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Background: Improving stem cell (SC) deformability using pre-treatment strategies, or isolating more 

deformable sub-populations, may prevent non-specific entrapment of injected cells, maintain circulating 

numbers and thus increase the likelihood of capture by microvessels in injured organs. However, nothing 

is currently known about the basic mechanical properties of SCs, particularly with regards their elastic 

characteristics. This study therefore aimed to determine the mechanical characteristics of haematopoietic 

stem cells (HSCs) and mesenchymal stem cells (MSCs) with comparisons made to neutrophils. 

Methods: Micromanipulation and atomic force microscopy (AFM) were used to quantitate mechanical 

properties following large and small deformations respectively of neutrophils, MSCs and naïve and stro- 

mal cell-derived factor-1 α (SDF-1 ɑ ) or hydrogen peroxide (H 2 O 2 ) pre-treated HSCs. 

Results: Neutrophils and HSCs underwent rupture at ∼80% deformation. Nominal rupture stress ( σ R ), 

nominal rupture tension (T R ) and the Young’s/elastic modulus at large deformations was significantly 

higher for neutrophils indicating they were stiffer and less deformable than HSCs. Surprisingly, MSCs 

did not rupture and were as deformable as HSCs despite their large size. Pre-treatment increased HSC 

deformability as indicated by lower rupture force, σ R, T R and Young’s modulus at large deformations. 

AFM demonstrated that pre-treatment increased the Young’s modulus at smaller deformations indicating 

the HSC surface stiffened. This was accompanied by increased F-actin accumulation and its localisation 

in the cell cortex. 

Conclusion: This is the first study to precisely demonstrate that mechanical distinctions exist amongst 

different therapeutic SCs with regards their deformability and rupture response to applied stress. This 

can potentially be utilized as label-free markers in microfluidic cell sorting systems to separate sub- 

populations of potentially more therapeutic SCs. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Haematopoietic (HSCs) and mesenchymal (MSCs) stem cells

(SCs) are considered the leading cells for treating a whole host

of inflammatory and degenerative diseases [1–6] . Novel bioengi-

neering strategies have been applied to generate HSCs and MSCs

with enhanced proliferative and differentiative capabilities, and a

better ability to survive oxidative stress, a condition common to

many diseases [7–10] . Both cell types confer therapeutic bene-

fit through paracrine release of anti-apoptotic, anti-inflammatory,

immunomodulatory and/or trophic growth factors. Recent studies

have indicated that direct transplantation of SCs, protected within
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ncapsulation systems such as hydrogels, is one mode of delivery

11,12] . However, clinically, the preferred and safest route of deliv-

ry of exogenous HSCs / MSCs is direct infusion into the blood-

tream as this is both non-invasive and permits repeated injec-

ion of cells [6,13] . Systemic delivery relies on the capture of cir-

ulating SCs by the injury site microvasculature. This is an es-

ential prerequisite event for successful therapy regardless of the

eparative mechanism by which SCs confer benefit. However, lo-

al SC-endothelial interactions, and thus tissue recruitment, is poor

nd this has significantly impacted the clinical success of cellular

herapy. 

A major contributor to poor recruitment is the limited avail-

bility of circulating SCs in the peripheral blood post-infusion

ue to their non-specific entrapment within microvessels of non-

iseased or non-injured organs. Both SC types cause considerable

ascular obstructions following systemic injection primarily within
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ulmonary capillaries. This is a particular problem for MSCs which

re a larger cell type compared to HSCs [14–16] . In addition to size,

oor SC deformability may also contribute to their inability to pass

hrough pulmonary capillaries. The importance of mechanical de-

ormation in preventing cellular microvascular entrapment is high-

ighted by the fact that it is a key player in permitting neutrophils,

ith diameters of 6–8 μm, to traverse smaller pulmonary capil-

aries, with diameters of 2–15 μm [17,18] . In their transit through

ulmonary and systemic microcirculations, neutrophils undergo a

ignificant deformation when subjected to mechanical stimulation

n narrow capillaries [19] . This ability to avoid entrapment al-

ows neutrophils to typically be the first leukocyte to be recruited

o an inflammatory site where they aid in the elimination of

athogens. 

This suggests that strategies that can modify the deforma-

ility of injected SCs may potentially limit their physical en-

rapment within pulmonary capillaries and thus maintain their

resence within the circulation [15,20] . This would increase the

ikelihood of their capture by microvessels at sites of injury

nd thus impact positively on their therapeutic efficacy. Indeed,

e have previously shown using a basic micropipette aspira-

ion methodology that pre-treatment of murine HSCs with solu-

le inflammatory factors, such as stromal cell-derived factor-1 α
SDF-1 α), significantly improved their deformability [21] . Intravi-

al microscopy showed that this consequently enhanced the num-

er of circulating HSCs passing through the peritubular capillar-

es of ischaemically injured kidneys. This was in comparison to

ontrol cells which only demonstrated a single pass immediately

fter infusion. Importantly, the continual re-circulation of HSCs,

ue to fewer cells being lost to non-specific entrapment within

xtra-renal sites, resulted in enhanced adhesion within the injured

idney. 

