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ABSTRACT 

Feasibility Study of Noninvasive Membrane Rigidity Measurements using Model System of 

Giant Unilamellar Vesicles 

   

 

John Paul Hernandez Alcala 

Department of Biomedical Engineering 

Texas A&M University 

 

Research Advisor: Dr. Vladislav V. Yakovlev 

Department of Biomedical Engineering 

Texas A&M University 

 

 

 Mental illnesses such as depression, ADHD, and autism contribute to a highly qualitative 

field of neural medicine and are insufficiently measurable and consistent; however, neuro 

activity such as membrane rigidity, and membrane potential can be measured and correlated with 

these illness to produce a more valid and reliable diagnostic method. Despite advances provided 

to the neuro-spectroscopy field from current techniques such as the combined utilization of 

molecular probes (such as fluorescent dyes) and second harmonic generation imaging, there is 

one major problem with most common noninvasive methods of measuring the membrane 

potential: the addition of probes or dyes for spectral signal amplification. The concerns of such 

an approach are cellular toxicity, pharmacological effects, and alteration of endogenous 

membrane potential. It is commonly reasoned that the origin of these problems is due to 

exogenous perturbation of the plasma membrane. To circumvent these problems, an optically 

driven intrinsic technique for measuring membrane rigidity will be explored in this study using a 

cell model system of giant unilamellar vesicles (GUV) and spontaneous Raman and Brillouin 

spectroscopies to pave the way for non-invasive, probe-free neuro activity measuring methods.  
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NOMENCLATURE 

 

DSM  Diagnostic and Statistical Manual of Mental Disorders  

GUV  Giant Unilamellar Vesicle 

DPPC  1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
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CHAPTER I 

INTRODUCTION 

 

Mental Illness Now 

Definition of Mental Illness 

In this thesis, mental illness is defined according to the NIH definition for any mental 

illness (AMI) which includes a mental, behavioral, or emotional disorder (excluding 

developmental and substance use disorders); diagnosable currently or within the past year; and of 

sufficient duration to meet diagnostic criteria specified within the 4th edition of the Diagnostic 

and Statistical Manual of Mental Disorders (DSM) [1].  

 

Mental Illness Validity and Reliability 

According to a study conducted in 2015, an estimated 43.4 million adults aged 18 or 

older in the United States suffer from mental illnesses; this statistic, however, does not include 

those suffering from adult attention deficit hyperactivity disorder (ADHD), autism spectrum 

disorders, schizophrenia or other psychotic disorders[1]. In Figure 1.1, the 43.4 million adults are 

broken down into different gender, age, and race/ethnicity categories. In addition, the financial 

burden due to lost earnings, public disability insurance payments, and national expenditure for 

mental illness care is estimated to be at least $467 billion [2]. 
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Figure1.1 Breakdown of 43.4 million individuals who suffer from mental illnesses [1]. 

 

Even with the DSM, some mental illnesses are undiagnosable or inappropriately diagnosed.  The 

reason for this is due to the limited validity and reliability attributed to subjective evaluations and 

definitions such as those present in DSM. Some effort has been done on identifying biological 

markers that correlate with certain mental illness; however, only when combining MRI imaging 

and assessment of cognitive control and sensorimotor reactivity was there a means of generally 

grouping mentally ill individuals with similar brain imaged profiles. Although, an important 

aspect that came out of this effort was a proof of concept that structural and functional brain 

biomarkers measurements can sort individuals with mental illness into groups that are 

neurobiologically distinctive and appear biologically meaningful [3]. Despite this innovative 

approach, most clinical diagnosis of mental illness are completed using the DSM which lacks 

validity because diagnoses are based on a consensus about clusters of clinical symptoms, not any 

objective laboratory measure [4]. Along with validity, reliability of the DSM for diagnosing is 

questionable. Some insight into this unreliability was demonstrated in a case when one 



6 

experienced psychiatrist interviewed the patient first and a second psychiatrist interviewed the 

patient after a resting period of few minutes. After the second interview, both psychiatrists met, 

discussed their diagnosis and established reasons for disagreement. The three main reasons for 

diagnostic disagreement were: inconstancy of the patient (5%), inconstancy of the clinician 

(32.5%), and inadequacy of the nomenclature (62.5%) [5]. These three reasons have led to new 

issues such as inappropriate diagnosis and treatment. For example, approximately 1.1 million 

children have been inappropriately diagnosed with ADHD and prescribed over 800,000 

stimulated medications due to relative immaturity [6]. Because of these problems, there is a need 

to move qualitative diagnostic methods to more quantifiable and physiological driven methods. 

