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Abstract

Early diagnosis of neonatal respiratory distress syndrome (nRDS) is important

in reducing the mortality of preterm babies. Knowledge of the ratio of two

components of lung surfactant, dipalmitoylphosphatidylcholine (DPPC), and

sphingomyelin (SM) can be used as biomarkers of lung maturity and inform

treatment. Raman spectroscopy is a powerful tool to analyze vibrational spec-

tra of organic molecules which requires only limited sample preparation steps

and, unlike IR spectroscopy, is not masked by water absorption. In this paper,

we explore the potential of using Raman spectroscopy as a tool to estimate the

ratio of DPPC and SM from aqueous vesicles of binary mixture of DPPC and

SM. We demonstrate that the ratio of DPPC and SM can be estimated by esti-

mating the ratio of intensity of C O stretch of DPPC and C C stretch of SM

as well as C O stretch of DPPC and amide I of SM. Further, we employ a par-

tial least squares regression (PLSR) model to automate the estimation and

demonstrate that PLSR method can predict the DPPC and SM ratio with an R2

value of 0.968.
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1 | INTRODUCTION

Lipids, especially phospholipids, are the building blocks
of the lipid bilayer that forms the cell plasma membrane
and membranes of intracellular vesicles.1 Phospholipids

consists of a hydrophilic phosphate containing head-
group and one or two hydrophobic fatty acid chains.1

The phosphate in the headgroup is typically connected to
an alcohol such as choline, inositol, glycerol or to a car-
bohydrate2 The phosphate headgroup is attached to the
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fatty acid chain through a backbone molecule, with glyc-
erol and sphingosine being the most common.2 In the
presence of water, phospholipids arrange themselves into
lipid bilayers and vesicles which can act as barriers to
water but which are transparent to small molecules such
as oxygen and carbon dioxide.

Phosphatidylcholine (PC)—also known as lecithin—is
a major component of mammalian cell membranes, com-
prising two fatty acyl chains attached to a glycerophospho-
choline backbone by ester bonds. PC comprises many
individual molecular species defined by the combination
of fatty acyl chains. Dipalmitoylphosphatidylcholine
(DPPC) is the most abundant PC species, with two esteri-
fied saturated palmitoyl acyl chains.1 DPPC has been
widely used to prepare lipid bilayer model membranes in
research,3 by either the Langmuir–Blodgett4 or liposome
methods.5 Sphingomyelin (SM) is another significant com-
ponent of mammalian cell membranes6 comprising a
sphingosine backbone with one esterified fatty acid, typi-
cally palmitate. SM confers rigidity to the cell membranes
due to its ability to form hydrogen bonds using the hydro-
gen donating amide and hydroxyl moieties present in the
sphingosine backbone and hydrogen accepting moieties of
headgroup and fatty acid chain.7 Together with choles-
terol, SM forms specialized domains in cell membranes
called lipid rafts. Lipid rafts are detergent resistant; there-
fore, these can be isolated from cell membranes using a
non-ionic detergent such as Triton X-100. Lipid rafts are
important in targeted binding and immune signaling.6

Liposomes are small artificial vesicles made from
amphiphilic lipids, such as PC and SM. They can be used
as model systems8 to study cell membrane dynamics in
the laboratory. Several experimental techniques such as
differential scanning calorimetry,9 fluorescent imaging,10

atomic force microscopy, and Raman imaging are used to
study liposomes to understand the domain separation,
domain co-existence, lateral separation, and phase transi-
tion in biological membranes. Liposomes are also used in
targeted drug delivery, gene therapy, and vaccines11 —
such as covid-19 mRNA vaccines12 — due to their bio-
compatibility, biodegradability and hydrophilic and
hydrophobic drug loading capability.13,14