An alternative strategy involves the specific isolation of de-

ormable cells from a population of SCs prior to their infusion. De-

reased cell deformability due to the cytoskeleton changing from a

igid structure to a more irregular and compliant state is a well es-

ablished phenomenon assaociated with the malignant transforma-

ion of cells [22,23] . Indeed, this phenomenon could be exploited

or diagnostic purposes with high throughput devices such as mi-

rofluidic optical stretchers [24] . Recently, label-free passive mi-

rofluidic systems for cell sorting have also been developed and

re based on using the intrinsic biophysical markers of the cell,

uch as deformability, to separate them [25,26] . However, before

e can utilize such systems to separate SCs for clinically therapeu-

ic purposes, a more precise study of their biomechanical proper-

ies is needed. Currently, nothing is known about the basic me-

hanical properties of HSCs and MSCs, particularly with regards

heir elastic characteristics. Indeed it is not known whether both

ell types possess similar deformability or whether there is het-

rogeneity within each population. Although we assume homoge-

eous mechanical properties within a single SC type, heterogeneity

as been observed in many single cell populations. 

Therefore, to characterise SC mechanical properties precisely, in

he current study micromanipulation and atomic force microscopy

AFM) were utilised to apply forces to the whole cell (large defor-

ation) or just the plasma membrane (small deformation) respec-

ively. While techniques such as AFM have also been used as a tool

o assess the mechanical properties of cancerous cells [27] , the cur-

ent study is the first to derive various mechanical property param-

ters for both HSCs and MSCs, including percentage deformation at

upture, force required to rupture the cell, nominal rupture stress

nd tension and also the Young’s or elastic modulus of the cell.

or HSCs, the effects of pre-treatment with soluble inflammatory

actors on their mechanical behaviour was also determined. Poly-

erization of F-actin after pre-treatment was also assessed using

ow cytometry and confocal microscopy. 
. Materials and methods 

.1. Culture of the murine HSC cell line, HPC-7 

HPC-7 is functionally relevant murine hematopoietic progeni-

or cell line generated and immortalised by transfection of LIM-

omeobox gene, Lhx2 into murine embryonic SCs. This cell line

isplays the critical characteristics of pure primary HSCs, such as

eing highly enriched for surface markers characteristic of the

ost immature HSCs (c-kit + , Sca-1 + , CD34 − , Lin 

−) [28,29] . We

ave further characterised the HPC-7 surface adhesion molecule

rofile and found it to be similar to primary HSCs [26–28] . We

ave also utilized HPC-7 s to investigate intravitally the mecha-

isms of HSC recruitment within injured kidney, gut and liver

21,30–32] . Therefore, the immortalized HPC-7 cell line was also

sed in this study. HPC-7 s were cultured in Stem Pro-34 SFM

edia (Life Technologies, Paisley, UK), 100 ng/mL stem cell factor

SCF, Life Technologies), 2 mM L-Glutamine (PAA, Somerset, UK),

0 U/mL penicillin and 50 U/mL streptomycin (PAA, Somerset, UK).

ells were counted daily and maintained at a density of between

.8–1.3 × 10 6 cells/mL with medium replaced every two days. For

ome studies, 1 × 10 6 HSCs were pre-treated with either SDF-1 ɑ
10 ng/mL in 1 mL phosphate buffered saline - PBS; Peprotech, UK),

ydrogen peroxide ( H 2 O 2 100 μM in PBS; Sigma-Aldrich, Poole, UK)

r PBS vehicle for 30 mins at 37 °C. After pre-treatment, cells were

ashed, re-suspended in PBS and mechanically tested within 2 h. 

.2. Culture of murine bone marrow-derived MSCs 

Bone marrow (BM)-derived MSCs were isolated from the fibu-

ae and tibiae of fibulas of 8–12 week adult male C57BL/6 mice

s previously described [14,33] . MSCs were cultured in a 6-

ell plate and maintained in minimum essential medium eagle-

supplemented with 10% fetal bovine serum (Sigma-Aldrich), l -

lutamine (PAA Laboratories, Yeovil, UK), penicillin/streptomycin

nd 10 ng/mL transforming growth factor- β (New England Biolabs,

erts, UK). Cells between passage 4 and 9 were used for experi-

ents and recovered by incubating them for 5 min at 37 °C with

.25% trypsin/ethylenediaminetetraacetic acid (EDTA) solution. Im- 

ediately after trypsinization, cells were collected with a pipette,

ransferred to a 15 mL conical tube and centrifuged at 300x g for

 min. Cells were re-suspended in PBS for mechanical testing. 

.3. Isolation of murine neutrophils 

The density gradient separation method was used to isolate

urine neutrophils from BM as previously described [34] . Briefly,

ear legs were removed from 8–12 week adult male C57BL/6 mice

nd the BM was aspirated into a syringe. This cell suspension was

ltered, washed and centrifuged and cells re-suspended in 2 mL

DTA (Sigma-Aldrich, Poole, UK). A Percoll gradient (2.5 mL 72%,

.5 mL 64%, 2.5 mL 52%; Sigma-Aldrich, Poole, UK) was set up in a

5 mL falcon tube into which the cell suspension was added. The

radient was spun at 1500x g for 3 mins to separate the neu-

rophils from a fuzzy band of cells seen at the interface of the

2% and 64% Percoll. Collected neutrophils were washed and re-

uspended in 1 mL PBS for mechanical testing. 

