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1.  Introduction 

The nuclear envelope builds the outermost layer of 

the nucleus and harbours the nuclear pore complexes, a 

plethora of membrane spanning proteins and the nuclear 

lamina, a fibrous meshwork of type V intermediate fila-

ments termed the nuclear lamins (for review see [1]). Many 

of the interactions between the extra-cellular world, the 

cytoskeleton, and the DNA occur via trans-membrane 

proteins that link the lamina to the cytoskeleton [2] and it 

is fundamental in a series of basic cellular processes[3–7]. 

In human somatic cells four main lamin molecules, lamin 

A, B1, B2 and C, can be found, and especially lamin A 

was shown to be important for nuclear integrity [8], organ-

isation of the nuclear pore complexes, gene expression 

and chromatin localisation [9–11].  

Several very sensitive techniques are available to 

measure cell mechanics – atomic force microscopy[12,13], 

micropipette aspiration [14] and bead-based measurement 

using optical[15] or magnetic[16] forces. However, most of 

these techniques deliver very low throughputs in the order 

of a few cells per hour. At the other end of the spectrum, 

there have been a number of recent developments using 

the fast flowing nature of microfluidics to measure the me-

chanical properties of cells including real-time deforma-

bility cytometry[17] and hydrodynamic stretching[18,19], 

which are capable of measuring up to 100 and 

2,000 cells/s respectively, however their ability to detect 

time-dependant changes in the stiffness is limited. 

 The optical stretcher[20] sits between these two ex-

tremes, providing detailed time dependent measurements 

of the mechanical response of cells at a throughput of 

around 100 cells per hour. It has been shown to be sensi-

tive to measure changes in stiffness due to cell differenti-

ation[21], activation and stem cell pluripotency[22], and 

used to investigate the effects of actin, microtubules[23], 

myosin[24] and keratins[25], however to-date it has not been 

used to investigate the changes in mechanical properties 

due to the nuclear lamina. 

 

* Corresponding author: e-mail g.whyte@hw.ac.uk, Phone: +00999999999, Fax: +00999 999999 

There is mounting evidence that the nuclear envelope, and partic-

ularly the lamina, plays a critical role in the mechanical and reg-

ulation properties of the cell and changes to the lamina can have 

implications for the physical properties of the whole cell. In this 

study we demonstrate that the optical stretcher can measure 

changes in the time-dependent mechanical properties of living 

cells with different levels of A-type lamin expression. Results 

from the optical stretcher shows a decrease in the deformability 

of cells as the levels of lamin A increases, for cells which grow 

both adherently and in suspension. Further detail can be probed 

by combining the optical stretcher with fluorescence microscopy 

to investigate the nuclear mechanical properties which show a 

larger decrease in deformability than for the whole cell. 
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2.  Experimental 

The optical stretcher (OS) is a form of dual-beam op-

tical trap [26,27] arranged such that the trap is positioned 

across a microfluidic flow channel. With a low optical 

power, living cells can be held stationary in the trap. By 

increasing the optical power of the laser, a trapped living 

cell is subjected to anisotropic stresses on its surface caus-

ing it to deform. Monitoring the edge of the cell makes it 

possible to measure the deformation during the stretching 

process. The OS has been used to measure mechanical dif-

ferences between various cell types and disease states. It 

is sensitive to both, the cytoskeletal and nuclear properties 

of the cell [21,22,25]. 

The experimental system is similar to that described 

elsewhere [28,29]; briefly it consists of two single-mode op-

tical fibres which are arranged on a guide to be co-linear 

and perpendicular to a square cross-section glass capillary 

flow cell, as shown in Figure 1. This capillary is connected 

via microfluidic tubing to fluidic reservoirs, which use ei-

ther hydrostatic pressure or regulated compressed air to 

control the flow through the glass capillary. 

If a sample containing cells is flowed through the 

system, it is possible to easily capture individual cells in 

the optical trap. Once a cell is trapped it can be held in 

the optical trap with little damage [30–32] and imaged 

without any artefacts from surface contact.  

To investigate if the system was capable of measuring 

changes in mechanical properties due to different expres-

sion levels of A-type lamins, stable cell-lines expressing 

different levels of the nuclear protein lamin A were meas-

ured in the optical stretcher. Adult mouse fibroblast 

(MAF) cells lacking a functional lamin A gene (Lmna)[33] 

were compared to control cells expressing the fully func-

tional Lmna gene and cells which lack the functional 

Lmna gene but were transfected to express polyhistidine-

tagged lamin A. To verify the effect was not limited to 

these cells, or only to adherent cells, the suspension cell 

line K562 was also modified to express eGFP-coupled 

lamin A and stable cell lines expressing different levels 

were established.  