Lung surfactant is a complex mixture of lipids and
protein that regulates the surface tension of the inner
lining of the alveoli and small airways.15,16 Lungs sur-
factant reduces the surface tension at the alveolar sur-
face, preventing its collapse during exhalation.17 Lung
surfactant consist of 90% lipids and 10% protein, with
DPPC being the major lipid component.18 Other lipids
such as phosphatidylglycerol, phosphatidylinositol, and
cholesterol are also present in lung surfactant, with SM
being a minor component.18 Lung surfactant also pro-
tects against pathogens and plays a role in the immune
response.19

Neonatal respiratory distress syndrome (nRDS) is the
primary cause of hospitalization, respiratory failure, and
death in very preterm neonates.20 Surfactant deficiency
in immature lungs is the principal cause of nRDS and
administration of animal derived surfactant therapy at
birth has significantly improved survival and disease
severity of these very vulnerable infants. Nevertheless,
surfactant administration can be detrimental if it is not
required when lungs are sufficiently mature. Early detec-
tion of nRDS would significantly inform the clinical deci-
sion whether to treat with surfactant. Historically,
estimation of the ratio of PC (lecithin) to SM (L/S ratio)
in amniotic fluid before birth was used to predict
nRDS,21 but the methods used—thin layer chromatogra-
phy and mass spectrometry—were too time-consuming
and laborious to be clinically useful for the rapid deci-
sions required at birth.21 More recently, Fourier trans-
form infrared spectroscopy (FTIR) was suggested as a
more rapid method to diagnose nRDS.22,23 However,
presence of water can mask the fingerprint region of
FTIR spectrum and therefore FTIR spectroscopy requires
liquid–liquid extraction methods to dissolve lipids in an
organic solvent.

Raman spectroscopy is a reliable tool to explore the
properties of lipids24 especially in the case of ratiometric
analysis.25 Compared with chromatography, Raman spec-
troscopy does not require elaborate sample preparation or
labeling. Raman spectroscopy can be used to accurately
determine the chain length of organic molecules, func-
tional groups, and degree of unsaturation, which in turn
can be used to identify the individual components of a
complex mixture.25 Raman spectroscopy has also been
used to investigate the liposome domain formation26 and
phase transitions.27 Raman spectroscopy requires minimal
sample preparation and unlike infrared spectroscopy; the
Raman spectrum can be obtained from aqueous solutions.

In this paper, we explore the possibility of detecting
nRDS using Raman spectroscopy using synthetic aqueous
samples as a model of lung surfactant. We prepared
DPPC/SM vesicles as a model system for gastric aspirate
extracted from newborn babies. We have prepared aque-
ous lipid vesicles with DPPC/SM ratio ranging from 0.25
to 3.25 to emulate the lipid concentration around the crit-
ical L/S ratio of 2. Raman spectroscopy of samples shows
that the L/S ratio can be calculated using ratiometric
analysis. Further, we have implemented a partial least
squares regression (PLSR) to model and predict the L/S
ratio in the vesicles. The model shows high accuracy with
R2 of 0.968. This demonstrates that using Raman spec-
troscopy, one could potentially diagnose nRDS from gas-
tric aspirate with minimal sample preparation steps.
Raman spectroscopy combined with machine learning
techniques provides the opportunity for rapid bedside
diagnosis.
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2 | MATERIALS AND METHODS

2.1 | Materials

We obtained the N-palmitoyl-D-erythro-
sphingosylphosphorylcholine (16:0 SM) and as a model for
lecithin 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine
(DPPC/16:0 PC) from Avanti polar lipids. HPLC grade
dichloromethane (DCM) was purchased from Sigma
Aldrich.

