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The viscoelastic properties of cell membranes such as cytoskeleton-membrane 

adhesion, membrane tension, and viscosity all offer valuable insight into fundamental 

cellular processes such as division, motility, adhesion, and deformability.  Cancer cells 

have significantly increased deformability when compared to their normal counter parts.  

Erythrocytes circulation life-time is dependent on their ability to deform to pass through 

narrow passages such as capillaries and spleen.  This dissertation examines two different 

biological systems from a mechanical perspective: Ovarian cancers cells and erythrocyte 

membrane derived constructs. 

To perform these studies, I utilize a combined optical tweezers and quantitative 

phase imaging system to extract and image membrane tethers.  From measuring the 

forces associated with tether extraction, I determine the forces associated with 

cytoskeleton-membrane adhesion, membrane tension, stiffness, viscosity, and relaxation 
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time constants.  By estimating the diameter of membrane tethers, I calculate the bending 

modulus and tether tension, which are correlated with deformability. 

In the ovarian cancer cell studies, I investigated and compared viscoelastic 

properties of a metastatic epithelial ovarian cancer cell line (SKOV3) and normal 

immortalized ovarian cancer (IOSE364).  The results from this study show that SKOV3 

cells are less stiff, less viscous, and more deformable than IOSE364 cells.  The findings 

suggest that membrane mechanics play a large role in cancer cell behavior and the cell 

membrane can also be a target for therapeutics.   

In the erythrocyte-derived particle studies, I investigate the viscoelastic properties 

of red blood cells, micron-sized erythrocyte ghosts (µEGs), and micron-sized erythrocyte 

ghosts loaded with indocyanine green (µNETs).  The circulation dynamics and kinetics of 

micron-sized particles are correlated with their mechanical properties.  The results from 

this study shows that the fabrication of RBCs into EGs drastically decreases the tether 

stiffness, cytoskeleton membrane adhesion, and increases tether relaxation dynamics, 

which in turn decreases the deformability compared to red blood cells.  The results also 

show that indocyanine green loading into EGs can restore some mechanical properties 

similar to red blood cells.  The important findings are that the method for preparing 

erythrocyte membranes as drug delivery construct greatly affects the particles mechanical 

properties and the cargo loaded into the construct can potentially affect the mechanical 

properties of the construct. 
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Chapter 1 
 

Motivation and Objective 
 

Mechanical forces of the cell membrane play a large part of cell behavior, including 

cell growth, motility, adhesion, and communication.  Cell membranes are composed of a 

phospholipid bilayer containing surface proteins and transmembrane proteins that 

dynamically anchor the cytoskeletal network to the bilayer.  The material response of the 

cell membrane is viscoelastic in nature due to the contributions of both the phospholipids 

and cytoskeleton.  In the case of cancer cells many groups have shown that the elastic and 

viscous properties of cancer cells are different compared to normal cells 1,2 and directly tie 

in with their behavior.  Erythrocytes, or red blood cells (RBCs) have been shown to 

decrease in deformability when they age or undergo a pathological transformation, which 

marks them for clearance by the spleen and liver.  Hence understanding the biomechanics 

of cells is important for understanding cellular behavior.  Typical methods for interrogating 

the mechanics of the cell membrane include atomic force microscopy, micropipette 

aspiration, flicker analysis, fabricated micro channels, and optical tweezers.  All methods 

and depending on the technique for mechanical investigations have their limitations and 

infer different phenomena.  Here I report on the application of a combined optical tweezers 

(OT) and quantitative phase imaging (QPI) system for forming membrane nanotubes, or 

tethers, and measuring force and diameter associated with forming the tethers.  I use this 

method to investigate the mechanical properties of two different systems: ovarian cancer 

cells and erythrocyte derived particles.  
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Outline of Dissertation 
 

In chapter 2, I will explain the working principle of the optical trapping and 

quantitative phase imaging to elucidate on how to align and calibrate the combined optical 

tweezers and quantitative phase imaging system.  OTs are powerful tools for cellular 

manipulation and applying pico-Newton forces.  QPI is a label-free quantitative imaging 

technique that allows for characterizing chemical and structural properties of materials.   

In chapter 3, I utilize the combined OT and QPI system to interrogate the 

mechanical properties of a normal ovarian cell line, IOSE364, and of a metastatic ovarian 

cell line, SKOV3.  Understanding metastasis in ovarian cancer is key to improving 

diagnosis and treatments.  OT in conjunction with optically trapped beads were used to 

extract membrane tethers and obtain time resolved force measurements.  From the tether 

force measurement, I analyze the relaxation portion of the tether force to determine the 

relaxation time constants, which infers viscous properties of the membrane, and tether 

stiffness, which infers stiffness of the cell membrane.  QPI was used to estimate tether 

diameters without requiring the need for extraneous labels.  By combining force 

measurements as obtained by OT and tether diameters as obtained by QPI, we calculate the 

bending modulus of each population.  I show that SKOV3 cells less stiff and less viscous 

than normal IOSE364 cells, which play a role in their metastatic potential.  The results 

from this study suggest that the membrane of the ovarian cancers is a potential target for 

therapy.  

In chapter 4, I use the second revision of the combined OT and QPI to investigate 

the mechanical properties of RBCs, erythrocyte ghosts (EGs), and erythrocyte ghosts 
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doped with indocyanine green (ICG).  RBCs have a long circulation time of up to 4 months, 

which have made them an ideal material to fabricate drug/fluorophore delivery constructs.  

My lab mates have been developing and engineering erythrocyte-derived constructs 

encapsulating a near-infrared dye called indocyanine green (ICG).  We refer to these 

particles as near-infrared erythrocyte mimicking transducers, or NETs.  We suspect there 

are mechanical differences between RBCs, hemoglobin depleted erythrocytes (erythrocyte 

ghosts (EGs)), and NETs.  Through tether pulling I show that formation of EGs and NETs 

changes their mechanical properties from RBCs, as well as how the cargo (ICG) can affect 

the mechanical properties of the particles. 
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Chapter 2   
 

Instrumentation for Optical Tweezers 
 

Since the first reporting of the of optical trapping phenomena  by Arthur Ashkin3, 

optical tweezers (OT) have made significant advancements in physics, chemistry, and 

biology.  The high specificity and the pico-Newton force range allows make OTs ideal for 

probing biological mechanical phenomena.  Single gradient optical tweezers are formed by 

taking a gaussian profile laser beam and coupling it into a high numerical aperture (1.1 or 

higher).  The high numerical aperture is required for obtaining tight focusing of the beam.   

Instrumentation required to assemble OTs are a laser source, beam expander, and a 

high numerical aperture microscope objective (~1.1 or higher).  A beam expander is 

required to over fill the microscope objective, which allows for the formation of a Gaussian 

beam profile at the focus of the microscope objective for stable trapping.  For an optically 

trapped spherical object, small displacements of the object from the center of the trap 

behaves like spring, where the displacement from the center of the trap is proportional to 

the displacing force and the trap stiffness.    

Calibration of OT 
 

For quantitative measurements it is important to know the stiffness of the optical 

trap, as the conversion will allow for the conversion of bead displacement to force.  There 

are numerous methods to calibrate the optical tweezers, but all method requires sensing the 

position of the bead in the optical trap.  Passive methods, such as through equipartition 

theorem and power spectral density, involve capturing the displacements of a trapped bead 
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to infer the trap stiffness.  For this dissertation, I calibrated by inducing varying viscous 

drag forces and measuring the displacement of the optically trapped bead.  This active 

method allows us to calibrate the optical trap to similar experimental conditions, where the 

bead will undergo larger displacements than through passive calibration methods 4.   

Viscous drag forces were induced by oscillating the sample with piezoelectric stage 

with triangular waveforms of known frequency and amplitude.  The velocity of the fluid is 

then determined as: 

𝑣 = 𝐴𝑓 

Where 𝐴 is the maximum displacement of stage travel (150 µm) and 𝑓 is the oscillation 

frequency, which is varied to generate the desired fluid velocity.  The velocity of the fluid 

is then related to the drag force by Stoke’s equation for spherical objects: 

𝐹𝑑𝑟𝑎𝑔 =
6𝜋𝜂𝑟𝜈

1−
9

16
(

𝑟

ℎ
)+(

1

8
(

𝑟

ℎ
)

3
)−(

45

256
(

𝑟

ℎ
)

4
)−(

1

16
(

𝑟

ℎ
)

5
)
   (1) 

Where η is the viscosity of the media (8.90 × 10-4 Pa∙s), r is the radius of the bead, ν is the 

velocity of the fluid, and h is the height of the optically trapped bead from the bottom of 

the plate.  The stiffness calibrations were performed at a trapping height of 10 µm at room 

temperature.  Figure 2.1 shows a measurement of the displacement of an optically trapped 

bead as the applied viscous drag force increases, captured by a camera sampling at 100 fps 
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Figure 2.1 Example of bead displacement as captured on a camera, as determined by a particle tracking 

algorithm, UMUtracker5. 

 

As the forces increases the amplitude of positive and negative displacements of the bead 

increases.  The total displacement at each force was determined as the difference between 

maximum and minimum amplitude for each increment of applied drag force.  Note that for 

small displacements (up to 0.3 µm) the stiffness is linear.   

To measure forces, one must be able to track the position of the optically trapped 

object as well as apply precise displacements to the sample of interest relative to the optical 

trap.  While particle tracking on videos obtained by cameras offer a simple way to track 

bead displacement, the sampling frequency are typically lower on cameras.  Hence, we 

utilize position detectors to track bead displacement, which offers much higher (>1,000 

Hz) sampling frequencies. 

To track the position of the optically trapped bead, a quadrant photodiode was used 

for the earlier studies (Chapter 3) and a position sensitive detector for later studies (Chapter 
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4).  In principle, both devices functional in a similar fashion: a displacement of the optically 

trapped bead from the trap center would register as a voltage differential.  With a 

displacement calibration we can correlate position detector voltage with position. 

In the first revision of the detection scheme (Chapter 3, Figure 3.1), we tracked the 

fluorescent bead image of an optically trapped bead on a quadrant photodiode (QPD).  By 

tracking only the fluorescent from the optically trapped bead we are able to reduce force 

artifacts that are induced by shadows from nearby cells or tethers6.   First, a displacement 

calibration of the QPD must be obtained by scanning a stuck bead (to emulate an optically 

trapped bead) around the active area in the QPD (Figure 2.1a).  For small displacements 

(less than ±1.0 µm) from the center of the QPD, there is a relatively linear response.  

Second, an optical tweezer stiffness calibration is obtained (Figure 2.1b).  To obtain the 

optical trap stiffness, we multiply the two slopes from the calibrations to obtain the trap 

stiffness, which for this example corresponds to around 227 pN/µm.   

 

 

 



 

8 

 

    

Figure 2.2 Displacement and stiffness calibration using the QPD.  (a) The displacement calibration was 

performed by scanning a stuck 4.2 µm diameter bead from -1 µm to +1 µm across the center of the QPD, 

which corresponds to the region of displacement for linear voltage output. (b) Optical trap stiffness 

calibration.  The stiffness of the optical tweezers was determined by inducing viscous drag forces on an 

optically trapped bead in media and measuring the bead displacement. 

 

 In the second revision of position sensing, we changed from tracking fluorescent 

beads to back-scattered light from the optically trapped bead.  The main modification to 

this setup is the insertion of a 90:10 beam splitter to output couple the back-scattered 

laser as well as polarizing optics (half wave plate and polarizing beam splitter) to increase 

light transmission past the beam splitter (Chapter 4, Figure 4.8).  To obtain the voltage-

displacement calibration of the PSD, the bead was displaced using viscous drag forces 

and the voltage was recorded on the PSD while displacement was recorded on an EM-

CCD.  Polarizing optics (half wave plate and polarizing beam splitters together) are used 

to enhance the intensity back-scattered light of the optically trapped bead.  We obtain 

bead displacement tracking (Figure 2.3a) similar to the response of the QPD, which 

indicates that this bead tracking approach can be used for cellular mechanics 

investigations.  The voltage response of the PSD upon inducing drag forces are also 
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linear (Figure 2.3b), and the optical trap stiffness is determined by multiplying the slopes 

together, which in this example would yield a value of 423 pN/µm.  This method of 

tracking has the advantage of bead specificity, as the only back scattered signal comes 

from the optically trapped bead, and the ability to simultaneously perform force 

measurements at high sampling frequencies (1000 Hz) and imaging with the CCD. 

 

Figure 2.3 Displacement and stiffness calibration of the PSD.  (a) PSD voltage output plotted against bead 

displacement.  (b) Induced forces plotted against the PSD voltage output.  The optical trap stiffness was 

determined by multiplying the two slopes together, to obtain a trap stiffness of 457 pN/µm. 

 

Instrumentation for Quantitative Phase Imaging 
 

The QPI system used in this dissertation is a phase shifting common path 

interferometric system, as shown in Figure 2.4.  Sample and reference arms are spatially 

separated, where the reference path forms an image of the condenser annulus.  In order to 

induce phase shifts, a device called a spatial light modulator (SLM) is used to shift the 

phase of reference, where an image of a ring with similar dimensions to the image of the 

condenser annulus is displayed on the active area of the SLM.  The SLM has an amplitude 

modulation mode and a phase modulation mode.  To ensure that one is operating in phase 
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modulation mode, a linear polarizer is placed before the SLM to rotate the polarization of 

incident light for phase modulation mode.  For each pixel intensity displayed on the SLM 

there is an associated phase shift.  To obtain optimum phase modulation, one must align 

the image of the condenser annulus (reference) to the image displayed on the SLM.  The 

interference images are then captured on a charged coupled device.  

