in DPPC
monolayers enables modula-
tion of the surface pressure,
believed to maintain low sur-
face tension during breath-
ing.[16b,c,17] Therefore, under-
standing molecular organiza-
tion into distinctly different
phases is key to fully compre-
hend the biological functions
of DPPC monolayers.[18]

Herein, we demonstrate
that TERS is an effective
analytical tool for nanoscale
chemical characterization of
a DPPC monolayer sup-
ported on Au (111), providing
molecular insights that cannot
be obtained using conven-
tional analytical techniques.
Reproducible TERS spectra
with a significantly better
signal-to-noise ratio than
reported to date were
obtained via careful optimi-
zation of DPPC monolayer
preparation, plasmonically
active and robust TERS
probes, and experimental
protocols. The high-quality
TERS spectral data allowed
a direct correlation of STM
topography and TERS
images of a DPPC monolayer
for the first time. TERS imag-
ing also revealed the presence
of nanoscopic holes within the continuous DPPC monolay-
ers,[19] which have not been spectroscopically observed before.
Finally, the high sensitivity and spatial resolution of TERS
allowed reproducible hyperspectral visualization of molecular
disorder within DPPC monolayers. These results demonstrate
that TERS is a promising tool to investigate the molecular
organization of lipid membranes at nanometer length scales
in a non-destructive and label-free fashion.

A schematic diagram of the STM-TERS set-up used in
this work is shown in Figure 1a. Further experimental details
are presented in the Supplementary Information. Figure 1b
shows the chemical structure of a DPPC molecule. An AFM
topography image of a DPPC monolayer transferred onto
a Au (111) surface using LB technique at 20 mNm�1 is shown
in Figure 1c. The transfer isotherm of the DPPC monolayer is
presented in Figure S1. The topography image shows several
regions of discontinuity in the DPPC monolayer. The height
difference between the DPPC layer and the Au (111)
substrate is 2.74� 0.03 nm (see inset), which correlates very

well with the 2.8 nm height of a DPPC molecule and confirms
the monolayer nature of the transferred film[20] (see Figure S2
for further analysis of the topography image). The presence of
DPPC in the monolayer transferred onto Au was further
confirmed using nano-electrospray ionization mass spectrom-
etry measurements presented in Figure 1 d, where a [DPPC +

Na+] peak at m/z = 756.6 is clearly visible in the mass
spectrum of a sample collected from the DPPC monolayer-
covered Au surface, whilst it is absent in the control sample.

Before carrying out a detailed investigation of the DPPC
monolayer, we first checked the sensitivity and reproduci-
bility of our TERS measurements. No bands were observed in
the far-field Raman spectrum of the DPPC monolayer due to
the low sensitivity of confocal Raman measurements, as
shown in Figure S3. However, the TERS spectrum of a DPPC
monolayer showed clear Raman bands, confirming a strong
plasmonic enhancement of Raman signals in the near field
(Figure S3). Interestingly, only Raman bands in the C-H
stretching region (2800–3100 cm�1) were enhanced in the

Figure 1. (a) Experimental set-up used for TERS imaging of supported DPPC monolayers in this work.
(b) Chemical structure of a DPPC molecule. (c) AFM topography image of DPPC monolayer transferred
onto a Au (111) surface using LB technique. Inset shows a height profile along the white line. (d) Nano-ESI
mass spectra of a Au surface with (black) and without (red) DPPC monolayer.
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TERS spectra, whereas no bands were observed in the
fingerprint region. This is possibly due to the surface
organization of the lipid layer with the alkyls pointing out
of the surface plane. In this case, C-H stretching modes will
dominate the spectra while contribution of other bands is
suppressed. Furthermore, the relatively low intensity of the
Raman peaks in the fingerprint region compared to the C-H
stretch region[21] could also contribute to the non-visualization
of Raman bands in the fingerprint region. To check reprodu-
cibility, three TERS images of the C-H stretching band were
measured consecutively in a region of DPPC monolayer as
shown in Figure S4. The TERS images showed similar
features with no degradation of the signal, demonstrating
the stability of our TERS set-up for reproducible TERS
imaging.

