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Article History Abstract — Accurate characterization of synthetic liposomes is essential since they give information about the vesic-
Received:  16.04.2023 ular structures in bodily fluids such as extracellular vesicles. The characterization tasks are generally the determina-

tion of the sizes of the liposomes and the profiling of the liposomes' content. Optical tweezers and Surface Enhanced
Accepted:  18.08.2023 Raman Spectroscopy (SERS) were used to profile the nanosized liposomes. The size distribution of the trapped lip-

Published:  20.12.2023 osomes (140 nm on average) was found by using Einstein's Brownian motion equation, consistent with the size dis-
tribution obtained from dynamic light scattering measurements. Besides, Gramicidin-encapsulated liposomes were
Research Article measured using SERS, and statistically significant differentiation was found in Raman intensities between liposome

populations with altering concentrations of proteins. This study uniquely measured size distributions of nano-sized
liposomes with conventional optical tweezers (without plasmonics) and determined the chemical differences between
empty and protein encapsulated liposomes with high accuracy using Raman spectroscopy.
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1. Introduction

Liposomes are microscopic vesicles enclosing a liquid inner chamber in one or more lipid bilayer layers
(lamella). These structures are biocompatible and biodegradable and do not produce an immune response
(Laouini et al., 2012). Although it consists of amphiphilic phospholipid molecules, different biomolecules
(functional group-linked phospholipid, cholesterol, cell membrane protein, etc.) are added to their structures,
such as bioactive substance (drug, vaccine, gene) transport systems. They are widely used in various fields,
including protein structure-function relationships and protein-lipid interactions (Laouini et al.,2012;
Zhang,2017). Efficiency and success in use areas depend on the liposome's structure and properties. The
structure and properties of liposomes vary significantly according to their molecular contents, sizes, number
of layers, charges, and the way they are formed (Alavi et al., 2017, Akbarzadeh et al., 2013). The diameters of
liposomes range from 20 nm to a few pm. They can be classified in to different classes due to their number of
layers, small-single-layer (20-100 nm), large-monolayer (>100 nm), very large-monolayer (>1000 nm), and
multilayer (> 500 nm). Using monolayer liposomes allows the entrapped molecules to be uniformly stored in
a single fluid compartment (Alavi et al., 2017). There are four different phospholipids commonly used in
liposome construction. These are PC: Phosphocholine, DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine,
DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DLPC: 1,2-dilauroyl -sn-glycero-3-phosphocholine
can be listed as DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine. After G. Gregoriadis (Gregoriadis &
Ryman, 1971) proposed that liposomes for use as a drug delivery system, liposome studies advanced
technological developments in various fields, especially in mathematics, theoretical physics, biophysics,
chemistry, biochemistry, and biology disciplines. With the contribution of new methods and different fields,
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many developments such as remote drug loading, extrusion for homogeneous measurements, construction of
long-circulation liposomes, and the development of liposomes containing nucleic acid polymers and liposomes
containing drug combinations have emerged (Allen & Cullis, 2013) As they can also create model structures
for exosomes, liposomes have proven to be very useful in processes that are difficult to understand.