.4. Micromanipulation and atomic force microscopy 

Micromanipulation involved compressing single cells sus- 

ended in medium between two parallel flat surfaces, namely the

ottom of a glass chamber and a borosilicate 25 μM diameter glass

robe [35,36] . The probe was driven downwards by a stepping

otor at a speed of 2 μm/s until the cell ruptured and the probe

ade contact with the chamber. Since the probe was connected
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to a force transducer (406A-ER, Aurora Scientific Inc. Canada)

the force applied to each cell could be simultaneously obtained.

From this measurement, a ‘force versus displacement’ graph

was generated and used for calculation of additional mechanical

parameters [35,36] . At least 20 randomly selected HSCs (naïve

and pre-treated), MSCs and neutrophils were compressed to large

deformations. Before compression, the cell diameter was directly

measured from its image on the screen of an attached TV monitor.

HSCs were also mechanically tested following smaller de-

formations using a more sensitive AFM system with nanome-

ter resolution which was operated in force-mapping mode (JPK

NanoWizard 

R ). A silicon nitride cantilever with a 4 μm tip was

used to probe the surface of the cell. Laser-tracking of the deflec-

tion of the cantilever probe was used to measure forces acting be-

tween the tip and the cell surface at a specific point which were

recorded as a ‘force versus height’ curve. The cantilever tip was re-

peatedly advanced in the lateral direction to generate force curves

from all compressed points. To prevent lateral movement of the

spherical cells as they were probed, HSCs were immobilised onto

a polystyrene surface coated with Cell-Tak solution (Corning, USA).

A force profile was recorded and typical extend and retract curves

were generated. A total area of 100 × 100 μm (64 × 64 pixels) was

scanned. All immobilized cells in this area as well as the substrate

surface were scanned and over four thousands force curves, which

represented the compression of the cells or the substrate surface,

were acquired. Data from at least 20 cells in each group was col-

lected. 

2.5. Determination of the Young’s modulus from ‘force versus 

displacement’ data 

The Young’s modulus is a parameter calculated to represent

the stiffness of the elastic material or cell being studied. Theo-

retically, the Hertz contact model may be valid and is commonly

used to describe the relationship between the imposed force and

displacement for small deformations of an elastic object. It has

been successfully applied to yield the Young’s modulus of different

particles including cells when compressed to a small deformation

[37–39] . In micromanipulation data processing, the Hertz contact

model was also applied to calculate the Young’s modulus using

Eq. (1) , having presumed that the individual cells were homoge-

neous, incompressible, spherical, elastic and there was no friction

at the cell-substrate interfaces. 

F = 

E ∗ √ 

2 R c 

3 

(
1 − υ2 

)δ3 / 2 (1)

where F is the applied force, E is the Young’s modulus of the cell,

R c is the original cell radius, υ is the Poisson’s ratio of the cell ( υ
assumed to be 0.5 since cells are assumed to be incompressible

material) and δ is the diametric compressive displacement. Higher

values indicated cells that were less deformable for a given applied

force and vice versa . 

For calculation of the Young’s modulus using data acquired by

AFM, the Hertz model could only be used when probing a known

geometry (spherical) over a flat surface [40] . Hence, selected force

curves from the top, flat area of the cells were analyzed using

Eq. (2) to fit the force data for calculation of the Young’s modu-

lus of the cell membrane [40] . 

F = 

4 

√ 

R p E 

3 

(
1 − υ2 

)δ3 / 2 (2)

where R p is the radius of the probe, and other parameters are the

same as in Eq. (1) . 
.6. Nominal rupture stress and nominal rupture tension 

When compressed to a large deformation the cell may be rup-

ured and the corresponding rupture force determined. However,

ince the force required to rupture a cell depends on the initial

ize of the cell, it is difficult to compare the rupture force between

ifferent samples of cells if they have different sizes. Therefore,

wo additional parameters, which allowed meaningful comparisons

f the mechanical strength of cells between different cell groups,

ere also quantitated. These parameters were nominal rupture

tress ( σ R ) and nominal rupture tension (T R ). Nominal rupture

tress was defined by the ratio of the rupture force to the initial

ross-sectional area as given by Eq. (3) . 

R = 

4 F R 
πd 2 

(3)

here F R is the rupture force and d is the original cell diameter

efore compression. 

The nominal rupture tension was defined by the ratio of the

upture force and the original cell diameter, as shown in Eq. (4) . 

 R = 

F R 
d 

(4)

.7. Analysis of F-actin with flow cytometry and confocal microscopy 

PBS, SDF-1 α or H 2 O 2 pre-treated HSCs were fixed by incubat-

ng in 1 mL 2.5% formaldehyde for 10 mins. After washing in PBS,

ells were permeabilised using 0.1% Triton-100 for 5–7 mins. Cells

ere blocked in PBS containing 5% normal fetal bovine serum and

hen labelled on ice with FITC-Phalloidin (Life Technologies, USA).

t least 10,0 0 0 cells from each sample were analysed on a BD FACS

alibur cytometer (Becton Dickinson, USA) and data analysed with

ellQuest (Becton Dickinson, USA). Such labelled cells were also

maged using confocal microscopy (Leica SP2; ×100 objective) mi-

roscopy. To reveal the localisation of F-action more clearly, multi-

hoton images of treated cells were also acquired. PBS, H 2 O 2 and

DF-1 α treated cells were again washed, fixed in 2.5% PFA, perme-

bilised with 0.1% Triton ×10 and resuspended in PBS containing

% BSA to block non-specific binding for 30 mins on ice. Thereafter,

ells were incubated with Alexa-555 Phallodin (1:500) and Hoescht

3,342 (10 ug/ml) for 45 mins on ice. Cells were mounted onto

lides and imaged using an Olympus FV10 0 0-MPE two-photon mi-

roscope using 800 nm and 1040 nm excitation wavelengths. 