3.  Results  

3.1 Presence of lamins affects cell stiffness 

As has been shown [34,35], increased expression of lam-

ins results in increased cellular stiffness. To investigate 

the capability of the optical stretcher to detect such 

changes, knock out cells which lack a functional Lmna 

gene were compared to the corresponding wild-type cells. 

As can be seen in Figure 2, the optical stretcher can clearly 

differentiate between cells lacking the functional lamin A 

gene (labelled -/-) and the significantly stiffer correspond-

ing wild type cells (labelled WT). To show that the partial 

re-expression of A-type lamins can rescue this softening 

phenotype, stable Lmna-/- cells expressing human lamin A, 

N-terminally fused to a polyhistidine-tag were developed. 

The deformation profiles of these rescue cells showed de-

formations in the range between the wild type controls and 

the knockout cell line, the expression levels of lamin A in 

both cells are similar, however the total A-type lamin ex-

pression level of the rescue cell line was measured to be 

63 % ± 7 % (N=3) of the expression level of the control 

cells when both lamin A and C are taken into account (Fig-

ure 2c). By fitting the time dependent deformation with a 

power law, the initial deformability of the cells with in-

creased lamin A levels decreases, while their viscoelastic-

ity does not change significantly, as shown in Figure 2d. 
  

Figure 1 a) Schematic of the optical stretcher comprising two op-

tical fibres perpendicular to a square capillary. b) Schematic of the 

forces acting upon a cell within the optical stretcher during trap-

ping (left) and stretching (right). The laser axis is parallel to the 

indicated x axis. c) Example of the deformation response of a sin-

gle MAF cell during stretching (blue dots) with the corresponding 

power-law model fit (solid black line) overlaid. d) Images of the 

cell obtained during stretching showing the deformation along the 

stretch axis. Scale bar: 10 µm. 
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3.2 Lmna expression affects nuclear defor-

mation 

In order to measure the effect of Lmna expression on 

the nuclear meachanics, the nuclear deformation of wild 
type and knock-out MAF cells was measured by staining 

the DNA with Hoechst 33342 dye. This cell permeable 
dye binds to the nuclear DNA and fluoresces blue when 

excited with UV light, allowing visualisation of the nu-

cleus during optical stretching.  
As shown in Figure 3, the absence of A-type lamins 

results in increased deformations of the nucleus as is the 

case with the whole cell. Our findings agree qualitatively 

with studies carried out on Embryonic Mouse Fibroblast 
cell nuclei with Lmna deficiency under uniform biaxial 

strain[36] and micropipette aspiration measurements on 
isolated nuclei from  HSC/A549 cells [37]. The shape of the 

deformation curve for the nuclei are different in character 
to the whole cell curves, with the nuclei deformation 

reaching a plateau within the 4 s of stretching, thus not 

following the power-law behaviour of the whole cell and 
consistent with previous measurements on isolated nu-

clei[38,39]. In order to compare the properties of the nuclei 
deformation, a modified Maxwell model, known as Zener 

model was fitted to the mean deformation[40]. The Lmna -

/- nuclei display a large reduction in both the viscous and 
elastic components, consistent with the increased deform-

ability of the nuclei. While the nuclei display a reduced 
deformability compared to the whole cell, the change in 

deformability by removing A-type lamins is more dra-
matic for nuclear deformation, showing the effect is more 

significant on the nucleus. 

 

Figure 3 Measurement of the nuclear deformation during 

optical stretching. a) Deformation curves for the nuclei of MAF 

cells with the functional Lmna gene (grey, WT N=56 from 3 ex-

periements) and MAF cells lacking the functional Lmna gene 

(red, Lmna -/- N=60 from 3 experiments). Lines represent model 

fits: solid line is power law fit similar to whole cell behaviour, 

while dashed lines represent a Zener Maxwell model. Inset 

shows fluorescent images of the nucleus during stretching. Red 

and blue lines denote the edge of the nucleus before and at the 

end of stretching. b) Deformation at the end of stretching (4 s) 

showing a significant increase in nuclear deformation in the ab-

sence of the functional Lmna gene. Error bars are standard error, 

* denotes p<0.05 and the scale bar is 10 µm. 