 

Figure 2.4 Working principle of QPI.  To obtain quantitative phase images, the reference field (image of 

the condenser annulus (CA)) is phase modulated in increments of π/2 by the spatial light modulator (SLM).  

Alignment between images of the CA and rings displayed on the SLM is critical for operation.  

 

 

Phase Calibration for QPI 
 

 To calibrate the QPI system, we obtain quantitative phase images of polystyrene 

spherical beads at 400 ± 17, 630 ± 16, and 1000 ± 100 nm.  Assuming that the refractive 

index of polystyrene (npolystyrene) is approximately 1.591, and nair = 1.000 we can estimate 

the size of the bead and compare with manufacturer specifications of the beads.  The 

relationship between the geometric thickness and phase of the material is given as: 
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𝜑 =
2𝜋

𝜆
(𝑛𝑝𝑜𝑙𝑦𝑠𝑡𝑦𝑟𝑒𝑛𝑒 −  𝑛𝑎𝑖𝑟)d   (2) 

Where 𝜑 is the measured phase of the bead, λ is the center wavelength of excitation (595 

nm), and d is the diameter of the bead.  An example calibration image is provided in 

Figure 2.3.  Using QPI, we estimated the diameters of single beads as 407 ± 70, 682 ± 64 

nm, and 933 ± 60 nm.  We are able to resolve tether diameters as low as ~200 nm, which 

are the upper limits of membrane tether diameters.  Validation of the resolution of the 

system has also been verified through comparing a QPI and atomic force microscopy 

images of a micropatterned chip7. 

 

Figure 2.5 Calibration of the QPI system. (Right) Quantitative phase images of polystyrene spherical beads 

with manufacturer specified diameters of 400 nm, 630 nm, and 1000 nm. (Left) Estimated bead diameters 

using QPI. 

 
 

Combining Optical Tweezers and Quantitative Phase Imaging 
 

The common optical component shared in both systems is the 1.3 NA 100x oil 

immersion microscope objective.  The same microscope objective used for forming the 

optical trap is used to capture scattered and unscattered components of light used for phase 

modulation by the SLM.  This method is advantageous for investigating cellular mechanics 
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because force measurements and quantitative phase imaging offers complementary 

information that can be used to determine important mechanical parameters such as the 

bending modulus and tension in the cell membrane. 
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Chapter 3: Characterization of the Viscoelastic Properties of Ovarian Cancer Cell 

Membranes by Optical Tweezers and Quantitative Phase Imaging 
 

ABSTRACT 
 

Ovarian cancer is the deadliest gynecological cancer in women. It is a highly metastatic 

disease with pelvis, regional lymph nodes, and peritoneal cavity as major sites for tumor 

deposits. Mechanical properties of ovarian cancer cells can play a major role in metastasis 

as the cells detach from the ovaries and undergo deformation during the metastatic process. 

Herein, we have characterized the viscoelastic properties of the plasma membrane of 

normal epithelial (IOSE364) and cancerous (SKOV3) ovarian cells by optical tweezers and 

quantitative phase imaging (QPI). Using optical tweezers, we obtained time-resolved force 

profiles associated with membrane tethers pulled from the cells. We used QPI to measure 

the diameter of membrane tethers, and subsequently, estimated the membrane bending 

modulus and membrane tension in the tether. Our results indicate that the force (190 ± 76 

pN) (mean ± standard deviation) required to separate the membrane of SKOV3 cells from 

the cytoskeleton was significantly lower (p=0.0004) than the force (350 ± 81 pN) for 

IOSE364 cells. The mean stiffness (2.8 ± 0.8 pN/µm) of membrane tethers pulled from 

SKOV3 cells was significantly lower (p=0.032) than the value for IOSE 364 cells (3.7 ± 

0.8 pN/µm). Mean value of the force relaxation characteristic time associated with 

diffusive flow of lipids was also significantly lower (p=0.018) for SKOV3 membranes 

(12.9 ± 6.9 s) as compared to the value for IOSE 364 membranes (20.4 ± 6.2 s). Similarly, 

the mean value of the membrane bending modulus for SKOV3 cells ((0.51 ± 0.23)  10-18 

J) was significantly lower (p=0.007) than the value for IOSE364 cells ((1.29 ± 0.32)  10-
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18 J). Overall, our results suggest that the membranes of SKOV3 cells are less resistant to 

mechanical deformation. Increased membrane susceptibility to mechanical deformation 

may be a facilitating factor in the metastatic behavior of cancerous ovarian cells. 

Characterization of membrane biomechanics may provide a useful diagnostic biomarker 

for assessment of the metastatic potential of ovarian cancer, and a target for development 

of therapeutics. 

INTRODUCTION 
 

Ovarian cancer is one of the deadliest cancers in women with estimated 22,000 new cases 

and approximately 14,1000 deaths in 2020 8. Only about 20% of cases are diagnosed at 

stage I where the disease is confined to the ovaries. Once the disease spreads into the pelvis 

(stage II), and metastasizes to other parts of the abdomen and/or regional lymph nodes 

(stage III), the chance of patient survival diminishes to about 35% 9. Therefore, metastasis 

is a key determinant in survivability of patients with ovarian cancer.  

Passive dissemination and hematogenous metastasis are considered as the main 

mechanisms for ovarian cancer metastasis  10.  In passive dissemination, cancer cells detach 

from the ovaries, and are carried by peritoneal fluid and ascites, reaching the pelvis and 

peritoneal cavity  11,12. In hematogenous metastasis, ovarian cancer cells at the primary site 

invade through the basal membrane of the blood or lymphatic vessels to intravasate into 

the circulation. Cancer cells then extravasate out of the circulation at the metastatic site 10. 

Under either of the two mechanisms, the mechanical properties of the cell are the key 
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determinants of its deformability during the detachment, intravasation, and extravasation 

processes that ultimately result in metastasis. 

Utilizing various techniques such as the optical stretcher, atomic force microscopy 

(AFM), shear assays, and magnetic tweezers, the invasiveness of metastatic cancer cells 

has been demonstrated to correlate with their viscoelastic properties [6-11]. For example, 

using a shear assay technique, Hu et al. found that the stiffness of MCF-10A normal breast 

cells was about 10 times higher than that the stiffness of the highly metastatic MDA-MB-

231 breast cancer cells, and attributed these differences to differences in the levels of actin 

expression and organization 13. 

While the role of the cytoskeleton, and particularly actin, in relation to the mechanical 

characteristics of ovarian and other cancerous cells have been extensively studies 2,14–16, 

changes in the mechanical properties of the membrane of ovarian cells as they transition 

from normal to becoming malignant has been less studied. In this study, we have utilized 

optical tweezers in combination with quantitative phase imaging (QPI) to characterize the 

mechanical properties of the membranes of cancerous and normal ovarian cells. 

Specifically, optical tweezers were used to obtain dynamic force profiles associated with 

membrane tethers pulled from these cells.  By fitting the relaxation phase of the force 

profiles with biphasic exponential functions, the viscoelastic properties of the cell 

membrane could be quantified. We used QPI to estimate the diameter of the membrane 

tethers pulled from these cells, and subsequently used this information to quantify the 

bending modulus and membrane tension associated with these tethers. We found that there 
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were statistically significant differences in some of the viscoelastic properties of the 

membranes of ovarian cancerous cells as compared to those for normal ovarian cells. Our 

findings suggest that membrane biomechanics may provide a useful diagnostic biomarker 

for assessment of the metastatic potential of ovarian cancer, and a target for development 

of therapeutics.   

MATERIALS AND METHODS  
 

Optical Tweezers and Quantitative Phase Imaging Setup 
 

The instrumentation platform combining optical tweezers and QPI is reported in our 

previous publication 7, and shown in Figure 1. An optical trap was formed using a 1064 

nm Nd:YVO4 (Coherent, Prisma-1064-8-V). The laser beam was expanded and collimated 

before entering an inverted microscope (Nikon, Ti-Eclipse) to fill the back aperture of a 

1.3 NA 100X oil immersion objective (MO) (Nikon, 100x Plan Fluor) lens. A dichroic 

mirror (DM) (Chroma, Z900DCSP) was used to reflect the laser light into the MO, which 

focused the light to form an optical trap.     
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Figure 3.1 Schematic of the instrumentation platform consisting of optical tweezers and quantitative phase 

imaging system. BE: Beam expander, BS: Beam splitter, ML: Mercury lamp, TM: Mirror on a turret, L: 

focusing lens (f=25 mm), BP: bandpass filter, QPD: Quadrant photodiode, DM: Dichroic mirror, FC: Filter 

cube, MO: Microscope objective, PZT: Piezo-electric translation stage, CL: Condenser lens,  CA: 

Condenser annulus, HL: Halogen lamp, P: polarizer, M: Mirror, SLM: Spatial light modulator, L1 and L2: 

achromatic doublets (f=500 mm),  F: IR Filter, CCD: Charge-coupled detector camera.  The arrows point to 

the direction of light propagation. 

 

Fluorescent 4.2 µm diameter sulfate-modified polystyrene beads (Thermofisher, 

F8858) were trapped, and used as handles to extract tethers from the cells, and as probes 

for measuring the resulting force profiles. The beads have an excitation spectrum between 

480 and 590 nm.  Excitation light from a mercury lamp (ML) (Nikon Intenslight, C-HGFI) 

passed through a filter cube (FC) (Nikon, TRITC TE 2000) that transmitted the light in the 

range of 525-560 nm to illuminate the trapped bead and passed emitted fluorescent light 

from the bead in the range of 570-620 nm. Fluorescence emission from the bead was passed 

through the DM and a mirror on a directional turret that directed the bead fluorescence to 

a quadrant photodetector (QPD) (First Sensor, QP1-6-T05-SD2). The emitted light was 
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focused by a lens (L) (f=25 mm) and filtered by a bandpass filter (BP) (Chroma, 605 ± 25 

nm) before reaching the QPD. 

We used fluorescent beads to overcome an artifact in the force measurements due to 

the presence of the cell when it is in close proximity to the bead (< 0.5 µm apart from each 

other). Specifically, shadow of the cell projected onto the photodetector induces an artifact 

in the force measurement that can be as high as 75 pN [17]. When using fluorescent beads, 

the optical signal for force measurement is only transmitted by the bead and does not 

include a contribution form the cell. Hence, we used the fluorescence image projected onto 

the QPD as the signal to quantify the bead displacement from the trapping center during 

tether pulling experiments. 

To calibrate the output voltage of the QPD for force measurements, a drag force with 

known value based on Stokes’ Law, was applied to the trapped bead while recording the 

resulting differential signal (sum-and-difference output voltage in mV) from the QPD. The 

drag force was generated by driving a piezoelectric translation-stage (PZT) (Physik 

Instrumente, Model P-527.C3, Waldbronn, Germany) at known velocities. The resolution 

of the piezoelectric stage was 10 nm in x and y directions, and 2 nm in z directions (laser 

beam propagation direction). There was a linear relationship between the applied drag force 

and the QPD differential output voltage (Supplementary Figure S1).  

The relationship between the bead displacement and QPD signal was determined by 

moving a bead immobilized on a poly-d-lysine coated coverslip at known displacements 

with the PZT while recording the QPD differential voltage signal. There was a linear 
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relationship between bead QPD output signal and the bead displacement (Supplementary 

Figure S2). The differential output voltage from the QPD amplifier was digitized using an 

analog-to-digital converter (BNC2110, National Instruments, Austin, TX) and 

subsequently, recorded by LabVIEW software (LabVIEW 7, National Instruments, Austin, 

TX).  Data collection frequency was 2,500 Hz.  In our tether pulling experiments, 

approximately 400 mW of laser was delivered to the sample plane. As determined by the 

product of the slopes of the two calibration curves (Figures S1 and S2), this power 

corresponds to trap stiffness of 227 pN/µm.   

For QPI, samples were illuminated from a 100W halogen lamp source through a 

condenser annulus and a condenser lens. We use the same 100X oil immersion objective 

for both optical trapping and QPI.  Un-scattered light through the sample formed an image 

of the condenser annulus at the focal plane of lens L1 (f=500 mm), on a reflective spatial 

light modulator (SLM) (Hamamatsu LCOS-SLM X-10468). The SLM was used to 

introduce four phase shifts in π/2 increments to the un-scattered light.  The same directional 

mirror used to direct fluorescence emission from the bead to the QPD was used to send 

light to the SLM system.    

The image of the un-scattered light interfering with the scattered light through the 

sample was focused onto an electron-multiplying charge-coupled device (EM-CCD) 

(C9100-13, Hamamatsu) by a lens L2 (f=500 mm).  An IR filter (F) was placed in front of 

the EM-CCD to filter the extraneous 1064 nm light from the optical trap. To accommodate 

full re-arrangement of the nematic liquid crystals in the SLM, field delays of 83 ms (SLM 

response time for π/2 modulation) were used between the phase modulations. We acquired 
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12 phase shifted images every second to yield quantitative phase resolved images at 3 

frames per second. 

Using the four different intensity images, I0 , Iπ, Iπ

2
, I3π

2

, corresponding to different 

phase modulations introduced by the SLM, the phase difference (∆φ) between the un-

scattered and scattered light was determined as:  

Δφ =  tan−1 (
I0−Iπ

Iπ
2

−I3π
2

 ).  (1) 

We obtained phase maps as: 

𝜑 = tan−1 (
β sin ∆φ

1+β cos ∆φ
)          (2) 

where β is the ratio of the amplitude of the scattered to un-scattered light 7,17.   