. Results 

.1. Size of neutrophils, HSCs and MSCs 

All types of SCs were larger in diameter when compared to

eutrophils although MSCs were the largest type of cell ( Table 1 ).

he range of size was small for neutrophils (between 5 and 7 μm)

ut much larger for both HPC-7 s (6–13 μm) and MSCs (12–20 μm).

here was no significant difference in the mean size or range of

SCs pre-treated with SDF-1 α or H 2 O 2 when compared to those

re-treated with the PBS control. SCs, particularly the larger MSCs,

lso demonstrated the relatively wider size span range, suggesting

he smaller neutrophils were more homogeneous in their size dis-

ribution. 

.2. Neutrophils and HSCs share similarities in the force-displacement

urves generated following large deformations 

A typical relationship between the force imposed on the cell

nd the distance the probe travelled towards the chamber (dis-

lacement) for neutrophils and HSCs is shown ( Fig. 1 a,b). Despite

heir biological variation, common characteristics were observed in
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Table 1 

Pre-treatment with inflammatory factors does not change 

HSC size. The diameter of single cells was measured 

directly from the images captured using a camera at- 

tached to the micromanipulation rig. Neutrophils were 

the smallest in size compared to both stem cell types 

and MSCs were significantly bigger than HSCs. Stem 

cells showed greater variation or heterogeneity in their 

size distribution than neutrophils. Pre-treatment of 

HSCs with SDF-1 α or H 2 O 2 did not significantly affect 

their size. For each cell type, n = 200 individual cells 

that were measured. Data are presented as the means 

± SEM. 

Cell type Mean (μm) Size range (μm) 

Neutrophils 6.6 ± 0.2 5–7 

HPC-7s 10 ± 0.2 6–13 

HPC-7s(SDF-1 α) 10 ± 0.1 6–13 

HPC-7s(H 2 O 2 ) 10 ± 0.3 6–13 

MSCs 16 ± 0.5 12–20 
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Fig. 1. Neutrophils and HSCs share similarities in the force-displacement curves gen- 

erated following large deformations during micromanipulation compression. Typical 

force-displacement curves for (a) neutrophils and (b) HSCs show that force in- 

creases slowly with displacement as shown in region AB of the curve. As cells are 

further deformed, the gradient increases as shown in region BC of the curve. This is 

followed by the cell bursting at point C, with the force decreasing rapidly to point 

D, after which the force increases rapidly corresponding to the compression of cell 

debris and glass substrate as shown in region DE. (c) For MSCs, the force increases 

smoothly with displacement with no cells demonstrating a clear rupture point. All 

cells were compressed at a speed of 2 μm/s. N = 20 individual cells for each cell 

type. 

3

m

H

 

r  

s  

n  

P

heir compression curves. At point A, the probe started to touch

he cell and force increased slowly with the displacement at frac-

ional deformations of ε∼0.6 ( ε = displacement / initial cell diam-

ter). From point B, in the region of ε∼0.6–0.8, the force increased

apidly (region B-C) indicated by the increased gradient of the

urve. This was followed by a force peak (point C) at which point

he cell burst. Thereafter, the force decreased rapidly (to point D).

eyond 80% fractional deformation, the slope of the force curve in-

reased more rapidly (region D-E). 

Unlike neutrophils and HSCs, there was an absence of a peak

orce in the force-displacement curves of MSCs ( Fig. 1 c). In these

ells, the force increased smoothly and slowly at low applied loads

nducing fractional deformations of ε ∼ 0–0.8 of the cell membrane

nd cytoskeleton. The slope increased at ε > 80% until the probe

ouched the bottom substrate where the slope of force curve in-

reased more rapidly. The absence of a force peak demonstrated

hat there was no obvious rupture point or force for MSCs. 

.3. Nominal rupture stress / tension of HSCs at large deformations is 

ess than neutrophils 

The percentage deformation at rupture was not significantly

ifferent for neutrophils (75.3 ± 1.0%) and HSCs (79.3 ± 1.5%) with

oth rupturing when they were deformed to ∼ 80% of their origi-

al size ( Fig. 2 a). The mean cell rupture force was also determined

rom the force-displacement curves ( y -axis value at point C) for

eutrophils (2.2 ± 0.3 μN) and HSCs (2.3 ± 0.2 μN) but was not sig-

ificantly different between them ( Fig. 2 b). However, both nominal

upture stress σ R ( p < 0.01) and nominal rupture tension ( p < 0.01)

f HSCs was significantly less than neutrophils ( Fig. 2 c,d). 