Figure 2a shows a STM topography image of a patch of
DPPC monolayer on Au (111) measured simultaneously with
the TERS image. TERS image of the C-H stretching intensity
is shown in Figure 2b, which matches very well with the
corresponding topography image. This is the first direct
correlation of a DPPC monolayer topography with the TERS
image of the same region. The TERS image reveals several
novel features that are not visible in the topography image in

Figure 2a. For example, the TERS signal intensity varies
significantly in different parts of the monolayer and disap-
pears completely at certain locations. This indicates a non-
uniform packing order in the transferred DPPC monolayer.
TERS spectra measured from five high-intensity pixels
marked with red crosses and five low-intensity pixels
marked with white crosses in Figure 2b are plotted in
Figure 2c. A clear TERS signal is observed from the DPPC
monolayer at locations of high signal intensity. However, the
signal disappears completely at the locations of low signal
intensity, indicating the presence of holes within the DPPC
monolayer. This implies that at the nanoscale, the DPPC
monolayer is not a continuous film and such discontinuities
are present throughout the transferred monolayer. Further-
more, from the absence of Raman bands at different locations
inside the DPPC monolayer, size of the holes is estimated to
be 40–120 nm. This is the first direct hyperspectral visual-
ization of such nanoscale features inside a supported lipid
monolayer. Interestingly, these nanoscopic features are not
visible in the STM image. This may be due to the relatively
large step size (40 nm) of the STM-TERS image and the
relatively large diameter (ca. 50 nm) of the TERS probe apex.
In STM imaging, the acquired topographical image is a con-

Figure 2. (a) STM topography image of a DPPC monolayer region on Au (111). (b) TERS image of the C-H stretching (2800–3000 cm�1) intensity
measured in the area shown in (a). Integration time: 2 s. Step size: 40 nm. (c) TERS spectra measured at the locations of high signal intensity
marked as “red x” and locations of low signal intensity marked as “white x” in (b). (d) TERS spectra of the pixels marked as 0–8 in (b).
(e) Average TERS spectrum of the TERS image in (b) fitted with Gaussian curves. (f) TERS image of the I2930/I2850 ratio.
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volution of the probe shape, apex diameter, and sample
topography. This can broaden the topographic features and
reduce corrugation amplitudes, especially in samples with
relatively large height differences,[22] which is the case for our
DPPC monolayer sample, where the height difference is
2.7 nm (see inset of Figure 1c and Figure S2). However, the
highly localized nature of the TERS near-field renders these
features clearly visible in the TERS image.[23]

To determine the spatial resolution of the TERS image,
TERS spectra from locations marked 0–8 in Figure 2b are
plotted in Figure 2d. Location 0 represents the spectrum
measured at a hole in the DPPC monolayer, whereas
locations 1 through 8 represent the TERS spectra measured
within one step (40 nm) of the hole. It can be clearly seen that
in contrast to the neighboring pixels (1–8), no TERS signal is
observed at location 0. This shows that TERS imaging can
successfully resolve sample features of size 40 nm. This is
� 14 � higher than the 551 nm diffraction-limited optical
resolution of our TERS system calculated using 0.61l/NA,
where l is the wavelength of the excitation laser (633 nm) and
NA is the numerical aperture (0.7) of the objective lens.

Assignment of bands in the DPPC TERS spectrum is
presented in Table S1. The Raman band at 2850 cm�1

represents the methylene symmetric stretch (d+) of the lipid
chains,[24] whereas the Raman band at 2930 cm�1 arises from
the Fermi resonance associated with the terminal methyl
symmetric stretch (r+

FR) and the C-H bending mode.[24] The
ratio of these two bands (I2930/I2850) is a measure of the
intermolecular chain coupling in the DPPC monolayer. A
high I2930/I2850 ratio signifies an increased vibrational and
rotational freedom of movement of the terminal methyl
group compared to the methylene chain of the DPPC
molecules indicating a greater disorder within the mono-
layer.[24b, 25] Therefore, we used the I2930/I2850 ratio to infer
nanoscale packing order of the lipid monolayer. Using the
intensity ratio of the two TERS bands has the additional
advantage of eliminating the effects of local and temporal
fluctuations in TERS signal enhancement, which provides
a more accurate visualization of the molecular arrangement.
I2930/I2850 ratio was determined from deconvolution of the
TERS bands using Gaussian fitting of the C-H stretching
region as shown in Figure 2e. A TERS image of the I2930/I2850

ratio is presented in Figure 2 f, where a significant hetero-
geneity in the packing order is observed across the DPPC
monolayer. Figure S5 shows analysis of the signal-to-noise in
the I2930/I2850 ratio image confirming that the signal variation
comes from the sample and not from the instrumental noise.
A higher I2930/I2850 ratio is observed around the holes,
signifying a relatively higher level of disorder. This indicates
that the creation of holes leads to a disruption of molecular
packing in the lipid monolayer. Furthermore, there is an
increase in lipid order (decrease in I2930/I2850 ratio) from the
top right to the bottom left of the DPPC monolayer patch,
which signifies spatial variation in the relative orientation of
the lipid monolayer. See Figures S6 and S7 for further
discussion about the statistical significance of these results.