The QPI system was calibrated using 400 nm and 630 nm polystyrene beads, with 

index of refraction npolystyrene = 1.59 in air, seeded on glass bottom dishes 7. The EM-CCD 

was calibrated with a 10 µm spacing ruler, and the pixel size was determined as 150 

nm/pixel. The spatial noise of the QPI system was determined by measuring the standard 

deviation of phase from background of the sample plane, and estimated as ~ 0.02 rad.  We 

estimated the tether diameter (dtether) at the end of force relaxation as 7: 

𝑑𝑡𝑒𝑡ℎ𝑒𝑟 =
𝜆𝜑

2𝜋(𝑛𝑐𝑒𝑙𝑙− 𝑛𝑚𝑒𝑑𝑖𝑎)
       (3) 
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where 𝜆 is the center excitation wavelength of the lamp (595 nm), �̅� is the phase averaged 

along the length of the tether, ncell is the refractive index of the cell membrane, and nmedia 

is the refractive index of the cell media (~1.337) 7. Since the refractive index for ovarian 

cell membranes are unknown, we used 1.361, which is the average value in the reported 

range of 1.354 to 1.368 for mammalian cell membranes 18. For the measurements of dtether 

by the QPI system, we pulled 4 tethers from 4 IOSE346 cells, and 4 tethers from SKOV3 

cells (i.e., one tether per cell).    

Cell Culture  

We used SKOV3 and IOSE364 as the respective cancerous and normal epithelial ovarian 

cell lines. The SKOV3 (ATCC) cell line was grown in T-25 tissue culture flasks containing 

Rosewell Park Memorial Institute (RPMI 1640) supplemented with 10% fetal bovine 

serum (FBS) and 1% antibiotic-antimycotic.  The IOSE364 (Canadian Ovarian Tissue 

Bank) cell line was grown in T-25 culture flasks with 50/50 by volume mixture of 

MCDB105 and 199 media containing 10% FBS and 1% gentamycin.  Both cell lines were 

incubated in an air jacked incubator at 37oC with 5 % CO2. At 80 to 90% confluency, the 

cells were passaged onto poly-d-lysine coated glass bottom dishes (MatTek P35GC-1.0-

14C). Experiments were performed on cells passaged onto the glass bottom dishes after 24 

hours incubation. Prior to placing the cells into the setup, they were washed with isotonic 

phosphate buffer saline (PBS) and the medium was replaced with their respective cell 

media (RPMI for SKOV3, MCDB105/199 for IOSE364) without FBS, and containing the 

fluorescent sulfate-modified polystyrene beads. 
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Tether Extraction Protocol 
 

Adherent, non-round cells with a long axis diameter of ~20 µm were selected for tether 

pulling to ensure that healthy cells were being investigated. An optically trapped bead was 

brought to a cell of interest using the piezo-translation stage. Cell-bead attachment was 

determined by a displacement of the bead from the center of the optical tweezers, as 

indicated by the change in voltage from the output of the QPD. After about 30 seconds of 

bead-cell attachment, the cell was displaced away from the bead at velocity 1 µm/s for 20 

µm. Pulling was stopped at that time, allowing for force relaxation to equilibrium. Time-

resolved force profiles were recorded throughout the tether formation and relaxation 

processes.  For analysis of the force profiles, we pulled 8 tethers from 8 different IOSE364 

cells, and 15 tethers from 15 different SKOV3 cells (i.e., one tether per cell). 

Data Analysis 

Force relaxation profiles were fitted with biphasic exponential function: 

𝐹(𝑡) = 𝐹𝑒𝑞 + 𝐴 𝑒
−(

𝑡

𝜏𝑠ℎ𝑜𝑟𝑡
)

+ 𝐵𝑒
−(

𝑡

𝜏𝑙𝑜𝑛𝑔
)
                   (4) 

where 𝐹𝑒𝑞  is the tether force at the end of relaxation, and  𝜏𝑠ℎ𝑜𝑟𝑡 and 𝜏𝑙𝑜𝑛𝑔  are two 

characteristic times associated with the tether force relaxation dynamics. The shorter 

characteristic time (𝜏𝑠ℎ𝑜𝑟𝑡 ) represents the Marangoni convective flow of lipids from a 

region of low membrane tension to region of high membrane tension 19,20. The longer 

characteristic time (𝜏𝑙𝑜𝑛𝑔) is attributed to the diffusive flow of the lipids 21,22.  The biphasic 

function is consistent with the solution to a second order generalized Kelvin model of force 



 

23 

 

relaxation 23, and has been used in fitting the relaxation profiles 21,22. We estimated Feq by 

averaging the force during the last ten seconds of the force relaxation profile.  

Using Feq, we estimated the tether stiffness (ktether) as:  

𝑘𝑡𝑒𝑡ℎ𝑒𝑟 =
𝐹𝑒𝑞

(𝐿+𝑑𝐿)
=

𝐹𝑒𝑞

𝐿′                                    (5) 

where L’ is the length of the tether at the end of elongation (~20 µm) and dL is the increase 

in the tether length during relaxation (estimated to be 0.197 ± 0.07 µm for IOSE364 and 

0.215 ± 0.1 µm for SKOV3).    

Results for various physical properties are reported in box-and-whisker plots. The 

bottom line of the box represents the 25th quartile, and the top line represents the 75th 

quartile of the data. Median values of each quantity are indicated by the horizonal lines 

within each box.  Mean values are indicated by the square in the center of the box and 

whisker plot. The whiskers show the range of measured values. We used two-tailed 

Student’s t-test with unequal variance in our statistical analysis of the various parameters. 

RESULTS AND DISCUSSION 

A video of a tether pulling process from an SKOV3 cells is provided in 

Supplementry Material (Video S1). Illustrative force profiles associated with tethers pulled 

from IOSE346 and SKOV3 cells, and the corresponding biphasic exponential fits to force 

relaxations are presented in Figure 2. Both normal and cancerous ovarian cells exhibit 

similar profiles. These profiles are also consistent with those associated with tethers pulled 

from other cell types, including guinea pig outer hair cells (OHCs) 24, human embryonic 
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kidney (HEK) cells 21, and mouse microglial cells 25. Prior to the start of pulling, the force 

is negative due to cell pushing the bead in the opposite direction to that of the stage 

movement. Once pulling starts, the force steeply increases until reaching a maximum value 

(Fmax), followed by a suddern reduction from Fmax, consistent with other studies 21,26–28. 

Subsequently, the force is increased as the tether is elongated. When pulling stops, force 

relaxation to equilibrium takes place. 

 

Figure 3.2 Illustrative force profiles associated with tethers pulled from (a) IOSE364, and (b) SKOV3 

cells. The black trace for the IOSE364 cell, and the red trace for the SKOV3 cell are the measured force 

profiles. The biphasic exponential fits to the force relaxation measurements are shown by the green traces. 

The expressions for the fits are 𝑭(𝒕) = 𝟗𝟓. 𝟎 + 𝟑𝟕. 𝟓𝒆−(
𝒕

𝟐𝟒.𝟎
)

+ 𝟕. 𝟓𝒆−(
𝒕

𝟐.𝟕
)
 for the IOSE364 cell,  and 

𝑭(𝒕) = 𝟓𝟔. 𝟒 + 𝟑𝟏. 𝟓𝒆−(
𝒕

𝟏𝟕.𝟐
)

+ 𝟏𝟎. 𝟒𝒆−(
𝒕

𝟐.𝟐
)
 for the SKOV3 cell. 

 

Our pulling velocity of 1 µm/s is at the lower end of what is reported as the 

intermediate velocity range (1-100 µm/s), or the permeation regime 29. Velocities lower 

than the permeation regime (e.g., 0.01 µm/s) are associated with the spontaneous 

dissociation velocity of membrane-cytoskeleton binders. At such ultra-low pulling 

velocities, the cell membrane composed of lipids and integral proteins behave as an ultra-
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viscous sheet. At ultra-high velocities above the permeation regime (> 100 µm), the binders 

are indicated to be torn out 29. 

The mean±standard deviation (SD) values of Fmax for tethers pulled from IOSE364 

and  SKOV3 were 350±81 pN and 190±76 pN, respectively (Figure 3a). Value of Fmax is 

associated with the enregetic processes to bend the cell membrane, surmound the 

membrane-cytoskeleton adhesion (W0), and overcome the viscous resistance as the pulling 

process begins. The statistically signficant (p = 0.0004) reduction in the mean value of Fmax 

for SKOV3 cells suggests that the net sum of these energetics is lowered for SKOV3 cells. 

Following results and discussion provide further insight into these energetics. 

 

Figure 3.3 Box-and-whisker plots of (a) Fmax, (b) Feq, and (c) ktether for tethers pulled from IOSE364 

and SKOV3 cells. Individual values of the date are shown by black symbols for IOSE tethers, and red 

symbols for SKOV3 tethers.  Number of tethers were 8 for IOSE364, and 15 for SKOV cells. One tether 

was pulled from each cell. Asterisks *, and *** indicate statistically significant differences at p < 0.05, and 

p < 0.001, respectively. The specific values are p=0.0004 (a), p=0.034 (b), and p=0.032 (c).       

 

As the tether is elongated in the permeation regime, the cell body membrane lipids 

are drawn into the tether as they flow around transmembrane proteins and/or slip against 

the underlying cytoskeleton. This viscous drag of the lipids gives rise to increased 

membrane tension in the tether. At the end of tether elongation (i.e., at the onset of force 
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relaxation), the membrane tension in the tether (tether) is higher than the tension in the 

membrane of the cell body, a state that drives the lipid transport of the lipids until force 

relaxation is completed and equilibirum reached. At equilibrium, the net flow of the lipids 

is zero, and tether is balanced against the lateral (in-plane) tension in the cell membrane 

(cell), and the tension resulting from W0 
29,30: 

tether = cell + W0.    (6) 

The mean ± standard deviation values of Feq for IOSE364 and SKOV3 cells were 

74.8 ± 17.0 pN and 57.5 ± 16.3 pN, respectively (Figure 3b), and sigifcantly different from 

each other (p = 0.034).  As discussed below, the lower mean value of Feq for SKOV3 is 

related to tether and the membrane bending modulus (). The mean value of ktether for 

SKOV3 cells (2.8 ± 0.8 pN/µm) was signficantly lower (p = 0.032) than the mean value 

for IOSE364 cells (3.7 ± 0.8 pN/µm) (Figure 3c), suggesting that the membrane of SKOV3 

was less resistant to elongation.   

Statistically, the mean value of short for IOSE364 (1.9 ± 1.2 s) and SKOV3 cells (1.6 

± 1.1 s) were not significantly different from each other (Figure 4a). These values are on 

the same order as those for tethers pulled at 1 µm/s from HEK cells (~ 1.2 s) 21, OHCs (~ 

3.7 s) 23, regardless of manipulating the respective membrane composition of these cells 

by external agents (cholesterol and chlorpromazine), as well as cytoskeletal-lacking 

synthetic liposomes (~ 2-4 s) 22. These results suggest that the short characteristic time for 

the convective flow of the lipids from the cell body (region of low membrane tension) 
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toward the tether (region of high membrane tension), due to the Marangoni effect, has 

slight dependency on the cell type, membrane composition, and presence of cytoskeleton. 

The mean value of long for SKOV3 cells (12.9 ± 6.9 s), however, was significantly 

shorter (p = 0.018) than the value for IOSE364 cells (20.4 ± 6.2 s). This reduction in long 

for SKOV3 cells is indicative of reduced barriers to the diffusive flow of lipids from the 

cell body into the tether, suggesting that the architecture of SKOV3 membrane may be 

altered in ways that reduce the viscous resistance of cytoskeletal-bound membrane proteins 

and other membrane structures to lipids flow 31. 

 

Figure 3.4 Box-and-whisker plots for (a) short (τshort) and (b) long (τlong) characteristic times associated 

with tethers pulled from IOSE364 and SKOV3 cells.  Number of tethers were 8 for IOSE364, and 15 for 

SKOV cells. Single asterisk * indicates a statistically significant different at p = 0.018. 

 

 Brightfield and the corresponding tether images of tethers from IOSE364 and 

SKOV3 cells obtained by QPI are shown in in Figure 5. While tethers under brightfield 

typically were not visible, QPI provided a capability to visualize the tethers against the 
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surrounding background. Interestingly, QPI revealed tether-like structures protruding from 

the SKOV3 cell at improved contrast. These protrusions are attributed to filamentous actin 

(F-actin) polymerization 32–35, and suggestive of the migratory structure and potential 

capability of these cells to breach basement membranes, and invade tissues and vasculature 

36. Formation of these protrusion is consistent with our finding of reduced membrane 

stiffness (Figure 3c) for SKOV3, allowing the membrane to more readily extend in 

response to the forces exerted by F-actin during polymerization 37–39.  