 

Quantifying the Physiological Importance of Neuron Activity 

At any instant in the body, many physical processes are occurring that drive physiological 

processes ranging from food digestion to complex fetal hormonal mechanisms. Among those 

physical processes, electrical activity is derived and a key driving force in the central nervous 

system. When electrical signals throughout the body are sent and received at the expected 

physiological parameters, optimal fundability of the central nervous system and peripheral 

nervous system is attained; however, if these parameters are not met, serious neurological 

disorders can ensue. For example, one study found a disruption in gamma oscillations led to the 

acumination of amyloid-β, a protein often associated with Alzheimer's disease, in the brain of 

mice [8]. In order to diagnosis and treat similar neurologic diseases, a method for measuring 

neurological electrical activity has been achieved by measuring noninvasively with molecular 

probes in the cell membrane. 
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Molecular Probes in Optical Modalities 

Labeling biological samples for the purpose of distinguishing parts of interest from those 

of lesser importance is not a new technique. One patent made for 4,7-dichlorofluorescein dyes 

dates the application of this molecular probe back to 1989 [7].  In neuron membrane potential 

measurements, dyes are commonly used to distinguish when the plasma membrane demonstrates 

electrical or structural changes. For example in one study, the employment of second-harmonic 

generation microscopy of primary Aplysia neurons in culture labeled with 4-[4-

(dihexylamino)phenyl][ethynyl]-1-(4-sulfobutyl)pyridinium (inner salt) proved that optical 

recording of fast cellular electrical activity in the plasma membrane was possible. In fact, despite 

some photo damage, Second-harmonic generation response as a function of change in membrane 

potential was found to be linear with a signal change of ∼6%/100 mV. The signal-to-noise ratio 

was ∼1 for single-trace action potential recordings but was readily increased to ∼6–7 with 

temporal averaging of ∼50 scans [9]. However, as more research with probes in neurons has 

been done, many researches are starting to realize the possible biological consequences such as 

cellular toxicity, pharmacological effects, and alteration of native membrane potential. For 

example, from one study involving dipicrylamine (DPA), it was realized that the addition of 

fixed charges increases the membrane capacitance to the point that staining with a voltage-

sensitive dye can lead to major reductions in the action potential conduction velocity; this effect 

is not specific to DPA, but is true for all systems that sense the potential by charge translocation 

[10] [11].  

Despite the possible negative impact of dyes on neurons, researchers have not attempted 

backtracking to more intrinsic mechanisms for membrane potential measuring. Many intrinsic 

methods are cited as being only applicable to very accessible preparations and producing weak 
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signals [11]. However, most of the studies which demonstrate these short comings for intrinsic 

mechanisms were done in the 1970s and 1980.  

 

Membrane Potential and Membrane Rigidity 

 One intrinsic means of measuring the effect of membrane potential is measuring how it 

changes viscoelastic properties of cells. In other words, membrane potential has the ability to 

affect the fluidity of the bilayer membrane. In one study, membrane depolarization was 

associated with a decrease in the stiffness of endothelial cells which could play a role in flow-

mediated nitric-oxide-dependent vasodilation [12]. This same electrodeformation process is 

observed via imaging when bilayer vesicles such as Giant Unilamellar Vesicles (GUVs) are 

exposed to electric fields [13]. Thus measuring the membrane rigidity will provide a means of 

measuring membrane potential and uncovering how not only electrical activity but viscoelastic 

activity may contribute to mental illness.  

 

Giant Unilamellar Vesicles  

In order to measure clear viscoelastic activity in a membrane without the interference 

from complex channels and other structural constituents from a neuron, GUVs such as the one 

shown in Figure 1.2 are fabricated in vitro and employed as simple cells models because of their 

cell-like spherical structure and membrane composition. Like cells, GUVs have bilayer 

membranes that comprise of different ratios of lipids and cholesterol or an amphiphilic lipid. In 

addition, because they are vesicles, fluid inside the vesicles can differ from the surrounding fluid 

for different imaging modalities such as florescence imaging [14]. 
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Figure 1.2 GUV with phospholipid bilayer cross-section 

 

Raman and Brillouin Spectroscopy 

Brillouin spectroscopy is an emerging tool that has been used to provide information on 

the samples’ viscoelastic properties [15], is used in remote sensing [16], [17], material science 

[18], [19], and biomedical applications [20]–[25]. Raman spectroscopy has been used in the 

medical industry for diagnostic sensing including non-invasive deep tissue diagnosis [26]. Since 

both are optical techniques, measuring Brillouin and Raman spectra simultaneously can offer 

complementary information about a material’s chemical and mechanical structure [21].  