The method used in this study to examine liposomes is optical tweezers. Optical tweezers is a method that was
awarded the Nobel Prize in 2018 (Ashkin, 1997) and is based on the principle of momentum transfer to a
micrometer or nanometer-sized particles by tightly focusing laser beams with the help of high numerical
aperture lenses (Neuman & Block, 2004; Ashkin, 1997). Numerous applications of optical tweezers have been
demonstrated over the years. In general, it has been found that this method enables a biological particle to
remain undamaged in its environment for a long time, and position measurement allows measurement of
optical forces. In one of these applications, studies were carried out using the escape force method utilizing
particles with a diameter of 1 um via optical tweezers (Simon & Libchaber, 1992). In another study, direct
observation by optical tweezers of the step movements of kinesin found kinesins to move in 8-nm steps
(Svoboda et al., 1993). In addition, the optical tweezers system allowed the mechanical properties of polymers
and biopolymers to be studied. The mechanical properties were observed to be consistent with the conventional
muscle contraction model (Finer et al., 1994). Optical tweezers have been used to study living systems and
biomolecules as well as model systems such as liposomes (cell membrane, exosome, etc.). One of the most
interesting applications of these is the use of liposomes produced by the reversible phase evaporation method
as a micro-chemistry laboratory with optical tweezers (Kulin et al.,2003). In this study, liposomes containing
different types of optically trapped chemicals are combined systematically, and a chemical reaction is initiated
with the mixture of their contents. Thus, it can be used as a micro-reactor. In another study, Foo et al. (Foo et
al., 2003) showed that phosphatidylcholine liposomes are significantly deformed due to hydrodynamic forces.
The mechanical properties of giant liposomes were demonstrated by using the dual optical tweezers method
and the optical measurement of force constants by stretching the liposomes (Shitamichi et al., 2009). In two
different studies conducted in 2011 and 2014, the chemical transport properties of liposomes, which have an
important place in drug targeting, were examined in a controlled manner with the help of optical tweezers
(Pinato et al., 2011; Shiomi et al., 2014).

Optical tweezers can also be combined with other analysis methods to examine various properties of trapped
particles. Raman spectroscopy was utilized in this study since it is suitable for examining molecular properties
of biological particles. In Raman spectroscopy, light scattering occurs by molecules when a monochromatic
light from an illumination source interacts with the molecules in the structure of the illuminated sample and
results in a fingerprint signal specific to the molecules inside the sample of interest. Many essential studies and
applications have been made in biology and medicine with Raman spectroscopy. A study visualized the
relationship of living cells with DNA with phosphate stretch vibration and proteins with amide | vibration
(Cheng et al., 2002). Besides, water with OH stretch vibration (Dufresne et al.,2003) and lipidic reactions with
CH stretch vibration have been observed (Nan et al.,2006). In addition to these studies, vibrational imaging of
bilayer lipids has been achieved (Potma & Xie, 2003). Raman scattering has also created a powerful imaging
method to study tissues in living organisms (Evans et al., 2005). Cherney and his team examined liposomes of
0.6 pm (Cherney et al., 2003) and 3 um in diameter (Cherney et al., 2004) produced from different types of
phospholipids (DMPC, DPPC, DLPC, DOPC) by Raman tweezers method in two studies conducted in 2003
and 2004. Following this study, extensive studies were conducted with particles 0.5 um in diameter and above
with Raman tweezers (Hotani et al., 1999; Spyratou et al.,2015; Penders et al.,2018; Chan et al., 2005). Raman
tweezers studies were also carried out by producing liposomes with diameters between 50 and 200 nm at
submicron scale. In one of them, Kruglik trapped 50, 100, 200, and 400 nm liposomes to model the exosome
behavior and studied Raman spectra (Kruglik et al., 2019). In this study, Kruglik determined the concentrations
of these liposomes using the spectral ratios of CH2 (1440) and H20 (1640) bond strengths.

Since spontaneous Raman is a method produces a weak signal, an amplification mechanism is necessary to
extract information from the nanosized particles, which contains low volume of material, generally not
sufficient to obtain observable spectra. We propose to apply Surface Enhanced Raman Spectroscopy (SERS),
a special form of Raman spectroscopy to enhance molecular vibrations by matching the incident
electromagnetic wave’s frequency with the localized surface plasmons resonance frequency which occurs very
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close to the metal surface (5-40 nm) (Stiles et al.,2008). Recently, it has been investigated how SERS efficiency
increases with aptamer (Kim et al.,2010), gold nanostar (Lee et al.,2014), nanorod (Chaney et al., 2005),
nanoshell (Jackson et al.,2003), nanoparticle (Kneipp et al.,2002) doped applications. Metal nanoshells are a
class of nanoparticles with tunable optical resonances. In the article (Hirsch et al., 2003) an application of this
technology to thermal ablative therapy for cancer is described. In another article, they carried out the first
measurements of a solid-supported lipid bilayer on a SERS-active substrate and characterized the bilayer using
SERS, atomic force microscopy, surface plasmon resonance spectroscopy, ellipsometry, and fluorescence
recovery after photobleaching (Bruzas,2019).