.4. Young’s modulus of HSCs & MSCs at large deformations is less 

han neutrophils 

For each cell type, the elastic behaviour was still dominant up

o a deformation of 60%. Hence the force-displacement data could

e used to fit the Hertz equation for calculating the Young’s elas-

ic modulus at large deformations (data not shown). Fig. 2 e illus-

rates the typical linear fitting based on the Hertz model to the

xperimental data for which a correlation coefficient of 0.9 was ob-

ained. The calculated Young’s modulus for neutrophils, HSCs and

SCs were 24.0 ± 1.8 kPa, 18.1 ± 0.3 kPa and 15.6 ± 1.2 kPa respec-

ively with values for both HSCs ( p < 0.01) and MSCs ( p < 0.01) sig-

ificantly lower than for neutrophils ( Fig. 2 f). 
.5. Rupture force, nominal rupture stress / tension and Young’s 

odulus of HSCs at large deformations decreases with SDF-1 α and 

 2 O 2 pre-treatment 

Pre-treatment did not affect rupture force with all HSCs still

upturing when they were deformed to ∼80% of their original

ize ( Fig. 3 a). However, the force required to induce rupture sig-

ificantly decreased from 2.2 ± 0.3 μN after pre-treatment with

BS to 1.3 ± 0.1 μN and 1.6 ± 0.2 μN after pre-treating with SDF-1 α
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Fig. 2. Nominal rupture stress and tension of HSCs and the Young’s modulus of HSCs & MSCs at large deformations is less than neutrophils. (a) Both neutrophils and HSCs were 

ruptured when their rupture deformation was close to 80%. (b) The forces required to rupture neutrophils and HSC were not significantly different. (c) Nominal rupture 

stress ( σ R ) and (d) nominal rupture tension (T R ) of HSCs was significantly less than neutrophils indicative of neutrophils being stronger/stiffer cells with HSCs being ‘weaker’ 

cells. (e) Overall, the ‘force versus displacement’ curves obtained from the compression of all single cells up to a maximum deformation of 60% can be fitted to the Hertz 

model well. A typical straight line of the Hertz model was fitted to the force-displacement data (dot) obtained using micromanipulation with a correlation coefficient of 0.9. 

(f) Values of the Young’s modulus for HSCs and MSCs were determined and shown to be less than neutrophils. Hence, although HSCs, and particularly MSCs, had larger cell 

sizes, they were less stiff and thus more deformable when compared to neutrophils. N = 20 individual cells for each group. Data is presented as mean ± SEM. ∗∗p < 0.01 as 

determined using a paired student t -test. 
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( p < 0.01) and H 2 O 2 ( p < 0.01) respectively ( Fig. 3 b). Both SDF-1 α
( p < 0.01) and H 2 O 2 ( p < 0.01) also significantly reduced the nom-

inal rupture stress and tension ( Fig. 3 c,d). The Young’s moduli of

HSCs pre-treated with PBS, SDF-1 α and H 2 O 2 were 18.1 ± 1.2 kPa,

13.8 ± 0.8 kPa and 14.5 ± 0.8 kPa respectively with both SDF-1 α
( p < 0.01) and H 2 O 2 ( p < 0.01) pre-treated values being significantly

lower than PBS treated cells ( Fig. 3 e). 
.6. Young’s modulus of HSCs at small deformations increases with 

DF-1 α and H 2 O 2 pre-treatment 

AFM generated multicolour 3D surface topography images of in-

ividual HSCs, indicating the immobilization, intactness and spher-

cal nature of scanned cells ( Fig. 4 a–d). Knowledge of the cell ge-

metry was used to select force curves from a certain area on the
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Fig. 3. Rupture force, nominal rupture stress / tension and the Young’s modulus of HSCs at large deformations decrease with SDF-1 α and H 2 O 2 pre-treatment. (a) The mean rupture 

deformation for all of the pre-treatments was ∼80%. (b) Forces required to rupture SDF-1 α and H 2 O 2 pre-treated HSCs were significantly smaller than that required to rupture 

PBS pre-treated cells. (c) Nominal rupture stress ( σ R ) and (d) nominal rupture tension (T R ) of HSCs after pre-treating with SDF-1 α and H 2 O 2 significantly decreased. (e) A 

similar pattern of events was observed for the Young’s modulus. Since a lower Young’s modulus indicates more deformable cells, the data obtained at large deformations 

of 60% demonstrated that both pre-treatments generated HSCs which were significantly more deformable than PBS pre-treated cells. N = 20 individual cells for each group. 

Data is presented as mean ± SEM. ∗∗p < 0.01 as determined using a paired Student t -test. 
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t  
ell surface to determine their elastic modulus. The height infor-

ation mapped to a colour value was used to distinguish single

ells from the underlying substrate and was represented as a his-

ogram showing the height distribution across the cross-section of

 single cell ( Fig. 4 c). These histograms demonstrated that cells

ad some relatively flat areas, usually at their centre. This region
et the condition of contact mode for calculation of the Young’s

odulus with the Hertz model [29] . To determine the elasticity

or each cell, a collection of ‘force versus displacement’ curves

ere obtained at relatively flat areas from graphs showing the re-

ationship between the piezo (z-height) movement and the can-

ilever deflection ( Fig. 4 e,f). The force-displacement data generated
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Fig. 4. Topography information of HSCs and their Young’s modulus at small deformations after SDF-1 α and H 2 O 2 pre-treatment using AFM. (a) An image of the cell sample as 