2.2 | Preparation of liposomes

To prepare the 2 mM SM stock solution, 14.06 mg of SM
(molar mass 703.028 g) was dissolved in 10 mL of DCM.
Two millimolars of DPPC stock solution was prepared by
dissolving 14.68 mg of DPPC (molar mass 734.039 g) in
DCM. Appropriate amounts of SM and DPPC were ali-
quoted into glass vials to prepare lipid mixtures. The total
lipid contents in the final mixture were maintained as
1 mM. The mixtures were sonicated for 1 min, and then,
solvent was allowed to evaporate under nitrogen flow.
One milliliter of deionized water was added to the dried
films. The glass vials were warmed up to 60�C and vigor-
ously shaken until the solution became turbid. The lipid
solutions were transferred to a centrifuge tube and centri-
fuged at 16,000 g for 25 min. The supernatant, which
contains smaller vesicles, was transferred to another glass
bottle. The precipitated multilamellar vesicles were
pipetted to a Si substrate for further study. Figure 1A–D
shows the schematic of sample preparation. A total of
15 samples were prepared, which included 13 samples
of vesicles with L/S ratios ranging from 0.25 to 3.25 at

intervals of 0.25, as well as vesicles of DPPC and SM.10
spectra were collected from each sample. The liposomes
are pipetted to a Si substrate for imaging and spectros-
copy (Figure 1E). A dark field image of vesicles prepared
using this method is shown in Figure 1F.

2.3 | Raman spectroscopy

Raman spectroscopy of the samples was carried out using
a Renishaw inVia micro-Raman spectrometer with laser
excitation at a wavelength of 532 nm. The microscope was
set up in epi-florescence configuration. The samples were
excited through a 50� objective lens, and the Raman scat-
tered light was collected through the same objective lens.
A notch filter was used to filter the excitation laser light
from the Raman spectrum. To record the spectra, 25 μL of
sample was deposited on a Si wafer. Raman scattering
from the Si wafer was used to calibrate the spectrometer.
All spectra were recorded at 10 s exposure, with five spec-
tra averaging and the laser power was typically 5 mW. All
spectra were recorded at room temperature.

3 | RAMAN SPECTRA OF DPPC
AND SM

Figure 2 shows the chemical structure of the (A) DPPC
and (B) SM used in the study. Both DPPC and SM are
phospholipids. Phospholipids are lipids where a phos-
phate group is attached to a backbone molecule and one
or two fatty acids are attached to the backbone molecule.
In the present case, a choline molecule was attached to
the phosphate group. A glycerol molecule acts as the

FIGURE 1 (A–D) Work

flow of preparation of lipid

vesicles. (A) Appropriate

amount of DPPC and SM

solutions are mixed in a vortex

mixer. (B) The mixture was

dried under nitrogen flow.

(C) DI water was added to the

dried film and warmed to 60�C
and vortex mixed. (D) The

mixture was transferred to a test

tube and centrifuged.

(E) Precipitate pipetted to a Si

substrate for imaging and

spectroscopy. (F) Microscope

image of DPPC/SM lipid

vesicles.

VELUTHANDATH ET AL. 3

 10974555, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jrs.6631 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



backbone of the DPPC. Two palmitic acid chains are also
attached to the glycerol. The backbone molecule of the
SM is sphingosine. A palmitic acid chain was attached to
sphingosine as the fatty acid chain.

Figure 3A shows the Raman spectra of DPPC and SM
recorded in the 600–1800 cm�1 region where it shows the
vibrations of functional groups. The difference in Raman
spectra due to the presence of different molecular confor-
mation can also be observed in this region. DPPC and SM
show similar spectra at wavenumbers between 600 and
1600 cm�1. The C—N stretch of the phosphocholine
head group is observed at 718.8 cm�1 in SM and
720 cm�1 for DPPC.28 A coincident band of gauche C—C
stretch and choline head group deformation band was
observed at 876 cm�1.28,29 The trans C—C stretch is
observed at 890 cm�1.29 The C—C stretching region
(1000–1200 cm�1) shows both the trans and gauche con-
formers. The out of phase trans conformers of both SM
and DPPC was observed at 1063 cm�1. The in-phase com-
ponent was observed at 1129 cm�1. The gauche con-
formers transition of SM was observed at 1093 cm�1 and
that of DPPC at 1098 cm�1. CH2 twist peak was observed
at 1296 cm�1. The width of the CH2 twist peak of SM is
slightly higher compared DPPC liposome, confirming
that the gauche conformation is higher in SM. The CH2

methylene bend peak of SM and DPPC was observed at
1436 cm�1. An asymmetric methyl band was observed as
a shoulder of the methylene bend peaks.