Figure 2 a) Deformation of MAF cells measured in the 

optical stretcher for the wild-type (WT, grey, N=623 from 7 

experiments), cells lacking a functional Lmna gene (-/- dark 

red, N=697 from 9 experiments) and cells lacking a functional 

Lmna gene transfected with polyhistidine-tagged lamin A 

(rescue, light red, N=236 from 9 experiments). Solid lines rep-

resent power-law model fits to the average deformation for 

each population. b) Deformation at the end of stretching (4s) 

for each cell type. c) Representative western blot of the pro-

teins encoded by the Lmna gene showing the lack of lamin A 

and C in the knock out, and the reintroduction of lamin A in 

the rescue cell line. d) Power law fit parameters for each cell 

type showing the deformability of the cells changes with the 

presence of lamin A, while the viscoelasticity remains un-

changed. Error bars are standard error, * denotes p<0.05 while 

*** denotes p<0.001. 
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3.3 Overexpression of lamin A increases the 

stiffness of suspension cells 

To rule out the measured changes in mechanical prop-

erties as an isolated effect from using the MAF cells, a 

second series of cell lines was established. To investigate 

the effects of an increased lamin A expression on sus-

pended cells, a stable K562 suspension cell line express-

ing eGFP-lamin A was generated. Positive cells were 

FACS sorted to yield two sublines, one with a strong ex-

pression level and one with a lower expression of eGFP-

Lamin A which could be compared to the control cells. 

The deformation profiles, shown in Figure 4, display 

similar trends as for the adherent MAF lines, showing the 

deformability decreases with increasing levels of lamin A, 

suggesting the presence of lamin A increases the stiffness.  

4.  Discussion 

 

Measurements of the mechanical properties of living 

cells are becoming an ever more important technique for 

the marker-free characterisation of cell type and condition. 

The wide array of cell states and diseases, which can lead 

to altered mechanical properties, means that the investiga-

tive and diagnostic potential of cell mechanics is very 

large but to enable its full potential, accurate and sensitive 

techniques are needed. 

Therefore, the optical cell stretcher allows for de-

tailed measurement of mechanical properties of cells and 

can be combined with standard fluorescent techniques to 

enable a high-content screening of cell populations. The 

laser based, non-contact method of measurement allows 

the whole-cell mechanics to be investigated without any 

contact artefacts, moreover the integration of microfluid-

ics gives a throughput in the range of a 100 cells per hour. 

While higher-throughput techniques have been devel-

oped [17,18,41], their ability to measure the time-dependent 

mechanical properties are inherently limited by the short 

measurement time, often only a single time point which 

may lead to subtle effects being missed. 

Lamin A is a major protein of the nuclear envelope, 

which has roles in stabilising the nucleus against mechan-

ical stresses, nuclear mechanics and gene regulation. It has 

been linked to a plethora of diseases (for review see [42,43]) 

and plays a role in the differentiation of cells [14,44] and so 

being able to measure the changes in a non-destructive 

way within living cells is an important step forward to a 

better understanding of the mechanical role of the nuclear 

lamina.  

The results demonstrate that the optical stretcher is a 

useful tool for investigating changes in mechanical prop-

erties of living cells and is sensitive enough to measure 

changes in whole-cell and nuclear deformability due to 

differing expression levels of A-type lamins. The obser-

vation of decreased deformability with increasing lamin A 

levels supports previous studies performed with a variety 

of mechanical measurement techniques[35,36,45–47] and 

gives researchers another method to rapidly measure al-

terations in the viscoelastic properties of cells. 

Following on from this study, by developing cell 

systems with altered expression levels of the four main 

lamin proteins (lamin A, B1, B2 and C), the optical cell 

stretcher will allow us to perform a fine mapping of the 

contribution the four main lamin proteins have in whole 

cell and nuclear mechanics. 

In addition, the microfluidic nature of the system can 

be modified to collect individual cells after being analysed 

to correlate their mechanical phenotype to the individual 

gene expression pattern on a single-cell level. 