Figure 3.5 Representative images of IOSE364 and SKOV3 cells obtained by (a,c) brightfield microscopy, 

and (b,d) QPI. Arrows point to tethers, which are not visible under brightfield, but become resolvable by 

QPI. Membrane protrusions from SKOV3 cells can also be visualized at improved contrast by QPI.    
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The mean value of dtether for SKOV3 cells (110 ± 45 nm) was significantly smaller 

(p = 0.010) than that for IOSE364 cells (217 ± 33 nm) (Figure 6a). Using the estimated 

measurements of dtether, we subsequently estimated , a property that allows the membrane 

bilayer to resist a change in its curvature, and tether as follows. Assuming that the tether is 

cylindrically-shaped with length L’, the free energy of the tether (Etether) can be written as 

40:  

𝐸𝑡𝑒𝑡ℎ𝑒𝑟 = 𝜋𝑑𝑡𝑒𝑡ℎ𝑒𝑟𝐿′𝜎𝑡𝑒𝑡ℎ𝑒𝑟 +
2𝜋𝜅𝐿′

𝑑𝑡𝑒𝑡ℎ𝑒𝑟
− 𝐹𝑒𝑞𝐿′. (7) 

To minimize Etether, the membrane tension acts to reduce the diameter of the tether 

while the bending modulus opposes it. The balance between these two opposing energies 

determines dtether and Feq at equilibrium, which can be determined by: 

𝜕𝐸𝑡𝑒𝑡ℎ𝑒𝑟

𝜕𝑑𝑡𝑒𝑡ℎ𝑒𝑟
= 0, (8a) 

and  

 
𝜕𝐸𝑡𝑒𝑡ℎ𝑒𝑟

𝜕𝐿′
= 0. (8b) 

Equations (7)- (8) together yield: 

𝑑𝑡𝑒𝑡ℎ𝑒𝑟 = 2√
𝜅

2𝜎𝑡𝑒𝑡ℎ𝑒𝑟 
 , (9) 

and 
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𝐹𝑒𝑞 = 2𝜋√2𝜎𝑡𝑒𝑡ℎ𝑒𝑟𝜅 . (10) 

From Equations (9) and (10), we obtain:  

𝜅 =
𝐹𝑒𝑞𝑑𝑡𝑒𝑡ℎ𝑒𝑟

4𝜋
, (11) 

and: 

𝜎𝑡𝑒𝑡ℎ𝑒𝑟 =
𝐹𝑒𝑞

2𝜋𝑑𝑡𝑒𝑡ℎ𝑒𝑟
. (12)     

To estimate the SD associated with 𝜅 and 𝜎𝑡𝑒𝑡ℎ𝑒𝑟 , we used the error propagation 

method 41: 

𝛼𝐽 =  𝐽√̅(
𝐹𝑒𝑞̅̅ ̅̅ ̅

𝛼𝐹𝑒𝑞

)
2

+ (
𝑑𝑡𝑒𝑡ℎ𝑒𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝛼𝑑𝑡𝑒𝑡ℎ𝑒𝑟

)
2

                 (13) 

 

where 𝛼𝐽 is the estimated SD associated with the mean value of the quantity of interest (, 

and tether), 𝐽 is the calculated average value of quantity of interest (, and tether), 𝐹𝑒𝑞
̅̅ ̅̅  is the 

average value of Feq, 𝛼𝐹𝑒𝑞
is the SD associated with 𝐹𝑒𝑞

̅̅ ̅̅ , 𝑑𝑡𝑒𝑡ℎ𝑒𝑟
̅̅ ̅̅ ̅̅ ̅̅ ̅ is the average value of 

dtether, and 𝛼𝑑𝑡𝑒𝑡ℎ𝑒𝑟
 is the SD associated with 𝑑𝑡𝑒𝑡ℎ𝑒𝑟

̅̅ ̅̅ ̅̅ ̅̅ ̅.  

Using Equation (11), and the mean ± SD values of  Feq (Figure 3a) and dtether (Figure 

6a), the estimated values of  for IOSE364 (1.29 ± 0.32)  10-18 J (~ 313 kBT)) and SKOV3 

(0.51 ± 0.23)  10-18 J (~ 124  kBT)) cells (where kB is the Boltzmann constant (~ 1.38  

10-23 J/K), and T = 298 K) were significantly different from each other (p=0.007) (Figure 
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6b). These values are comparable to the values for microglial cells (~ 211 kBT) and 

macrophages (~ 189 kBT) 25, but higher than those for astrocytes (~ 63 kBT), glioblastoma 

GBM95 cells (~ 68 kBT) 25 and fibroblasts (~ 73 kBT) 27. The nearly 60% reduction in the 

value of  for SKOV3 cells is suggestive of the reduced resistance of the membrane of 

these cells to curvature changes as compared to IOSE364 cells. 

Using Equation (12), the estimated tether ~ (95.0 ± 37.3) 10-18 J/µm2 for SKOV3 

cells was significantly higher (p=0.006) than tether ~ (54.8 ± 13.7)  10-18 J/µm2 for 

IOSE364 cells (Figure 6c).  Changes in membrane tension are thought to be a regulator of 

cell motility in coordination with the dynamics of cytoskeletal actin 42. In view of this 

notion, the increase in tether for SKOV3 cells is suggestive of changes in the potential 

motility of these cells as compared to IOSE364 cells. 

 

Figure 3.6 Box-and-whisker plots for (a) tether diameter, and mean values of (b) membrane bending 

modulus (κ), and (c) tether membrane tension (tether). Error bars in panels (b) and (c) indicate standard 

deviations from the mean. ** indicates a statistically significant difference with p=0.010 (a), (b) p=0.007 

(b), and p=0.006 (c).      
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Our estimated values of tether are comparable to those for microglial cells (56  10-

18 J/µm2 ), astrocytes (50  10-18 J/µm2), and glioblastoma GBM95 cells (51  10-18 J/µm2), 

but higher than the values for neuronal cell bodies (16  10-18 J/µm2) and neurites (15  10-

18 J/µm2) 25. Results of tether pulling experiments from mouse fibroblast and  human 

melanoma blebbing cells that lack cytoskeletal support indicate that the value of cell is in 

the range of 1-3  10-18 J/µm2 43,44. Similarly, our previous results based on tethers pulled 

from HEK cells with disrupted membrane-cytoskeleton attachments indicate cell ~ 5   10-

18 J/µm2 21. Based on the results reported in these studies, there appears to be little variation 

in the value of cell among different cell types. Furthermore, since cell < tether, the major 

determinant of membrane tension in the tether is W0 (Equation 6) 30,43. Since tether for 

SKOV3 cells was higher than the corresponding value for IOSE364 cells (Figure 3.6c), it 

would appear that W0 for SKOV3 cells would be concomitantly higher (Equation 6). 

However, the reduction in the mean value of Fmax for SKOV3 cells (Figure 3.3a) suggests 

that both the lowered  (Figure 3.6b) and viscous resistance of the membrane, characterized 

by long (Figure 3.4b), dominate the energetics associated with detachment of the membrane 

from the cytoskeleton as compared to W0. Given that the value of Feq for SKOV3 cells was 

significantly lower for SKOV3 cells (Figure 3.3b), we attribute the basis for it to the 

significantly lower value of  for these cells (Figure 3.6b) as being the dominant 

mechanical property as compared to tether  (Equation 10), which was estimated to be higher 

for SKOV3 cells (Figure 3.6c). 
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In this study, we have characterized the viscoelastic properties of the membranes of 

normal and cancerous human ovarian cells using an instrumentation platform that 

combines optical tweezers and QPI. A key advantage of this platform is that it enables 

quantification of membrane bending modulus and tension, two important mechanical 

parameters that require the measurements of tether force and diameter. Although tether 

force has been extensively measured by several investigators for different cells 37,45–50, a 

challenge in the field has been the measurements of the tether diameter. Previously, a 

method using  scanning electron microscopy has been reported 27.  However, this method 

requires fixing the cells after pulling tethers from them and using geometrical 

approximations to estimate the tether diameter. QPI allows provides an optical 

measurement of the tether radius without fixing the cells, simultaneously with 

measurements of the tether force by optical tweezers. We have previously verified the 

accuracy of QPI-based measurements (172±16 nm) against AFM-based measurements 

(179±15 nm) of a pattern of depths, etched within a microchip 7. Our combined optical 

tweezers and QPI platform provides a capability for mechanical characterization of various 

cell types under different conditions and stimuli. 

Important findings of this study are that as compared to the membranes of IOSE364 

cells, the membranes of SKOV3 cells have significantly lower Fmax for detachment from 

cytoskeleton (Figure 3.3a), tether stiffness (Figure 3.3c), membrane bending modulus 

(Figure 3.6b), and characteristic time for lipid flow (Figure 3.4b), the latter indicative of 

reduced membrane viscosity. These findings collectively suggest that the membranes of 

cancerous SKOV3 ovarian cells are less resistant to mechanical forces and deformation. 
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Increased membrane susceptibility to mechanical deformation may be a facilitating factor 

in the metastatic behavior of cancerous ovarian cells. 

Consistent with our findings, AFM-based studies indicate that the value of Young’s 

modulus for IOSE cells is higher than the corresponding values for different ovarian cancer 

cell lines 51.  Swaminathan et al. have found that ovarian cancer cell types with highest 

migratory and invasiveness have lower stiffness values 52. In particular, these investigators 

reported that the stiffness of SKOV3 cells, which were shown to have a high relative 

invasiveness, was nearly threefold lower than that of IGROV cells that had a low relative 

invasiveness. Ketene et al. have reported that the stiffness and viscosity of mouse ovarian 

surface epithelial (MOSE) cells progressively decrease as the cells transition from benign 

to early- and late-stage malignancy stages, and attributed these biomechanical alterations 

to organizational changes to cytoskeletal actin 53. Based on our findings, we propose that 

in addition to changes in actin organization (e.g., F-actin polymerization), the mechanical 

properties of the membrane itself can also play a role in the progression of ovarian cancer 

malignancy. As such, the membrane biomechanical properties cells could potentially 

provide diagnostic value and serve as a biomarker to assay the metastatic potential of 

ovarian cancer cells. 

The reduced  for SKOV3 cells (Figure 3.6b) suggests that the membrane 

composition and/or architecture are altered in these cells. Cholesterol and lipids including 

phosphosphingolipids (sphingomyelin) form membrane lipid rafts (caveolae) that 

influence the membrane bending rigidity 54. Therefore, it is plausible that the lower value 
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of  for SKOV3 cells may be due to the altered amount of cholesterol and/or 

compositional/structural changes to the lipid rafts. Lokar et al., have reported that 

cholesterol depletion in the membrane of urothelial cancer cells resulted in dispersion of 

cholesterol-sphingomyelin nanodomains, and an increase in the diameter of nanotubes 

(tether-like structures) interconnecting the cells 55. As such, our finding that tethers pulled 

from SKOV3 cells had a significantly smaller (p = 0.010) dtether (Figure 3.6a), and 

subsequently, lower  (Equation 11, Figure 3.6b) (p = 0.007) is suggestive of increased 

membrane cholesterol content and/or compositional changes to the rafts and their 

landscape within the membrane bilayer. 

Further evidence towards the role of phosphosphingolipids in modulating the 

biomechanical properties of ovarian cancer cells comes from a study that involved 

treatment of the cells with specific components of phosphosphingolipids (sphingosine, 

ceramide, or sphoingosine-1-phosphate) 56.  While treatment with ceramide or sphingosine-

1-phoshate reduced the average elastic modulus of transitional and aggressive MOSE cells, 

sphingosine (the backbone component of phosphosphingolipids) treatment increased the 

average elastic modulus in the aggressive cells. In view of these findings, a reduction in 

membrane bending modulus and stiffness of SKOV3 cells may be attributable to increased 

content of ceramide or sphingosine-1-phoshate as metabolites of phosphosphingolipids 

within the membrane, or alternatively to decreased content of phosphosphingolipids or its 

sphingosine backbone, which in turn, would suggest a reduction in the size of the raft 

domains. Smaller rafts may reduce the physical barriers for the flow of the non-raft lipid 

components of the membrane; hence, resulting in lower diffusion time as we have observed 
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(Figure 3.4b). In view of our findings with respect to alterations in some of the mechanical 

properties of SKOV3 cells, it is possible that the membrane biomechanics of ovarian cancer 

cells may serve as a potentially useful biomarker for diagnostic assessment and a potential 

target by therapeutic agents for controlling metastasis.  