The 1600–1850 cm�1 region shows significant differ-
ences in the spectrum of DPPC and SM. The C O
stretching vibration was observed in DPPC at
1737 cm�1.30 The C C stretching of SM was observed at
1672.7 cm�1.24 The amide I band of SM was observed
at 1641.4 cm�1. The amide I peak appears as a shoulder
of the C C stretch of SM. The amide I band was formed
due to the coupling of C O stretch to an N—H bending
vibration.31 The amide I band is an indication of the
structural rigidity of the lipid bilayer.

Figure 3B shows the C—H stretching vibrations of
SM and DPPC. The asymmetric C—H methylene stretch-
ing was observed at 2847 cm�1, and the symmetric meth-
ylene stretching was observed at 2842.8 cm�1. The
symmetric C—H terminal methyl stretch was observed at
2936.7 cm�1. The vibrational bands of SM and DPPC are
given in Table 1.

4 | RATIOMETRIC ANALYSIS OF
DPPC/SM LIPOSOMES

To understand the interaction of DPPC and SM in lipid
vesicles, vesicles containing different ratios of DPPC and
SM were prepared as described in Section 2. Raman spec-
tra of the vesicles in the fingerprint region (600–
1600 cm�1) are shown in Figure 4A. The lipid vesicles
show similar spectra in the 600–1600 cm�1 range. The

FIGURE 2 Chemical structure of (A) DPPC and (B) SM.

FIGURE 3 Raman spectra of DPPC and SM liposomes recorded in (A) the 600–1800 cm�1 band and (B) the 2800–3200 cm�1 band.
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region containing the amide I band and the C C stretch
of SM and C O stretch of DPPC is shown in Figure 4B.
Spectra are vertically offset for clarity. The C O stretch
of the carbonyl bond of the DPPC occurs at 1742 cm�1

and unique to DPPC and therefore can be used as a

measure of the total DPPC present in the sample. In the
molecules, only SM has a carbon double bond, and it is
relatively immune to the influence of DPPC. SM also
shows amide I vibrations. Therefore, the C C stretching
vibration and amide I band can be used as a measure of
total SM contained in the mixture.

Figure 5A shows the 1600 to 1800 cm�1 region of
spectra normalized to the C C stretch of SM for various
L/S ratios. SM is capable of forming intermolecular
hydrogen bonds involving 2NH atoms resulting in stiffer
lipid bilayer7 whereas DPPC is usually of forms hydrogen
bonds using the head group. The decrease in the ampli-
tude of the amide bond vibration indicates the weakening
of intermolecular interaction between SM molecules due
to the intercalation of DPPC.

The ratio of the Raman intensities resulting from the
C O stretch of DPPC and the C C stretch of SM is
shown Figure 5B, where it can be seen that the ratio
increases with increase in DPPC concentration. Similar
trends were also observed by Shirota et al.26 The linear fit
of the data point is also shown in Figure 5B. The linear
fit has a slope of 0.79 ± 0.06. The linear fit has an R2

value of 0.97. The ratio of C O stretch and amide I band
also increases with increase in DPPC concentration,
albeit nonlinearly. Figure 5B also shows a second-order
polynomial fit (R2 = 0.98) to the IC¼O=IAmide I ratio. These
curves can be used to estimate the ratio of DPPC and SM
in an unknown sample. The heterogeneity of samples

FIGURE 4 Raman spectra of DPPC/SM vesicle in the 600–1600 cm�1 (A) with different L/S ratio. Spectra are offset for clarity. Raman

spectra of vesicles in 1600–1800 cm�1 showing amide I band, C C stretch, and C O vibrations are shown in (B).