observed through an optical microscope. The square box indicates an area of 100 × 100 μm that was analysed using AFM. Force scanning was conducted in this 100 × 100 μm 

area, a region equivalent to 64 × 64 pixels. (b) A typical 100 × 100 μm area is shown in which the height data was mapped to a colour value from which force curves were 

derived from the central area of the cell. The lightest colour represents the tallest part of the cells and the darkest colour represents the substrate. (c) 3D height projection 

showing the rough geometry of the cells in a 100 × 100 μm area. (d) Cross section of a single cell’s height is shown based on plotting data with steps representing that the 

top points of the cell are relatively flat. (e) The force curves obtained by measurements of cantilever deflection versus height during extension and retraction of the probe. (f) 

The force-height curves were converted to force-displacement curves. The schematic illustrates compression of a spherical tip on the top area of the cell which was thought 

to be relatively flat. (g) The force-displacement curve, obtained at a deformation of less than 10% can be fitted to the Hertz model to calculate the Young’s modulus. (h) The 

values of Young’s modulus of the cell surface increased with SDF-1 α or H 2 O 2 indicative of increased cell surface stiffness after pre-treatment. N = 3 sets for each sample 

with 20 randomly selected single cells. ∗p < 0.05, ∗∗p < 0.01 as determined using a paired Student t -test. 
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Table 2 

Summary table showing the changes in the mechanical properties of HSCs after pre-treating with PBS (control), 

SDF-1 α and H 2 O 2 as characterised by AFM and micromanipulation. The Young’s modulus, nominal rupture stress 

and nominal rupture tension significantly decreased with SDF-1 α and H 2 O 2 pre-treatment when determined 

from the data corresponding to deformations up to 60% using micromanipulation. However, the Young’s mod- 

ulus significantly increased with SDF-1 α and H 2 O 2 pre-treatment when cells were tested under smaller de- 

formations using AFM. ↑ and ↓ indicate whether these values increased or decreased compared to PBS pre- 

treated control cells. Data are presented as the means ± SEM. 

Mechanics Cells 

PBS-HSCs SDF-1 α-HSCs H 2 O 2 -HSCs 

AFM Young’s Moduli 306.2 ± 15.2 434.9 ± 24.5 662.8 ± 76.6 

10% (Pa) ↑ ↑ 
Micromanipulation Young’s Moduli 18.1 ± 1.2 13.8 ± 0.8 14.5 ± 0.8 

60% (kPa) ↓ ↓ 
Nominal rupture 32.70 ± 4.48 17.96 ± 1.77 23.90 ± 1.51 

stress (kPa) ↓ ↓ 
Nominal rupture 0.23 ± 0.04 0.13 ± 0.02 0.17 ± 0.02 

tension (N/m) ↓ ↓ 
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rom single curves was subsequently converted into ‘force versus

isplacement 3/2 
’ curves, which showed a linear relationship and

ould be fitted with the Hertz model at deformations less of than

0% ( Fig. 4 g). The correlation coefficient obtained was 0.99. The

oung’s modulus values for small deformations were subsequently

btained for pre-treated HSCs. Both SDF-1 α ( p < 0.05) and H 2 O 2 

 p < 0.01) pre-treated cells had significantly higher values that PBS

re-treated cells ( Fig. 4 h). Moreover, H 2 O 2 pre-treatment induced

 more significant ( p < 0.05) change in the Young’s modulus value

hen compared with the effects of SDF-1 α. A summary of ma-

or HSC findings from micromanipulation and AFM studies can be

ound in Table 2 . 

.7. Pre-treatment of HSCs induced polymerization and 

eorganisation of F-actin 

Flow cytometry demonstrated a significantly increased F-actin

ccumulation following SDF-1 α ( p < 0.05) and H 2 O 2 ( p < 0.05) pre-

reatment when compared to PBS pre-treated cells ( Fig. 5 a). Fur-

hermore, H 2 O 2 induced a more significant ( p < 0.05) increase in

ontent than SDF-1 ɑ . Confocal microscopy of the cell surface re-

ealed that within control cells, the F-actin network was diffuse

nd distributed evenly within the whole cell. However, with both

DF-1 α and H 2 O 2 pre-treatment, this staining pattern was dis-

upted and replaced with more punctate staining potentially in-

icative of increased F-actin localisation in the outermost cortical

egion close to the cell membrane ( Fig. 5 b). Furthermore, the cell

embrane appeared more ruffled in appearance compared to the

ontrol cells. The level of cellular fluorescence from confocal mi-

roscopy images was semi-quantified using ImageJ to obtain a cor-

ected total cell fluorescence (CTCF) value. This showed that pre-

reated samples had higher F-actin content which was statistically

ignificant ( p < 0.05) but only with H 2 O 2 pre-treatment ( Fig. 5 c). 