In this study, optical tweezers and SERS were applied to determine the size distributions of the vesicles and
the amount of proteins inside PC liposomes. To our knowledge, this is the first application of SERS-tweezers
on gquantification of proteins in lipid nanovesicles. This study especially important for being a model for
extracellular vesicle studies, which became quite impactful in the area of cancer research.

2. Materials and Methods

2.1. Generation of AuNP-free liposomes

A thin lipid film was formed to form AuNP-free liposomes (Kilig,2017). For this, 40 uL of the
phosphatidylcholine (PC, Figure 1A) stock solution (2.5 mg/mL) prepared in chloroform was poured into a
round-bottomed flask (100 mL), and a thin film was formed by evaporating the chloroform under nitrogen gas
by manually rotating it. Large, multilamellar liposomes (Large Multilamellar Vesicles, LMV) were then
obtained by vigorously mixing the lipid layer by vortexing for 15 minutes in phosphate buffer (PBS; pH: 7.4
and 0.01 M).
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Figure 1. A)Structure of the phosphatidylcholine molecule. B) Mini extruder system components and C) com-
bined view. D) Raman tweezers experimental setup.

The extrusion method was used to obtain a monolayer liposome (Small Unilamellar Vesicles, SUV) (Avanti
Mini-Extruder, Figures 1-B and 1-C). For this, the LMV solution was passed through the polycarbonate mem-
brane placed in the center of the extrusion system 21 times with syringes on both sides. Membranes with
different pore sizes (50-1000 nm) were used to form liposomes of different sizes. The resulting LMV or SUV
liposomes were stored in the falcon at +4 °C and used within 1-3 days after production (Kili¢ & Kok, 2019).

2.2. Experimental setup

The Raman tweezers experimental setup, in which the liposomes are characterized, is given in Figure 1D
and is basically built around a 785 nm, 500 mW single-mode diode laser, spectrometer, and microscope. In the
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experimental setup, the 785 nm laser beam is directed to the microscope objective with the help of suitable
lenses and reflective mirrors. The laser beam focused through the microscope objective (100x, 1.3 NA) reaches
the sample. The rays passing through the sample reach the quadrant photodiode with the help of a reflective
mirror (RM1) and lenses (L1, L2). The beams emitted from the white light source pass through the sample
using lenses (L) and reach the CCD camera via the dichroic mirror (DA 2). Since the dichroic mirror (DA 2)
has a long pass filter allowing beams with wavelengths larger than 650 nm, visible light below 650 nm is
reflected. This beam is imaged on the camera as light with a wavelength greater than 650 nm passes through
the mirror. The rays scattered from the sample are delivered to the spectrometer with the help of a reflective
mirror (RM 2), dichroic mirror (DA 1), and filters (F1, F2). Since the dichroic mirror (DAL) has the property
of transmitting wavelengths shorter than 805 nm, light above 805 nm wavelength is reflected and directed
towards the spectrometer. Since the Raman scattering lights will have a wavelength above 785 nm, only Raman
scattering beams reach the spectrometer.

2.3. Raman tweezers characterization of produced liposomes

The Raman spectra were acquired 14 times with a 30-second signal acquisition time for Raman, and the
time average of the spectra was taken. The averaged spectra were normalized after baseline and background
correction preprocessing and the statistical analysis was started. The signal collection time was planned to be
2 seconds in the SERS application.