 

Brillouin Scattering 

            Both Raman and Brillouin spectroscopy result from inelastic scattering of light. This 

scattering causes a shift in the frequency of light due to some resonant property [21]. Brillouin 

scattering is a process of the inelastic interaction between the incident electromagnetic wave and 

the acoustic phonons in the medium of the material under study [27]. The incident 

electromagnetic wave experiences a frequency shift proportional to the speed of sound in the 

medium [27]. As a result, the medium’s elastic modulus, which is directly related to the speed of 

10 – 50 

Microns 
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sound in the medium, can be determined by measuring the Brillouin frequency shift [27]. The 

magnitude of the Brillouin frequency shift (Ω) can be determined using equation (1)  

 

Ω = ±2 (
nVs 

λo
) sin (

θ

2
) (1) 

 

where n is the index of refraction of the material, Vs is the speed of sound of the material, λo is 

the wavelength of incident light, and θ is the angle between incident and scattered light. If Ω is 

known, Vs can be calculated using equation (1). After Vs is found, equation (2) can be used to 

find the longitudinal modulus, M’, where ρ is the density of the material [18]. 

 

Vs = (M'/ρ)
1/2

 (2) 

 

Raman Spectroscopy 

In Raman spectroscopy, the incident light interacts with the molecular vibrations of the 

material which causes the frequency of light to shift. This Raman shift (ωs) is determined 

according to equation (3) where ωo is the pump laser frequency, and Ω is the energy difference 

between the excited vibrational level and the ground state [21].  

 

ωs = ωo ± Ω  (3) 

 

Consequently, Raman spectroscopy can give specific vibrational signatures of chemical bonds 

[33]. Finally, measuring the elastic moduli of GUVs using Brillouin spectroscopy in conjunction 
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with Raman spectroscopy can be an effective, non-invasive, and label-free tool in measuring 

viscoelastic properties of GUVs. 
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CHAPTER II 

EXPERIMENTAL APPROACH 

 

Experimental  

Brillouin Spectroscopy  

Figure 2.1 illustrates the experimental setup for Brillouin microspectrometer. The data 

were acquired using a tunable 780 nm single-frequency laser, which delivered 28 mW onto the 

sample. The center wavelength was specified at 780.24 nm ± 3.45 pm. A 100x (Nikon, NA = 

1.2) oil-immersion objective was used, in a backscattering signal collection geometry. A quarter-

waveplate redirected the collected light towards a spatial filter, a rubidium (Rb) absorption notch 

filter and a virtual image phase array (VIPA) spectrometer. A confocal pinhole (d = 50 µm) has 

been used to remove any collected out-of-focus light. The heated quartz cell containing Rb acted 

as an ultra-narrow notch filter to reduce or completely eliminate the elastically scattered light, 

which can obscure the much weaker Brillouin peaks [27],[28]. The Rb cell was followed by the 

virtual image phase array, VIPA, spectrometer, consisting of a cylindrical lens, VIPA (Model: 

OP-5642, Light Machinery Inc.), and a spherical lens that focused the resulting dispersed elastic 

and Brillouin peaks onto a CCD. A similar setup to this one has been used and tested on 

adipocytes’ response to lipid droplet accumulation in 3T3-L1 cells with different composition.  

For all the measurements the power at the sample was less than 40 mW, and no observable 

damage occurred during the course of experiments. 
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Figure 2.1 Diagram of the optical setup for Brillouin. The data were acquired using a tunable 780 

nm single-frequency laser, which delivered 28 mW onto the sample. A 100x (Nikon, NA = 1.2) 

oil-immersion objective was used, in a backscattering signal collection geometry. A quarter-

waveplate redirected the collected light towards a spatial filter, a rubidium (Rb) absorption notch 

filter and a virtual image phase array (VIPA) spectrometer. A confocal pinhole (d = 50 µm) has 

been used to remove any collected out-of- focus light. The heated quartz cell containing Rb acted 

as an ultra-narrow notch filter to reduce or completely eliminate the elastically scattered light, 

which can obscure the much weaker Brillouin peaks. The Rb cell was followed by the virtual 

image phase array, VIPA, spectrometer, consisting of a cylindrical lens, VIPA (Model: OP-5642, 

Light Machinery Inc.), and a spherical lens that focused the resulting dispersed elastic and 

Brillouin peaks onto a CCD. 