TABLE 1 Assignment of Raman peaks of DPPC and SM.

Raman shift (cm�1) Assignment

718–720 C—N stretch

876 Gauche acyl C—C stretching +

choline deformation

890 acyl C—C stretching (trans)

953 CN asymmetric stretching

1062 C—C stretching (trans)

1092–1097 C—C stretching (gauche)

1128 C—C stretching (trans)

1296 CH2 twist

1436–1440 CH2 deformation

1641 Amide I band

1672 C C stretch

1737 C O stretching

2846 Asymmetric C—H methylene stretch

2881 symmetric C—H methylene stretch

2933 C—H terminal methyl stretching

VELUTHANDATH ET AL. 5
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was investigated by acquiring the spectra at different
locations in the samples. The spectral intensity showed
variation as high as 50% from the average peak intensities
across sample position. This is because of the size and
distribution difference of the vesicles. However, the
observed variation is comparable among amide I, C C
stretch, and C O stretch indicating a homogeneous dis-
tribution of DPPC and SM across different vesicles. The
normalized spectra show much lower deviation.
The observed inhomogeneity in estimation of L/S ratio is
plotted as error bars in Figure 5B. We have observed that
the variation in amide I band is higher compared with
C C stretch. This could be because the amide I band is
sensitive to the hydration state of the sample. Accuracy
of these curves can be increased by acquiring large set
of data and employing machine learning algorithms. The
reported values of the concentration of lipids in lung
aspirates were 0.12–0.6 μmol/mL.22 Because we used a
centrifugation step in our sample preparation, it is diffi-
cult to predict the actual concentration of lipids in the
measured sample. To establish that Raman spectroscopy
can be useful on samples with physiologically relevant
concentration, we have prepared samples with concentra-
tion 10, 1, 0.5, 0.1, and 0.01 μmol/mL 1 mL aqueous solu-
tion. The centrifugation step was omitted to maintain the
total lipids concentration in the sample. Fifty microliters
of sample was pipetted to a Si wafer, and Raman spectra
were recorded (see Figure S1). The exposure time was
40 s and averaged over four spectra. We were able to
observe Raman spectra with a lipid concentration 1 order
of magnitude lower (0.01 μmol/mL) than physiologically
relevant concentrations (0.12–0.6 μmol/mL) which dem-
onstrates that Raman can be used to measure L/S in
physiologically relevant concentrations.

One of the important parameters to consider when
detecting chemicals using Raman spectroscopy is the
limit of detection (LOD). To detect analytes using Raman
spectroscopy, the Raman Intensity needs to be two to
three times greater than the intensity of the noise back-
ground.32 To determine the LOD, we prepared lipid vesi-
cles with total lipid concentration of 10, 1, 0.5, 0.1, and
0.01 mM and recorded spectra. For LOD determination,
we used the expression IRaman >2� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

IRamanþ IBackground
p

,
where IRaman is Raman intensity and IBackground is the
background intensity.32 A concentration of 0.01mM was
sufficient to detect spectra using C C stretching and
C O stretching, while amide I required a slightly higher
concentration of 0.1 mM (see Figure S2). However, it is
important to note that the intensity of Raman spectra
varies considerably in each sample due to differences in
vesicle size and distribution. To account for this variabil-
ity, we also estimated the LOD using the calibration
curve. The LOD is defined as33

LOD¼ 2√2σ
ρ

,

where σ is the standard deviation of the background sig-
nal estimated using a blank sample and ρ is the slope of
calibration curve. The estimated value of σ was 92.81,
and the slopes from the calibration curve were 933.57 for
the amide I peak, 2575.40 for C C stretch, and 5755.74
for C O stretch (see Figure S3). Using the expression
mentioned above, the LOD for the amide I bond was
0.28mM; for C C stretching, it was 0.1 mM; and for
C O stretching, it was 0.04mM. The C O stretching
mode of DPPC has lower detection limit compared with
Raman vibrations of SM; therefore, the LOD is limited by