3. Results and Discussion

3.1. Tweezers calibration with 5 pm silicon beads

In optical tweezers experiments, calibration experiments are performed to qualitatively determine the
magnitude of the optical force transferred to the laser tweezer particles. The calibration experiments find the
size of the spring constant in the optical tweezers force, which conforms to Hooke's law. Thus, the change in
optical force can be recorded by monitoring the center of mass changes. For silica beads with a diameter of 5
um, a linear variation of the spring constant versus laser power results from repeated calibration. The spring
constant of the system depends on the laser power, where =0.16075. P + 3.7 pN/um.

Here the power values are the percentage values relative to the highest power reaching the sample plane. In
the preliminary study, the system was gradually calibrated up to 100 nm, starting from test particles with a
diameter of 5 micrometers, then readied for calibration of the forces acting on the nanometer-sized liposomes.

By adding Quadrant Photodetector (QPD) to the system, the Brownian motion of the particle in the sample
plane was followed by voltage information based on the method known as back focal plane interferometry
(back focal plane interferometry) in the literature. Since the commercial system allows the movement of the
laser focus in a controlled manner, the voltage-position (V-X) relationship was found by moving a trapped
particle linearly throughout the entire observation area (Figure 2A). When the linear region marked in blue in
this graph is fit, the beta coefficient, which is directly related to the spring constant of the optical force, is
obtained (Figure 2B).

3.2. Multilayer liposome measurements

The sample was prepared with liposomes called large multilamellar vesicles (LMV), and the Brownian
motion of particles 1-3 um in diameter was measured. As a result of two different experiments, spring constants
of 80-100 mW (Figure 2C) and then 40-70 mW (Figure 2D) were found. The size values of the measured
liposomes were measured with the aid of a CCD camera using the device software. Experiments were
continued by taking measurements from a region with no visible particles and observing that there was no
voltage change. In addition, the Stokes-Einstein (1) diffusion equation given in equation 1 was used to
determine the diameters of the trapped particles:
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Figure 2. Calibration with QPD A) Voltage-displacement curve B) Linear fit on the selected region. Spring
constant vs laser power calibration were measured for C) small unilamellar vesicles D) large multilamellar
vesicles.

Here, kB, T, and y are Boltzmann's constant (m?kg.s2.K?), ambient temperature (K), and fluid friction
coefficients, respectively. (m.Pa.s). Since y = 6mrn, the radius r value can be left alone and the fitted D value
can be used. The open source optical tweezers power spectrum fit program named CPC package was used for
the fit process (Hansen et al., 2006; Toli¢-Nerrelykke et al.,2004).

3.3. Monolayer liposome measurements

Preliminary studies continued with experiments at SUVs with an average diameter of 100 nm. At this stage,
since the particles cannot be seen with the naked eye under the microscope (due to the diffraction limit), voltage
signals were followed, and the entry of the particles into the trap was indirectly investigated. Figure 3A and B
shows the position signal distribution from QPD with and without particles in the trap. The variance decreases
dramatically when the particle enters the trap. In the first case, the variance was 2.1055e-16, with the particle
in the trap was 1.9936e-17.
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Figure 3. Position distribution with particle A) absent and B) present in the trap. C) Graph of calculated signal
averages for understanding tweezers events.

150 consecutive oscilloscope recordings were made for each measurement. In the first recording, noise
measurements were taken when the devices and lashe trapping ever were turned off. In the second recording,
the devices and laser were turrned on with no trap. In the third measurement, the trapping events were were
recorded using the averages of five and the QPD voltage signal was compared with the measurement taken
when the laser was turned on (t=0). Figure 3C shows the average signal graph described.

By using corner frequencies and diffusion coefficients obtained as a result of Brownian motion tracking of
liposomes, spring constant and estimated diameter values were obtained as in previous experiments. Estimated
diameter values are given in nm around the data points on Figure 4. The spring constant value was found to be
11.98 + 0.57pN/um against 80% laser power. Figure 4 gives the diameter distributions obtained in optical
tweezers studies of the liposomes produced with membranes with a pore diameter of 200 nm. Accordingly, the
peak of the distribution obtained was around 140-150 nm, which is in agreement with the 140 nm result
obtained previously as a result of the zeta-sizer measurement with the same type of membranes.
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Figure 4. a) Histogram for diameter distributions of liposomes obtained with optical tweezers, 100 nm pore
diameter membrane. b) Averages and standard errors of individual vesicle measurements.