 

 

Methods 

Laser Trapping 

In order to immobilize the non-adhesive GUVs to objective focus, laser trapping was 

implemented on GUVs. Laser trapping, also referred to as optical tweezers, can be described 

with ray optics since these particles lay in the Mie regime where the diameter is large compared 

to wavelength and can thus be axially moved by forces in the order of picoNewtons; this trapping 

is due to transfer of momentum between the Gaussian intensity distribution of the laser beam and 

axial gradient of a focused laser beam to the GUV. Figure 2.2 demonstrates this concept. As light 

passes through the GUV, it will change direction depending on reflection or refraction. As a 
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result of this change in momentum of light, an equal but opposite change of momentum on the 

GUV will be exerted [30]. 

 

 

 

 

Figure 2.2 GUV becomes drawn in by the intensity gradient that ultimately leads to trapping in 

the highest light intensity region.  

 

 

GUV Electroformation Process 

The electroformation of GUVs is still not very well understood; however, there are two 

prominent hypothesized mechanisms [31]: 

 Electro-osmotic flow of buffer between lipid bilayers stacked in deposited film.  

 Electrostatic coupling to thermal fluctuations of lipids. 

Because electroformation is a highly accessible and efficient method for producing vesicles >10 

microns, GUVs were produced in vitro using patch-clamp electrophysiology according to 

protocol proscribed in Giant Liposome Preparation for Imaging and Patch-Clamp 

Electrophysiology [31]. Modification to this protocol include lipid composition which in this 

study was only DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) in chloroform and the 

dehydration method in which lipids were left in vacuumed sealed containers filled with drierite™ 
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for a minimum of two days. With this modified protocol, GUVs of <40 microns were imaged 

using an inverted confocal microscope and stored in amber vials to prevent oxidation; in 

addition, these vials were stored in the refrigerator at a temp of 4 degrees Celsius. These GUVs 

remained stable for at least two days before rupturing. 
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CHAPTER III 

RESULTS 

 

Representative Raman Spectrum 

By comparing each peak from Figure A1 to other representative spectrum similar to other 

another published spectrum shown in Figure A2 [32], it is clear that almost if not all chloroform 

had been dehydrated. This is important since before modifying the dehydration process of the 

aforementioned electroformation protocol, rupturing of GUVs occurred within 24 hours. As a 

result of this rupturing, lipid fragments as shown in Figure A3 were left in the stored amber vials. 

 

Brillouin Frequency Shift Analysis  

For the Brillouin analysis, the distance from the anti-stokes peaks to the elastic peaks in 

the frequency domain was the Brillouin shift of that sample in GHz. The mean and standard error 

of the Brillouin shifts for dry DPPC were calculated and are depicted in Figure 3.1. Looking 

back at Equations 1 and 2 it can be noted that the Brillouin shift and longitudinal modulus are 

directly related. The Brillouin data from dry DPPC indicated two distinct Brillouin peaks with 

the second one being much weaker and noisier. There are two possibilities for these peaks: 

oxidized and non-oxidized DPPC are present in the sample, or longitudinal Brillouin scattering 

and shear are present in the system. 



17 

Figure 3.1 Brillouin of dry DPPC 
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CHAPTER IV 

CONCLUSION 

 

In this study, the feasibility of measuring viscoelastic properties from GUVs was 

demonstrated. By combining the data from Raman and Brillouin spectroscopy, it was shown that 

viscoelastic properties from pure dry DPPC could be measured with Brillouin spectroscopy. 

Studies that would be useful in the future to verify and add on to these results include those that 

compare the Brillouin spectra of dry DPPC and that of electroformed GUVs and measure the 

moduli difference. Future work includes varying GUV media environment (temperature, acidity, 

electric field, ect.) and acquisitioning successively the Brillouin and Raman spectra at each 

condition for spectral modeling of viscoelastic behavior of GUVs. 

  



19 

REFERENCES 

[1] “Any Mental Illness (AMI) Among U.S. Adults,” National Institutes of Health. [Online]. 

Available: https://www.nimh.nih.gov/health/statistics/prevalence/any-mental-illnessami- 

among-us-adults.shtml. [Accessed: 27-Mar-2017]. 