TERS imaging of the region marked in white in Figure 2a
is presented in Figure 3. Similar results are obtained in the
zoomed-in TERS image in Figure 3b, which showed a signifi-

cant variation in the TERS signal intensity across the DPPC
monolayer and absence of TERS signals at certain locations
(Figure 3c) indicating the presence of holes. A notable
heterogeneity in the lipid packing order was observed in the
I2930/I2850 ratio image in Figure 3d, which showed distinct areas
of higher and lower disorder. These results further demon-
strate the reproducibility of TERS measurements on sup-
ported DPPC monolayers on Au (111). High-resolution
TERS imaging in Figure 2 and Figure 3 show that in the
case of a lipid membrane transferred at high surface pressure,
a disordering of the lipid molecules could take place at the
nanometer scale, leading to segregation of the lipid mono-
layer into areas of discontinuity as well as regions of higher
and lower disorder.

Finally, we investigated organization of a DPPC mono-
layer in a region of Au (111) that contains several terraces and
steps. A TERS image of the C-H stretching intensity in such
a region is shown in Figure 4a and the corresponding STM
topography image is presented in Figure S8. In the TERS
image, different terraces of the Au (111) surface are clearly
resolved together with the terrace steps, which appear as
diagonal lines in the image with zero signal intensity. Several
regions of the terrace steps show zero TERS signal intensity
at individual pixels indicating a spatial resolution of 20 nm.
The absence of the TERS signal at the steps indicates
breakage of the DPPC monolayer. Further examination of
the TERS image for molecular packing order gives some
interesting insights. The non-uniform TERS signal intensity

Figure 3. (a) STM topography image of the DPPC monolayer region
marked in white in Figure 2a. (b) TERS image of the C-H stretching
intensity measured in the area shown in (a). Integration time: 2 s.
Step size: 40 nm. (c) TERS spectra measured at locations 1–3 marked
in (b). (d) TERS image of the I2930/I2850 ratio.
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across the terraces suggests differences in the molecular
arrangement of DPPC molecules. To visualize this more
clearly, a TERS image of the I2930/I2850 ratio is presented in
Figure 4b. In this image, regions of higher molecular disorder
(high I2930/I2850 ratio) can be clearly distinguished from regions
of lower molecular disorder. Figures 4c, 4d, and 4 e show
averaged TERS spectra from different areas of high (black
squares) and low (red squares) signal intensity marked as 1a
and 1 b (1600 nm2), 2a and 2b (2400 nm2), and 3 a and 3b
(3600 nm2) in Figure 4b. Note that even though regions “a”
(black curve) and “b” (red curve) are on the same terrace,
their spectral shape is different. Regions “a” (black curves)
have a slightly higher I2930/I2850 ratio compared to regions “b”
(red curves), which clearly indicates a relatively different
molecular arrangement in different areas of the same Au
(111) terrace. See Figures S9 and S10 for further analysis of
the signal-to-noise and statistical significance of these results.
This study establishes that even a homogenously transferred
DPPC monolayer on a Au (111) surface could be hetero-
genous at the nanoscale.

In summary, we have demonstrated non-destructive and
label-free hyperspectral chemical imaging of a supported lipid
monolayer with 20 nm resolution using TERS for the first
time. High signal-to-noise ratio spectra enabled reproducible

TERS imaging of DPPC monolayers on a Au (111) surface
and a direct correlation of the TERS and topography images.
TERS imaging provided spectroscopic visualization of nano-
scale structural features such as holes as well as local
variations in the lipid packing order in the transferred
DPPC film. High-resolution TERS imaging even revealed
differences in the lipid molecular arrangement on the same
single crystal terrace, which has not been observed before.
These results unequivocally demonstrate that TERS is
a reliable tool for the nanoscale structural and chemical
characterization of the molecular organization in supported
lipid monolayer systems. This work opens the door for direct,
non-destructive, and label-free molecular visualization of
more complex biological membranes at the nanoscale using
TERS.
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