Multiphoton images of treated cells were also acquired from the

ell surface and from the mid-region of HSCs in which the nucleus

as stained in addition to F-actin ( Fig. 6 ). When imaged at the

urface of the cells, the F-actin network within PBS treated control

ells was more diffusely distributed within the cell. However, with

oth SDF-1 α and H 2 O 2 treatment, this diffuse staining pattern

as again disrupted and replaced with multiple clustered regions

ith significantly increased fluorescent intensity. Larger and more

ntensely fluorescent clusters were noted with H 2 O 2 treatment.

hen focusing through the cell interior, the nucleus typically oc-

upied most of the space. PBS pre-treated cells again demonstrated

niform F-actin staining on the edges of the cells close to the

embrane. However, with SDF-1 ɑ and H 2 O 2 pre-treatment, clus-

ers with increased fluorescent intensity were again noted. 
. Discussion 

Reducing exogenously injected SC entrapment within microves-

els of non-specific sites, and thus increasing and maintaining their

irculation in peripheral blood, is a potential mechanism for en-

ancing their homing to sites of injury [13,15,20,21] . Although the

arger size of HSCs and particularly MSCs may impact their ability

o freely circulate, size does not appear to limit the ability of blood

ells to traverse small diameter capillaries. For example, red blood

ells have an approximate diameter of 8 μm diameter but can eas-

ly circulate through capillaries that are as small as 2–2.5 μm in

iameter [41] . Therefore, if SCs possess appropriate deformability,

hey could avoid pulmonary entrapment, remain circulating and

hus increase their chances of active recruitment from flow. Im-

roving SC deformability using pre-treatment strategies or sepa-

ating SCs based on their mechanical properties may improve their

herapeutic efficacy. However, no studies have as yet characterised

he mechanical properties of naïve or pre-treated SCs. 

An interesting initial observation in this study was the fact both

C types had a size range that was much larger than that of neu-

rophils. It is not clear why such variations in SC size was observed.

owever, it is becoming increasingly clear that even SCs isolated

rom the same site demonstrate heterogeneity with regards their

henotype and function [42,43] . This is particularly true for bone

arrow-derived MSCs where at least two sub-populations can

e found. When isolated and cultured, clonal expansions showed

SCs possessing either elongated fibroblast-like or flattened and

pread phenotypes [43] . This may explain the broad size range for

he bone marrow-derived MSCs investigated in the current study.

t is also not clear why pre-treated HSCs did not demonstrate any

hange in cell size, particularly since neutrophils are well known to

ecome larger as a result of activation with inflammatory stimuli

44] . It is possible that HSCs may have required longer than 30 min

xposure to SDF-1 α /H 2 O 2 , multiple activators or the presence of

hysiological blood flow to undergo significant changes in cell size.

This study demonstrated that at large deformations only neu-

rophils and HSCs underwent rupture, with the force required be-

ng similar and both cell types rupturing at ∼80% cellular deforma-

ion. At first glance, this suggested both neutrophils and HSCs were

qually ‘strong’ or ‘stiff’. However, this data did not take into ac-

ount that the size of these cells was different. Therefore, to make

eaningful comparisons between their mechanical strength, nom-

nal rupture stress and tension were calculated, which took into

ccount the different cross-sectional area and diameter of the cells

espectively. Once corrected for size, it became apparent that neu-

rophils were stronger/stiffer cells with HSCs being ‘weaker’ cells.

ince a higher Young’s modulus indicates less deformable cells,

his value calculated at large deformations also confirmed that
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Fig. 5. Polymerization and reorganization of F-actin after pre-treatment. (a) Mean fluorescence intensity (FLI) for each group as determined using flow cytometry. Cells pre- 

treated with SDF-1 α or H 2 O 2 increased F-actin accumulation compared to PBS control group. H 2 O 2 induced a more significant change in content than SDF-1 α. Typical 

histograms are shown showing a shift to the right following pre-treatment with SDF-1 α and H 2 O 2 . (b) PBS control cells showed more spherical morphologies and smooth 

surfaces with more diffuse and uniform F-actin staining within the cell cytoplasm. However, within pre-treated HSCs, this uniform staining was replaced with more punctate 

staining. Only when the focus was on the surface of the cell was punctuate staining observed. When focusing through the cell interior, such F-actin staining was not noted. 

(c) The level of cellular fluorescence from confocal microscopy images was semi-quantified using ImageJ to obtain a corrected total cell fluorescence (CTCF) value. This 

showed that pre-treated samples had higher F-actin content which was statistically significant but only with H 2 O 2 pre-treatment. Scale Bar = 20 μm. p < 0.05, ∗∗p < 0.01 as 

determined using a paired Student t -test. Data are presented as the means ±SEM. 
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Fig. 6. Increased presence of F-actin after pre-treatment in outermost cortical regions 

of treated cells. Multiphoton microscopy images showing two cells for each group 

imaged on their surface and at their mid-point. When imaged at the surface, the 

diffuse F-actin staining noted with PBS treatment is replaced in SDF-1 ɑ and H 2 O 2 
pre-treated cells with multiple clustered regions with significantly increased fluo- 

rescent intensity. Larger and more intensely fluorescent clusters were noted with 