CONCLUSIONS        
 

Utilizing an instrumentation platform that combines optical tweezers with QPI, we have 

characterized the viscoelastic properties of the membranes of normal (IOSE364) and 

cancerous (SKOV3) ovarian cells. Using dynamic force profiles associated with tethers 

pulled from these cells in conjunction with QPI-based estimates of tether diameters and 

quantitative analyses, we find that the membranes of SKOV3 cells require a statistically 

significant lower force to become separated from the cytoskeleton, and have statistically 

significant lower stiffness, bending modulus, and characteristic time associated with lipid 

flow. Our biomechanical characterization approach and results may pave the way for future 

directions and studies aimed at using the membrane biomechanics as a possible diagnostics 

biomarker for assessment of the metastatic potential of ovarian cancer, and a target for 

development of therapeutics. 
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Chapter 4: Viscoelastic Properties of the Membrane of RBC-Derived Optical 

Microparticles 

 

ABSTRACT  

The viscoelastic properties of erythrocyte derived particles play a role in the circulation 

kinetics.  We investigate the viscoelastic properties of red blood cells, µm-diameter 

erythrocyte ghosts, and µm-diameter erythrocyte ghosts (µEGs) doped with indocyanine 

green (µNETs).  We obtained time-resolved force profiles associated with pulling 

membrane tethers and fit the relaxation profiles 2nd order generalized Maxwell body 

extract viscoelastic coefficients. Quantitative phase imaging was used to estimate the 

tether diameters of all three populations and subsequently calculate the bending modulus 

and tether tension.  The force required to separate the membrane from the cytoskeleton 

was significantly higher for µNETs (~317 pN) than for RBCs (~217 pN) or µEGs (~154 

pN).  The time constant for Marangoni flow of the tether was significantly shorter in 

RBCs (~1.4 seconds) than in µEGs (~5.0 seconds) or µNETs (4.0 seconds).  The time 

constant for diffusive lipid flow into the tether are significantly larger (P<0.05) in µEGs 

(~34 seconds) and NETs (~37 seconds) than in RBCs (~25 seconds).  RBCs (~7.8 * 10-

19 J) have a significantly lower (P<0.05) bending modulus than µEGs (~38*10-19 J) and 

µNETs (~16*10-19 J), but they have a significantly higher (P<0.05) tether tension (~79 

J/µm2) than µEGs (~20 J/µm2) or µNETs (~13 J/µm2).  Our results suggest that 

hemoglobin depletion and ICG doping affects the viscoelastic properties of erythrocyte 

membranes.   
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INTRODUCTION 
 

Improving the efficiency and efficacy have of drug delivery vehicles been an area of 

interest for several decades.  One such popular material used for fabricating intravascular 

constructs are red blood cell (RBC) membranes because they show promise of 

biocompatibility, biodegradability, and prolonged circulation half-lives compared to other 

polymers or liposomal based delivery systems57.  RBC membranes have remarkable 

biochemical properties, as membrane proteins such as CD47 camouflage the RBC from 

premature clearance from circulation by immune system58.  RBCs are also highly 

deformable due to the cytoskeletal complexes (formed by ankyrin, 4.1, 4.2, band 3, and 

spectrin), intracellular viscosity, and the membrane surface-to-volume ratio, which allows 

for passage through narrow channels such as capillaries or the slits of the splenic 

sinuses59.  Their combined biochemical and biomechanical properties allow for 

circulation times of up to 120 days60.  Recent examples of cargo loaded or doped into red 

blood cell membranes include persistent luminescent nanophosphors61, ethyl 

hydroxyethyl cellulose62, CDX peptides63, RNA drugs64, and fluorophores65–69.  It is 

interesting to note that there are no RBC membrane derived constructs that can circulate 

in the body for the same duration as the native RBC.  

To prepare the RBC membrane, hemoglobin is removed from to form erythrocyte ghosts 

(EGs), which serve as shell for loading the compound of interest70.  This allows the cargo 

to be isolated from the environment in circulation until it reaches the site of interest, 

which will increase the circulation time, decrease the dosage, and reduce side effects.  

Our group has extensively developed and applied indocyanine green (ICG) loaded EGs 
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for in vivo imaging and therapeutic applications65–67,71,72.  We refer to these particles as 

Near-infrared Erythrocyte-mimicking Transducers (NETs).  Furthermore, the erythrocyte 

membrane can be functionalized with moieties67,71 to allow for specific targeting of tissue 

or cell types.   

The dependence of particle circulation time on the particle mechanical properties have 

been explored in different materials. Decreasing the elastic modulus of discoidal shaped 

hydrogels microparticles by 8-fold have been shown to increase its circulation time by 

30-fold in mice73.  The uptake of particles by target cells and biodistribution are 

influenced by the mechanical properties of the particles74,75.  Soft microparticles derived 

from tumor-repopulating cells are shown to correlate with drug delivery efficiency76.  In 

erythrocytes, the deformability is impaired overtime and damage due to changes in 

surface area, cytoplasmic viscosity, and the cytoskeleton network60,77.  The decrease in 

the deformability of the RBC is a marker for clearance from circulation.  Hemoglobin 

depletion of erythrocytes induces dramatic changes in the biomechanical and biochemical 

properties of the cell.  The shear modulus of erythrocyte ghosts (EGs) have been shown 

to be higher than intact erythrocytes78.  Nanometer-sized particles are smaller than the 

normal erythrocytes, which makes them less susceptible to mechanical filtration.  

Micron-sized particles, on the other hand, are comparable to the dimensions of 

erythrocytes, suggesting that micron-sized particles may be susceptible to clearance by 

the spleen.  The loading of any cargo, such as ICG, may also affect the mechanical 

properties of the construct, as ICG is amphiphilic and can intercalate itself into the cell 

membrane. 
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There have been many approaches used to characterize the deformability of RBCs, EGs, 

and microparticles, ranging from atomic force microscopy76,79, ektacytometry80, 

micropipette aspiration81,82, magnetic tweezers83, membrane fluctuations84,85, and optical 

tweezers86–89.  However, there is limited research in the mechanical properties of 

erythrocyte based microparticles in the context of cargo delivery. 

In this study, we quantify the viscoelastic properties of erythrocytes, micron-sized EGs 

(µEGs), and micron-sized NETs (µNETs) using through extracting membrane tethers 

with optical tweezers.  Viscoelastic parameters were obtained through fitting tether force 

relaxation data with the 2nd order generalized Maxwell body, where we extract stiffness 

(k), coefficient of friction (µ), and relaxation time constants (τ).  We also capture 

quantitative phase images (QPI) of the extracted membrane tethers to estimate the tether 

diameter at the end of relaxation, from which we subsequently calculate the bending 

modulus and membrane tension associated with those tethers.  We find that some the 

viscoelastic properties of RBCs are significantly altered after fabrication into µEGs and 

µNETs.   

MECHANICAL MODEL 
 

We used a 2nd order generalized Maxwell-Weichert model (Figure 1) to fit the 

experimentally-measured force relaxation profiles associated with membrane tethers 

pulled from RBCs, µEGs, and µNETs, and estimate the viscoelastic properties of their 

membranes. In this model, three springs with spring constants k1, k2, k3 (pN/µm), and two 
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dashpots with friction coefficients µ1 and µ2 (pN•s/µm) are used to model the elastic and 

viscous behavior of the membrane, respectively. 

 

Figure 4.1 Five-parameter Generalized Maxwell-Weichert body used to model the tether force relaxation 

profiles. 

 

The governing equation for this mechanical model can be written as23:  

𝐹 + (𝜏1 + 𝜏2)
𝑑𝐹

𝑑𝑡
+ 𝜏1𝜏2

𝑑2𝐹

𝑑𝑡2
= 

𝑘3𝑥 + (𝑘0𝜏1 + 𝜇1 + 𝑘3𝜏2 +  𝜇2)
𝑑𝑥

𝑑𝑡
+ (𝑘0𝜏1𝜏2 + 𝜇1𝜏2 + 𝜇2𝜏1)

𝑑2𝑥

𝑑𝑡2
        (1) 

where x is the deformation, t is time, and  is the corresponding relaxation time for each 

of the two Maxwell elements:   

𝜏𝑖 =  
𝜇𝑖

𝑘𝑖
 ,  𝑖 = 1,2                                                                                                  (2)                       
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During an experiment, a membrane tether is elongated at a constant rate (V) of 1 µm/s until 

a specified length (L). When tether pulling stops, we assume there is an instantaneous jump 

from the tether pulling velocity (1 µm/s) to zero. Since the tether force at this transition 

remains continuous, the elements that can instantaneously respond to this abrupt change in 

velocity are the springs whereas the dashpots cannot respond immediately. Therefore, the 

change in velocity is shared equally among the three springs: 

𝑑𝑥1𝑠𝑝𝑟𝑖𝑛𝑔

𝑑𝑡
|

𝑡=𝑡′

=
𝑑𝑥2𝑠𝑝𝑟𝑖𝑛𝑔

𝑑𝑡
|

𝑡=𝑡′

=
𝑑𝑥3𝑠𝑝𝑟𝑖𝑛𝑔

𝑑𝑡
|

𝑡=𝑡′

= −𝑉                          (3) 

where t’ is the time at which tether pulling stops. The tether force reaches a steady state 

value (Fss) at the end of elongation.  The initial conditions at the start of the relaxation 

time are: 

𝐹(𝑡 = 𝑡′) =  𝐹𝑠𝑠 ,                                                                                             (4) 

𝑑𝐹

𝑑𝑡
|

𝑡=𝑡′
=

𝑑𝐹𝑠𝑠

𝑑𝑡
− 𝑉(𝑘1 + 𝑘2 + 𝑘3).                                                      (5) 

The solution to equation (1) with the initial conditions given in equations (4) and (5) is 

given as23: 

𝐹(𝑡) = 𝐹𝑒𝑞 + 𝐴𝑒
−(

𝑡−𝑡′

𝜏1
)

+ 𝐵𝑒
−(

𝑡−𝑡′

𝜏2
)
,                                                  (6) 

where the coefficients A and B are: 

𝐴 =  (
𝜏1

𝜏1−𝜏2
) [𝐹𝑠𝑠 − 𝜏2 (

𝑑𝐹𝑠𝑠

𝑑𝑡
− 𝑉(𝑘1 + 𝑘2 + 𝑘3)) − 𝐹𝑒𝑞],      (7) 
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𝐵 =  (
𝜏2

𝜏2−𝜏1
) [𝐹𝑠𝑠 − 𝜏1 (

𝑑𝐹𝑠𝑠

𝑑𝑡
− 𝑉(𝑘1 + 𝑘2 + 𝑘3)) − 𝐹𝑒𝑞].       (8) 

In equations (7) and (8), Feq is defined as the equilibrium force at the end of tether 

relaxation and was determined by averaging the last 20 seconds of the tether force data.  

We then estimated the value of k3 as: 

𝑘3 =
𝐹𝑒𝑞

(𝐿+𝑑𝐿)
                                                                                   (10) 

where dL is the change in the tether length upon the relaxation of the tether force. 

RESULTS  
 

Variations in morphology and protrusion deformability.  

  

The morphology differences between RBCs, µEGs, and µNETs are illustrated in Figure 2.  

The EI quantifies the shape change of the cell before tether formation, and a higher EI 

value indicates a larger elongation.  The EI of RBCs were 0.36 ± 0.02, while µEGs and 

µNETs were 0.11 ± 0.04 and 0.08 ± 0.01, respectively (Fig. 2a), which shows that RBCs 

can significantly deform more prior to tether formation when compared to EGs and NETs.  

An illustrative image of maximum elongation prior to tether formation is shown in Fig. 2b, 

right column.  The EI for RBCs is comparable to  ektacytometry measurements80,90.  One 

of the major differences that arise as a result of µEGs and NETs fabrication is the shape 

change.  Normal RBCs have a discoidal shape (~8 µm in diameter), while µEGs and 

µNETs are smaller in diameter (~4 to 5 µm) (Fig. 2b, left column).  
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Figure 4.2 Red blood cells deform more prior to tether formation.  (a) Illustrative phase contrast images of 

before (right column) and after elongation (left column).  (b) Elongation index of cells before tether 

formation.  RBCs form a longer protrusion before tether formation when compared to µEGs and µNETs.  

Scale bar = 5 µm. (nRBC=13, nEGs=5, nNETs=13, ** indicates P < 0.01) 

 

As the RBC is being displaced from the optically trapped bead the cell goes 

drastically deforms, going from a discoid shape to a “water droplet” shape (Figure 2b).  For 

µEGs and µNETs, the particle shape remains relatively unchanged throughout the pulling 

process, indicative of low deformability.  As RBCs are able to deform more before tether 

formation, which indicates that hypotonic depletion has affected the cytoskeletal-

membrane adhesion of the in µEGs and µNETs. 

Tether Force Profiles.   
 

Example of tether force profiles obtained from RBCs, µEGs, and µNETs are shown in 

Figure 3.  The bead and sample are in contact at t=0, where the bead is slightly pushed out 

of the trap by the sample.  The pulling process forms a protrusion up until force Fmax.  There 

is a then a sudden drop in the force, indicative of the separation between the membrane and 
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cytoskeleton and tether formation.  The tether is then elongated to a length of 10 µm, from 

which the tether is allowed to relax to equilibrium force Feq. 

 

Figure 4.3 Illustrative tether force profiles (black trace) and the corresponding physical model fit (colored 

traces: red for RBC, orange for µEGs, and green for µNETs) of tether force relaxation for RBCs (a), µEGs 

(b), and µNETs (c).  The fits presented here have an r2 higher than 0.90. 

 

Forces Extracted from Force Profile.   
 

Results Fmax  and tether equilibrium force Feq are shown in Figure 4.  Fmax is the 

force required to form a membrane tether.  The values of Fmax are 217±24 pN, 153±20 pN, 

and 317±36 pN for RBCs, µEGs, and NETs, respectively (Figure 4a).  Fmax is related to the 

energetics of bending the cell membrane and separating the membrane from the 

cytoskeleton.  µNETs have a significantly higher Fmax than µEGs and RBCs, which 

suggests that ICG loading may increase cytoskeletal-membrane adhesion.  Feq is a measure 

of the force required to maintain a membrane tether at the end of viscous flow of 

phospholipid into tether and is related to the tension in the membrane decoupled from 

viscous flow.  The values for Feq are 73±7.3 pN, 55±7 pN, and 66±7 pN for RBCs, µEGs, 

and µNETs, respectively (Figure 4b).  The lack of statistical significance suggests that the 



 

46 

 

RBC membrane tension at equilibrium is unaffected by both hemoglobin depletion and 

ICG loading does not change Feq in µEGs.     

 

Figure 4.4. Feq (a) and Fmax (b) extracted from tether force profiles.  (nRBC=13, nEGs=17, nNETs=18, * 

indicates P<0.05, ** indicates P < 0.01) 

 

Fitting Relaxation Dynamics with Physical Model.   
 