 

5.  Conclusion 

We have shown that the optical stretcher can be used 

to detect changes in the mechanical properties of cells and 
nuclei in a non-contact manner. The measured changes in 

Figure 4 a) Deformation of suspension cell line K562 trans-

fected with different levels of lamin A, wild-type cells (control, 

grey, N=285 cells from 4 experiments), low levels of eGFP-

lamin A expression (LaA, light green, N=465 from 5 experi-

ments) and strong expression (LaA+, dark green, N=78 from 3 

experiments). b) Representative western blot analysis of the ex-

pression levels of lamin A/C within the different cell lines show 

constant levels of lamin A and C while levels of eGFP-lamin A 

are increased in the transfected cell lines. c) Power law fit pa-

rameters of the deformation curves showing the decreased initial 

deformability  and similar viscoelasticity for increasing levels of 

lamin A. * denotes p<0.05 and *** denotes p<0.001. 
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whole cell stiffness correlated with the levels of lamin A/C 

in both adherent and suspension cell lines, which was suc-
cessfully shown for both raised and reduced expression of 

the protein. This capability to detect subtle changes in the 
internal structure of the nucleus of the cell adds to the po-

tential applications of the optical stretcher as a sensitive 

probe for detecting the physical properties of living cells. 
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6.  Materials and Methods 

6.1 Device Fabrication 

A dual-beam fibre trap was built as described by Lin-

coln[28], briefly, a 80 m ID, 160 m OD square cross-

section capillary (CM Scientific) was aligned perpendicu-

larly to two single mode optical fibres (HI-1060, 

Thorlabs) using photolithographically defined SU8 (SU8-

2025, MicroChem Inc.) guides. The ends of the capillary 

were connected to PEEK (Upchurch Scientific) tubing us-

ing high-pressure microfluidic unions (Upchurch scien-

tific) to allow liquids to be flowed through the system. The 

single mode fibres were connected to a 1070 nm laser 

(YLM-1070-5LP, IPG Photonics) via a 50:50 single-

mode fibre splitter (Gould Photonics) to provide both 

sides of the trap from a single laser source. Fluid was 

driven through the system using a bespoke air-over-liquid 

pump system connected to the PEEK tubing. The pressure 

applied to the liquid was regulated using a high-accuracy 

electronic pressure regulator (Marsh Bellofram) con-

trolled by a DAQ card (National Instruments). The bal-

ancing pressure on the other vial was controlled by a man-

ual pressure regulator (Marsh Bellofram).  

6.2 Cell lines 

MAF cells were cultivated at 37°C, 5% CO2 in DMEM 

medium containing 10% fetal calf serum and 4 mM L-glu-

tamine. K562 cells (ATCC: CCL-243) were cultivated at 

37°C, 5% CO2 in RPMI medium containing 10% fetal calf 

serum and 4 mM L-glutamine. Cells were regularly pas-

saged every three days and kept in the exponential growth 

phase. 

6.3 Transfection 

For transfection experiments the coding sequence of 

human lamin A was fused to a 6x polyhistidine-tag and 

inserted into the multiple cloning site of the pIRES NEO3 

vector system (Clonetech). Lmna-deficient mouse adult 

fibroblasts were transfected utilizing Lipofectamine LTX 

(Invitrogen) the procedure was performed according to 

the manufactures manual. For the generation of stable ex-

pressing MAF cell lines, cells were selected using 1 

mg/ml G418 (Sigma). K562 cells were stably infected uti-

lising a 3rd generation lentivirus system. The expression 

plasmid pVLX containing the coding sequence of lamin A 

fused to eGFP was mixed with the helper plasmids 

psPAX2 and pMD2.G and transfected into 293T cells. 

Lentivirus containing supernatant was harvested 24h after 

transfection daily for the next three days and pooled. Su-

pernatant was used 1:1 diluted in RPMI for the infection 

of K562 cells. Stable expressing cells were selected utilis-

ing 2 ug/ml puromycin. To get different expression levels, 

high and low expressing cells where FACS sorted based 

on the intensity of the eGFP signal in the green channel.  

 

6.4 Cell preparation and stretching 

In general, 5x106 cells were harvested and washed 3 

times in PBS (Life Technologies). Cells were loaded into 

the sample vial of the system and a pressure was applied 

to the vial to flush the cells into the device. Once cells 

were flowing past the trapping region, a balancing pres-

sure was applied to the other vial using the electronic reg-

ulator. The pressure of the inlet was manually adjusted to 

control the flow rate of the cells and allow a single cell to 

be positioned, stationary in the trapping region. Observa-

tion of the cells was performed using an inverted micro-

scope (SP5, Leica microsystems) with a 63x/1.2NA ob-

jective (Leica microsystems). When the laser power was 

turned on, the cell is drawn into the centre of the trap 

where it was held against gravity. 