SERS spectra of the liposomes produced in the study were also obtained. The surface plasmon resonance
wavelength 785 nm obtained from Oceans was measured by drying 15 pL liposome samples on gold surfaces
and measured using Oceans QE Raman spectrometer in a similar setup as in Figure 1D, with collection times
of 3 seconds. Since it is not possible to determine in which regions the liposomes bind on the surface with
optical imaging (Liposome diameters are smaller than the diffraction limit of our microscope, which is 740
nm), a Raman map was obtained by scanning a 1.4 mm X 1.4 mm region on the surface. A model protein,
Gramicidin, was used to test the potential of Raman microscopy to distinguish liposomes containing different
biomolecules. The analyses performed by producing 1% and 10% Gramicidin-containing liposomes by volume
determined that liposomes with and without Gramicidin showed different properties. Analysis results are given
in Figure 5 B-D. Figure 5B and C shows that the classification accuracy is high, and the analysis showed 20
misclassified measurements among 3888 measurements taken from three different groups. Fig 5D also
confirms that the principal components' distribution is well-clustered, with minor in-group variances and large
between-group variances, which provided the accuracy we obtained from the analysis.
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Figure 5. A) Comparison of Raman signals of averaged and L2 normalized PC liposome and liposomes con-
taining 1% and 10% Gramicidin protein. B) Confusion table for test results after LDA analysis. C) ROC plot
for LDA analysis. The area under the curve = 1.00. D) Principal component analysis (PCA) comparison of
groups.

918



Journal of Advanced Research in Natural and Applied Sciences 2023, Cilt 9, Say: 4, Sayfa: 912-922

In this study, the size distribution of the vesicles was determined by optical tweezers using Einstein's diffusion
coefficient equation utilizing the displacements of the individual particles inside the trap. This technique was
demonstrated for the determination of trap stiffness (Gieseler et al.,2021, Viana et al., 2007, Singer et al.,
2000) and the calculation of cell biomechanics (Serafetinides et al., 2013, Pesen et al., 2022, Zhang et al.,
2019) before. To the author's knowledge, this is the first demonstration of the estimation of nanoliposomes'
diameters by optical tweezers. Besides, the content of the vesicle was analyzed by surface-enhanced Raman
spectroscopy. The author found that the signal from the lipid bilayer could be differentiated from the total
liposome signal with protein with 1% and 10% concentration. As demonstrated before (Tukova et al., 2021),
SERS analysis is sensitive in investigating liposome-protein systems. Here, the author presents a workflow to
fully characterize nano-vesicles via SERS-tweezers, which paves the way towards label-free integrated
extracellular vesicle analysis, which is important for cancer research.

4. Conclusion

Characterization of nanosized vesicles smaller than 200 nm is challenging due to their small sizes, which
is a limitation for optical methods due to the diffraction limit. Besides, the non-optical methods are generally
low-throughput and generally do not give sensitive content information. Our Raman tweezers approach
brought three advantages: i) The size distribution is sensitively measured using Brownian motion. ii) Content
of the nanosized liposomes was measured using Raman spectroscopy. iii) With the help of machine learning
methods, untrained protein concentrations can be potentially calculated. These synthetic vesicle measurements
have the potential to simulate the extracellular vesicles, especially exosomes, present in the bodily fluids. Since
the precise characterization of the exosomes are crucial for cancer diagnosis, a model experiment is highly
important and our method shows that the controllable addition of cargo contents into sytentic liposomes and
their Raman measurements may provide more accurate cancer diagnosis platforms.
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