Fitting relaxation force profiles with the five-parameter Generalized Maxwell-

Weichert body yields coefficients that correlate with viscous (µ) and stiffness (k) 

parameters associated with two phases in relaxation dynamics.  The region of the tether 

force profile fitted with the physical model for each sample is indicated in Figure 3.   

We summarize the obtained µ coefficients in Figure 5.  The values µ1for RBCs, 

µEGs, and µNETs are 11±2.1 pN*s/µm, 21±3.3 pN*s/µm, and 14±2.5 pN*s/µm, while the 

values for µ2 for RBCs, µEGs, and µNETs are 10±0.4 pN*s/µm, 12±0.5 pN*s/µm, 11±0.5 

pN*s/µm, respectively.  We find that µ1  is significantly larger than µ2  for µEGs and 

suggesting that the first stage of relaxation (µ1) is more viscous than the second stage of 

relaxation (µ2) in µEGs, while for RBCs and µNETs both stages of relaxation are not 
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statistically different.  The range of extracted values µ values can vary up to two orders of 

magnitude. 

 

Figure 4.5.  Box-and-whisker plots of coefficient of friction obtained from fitting relaxation force profiles 

with the mechanical model associated with the first (a) and second (b) phases of tether relaxation.  

(nRBC=13, nEGs=17, nNETs=18), * indicates P<0.05. 

 

The obtained k values are presented in Figure 6. Stiffness 𝑘1 (Figure 4.6a) are 7.8±1.0 

pN/µm, 6.2±0.8 pN/µm, and 4.8±0.9 pN/µm for RBC, EGs, and NETs, respectively.  RBCs 

have a significantly higher k1 than µNETs.  For stiffness 𝑘2 (Figure 4.6b) RBCs (0.5±0.06 

pN/µm) and µEGs (0.37±0.03 pN/µm) are significantly higher than in NETs (0.29±0.02 

pN/µm).  For all populations 𝑘2 is an order of magnitude smaller than 𝑘1, suggesting that 

the second stage of relaxation is primarily affected by the viscous components in the 

membrane.  The average values for stiffness 𝑘3  are 7.3±0.7, 5.4±0.5, 6.6±0.8 pN/µm, 

respectively for RBCs, µEGs, and µNETs (Figure 4.6c).  Stiffness 𝑘3 is associated with 

the stiffness of the membrane at the end of tether relaxation and is similar across all 

populations. 
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Figure 4.6.  Box-and-whisker plots for stiffness obtained with fitting tether relaxation with the mechanical 

model corresponding to the first (a) and second (b) phases of relaxation and tether equilibrium (c) 

(nRBC=13, nEGs=17, nNETs=18), * indicates P<0.05, ** indicates P < 0.01. 

 

Tether Relaxation Time Constants.  
 

The relaxation time constants are defined as the ratios between µ and 𝑘  coefficients 

(Equation (2)).  Relaxation time constants 𝜏1  and 𝜏2  relate to the two phases in tether 

relaxation dynamics.  Relaxation constant 𝜏1 refers to Marangoni convective flow of lipids 

from regions of high to low membrane tension21,22, while 𝜏2 refers to the diffusive flow of 

lipids as the tether relaxes to equilibrium21.   RBCs have statistically lower values for 𝜏1  

(1.4±0.3 seconds) than µEGs (3.5±0.5 seconds), and µNETs (4.0±0.7 seconds) (Figure 

4.7a).   

 



 

49 

 

 

Figure 4.7.  Relaxation time constants corresponding to the first (a) and second (b) phase of tether 

relaxation. (nRBC=13, nEGs=17, nNETs=18, * indicates P < 0.05, ** indicates P < 0.01) 

 

In a similar trend, the average values for 𝜏2  are 25±3.2 seconds, 34±2.7 seconds, and 

38±1.9 seconds for RBCs, µEGs, and µNETs, respectively (Figure 4.7b).  Our 𝜏2 values 

are comparable to HEK cells21, OHC23, and to erythrocytes91. The significant increase of 

𝜏2  in µEGs suggest that the major contributor to the relaxation dynamics is due to 

contributions from both 𝑘2 and µ2  .  The significant increase of 𝜏2 in µNETs is due to 

significant decrease in stiffness 𝑘2, as the µ2 values are comparable to RBCs and µEGs.  

The structure of the cytoskeletal-membrane network may allow for faster phospholipid 

flow for shape recovery of the erythrocyte after deformation.  For µEGs and µNETs, 𝜏2 is 

not significantly different, indicating that ICG loading into µEGs does not affect the flow 

of lipids into tethers.   
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Figure 4.8.  (a) Representative quantitative phase images of tethers extracted from RBCs, EGs, NETs.  The 

arrows point to the location of the tether.  We estimate the tether diameter from the QPI of tethers (b), and 

subsequently calculate the bending modulus (c), and tether tension (d) (nRBC=5, nEGs=6, nNETs=7, * indicates 

P < 0.05, ** indicates P < 0.01) 

 

Tether Diameter Estimation by QPI.   
 

QPI of tethers and the estimation of tether diameters are shown in Figure 8a and 

8b.  QPI has been applied by other groups to resolve structures such as microtubules, which 

are as small as 24 nm in diameter92.  We estimate that the tether diameters are 121±10 nm, 

539±75 nm, and 355±42 nm, for RBCs, µEGs, and µNETs, respectively.  Our estimation 

of the RBC tether diameter falls within the range of reported tether diameters ranging from 
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~25 nm93,94 to 200 nm95, but about 21% larger than the ~100 nm reported by scanning 

electron microscopy (SEM) measurements91.  The differences in estimation could be 

attributed to the differences in sample preparation, where SEM requires fixing of the cell.  

The larger tether diameter in µEGs and µNETs indicate that the tension and cytoskeleton 

membrane adhesion in those membranes are lower than of RBCs, as the tether diameter is 

inversely related to membrane tension. 

Estimation of 𝜿 and 𝝈𝒕𝒆𝒕𝒉𝒆𝒓  
 

The tether diameter is used to calculate the bending modulus (κ) and the tether tension 

(𝜎𝑡𝑒𝑡ℎ𝑒𝑟).  The bending modulus is the energy required to deform the cell membrane, where 

a higher value infers less deformability.  The bending modulus is approximated with the 

relationship21,25,91: 

𝜅 =
𝐹𝑒𝑞𝑑𝑡𝑒𝑡ℎ𝑒𝑟

4𝜋
          (10) 

 𝜎𝑡𝑒𝑡ℎ𝑒𝑟 is a measure of the tension of in the cell body at the end of tether relaxation and is 

determined with the relationship40,91: 

𝜎𝑡𝑒𝑡ℎ𝑒𝑟 =
𝐹𝑒𝑞

2𝜋𝑑𝑡𝑒𝑡ℎ𝑒𝑟
                                (11) 

where Feq is the tether force at equilibrium and dtether is the estimated tether diameter21,96.  

We estimate the bending modulus of RBCs on average are lower ((6.4±1.1) * 10-19J) than 

of µEGs ((34±8.3) * 10-19 J) or µNETs ((11±1.7) * 10-19 J) (Figure 8c).  For µEGs there is 

a larger variation of bending modulus, where roughly 33% of the population is comparable 

to RBCs while 67% of the population are larger than RBCs.  This variation may arise from 
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the hemoglobin depletion process, which generates a heterogenous population of µEGs.  

For µNETs we determine a lower bending modulus than µEGs but significantly higher than 

RBCs.  The decrease in the variability may be due to the subsequent exposure of hypotonic 

Sorenson’s buffer for loading of ICG of µEGs to form µNETs, which would make the 

population of µNETs more uniform than µEGs.  The bending modulus indicate both µEGs 

and µNETs require more energy to deform the membrane, suggesting that they have lower 

deformability than RBCs.  This correlates with the EI measurement (Figure 3) and the 

increased shear modulus found in EGs78.  Our estimated bending modulus of RBC is larger 

than what has been reported, but is still within same order of magnitude (~10-19 J)88,91.  Our 

estimated 𝜎𝑡𝑒𝑡ℎ𝑒𝑟 is comparable to the values reported in another study91. The differences 

in 𝜅 and 𝜎𝑡𝑒𝑡ℎ𝑒𝑟 may come from variations in the experiments, such as sample preparation, 

age of the erythrocytes, and tether extraction protocol. 

The estimate average values for 𝜎𝑡𝑒𝑡ℎ𝑒𝑟  are (96±24)*10-18 J/µm2, (23±3.5)*10-18 

J/µm2, and (19±3.2)*10-18 J/µm2 for RBCs, µEGs, and µNETs (Figure 8d).  We find that 

RBCs have a significantly higher 𝜎𝑡𝑒𝑡ℎ𝑒𝑟 than µEGs and µNETs, which may correlate with 

the faster time constant for Marangoni flow (𝜏1).  Functionally the higher tension may 

facilitate in the shape recovery of RBC.  As 𝜎𝑡𝑒𝑡ℎ𝑒𝑟 is related to cytoskeletal membrane 

adhesion, the significant decrease from RBCs to µEGs/µNETs indicates that hemoglobin 

depletion weakens such connections.    

 

 



 

53 

 

DISCUSSION 
 

As RBC membranes become more popular to use as delivery systems, it is 

important to consider how the mechanical properties of the constructs is affected by 

fabrication.  The mechanical properties play a major role in circulation kinetics, 

biodistribution, and cellular uptake.  In our work we have shown viscoelastic similarities 

and differences between µEGs, µNETs, and RBC.  We discuss the factors that causes the 

changes in the RBC mechanics and the implications of the cargo loaded into the RBC 

construct on the mechanical properties. 

Fabrication of RBCs into µEGs perturbs the structural integrity.  
 

The coefficient of friction corresponding to both tether relaxation phases are 

significantly higher in µEGs than in RBCs.  An increase in the viscosity of the membrane 

would correspond to an increase in resistant to deformation.  The decrease in stiffness terms 

k1 and k2 suggest that the cytoskeleton of the RBC has been compromised after fabrication 

into µEGs and µNETs.  During the µEG fabrication process, the RBC is osmotically 

swelled up to release intracellular hemoglobin, which can compromise the structural 

integrity.  Furthermore, the differences in the tether relaxation time constant τ2 may indicate 

a longer time in µEGs and µNETs for shape recovery after deformation, which may be 

detrimental for mechanical stability. 

RBC derived particles may have defects in the “vertical” linkages, which is the 

connection between spectrin and the transmembrane protein band 3.  Impaired function 

would lead to premature shedding of membrane as found in hereditary spherocytosis89.  
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This decrease in the vertical connections may be correlated to µEGs and µNETs having a 

smaller cell diameter (Figure 3b), as there could be membrane shedding during the 

depletion process.  The second type of connection, “horizontal” linkages, are interactions 

that stabilize the in-plane connections of cytoskeleton89.  Impaired horizontal linkages 

leads to hereditary elliptocytosis, which leads to decreased mechanical stability and 

reduced membrane surface area60.    Defects in the cytoskeleton network such as anchoring 

points (vertical linkages) of the cytoskeleton to the membrane and dimer-dimer association 

of spectrin filaments (horizontal linkages) decreases the intracellular pressure the 

erythrocytes97, which correlates with the decreased 𝜎𝑡𝑒𝑡ℎ𝑒𝑟 we report in this study.  The 

decrease in  𝜎𝑡𝑒𝑡ℎ𝑒𝑟  suggests the differences from RBCs to µEGs, and subsequently 

µNETs, are due to differences in tension, which arise from modifications of the 

cytoskeletal network.  The increase in κ from µEGs/µNETs from RBC indicates that a 

modified cytoskeletal network reduces the deformability of the cell.  Since Feq is not 

significantly different between the populations, the increases in the tether diameter 

contributes to the differences in κ and 𝜎𝑡𝑒𝑡ℎ𝑒𝑟 between RBCs, µEGs, and µNETs. 

Variability in populations.   
 

The large variation in all three populations might be due to the inhomogeneity of 

whole blood.  Within whole blood there is a distribution of young and senescent cells, as 

well as cells with differing intracellular ATP concentrations.  It is well known that as RBCs 

age their deformability becomes impaired due to membrane shedding, increased 

hemoglobin concentration98 as well as decrease in intracellular ATP84,99.   We control for 

this variable by selecting discoidal shaped RBCs for study.  Another factor is the presence 
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of ATP, as it is a major contributor to RBC deformability.  The membrane-spectrin 

interaction is mediated by the phosphorylation of protein 4.1R84; the absence of ATP would 

lock the adhesion of the membrane-spectrin complex, which may increase the tension and 

apparent viscosity of the cell.  In the process of µEGs fabrication, the erythrocyte is swelled 

up to release cytosolic hemoglobin, which in turn may also deplete cytosolic ATP.  

However, the altered network may still be functional; incubation of ATP has been shown 

to increase the membrane fluctuation of ghosts, which is correlated with deformability100. 

ICG modulates the viscoelastic properties of RBC membranes.   

ICG modulates the viscoelastic properties of RBC membranes.   
 