Cells were initially trapped using 500 mW of power 

from the laser, which results in 190 mW of power in each 

fibre after splitting the beam in two and the associated 

losses are taken into account. Once the position and orien-

tation were stable, a stretch sequence was applied, consist-

ing of 4 s of trapping at with a total power in the trap of 

380 mW, 4 s of stretching at 2.2 W, and 4 s of relaxation 

at 380 mW. These values are consistent with previous op-

tical stretching measurements to measure cell and nuclear 

mechanics[22], and previous studies have shown that the 

majority of cells remain viable after exposure to such a 

stretch[30]. Transmission or fluorescence images of the 

cells were collected using either the LAS (Leica microsys-

tems) package of the microscope running at ~30 frames 
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per second, or bespoke LabView programs capturing im-

ages using a camera (AVT ProSilica) running at ~30 

frames per second. 

6.5 Nuclear stretching 

MAF nuclei were stained using Hoechst® 33342 dye 

(Fisher Scientific). From Hoechst® dye stock solution 

(16.23mM) the dye was diluted 1:1000 in media contain-

ing the suspended cells (2x106 cells/ ml). Nuclear stretch-

ing was investigated using an inverted EPI-fluorescent 

microscope (AE31-Motic) with a 40x/0.75NA objective 

(Olympus) and images were captured by a bespoke Lab-

View program (National Instruments) using a camera 

(AVT Mako) running at ~30 frames per second.  

6.6 Optical stretcher analysis 

The boundary of each cell was determined using be-

spoke edge detection software written in LabView (Na-

tional Instruments) which detects the edge of the cell and 

fits an ellipse to it. The change in the ellipse along the 

stretch axis was measured and formed the deformation 

curve. Each curve was fitted to a power-law model to de-

scribe the viscoelastic behaviour of the cells. Power-law 

models have been widely used in oscillatory microrheo-

logical measurements where the mechanical properties of 

the cytoskeleton could be modelled as “a glassy material 

existing close to a glass transition” [48,49]. The response of 

single cells to external forces has previously been shown 

to follow a power-law dependence using the uniaxial  

stretching rheometer [50], micropipette aspiration [38] and 

in the optical stretcher [51], while nuclear deformations 

have also been shown to follow power-law re-

sponses [37,38,52]. Here, the deformation along the optical 

axis can be fitted to a two-component power-law model 

 

𝜀(𝑡) =  𝜀0𝑡𝛽+c 

 

where 𝜀(𝑡)  is the time-dependant deformation, 𝜀0 is 

the amplitude of the initial deformability, 𝛽 is a measure 

of the viscoelasticity of the cell, where a value of 0 repre-

sents a purely elastic deformation while a value of 1 rep-

resents a purely viscous deformation and c is a fitting con-

stant. Although a power-law model is a good fit for the 

cellular data presented here for 4s of deformation, care 

must be taken when extrapolating the behaviour as the 

time invariance of the power law implies that the defor-

mation will continue indefinitely, which is not representa-

tive for biological cells which will generally show a plat-

eau after some time. Such a plateau is clearly visible in the 

nuclei data, and so a more detailed model was used to fit 

the nuclei stretch response. The Zener model, consisting 

of a spring in parallel with a spring and dashpot in series 

was the simplest model which fitted well and has been 

demonstrated as a good fit for nuclear deformations[40]. 

The time-dependent deformation is given by 

𝜖(𝑡) =
1

𝐸1

 +
1

𝐸2

(1 − 𝑒
−

𝐸2
𝜂

𝑡
) 

where 𝐸1  and 𝐸2  are related to the instantaneous elastic 

deformation while 𝜂 is related to the time-dependant vis-

cous deformation. 

6.7 Immunoblot analysis 

Whole cell lysates from 104 cells were separated uti-

lizing 10 % SDS gels. The protein was transferred to 

PVDF membranes using a tank blot system with a borate 

based buffer system. Afterwards the membranes where 

blocked with 5% milk protein and probed with a 

lamin A/C antibody[53]. Alpha-tubulin and beta-actin 

where detected using commercial available antibodies 

(Sigma-Aldrich, T9026 and A3853 respectively). The de-

tection of all proteins was done on a single membrane at 

once with an Odyssey FC detection system (LI-COR Bio-

technology) utilising enhanced chemiluminescence. 

Measurement of lamin expression levels were normalised 

to actin to account for variability in cell loading. 
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