 

 

[2] Insel, Thomas. "NIMH » Mental Health Awareness Month: By The Numbers". 

Nimh.nih.gov. N.p., 2015. Web. 5 Apr. 2017. 

 

 

[3] B. A. Clementz et al., “Identification of distinct psychosis biotypes using brain-based 

biomarkers,” Am. J. Psychiatry, vol. 173, no. 4, pp. 373–384, 2016. 

 

 

[4] Insel, Thomas. "NIMH » Transforming Diagnosis". Nimh.nih.gov. N.p., 2013. Web. 5 

Apr. 2017. 

 

 

[5] A. Aboraya, E. Rankin, C. France, A. El-Missiry, and C. John, “The Reliability of 

Psychiatric Diagnosis Revisited: The Clinician’s Guide to Improve the Reliability of 

Psychiatric Diagnosis.,” Psychiatry (Edgmont)., vol. 3, no. 1, pp. 41–50, Jan. 2006. 

 

 

[6] S. G. Hofmann, J. C. Cwik, J. Margraf, S. Schneider, M. Tsuang, and R. Hough, “Toward 

a Cognitive-Behavioral Classification System for Mental Disorders,” Behav. Ther., vol. 

45, no. 4, pp. 576–587, Jul. 2014. 

 

 

[7] S. F. Steven M. Menchen, Linda G. Lee, Charles R. Connell, N. Davis Hershey, Vergine 

Chakerian, Sam Woo, “4,7-dichlorofluorescein dyes as molecular probes,” US5188934 A, 

1989. 

 

 

[8] L. Aron and B. A. Yankner, “Neurodegenerative disorders: Neural synchronization in 

Alzheimer’s disease,” Nature, vol. 540, no. 7632, pp. 207–208, Dec. 2016. 

 

 

[9] D. A. Dombeck, M. Blanchard-desce, and W. W. Webb, “Optical Recording of Action 

Potentials with Second-Harmonic Generation Microscopy,” vol. 24, no. 4, pp. 999–1003, 

2004. 

 

 

[10] R. Blunck, B. Chanda, and F. Bezanilla, “Nano to Micro — Fluorescence Measurements 

of Electric Fields in Molecules and Genetically Specified Neurons,” vol. 102, pp. 91–102, 

2005. 



20 

 

 

[11] D. S. Peterka, H. Takahashi, and R. Yuste, “Primer Imaging Voltage in Neurons,” Neuron, 

vol. 69, no. 1, pp. 9–21, 2011. 

 

 

[12] C. Callies et al., “Membrane potential depolarization decreases the stiffness of vascular 

endothelial cells,” J. Cell Sci., vol. 124, no. 11, 2011. 

 

 

[13] R. Dimova, K. A. Riske, S. Aranda, N. Bezlyepkina, R. L. Knorr, and R. Lipowsky, 

“Giant vesicles in electric fields.” 

 

 

[14] O. Wesołowska, K. Michalak, J. Maniewska, and A. B. Hendrich, “Giant unilamellar 

vesicles — a perfect tool to visualize phase separation and lipid rafts in model systems,” 

2009. 

 

 

[15] L. Brillouin, “Diffusion de la lumiere et des rayons X par un corps transparent 

homogene,” Ann. Phys., vol. 17, pp. 88–122, 1922. 

 

 

[16] G. D. ( 1 ) Hickman, J. M. ( 1 ) Harding, M. ( 1 ) Carnes, A. ( 1 ) Pressman, G. W. ( 2 ) 

Kattawar, and E. S. ( 2 ) Fry, “Aircraft laser sensing of sound velocity in water: Brillouin 

scattering,” Remote Sens. Environ., vol. 36, no. 3, pp. 165–178, Jan. 1991. 

 

 

[17] E. S. Fry, Y. Emery, X. Quan, and J. W. Katz, “Accuracy limitations on Brillouin lidar 

measurements of temperature and sound speed in the ocean,” Appl. Opt., vol. 36, no. 27, 

pp. 6887–6894, Sep. 1997. 

 

 

[18] K. J. Koski and J. L. Yarger, “Brillouin imaging.,” Appl. Phys. Lett., vol. 87, no. 6, p. 

61903, Aug. 2005. 

 

 

[19] M. H. Manghnani, S. N. Tkachev, P. V Zinin, C. Glorieoux, P. Karvankova, and S. 