ICG has been shown to bind with lipid membrane vesicles 101.  ICG has also been 

shown to bind to cell membranes, but the mechanical effects of ICG on cell mechanics are 

unknown.  Amphiphilic molecules have been known to intercalate into the lipid bilayer of 

cells, which can influence membrane-cytoskeletal interactions.  We observe this 

phenomenon in the increased Fmax and decreased k1 and k2 in µNETs when compared to 

µEGs.  There are other examples of amphiphilic molecules that affect membrane 

mechanics.  For example, chlorpromazine (CPZ), an amphiphilic drug, has been shown to 

decrease 𝜏2  and Feq in outer hair cells by perturbing the cytoskeletal membrane 

interactions23.  Other drugs that modulate cytoskeletal mechanics such as phalloidin and 

cytochalasin D are comparable to the molecular weight of ICG.  Our work suggests that 

when fabricating erythrocyte derived constructs, one must also consider how the cargo can 

affect the construct’s viscoelastic properties. 
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CONCLUSION 
 

In this study we have determined the viscoelastic properties of erythrocyte derived 

particles through analysis of tether relaxation dynamics obtained by optical tweezers.  We 

have also quantified the tether diameters of RBC derived particles through QPI without the 

use of extraneous dyes or labels.  We show that there are differences in the viscoelastic 

properties between RBCs, µEGs, and µNETs.  ICG may modulate cytoskeletal membrane 

mechanics and as following the cargo loaded into the RBC derived construct should be 

considered a factor in deformability.  As RBC derived drug delivery vehicles become more 

prevalent, a better understanding of the mechanical properties at the single cell level offers 

insight to improving the circulation dynamics of RBC derived cargo delivery vehicles. 

MATERIALS AND METHODS 
 

Fabrication of µEGs and µNETs.   
 

Human RBCs were separated from whole blood (BioVIT, Inc., Hicksville, NY, USA) 

by centrifugation. Approximately, 1 ml of whole blood was placed in a 1.5 ml Eppendorf 

tube and centrifuged for 10 minutes (1600×g at 4oC). The supernatant containing the 

plasma and buffy coat were removed, and the resulting packed erythrocytes were washed 

twice with 1X PBS (pH ~ 8.0).   

To form µEGs and µNETs, RBCs were subjected to hypotonic treatment (80 mOsm 

PBS, pH ~ 8.0). The centrifugation process (20,000×g, 15 min, 4oC) was repeated until all 

the hemoglobin was depleted, resulting in an opaque pellet. The obtained pellet containing 

the µEGs were resuspended in 1 ml of 1×PBS. To load ICG (MP Biomedicals, Santa Ana, 
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CA, USA) into µEGs, 350 μl of µEGs suspended in 1×PBS were incubated with 155 μl of 

ICG stock solution (645 μM), 350 μl of Sorenson’s buffer (Na 2 HPO 4 /NaH 2 PO 4 , 140 

mOsm, pH ~8.0) and 145 μl nanopure water for 5 minutes at 4oC in the dark. The 

concentration of ICG in this loading buffer was 100 μM. Suspension was then centrifuged 

and washed twice with 1×PBS at 20,000g for 20 minutes at 4oC, to form µNETs.  The 

resulting µNETs were then re-suspended in 1 ml of 1× cold PBS. 

Optical Tweezers and Quantitative Phase Imaging.   
 

The instrumentation platform consisting of optical tweezers and quantitative phase 

imaging (QPI) is shown in Figure 4.8. The optical trap was formed using a 1064 nm laser 

(Coherent, Prisma -1064-8-V). The beam was expanded by a beam expander (BE). A half 

wave plate (HWP) and a polarizing beam splitter (PBS) were used to reduce the intensity 

of the laser light before entering into an inverted microscope (Nikon, Ti-Eclipse). The beam 

was reflected from a dichroic mirror (DC) (Chroma, Z900DCSP), and filled the back 

aperture of a 100X oil immersion objective (MO) (Nikon Plan Fluor, NA=1.3) that focused 

the light to form an optical trap.  
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Figure 4.8. Schematic of combined optical tweezers and quantitative imaging system.  BE: Beam 

expander,  HWP: Half wave plate, PBS: Polarizing beam splitter, BS: 90:10 Beam Splitter, PSD: Position 

sensitive detector, DC: Dichroic Mirror, MO: Microscope objective, PZT: Piezo-electric translation stage, 

CA: Condenser annulus, HL: Halogen lamp, P: polarizer and image plane, M1, M2, M3: Mirrors, SLM: 

Spatial light modulator, F: Filter, CCD: Charge-coupled detector camera, L1 and L2: 500 mm lens.  Light 

orange arrow indicates direction for QPI light path, while blue arrows indicate direction for bead position 

tracking. 

 

We optically trapped 4 µm diameter sulfate-modified polystyrene beads 

(ThermoFisher Scientific, F8858) coated with lysine, and used them as handles for 

membrane tether extraction and also as sensors for measuring the force profiles. Beads 

were coated with lysine to facilitate their adhesion with the membrane. We incubated the 

beads with lysine for ~ 24 hours at a concentration of 20 mg/mL in distilled water at 4oC.  

We tracked the displacement of the beads from the trapping center during tether pulling 

and force relaxation experiments using a position sensitive detector (PSD) (On-Trak, PSM 

2-2). A 90/10 beam splitter (BS) reflected the back-scattered light from the bead onto the 

PSD. The differential output voltage from the PSD was amplified (On-Trak, OT-301), and 

then digitized using an analog-to-digital converter (National Instruments, BNC2110) at 
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sampling rate of 1,000 Hz. We used LabVIEW software (National Instruments, LabVIEW 

7) to record the data.   

To calibrate the output voltage of the PSD in response to bead displacement, we 

applied known drag forces an optically trapped bead while recording the resulting 

differential voltage signal from the PSD. The drag force was generated by driving a 

piezoelectric translation-stage (PZT) (Physik Instrumente, Model P-527.C3) at varying 

velocities with triangular wave forms of known amplitude (150 µm) and frequencies (6.7, 

13.3, 20.0, 26.7, 33.3, and 40.0 Hz). The resolution of PZT was 10 nm in x and y directions, 

and 2 nm in z directions (laser beam propagation direction). The viscous drag force on a 

spherical object is related to the velocity of the fluid by Stoke’s equation:4 

 

𝐹𝑑𝑟𝑎𝑔 =
6𝜋𝜂𝑟𝜈
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where 𝜂 is the viscosity of the media (8.90 × 10-4 Pa∙s), r is the radius of the bead (4.2 µm), 

𝜈 is the velocity of the fluid, and ℎ is the height of the optically trapped bead from the 

bottom of the plate.  The calibrations were performed at a trapping height of 10 µm at room 

temperature.    

Concurrently, an electron-multiplying charge coupled device (EM-CCD) (C9100-13, 

Hamamatsu) sampling at 100 fps was used to capture videos of bead displacement. A 

particle tracking Matlab code, UmUTracker5, was used to determine bead displacement 

from the video. The voltage output from the PSD was plotted against bead displacement 
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captured by the video, and linearly fitted to obtain a voltage-displacement calibration 

(V/µm) (illustrative calibration line provided in Figure S2, Supporting Information). The 

applied drag force was plotted against the PSD voltage output, and linearly fitted to obtain 

a force-voltage calibration (pN/V) (illustrative calibration line provided in Figure S3, 

Supporting Information). The stiffness of the optical trap was then determined as the 

product of the slopes of these two calibration lines (~ 425.57 pN/µm). 

QPI was realized through a custom built interferometric system.7,102  Samples were 

illuminated by a 100W halogen lamp (HL) source through a condenser annulus (CA) and 

condenser lens (CL).  The same 100X oil immersion objective was used for both optical 

trapping and QPI. A mirror (M1) directed the scattered and un-scattered light to a linear 

polarizer (P). The un-scattered light forms an image of the condenser annulus at the focal 

plane of L1 (f=500 mm) on a reflective spatial light modulator (SLM) (Hamamatsu LCOS-

SLM X-10468). The SLM was used to introduce four phase shifts in π/2 increments to the 

un-scattered light. The un-scattered components interfered with the scattered light to form 

an image of the sample, which was focused onto the EM-CCD by lens L2 (f=500 mm). An 

IR filter (F) was placed in front of the EM-CCD to filter the extraneous 1064 nm light from 

the optical trap. To accommodate full re-arrangement of the nematic liquid crystals in the 

SLM, field delays of 100 ms were used between the phase modulations. We acquired 10 

phase shifted images every second to yield quantitative phase resolved images at 2.5 frames 

per second. 
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Using the four different intensity images, I0, Iπ, Iπ

2
, I3π

2

, corresponding to different phase 

modulations introduced by the SLM, the phase difference (∆φ) between the un-scattered 

and scattered light was determined as:  

Δφ =  tan−1 (
Iπ

2
−I3π

2

I0−Iπ
 )                                                                                    (13) 

We obtained phase maps as: 

𝜑 = tan−1 (
β sin ∆φ

1+β cos ∆φ
)                                                                                    (14) 

where β is the ratio of the amplitude of scattered to un-scattered light intensity.7,17 

The QPI system was calibrated using 400 nm and 630 nm polystyrene beads with index of 

refraction npolystyrene = 1.59 in air, seeded on glass bottom dishes7.  The EM-CCD pixels size 

was calibrated with a 10 µm spacing ruler and determined as 150 nm. The spatial noise of 

the QPI system was determined by measuring the standard deviation of phase from the 

background and estimated as ~0.02 rad.   

Sample Preparation for Tether Pulling. 
 

RBCs, µEGs, or µNETs were seeded onto poly-lysine coated glass bottom dishes 

(Mattek).  To firmly adhere the sample to the glass bottom dishes for tether pulling 

experiments, we centrifuged RBCs at 1000 x g for 30 min and EGs/NETs for 1200 x g for 

1 hour in the glass bottom dishes.  We pulled tethers from discoidal shaped RBCs with 

lateral diameters between 7 to 9 µm and circularly shaped µEGs/µNETs with lateral 

diameters between 4 to 5 µm, which were determined through visual inspection on the 
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CCD  Experiments on erythrocytes were performed within two weeks after receiving the 

blood and on the same day that they were isolated, while µEGs and µNETs experiments 

were carried out within two weeks after fabrication.   

Tether Pulling Protocol.   
 

By translating the PZT, adherent RBCs, µEGs, or µNETs were brought into contact 

with an optically trapped bead.  Bead-membrane adhesion was confirmed both visually and 

by detecting the change in the output voltage of the PSD.  After 10 to 30 seconds of bead-

membrane adhesion, the sample was displaced away from the optical trap at a constant 

velocity of 1 µm/s up to a length of 10 µm.  Pulling was then stopped to allow for the tether 

force to relax to equilibrium.   

Elongation Index Analysis.   
 

We used an elongation index (EI) to quantify the shape of RBCs, µEGs, and µNETs prior 

to pulling tethers from them, which is a measure of deformability. The EI is defined as: 

𝐸𝐼 =  
𝑋𝑙𝑒𝑛𝑔𝑡ℎ−𝑌𝑙𝑒𝑛𝑔𝑡ℎ

𝑋𝑙𝑒𝑛𝑔𝑡ℎ+𝑌𝑙𝑒𝑛𝑔𝑡ℎ
                                    (15) 

where 𝑋𝑙𝑒𝑛𝑔𝑡ℎ and 𝑌𝑙𝑒𝑛𝑔𝑡ℎ are the respective lengths along and perpendicular to the axis of 

deformation prior to tether formation at the same instance.  The lengths were determined 

by counting the number of pixels in longest length of the cell in the x-axis (direction of 

deformation) and the y-axis (axis perpendicular to direction of deformation).  
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Determination of Refractive Index  
 

In order to estimate the tether diameter from the quantitative phase images of tethers, 

the refractive index mismatch between the sample and the media must be known.  The 

refractive index of RBCs is largely dependent on the intracellular concentration of 

hemoglobin, where relationship between hemoglobin concentration and the refractive 

index of an RBC is given as103: 

𝑛𝑅𝐵𝐶 = 𝑛0 +  𝛼𝐶                     (16) 

Where 𝑛0  is the refractive index of the media (in our case 1× PBS), 𝛼  is the specific 

refractive index increment of hemoglobin, and 𝐶  is the concentration of hemoglobin.  

Using measurements in a recent study104, we estimate the average concentration of 

hemoglobin in RBCs to be ~337 g∙L-1 and the specific refractive index increment as 

~0.00023 L∙g-1
  at 595 nm for oxygenated hemoglobin.  With 𝑛0 = 𝑛𝑃𝐵𝑆 = 1.335105 at 595 

nm, we estimate 𝑛𝑅𝐵𝐶 = 1.413.  Since RBC membrane tethers have been shown to contain 

hemoglobin106, we used 𝑛𝑅𝐵𝐶 for the tether diameter estimations in RBCs.  

Hemoglobin is removed when fabricating RBCs into µEGs, and thus we cannot assume 

the refractive index of µEGs membranes to be the same as RBCs.  To determine the 

refractive index of µEGs membranes, we captured quantitative phase images of µEGs in 

media with two different refractive indices consisting of 1× PBS and human blood plasma.   

We first determined the refractive index of human blood plasma.  Plasma was obtained 

from the supernatant of centrifuged whole blood.  We imaged 630 nm diameter beads in 

millipure water and plasma, and the quantitative phase images are presented in Figure 4.9.   
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Figure 4.9.  Estimation of the refractive index of blood plasma by using 1 µm diameter polystyrene beads.  

The QPI of 630 nm diameter polystyrene beads are shown for water (a) and plasma (b).  The average phase 

of the beads in plasma is larger than in PBS (c).  Scale bar is 10 µm. 