FIGURE 5 (A) 1600 to 1800 cm�1 region of spectra normalized to C C stretch of SM. (B) Ratio of C O stretch of DPPC and C C

stretch of SM and C O stretch and amide I band as a function of L/S ratio. The error bar shows standard deviation from measurements at

various locations of the same sample.
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the detection limit of amide I mode and C C stretching
mode, and we can infer that the LOD in ratiometric anal-
ysis is 0.28mM using amide I bond and C O stretching
and 0.1 mM using C C vibrations and C O stretching.
The LOD can be improved by improving the signal-
to-noise ratio.

5 | PLSR OF RAMAN SPECTRA

Machine learning methods are recently gaining popular-
ity in the analysis of Raman spectra because of their pre-
diction accuracy and ability to analyze large sets of
data.34 We have used PLSR, a supervised multivariate
method, to analyze and predict the L/S ratio. We chose
PLSR because it addresses issues related to multicolli-
nearity in spectral data and allows us to develop robust
prediction models.22 Raman spectra were baseline cor-
rected using Spectrogryph software,35 and the PLSR anal-
ysis was performed using the quant module of Operant
LLC, Peak® spectroscopy software. Figure 6A shows the
work flow used in the machine learning methods. All
spectra were vector normalized before analysis. The spec-
tra were split into 80:20 ratios as train and test sets. This
approach was chosen because it avoids a “data leakage”
scenario where information in the test dataset is inadver-
tently used to improve the performance of the PLSR
model. By separating these two datasets before any pre-
processing, all enhancements to the model's performance
are solely based on the information available in the train-
ing dataset, making the prediction outputs from the test
dataset more likely to reflect real-world performance.
The PLSR model was trained using the train dataset and
optimized using leave-one-out cross-validation. Figure 6B
shows the prediction results of L/S ratio of the test set,
for which the R2 of the prediction was 0.968. Collecting

additional data would increase confidence in the broader
applicability, generalizability, and performance of this
approach for predicting the L/S ratio. However, the pri-
mary purpose of this study was to explore whether it is
possible to use Raman spectroscopy for determining the
L/S ratio, as has been demonstrated.

6 | CONCLUSIONS

Raman spectroscopy is a powerful and versatile tech-
nique to potentially quantify the constituents of bio-
membranes. Raman spectroscopy can be carried out in
aqueous environment and requires very little sample
preparation. DPPC and SM are two important constitu-
ents of bio-membranes and also participate in cell signal-
ing and formation of lipid rafts. Knowing the ratio of
DPPC and SM in lung surfactant of preterm babies is
important when evaluating the lung maturity and could
in the future be an important consideration when decid-
ing the course of action of critical care. In this paper, we
have used aqueous vesicles of DPPC and SM as a model
of lung surfactant. We demonstrated that the L/S ratio
can be measured from aqueous vesicles using Raman
spectroscopy, demonstrating potential for rapid bedside
diagnosis of nRDS. The Raman intensity ratios
IC¼O=IC¼C and IC¼O=IAmide I are proportional to the L/S
ratio. We have also observed weakening amide I Raman
vibration of SM due to the weakening of intramolecular
hydrogen bond between SM molecules with addition of
DPPC. We propose that the L/S ratio of an unknown
sample can be deduced from IC¼O=IC¼C and IC¼O=IAmide I .
We further demonstrated that a PLS regression model
can predict the L/S ratio in vesicles with high accuracy.
Further studies using complex mixtures and clinical sam-
ples will be carried out in the future.

FIGURE 6 (A) Workflow of machine learning method used in the study. Correlation plot of true and predicted L/S ratio of test set

samples is shown in (B).
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