Veprek, “Elastic properties of nc-TiN/a-Si3N4 and nc-TiN/a-BN nanocomposite films by 

surface Brillouin scattering.,” J. Appl. Phys., vol. 97, no. 5, p. 54308, Mar. 2005. 

 

 

[20] O. ( 1 ) Stachs, S. ( 1 Reiß 2 ), R. ( 1 ) Guthoff, and H. ( 1 ) Stolz, “Spatially resolved 

Brillouin spectroscopy for in vivo determination of the biomechanical properties of the 

crystalline lenses,” in Progress in Biomedical Optics and Imaging - Proceedings of SPIE, 

2012, vol. 8209, no. Ophthalmic Technologies XXII. 



21 

 

 

[21] G. Scarcelli and S. H. Yun, “Confocal Brillouin microscopy for three-dimensional 

mechanical imaging.,” Nat. Photonics, vol. 2, no. 1, pp. 39–43, Jan. 2008. 

 

 

[22] G. Scarcelli, R. Pineda, and S. H. Yun, “Brillouin Optical Microscopy for Corneal 

Biomechanics,” INVESTIGATIVE OPHTHALMOLOGY & VISUAL SCIENCE, vol. 53, 

no. 1. pp. 185–190. 

 

 

[23] R. Harley, D. James, A. Miller, and J. W. White, “Phonons and the elastic moduli of 

collagen and muscle,” Nature, vol. 267, no. 5608, pp. 285–287, Jan. 1977. 

 

 

[24] S. ( 1 Reiß 2 ), G. ( 1 ) Burau, H. ( 1 ) Stolz, O. ( 2 ) Stachs, and R. ( 2 ) Guthoff, 

“Spatially resolved Brillouin spectroscopy to determine the rheological properties of the 

eye lens,” Biomed. Opt. Express, vol. 2, no. 8, pp. 2144–2159, Aug. 2011. 

 

 

[25] Z. Steelman, Z. Meng, A. J. Traverso, and V. V Yakovlev, “Brillouin spectroscopy as a 

new method of screening for increased CSF total protein during bacterial meningitis,” J. 

Biophotonics, vol. 8, no. 5, pp. 408–414, May 2015. 

 

 

[26] P. ( 1 ) Matousek, I. P. ( 1 ) Clark, M. ( 1 ) Towrie, A. W. ( 1 ) Parker, M. D. ( 2 ) Morris, 

N. ( 3 ) Everall, E. ( 4 ) Draper, and A. ( 4 ) Goodship, “Numerical simulations of 

subsurface probing in diffusely scattering media using spatially offset Raman 

spectroscopy,” Appl. Spectrosc., vol. 59, no. 12, pp. 1485–1492, Dec. 2005. 

 

 

[27] Z. K. Meng, A. J. Traverso, and V. V Yakovlev, “Background clean-up in Brillouin 

microspectroscopy of scattering medium,” OPTICS EXPRESS, vol. 22, no. 5. pp. 5410–

5415. 

 

 

[28] Z. Meng and V. V Yakovlev, “Optimizing signal collection efficiency of the VIPA-based 

Brillouin spectrometer,” J. Innov. Opt. Health Sci., vol. 08, no. 04, p. 1550021, Nov. 

2014. 

 

[29] Troyanova-Wood, M., Gobbell, C., Meng, Z., Gashev, A.A., and Yakovlev, V. V., 

“Optical assessment of changes in mechanical and chemical properties of adipose tissue in 

diet-induced obese rats,” Journal of Biophotonics (in review) 

 

 

[30] Lynn Paterson "Novel micromanipulation techniques in optical tweezers", 2003. 



22 

 

 

[31] M. D. Collins and S. E. Gordon, “Giant Liposome Preparation for Imaging and Patch-

Clamp Electrophysiology,” no. June, pp. 1–9, 2013. 

 

 

[32] M. Ratoi, P. H. M. Hoet, A. Crossley, and P. Dobson, “Impact of lung surfactant on 

wettability and cytotoxicity of nanoparticles,” RSC Adv., vol. 4, no. 39, p. 20573, 2014. 

 

 

 

  



23 

APPENDIX A 

Figure A1 Displays representative Raman data for the dry DPPC after modifying dehydration 

process of the electroformation protocol.   

 

 

Figure A2 Published Raman spectrum of dry DPPC. 
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Figure A3 Imaging of GUVs on inverted microscope. 

 

Figure A4 Imaging of lipid fragments from GUVs on inverted microscope.  

 