 

We selected beads that were non-aggregated for analysis.  Within the pixels that 

corresponded to a bead, the pixel with the maximum phase corresponded to the bead 

diameter.  The relationship for the bead phase in 1 ×  PBS ( 𝜑𝑏𝑒𝑎𝑑𝑤𝑎𝑡𝑒𝑟
)  or plasma 

(𝜑𝑏𝑒𝑎𝑑𝑃𝑙𝑎𝑠𝑚𝑎
) and bead diameter (𝑑𝑏𝑒𝑎𝑑) are given as: 

𝜑𝑏𝑒𝑎𝑑𝑤𝑎𝑡𝑒𝑟
=  

2𝜋

𝜆
(𝑛𝑏𝑒𝑎𝑑 − 𝑛𝑤𝑎𝑡𝑒𝑟)𝑑𝑏𝑒𝑎𝑑                     (17) 

𝜑𝑏𝑒𝑎𝑑𝑃𝑙𝑎𝑠𝑚𝑎
=  

2𝜋

𝜆
(𝑛𝑏𝑒𝑎𝑑 − 𝑛𝑃𝑙𝑎𝑠𝑚𝑎)𝑑𝑏𝑒𝑎𝑑          (18) 

Where 𝜆   is the center wavelength of excitation (595 nm), 𝑛𝑏𝑒𝑎𝑑  = 1.591 and 𝑛𝑃𝐵𝑆  = 

1.332107.  Since 𝑑𝑏𝑒𝑎𝑑  should not change between 1× PBS and plasma, we can rewrite 

equation (17) in terms of 𝑑𝑏𝑒𝑎𝑑, substitute into equation (18), and solve for 𝑛𝑃𝑙𝑎𝑠𝑚𝑎 as: 

𝑛𝑃𝑙𝑎𝑠𝑚𝑎 =  𝑛𝑏𝑒𝑎𝑑 − 
(𝑛𝑏𝑒𝑎𝑑− 𝑛𝑤𝑎𝑡𝑒𝑟)𝜑𝑏𝑒𝑎𝑑𝑝𝑙𝑎𝑠𝑚𝑎

𝜑𝑏𝑒𝑎𝑑𝑤𝑎𝑡𝑒𝑟

           (19) 

We find 𝜑𝑏𝑒𝑎𝑑𝑤𝑎𝑡𝑒𝑟
 = 1.722±0.084 rad and 𝜑𝑏𝑒𝑎𝑑𝑃𝑙𝑎𝑠𝑚𝑎

= 1.589±0.026 rad, and 

subsequently from equation (19) determined 𝑛𝑃𝑙𝑎𝑠𝑚𝑎 = 1.352±0.002.  Our estimated value 
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is 0.37% higher than what has been previously reported in the literature (1.347 at 595 nm 

for rabbit108). 

The expression for the phase of μEGs and μNETs obtained in PBS (𝜑𝑃𝐵𝑆) and plasma 

(𝜑𝑃𝑙𝑎𝑠𝑚𝑎) is related to the thickness of the sample and refractive index mismatch by the 

following relationships: 

𝜑𝑠𝑎𝑚𝑝𝑙𝑒𝑃𝐵𝑆
=  

2𝜋

𝜆
(𝑛𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑛𝑃𝐵𝑆)ℎ𝑠𝑎𝑚𝑝𝑙𝑒                     (20) 

𝜑𝑠𝑎𝑚𝑝𝑙𝑒𝑃𝑙𝑎𝑠𝑚𝑎
=  

2𝜋

𝜆
(𝑛𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑛𝑃𝑙𝑎𝑠𝑚𝑎)ℎ𝑠𝑎𝑚𝑝𝑙𝑒            (21)  

Where 𝑛𝑃𝑙𝑎𝑠𝑚𝑎  =1.352, ℎ𝑠𝑎𝑚𝑝𝑙𝑒  is the averaged thickness of the µEGs or µNETs, and 

𝑛𝑠𝑎𝑚𝑝𝑙𝑒 is the refractive index of the µEGs or µNETs .  Assuming that ℎ𝑠𝑎𝑚𝑝𝑙𝑒 remains 

unchanged in both plasma and 1× PBS, and that 𝑛𝑠𝑎𝑚𝑝𝑙𝑒 is unaffected by the plasma,  we 

can then rewrite equation (20) in terms of ℎ𝑠𝑎𝑚𝑝𝑙𝑒, plug into equation (21), and  solve for 

𝑛𝑠𝑎𝑚𝑝𝑙𝑒, which is given as: 

𝑛𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝜑𝑠𝑎𝑚𝑝𝑙𝑒𝑃𝑙𝑎𝑠𝑚𝑎

∗𝑛𝑃𝐵𝑆 −𝜑𝑠𝑎𝑚𝑝𝑙𝑒𝑃𝐵𝑆
∗𝑛𝑃𝑙𝑎𝑠𝑚𝑎

𝜑𝑠𝑎𝑚𝑝𝑙𝑒𝑃𝑙𝑎𝑠𝑚𝑎
−𝜑𝑠𝑎𝑚𝑝𝑙𝑒𝑃𝐵𝑆

          (22) 

Where 𝜑𝑠𝑎𝑚𝑝𝑙𝑒𝑃𝑙𝑎𝑠𝑚𝑎
 is the average phase of the edges of µEGs or µNETs in plasma, and 

𝜑𝑠𝑎𝑚𝑝𝑙𝑒𝑃𝐵𝑆
 is the average phase of the µEGs or µNETs in 1×PBS.  QPI of μEGs and 

μNETs in 1× PBS and plasma are presented in Figure 4.10.  We selected samples that were 

similar in morphology to the particles that we extracted tethers from (Figure 4.2, right 

column, µEGs and µNETs) for refractive index analysis.  In the 1×PBS media, both μEGs 

and μNETs show a ring shape, where the edge of the membrane shows the highest phase 
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values, which may be due to the low refractive index mismatch between the cytosol of the 

particles and media.  When replacing the 1×PBS with plasma, the structure of some 

particles become “cup shaped” with negative phase values along the edge of the particles 

(Figure 4.10b and 4.10d).  For µEGs, we obtain 𝜑µ𝐸𝐺𝑠𝑃𝐵𝑆
 = 0.126 ± 0.034 rad and  

𝜑µ𝐸𝐺𝑠𝑃𝑙𝑎𝑠𝑚𝑎
 = -0.138±0.233, while for µNETs we obtain 𝜑µ𝑁𝐸𝑇𝑠𝑃𝐵𝑆

 = 0.177±0.082 rad 

and 𝜑µ𝑁𝐸𝑇𝑠𝑃𝑙𝑎𝑠𝑚𝑎
 = -0.041±0.235 rad.  Assuming that the thickness is the same at the edge 

of the membrane in µEGs/µNETs in both medias, we use Eq. 22 to calculate the refractive 

indexes, from which we obtain  𝑛µ𝐸𝐺𝑠 = 1.347±0.014 and 𝑛µ𝑁𝐸𝑇𝑠 = 1.351±0.025. 
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Figure 4.10.  Quantitative phase image of μEGs and μNETs using 1×PBS and plasma.  The QPI of µEGs 

are shown for PBS (a) and plasma (b), while the QPI of µNETs are shown for PBS (c) and plasma (d).  The 

samples circled in a,b, c, and d (orange for μEGs, green for μNETs) were selected for analysis.  Scale bar is 

10 µm 

 

Tether Diameter Analysis.  
 

Tether diameter analysis was performed on QPI of extracted tethers.  To estimate the tether 

diameters at the end of force relaxation, we first averaged 10 frames of a given tether image 

obtained by QPI.  The tether is located in between the arrows in Figure 8a for each sample. 

We identified pixels associated with the membrane tether, where pixels that have a sudden 
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increase in phase (~1 to 2 orders of magnitude) is the boundary between the background 

and the tether.  Along the length of the tether, we examined pixels corresponding to the in-

plane thickness of the tether (perpendicular to the length of the tether, ~3 to 4 pixels for 

each cross section of the tether).  Among the pixels corresponding to the cross section of 

the tether, the maximum phase of that cross section corresponds to the tether diameter, 

assuming the tether geometry is cylindrical.  We then take an average of the phases 

associated with the tether diameter along the length of the tether.  The average tether 

diameter phase and the tether diameter (𝑑𝑡𝑒𝑡ℎ𝑒𝑟) are related by the expression: 

𝑑𝑡𝑒𝑡ℎ𝑒𝑟 =  
𝜆�̅�

2𝜋(𝑛𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒−𝑛𝑃𝐵𝑆)
                   (23) 

where �̅� is the average diameter phase, 𝜆 is the center excitation wavelength (595 nm), 

𝑛𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒  is the refractive index of the membrane ( 𝑛𝑅𝐵𝐶 = 1.413 , 𝑛µ𝐸𝐺𝑠 = 1.347 , 

𝑛µ𝑁𝐸𝑇 = 1.351), 𝑛𝑃𝐵𝑆 = 1.335, and 𝑑𝑡𝑒𝑡ℎ𝑒𝑟 is the tether diameter.    

Curve Fitting.  
 

We fitted the solution of the Maxwell-Weichert body (Equation 6) to the measured     tether 

force relaxation data using the curve fitting toolbox in Matlab. The initial guesses for each 

of k and µ values were based on the reported values of these parameters for other tissues23.  

We used fits that provided r2
 value greater than 0.90.  

Presentation of Data and Statsitics.   
 

Results for various physical properties are reported in box-and-whisker plots. The bottom 

line of the box represents the 25th quartile, and the top line represents the 75th quartile of 
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the data. Median values of each quantity are indicated by the horizonal lines within each 

box.  Mean values are indicated by the square in the center of the box and whisker plot. 

The whiskers show the outliers of the measured values. Statistical analysis was performed 

using a two-tailed Student’s t-test with unequal variance.  Statistical significance was 

accepted if the p-value was <0.05.  All values are reported as mean ± standard error.   
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Chapter 5 
 

Conclusions  
 

The implications of the biomechanical properties of single cells are becoming more 

important in understanding biological behavior.  Cell behavior such as motility, 

proliferation, apoptosis, and pathology can be tied to the plasma membrane and the 

cytoskeletal interactions.  As the field of molecular and cell biology advances one cannot 

simply investigate biology without factoring in the mechanical properties. 

Individually, optical tweezers and quantitative phase imaging are both powerful 

tools for biological investigations.  We have utilized calibrated single gradient optical 

tweezers to obtain force profiles that allows us to interrogate the viscoelastic properties of 

the cell membrane through tether pulling.  We have utilized quantitative phase imaging to 

resolve and quantify the diameter of membrane tethers, as well as measure the refractive 

index of biological media.   By combining optical tweezers and quantitative phase imaging 

system, we are able to acquire complementary information from tether force profiles and 

membrane tether diameters, which allows us to calculate bending modulus and tether 

tension of the cell membrane.  In this work I investigated the viscoelastic properties of two 

different biological systems, ovarian cancer cells and erythrocytes. 

For the third chapter I compared the viscoelastic profiles between cancerous and 

noncancerous ovarian cells by pulling membrane tethers using optically trapped 

fluorescent sulfate modified polystyrene beads, which serve as force transducers and 

sensors.  Time-resolved tether force profiles were obtained by monitoring the displacement 
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of the bead, and from those force profiles I extracted viscoelastic parameters.  Quantitative 

phase imaging was used to estimate the membrane tether diameters.  From this study I 

found that ovarian cancer cells are under significantly lower membrane tension, membrane 

stiffness, and have faster tether relaxation times than their normal counterparts.  The tether 

diameters of ovarian cancer cells were significantly smaller than IOSE364 cells.  With 

information of the tether force at equilibrium and the tether diameter, we determined that 

the bending modulus (energy to bend membrane) of the ovarian cancer cells were 

significantly lower than normal ovarian cells.  The findings suggest that the deformability 

of ovarian cancer cells is higher than normal ovarian cells.  The findings also indicate that 

by targeting the membrane of ovarian cancer cell, we can modulate the viscoelastic 

properties to be similar to normal ovarian cells, which can play a role in reducing in 

invasiveness of metastatic cells. 

For the fourth chapter I investigated the mechanical properties of RBC derived 

particles in the context of cargo delivery.  While RBCs have unprecedented biochemical 

and biomechanical characteristics that lead to long circulation times, particles that are 

derived from RBCs do not have the same long circulation characteristics.  A major 

determinant of clearance from circulation is the deformability of the particle.  In this 

chapter, I obtained tether force profiles of RBCs, hemoglobin depleted RBCs (µEGs), and 

EGs loaded with the dye indocyanine green (µNETs) using optical tweezers and estimated 

the tether diameter using quantitative phase imaging.  Through fitting relaxation tether 

profiles with a Maxwell-Weichert model, I extract stiffness and coefficient of friction 

values that correspond to the two stages of tether force relaxation.   Hemoglobin depletion 
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significantly affects membrane cytoskeletal interactions, where µEGs have increases in the 

coefficient of frictions than RBC, which results in an increase in both time constants in 

tether relaxation.  Interestingly µNETs appear to require larger forces to form tethers and 

have lower stiffness k2 than RBCs, which also results in an increase in both time constants 

in tether relaxation.  Taken together, µEGs/µNETs are more viscous than RBCs. Tether 

diameter estimations by quantitative phase imaging indicates that RBCs form significantly 

tethers with smaller diameters than µEGs and µNETs.  With tether diameter measurements, 

we find that the bending modulus of µEGs and µNETs significantly larger RBCs, while 

the tension of µEGs and µNETs are significantly lower than RBCs.  The results suggest 

that modifications to the RBC membrane by hemoglobin decreases the tension, but the 

membrane becomes less deformable, suggesting that an intact cytoskeleton is important for 

maintaining deformability.  The results also indicate that the cargo loaded into the RBC 

derived construct can influence the viscoelasticity, as in our studies ICG has been shown 

to change viscoelastic properties.   
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