H 2 O 2 treatment. When focusing through the cell interior, the nucleus typically oc- 

cupied most of the space. PBS pre-treated cells again demonstrated uniform F-actin 

staining on the edges of the cells close to the membrane. However, with SDF-1 ɑ 
and H 2 O 2 pre-treatment, clusters with increased fluorescent intensity were again 

noted. Scale bar = 10 μm. 
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eutrophils were indeed significantly stiffer than HSCs which were

ore elastic in nature. A Young’s modulus value at large deforma-

ion was also determined for MSCs which, interestingly, demon-

trated that they were just as deformable as HSCs despite the fact

hat their overall cell size was much bigger. This novel data is in-

eresting when considering the fact that recruitment of these more

eformable SCs is not as rapid or as efficient as the recruitment of

he ‘stiffer’ neutrophil during inflammation [45] . Indeed, we fre-

uently observe intravitally large numbers of neutrophils infiltrat-

ng injured tissues within minutes of an inflammatory insult, num-

ers that far exceed those of recruited HSCs or MSCs. Also, HSC

ecruitment is much higher than MSCs within a similarly injured

issue [14] . Collectively, this suggests that size is likely to play

n important factor in the recruitment of different circulating cell

ypes in vivo . Smaller cells such as neutrophils clearly circulate

nd adhere better than larger SCs cells even though they are a lot

tiffer, and therefore deformability may be considered as being of

econdary importance. 

One of the interesting observations was that during microma-

ipulation compression, only neutrophils and HSCs demonstrated

bvious rupture behaviour, whilst MSCs showed an absence of

lear rupture force. These two different mechanical responses are

n likely agreement with the two main mechanical behaviour mod-

ls that have previously been described for cells [46–48] . These

odels suggest specific structures in a cell dominate its deforma-

ility and play a major role in transmitting and distributing me-

hanical stresses within the cell after exposure to an external force.

ells can behave either more similarly to a ‘cortical shell - liquid
ore’ structure or as a ‘homogeneous solid state’ structure when

eing compressed by the applied forces. Their response to this

tress is suited to the biological processes they need to undergo.

he first model assumes that the main cellular structures resisting

ny external forces are confined within the thin ( ∼ 100 nm) actin-

ich deformable cortex beneath the plasma membrane of the cell

49,50] . In these models, it is assumed that the liquid cell inte-

ior or cytoplasm plays little role in resisting mechanical forces. In

ontrast, some believe the cortical layer does not play a significant

ole in resisting force and that cells follow the second model which

ssumes the whole cell is a homogeneous, viscoelastic solid mate-

ial and that the internal cytoplasmic cytoskeleton is the dominant

tructure resisting mechanical load. In this model, the contribution

f the cortical layer is considered negligible. The ‘cortical shell -

iquid core’ model is widely applied to model suspended cells that

re found as spheres in suspension in the body i.e. blood cells. The

homogenous solid state’ model is generally applied to more adher-

nt cells [46–48] . 

It is still debated whether cells behave more similarly to a ‘cor-

ical shell - liquid core’ or to a ‘homogeneous solid state’ struc-

ure. However, since we demonstrated two clearly different rupture

haracteristics, it is possible that the tested SCs follow one or the

ther of these two models. These mechanical properties likely mir-

or the in vivo functional distinctions of these cell types. Although

SCs are adherent within the BM, they can exit it following re-

ote injury and travel via the circulation, similarly to blood neu-

rophils, to sites of injury. Hence both these cell types probably fol-

ow the ‘cortical shell - liquid core’ model applied to spherical cells

ound in suspension. The clear rupture force of neutrophils and

SCs, therefore may have resulted from the breakage of their cor-

ical shell. The subsequent compression of the liquid interior after

hell rupture induced the rapid measured decrease in the force in

he force-displacement curves. In contrast to suspended cells, MSCs

re primarily classed as adherent cells that adhere to each other

r to their substrate throughout their lifetime and do not gener-

lly exit their niche and circulate in peripheral blood under physi-

logical conditions. Hence for MSCs, which are not designed to be

irculating cells, the ‘homogenous solid state’ model may be more

elevant [46] . The homogenous, viscous nature of the whole cell

ost likely explained their ability to withstand force and therefore

ot undergo rupture. Indeed, in culture MSCs can readily assume a

attened appearance. 

Micromanipulation and AFM studies were also conducted on

SCs pre-treated with well known inflammatory factors, namely

DF-1 α and H 2 O 2 . These non-genetically modified approaches to

ncrease SC homing and recruitment provide the potential for them

o be used clinically as an adjuvant therapy to enhance SC effec-

iveness. Since a lower Young’s modulus indicates more deformable

ells, the data obtained at large deformations of 60% demonstrated

hat both pre-treatments generated HSCs which were significantly

ore deformable than PBS pre-treated cells. Similarly, the nomi-

al rupture stress/tension of these pre-treated HSCs also decreased.

his collectively suggested the cells as a whole became weaker and

ore deformable after pre-treatment. This ‘softening’ after pre-

reatment is in accordance with our previously published work

sing a more basic micropipette aspiration method [21] . White

nd colleagues showed that when 10 μm HSCs were sucked into

 μm micropipettes, and thus squeezed to large deformations, the

ime it took to fully aspirate them was reduced following SDF-

 α pre-treatment [21] . These pre-treatment strategies have mul-

iple beneficial effects. Their ability to improve SC deformabil-

ty could enhance and maintain their presence within the cir-

ulation, but they also modify the clustering of HSC surface in-

egrins and increase their affinity for endothelial counterligands

hich improves their retention within injured tissue microvessels

30,31] . 
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In contrast to the micromanipulation data, the Young’s modulus

calculated following small deformations using AFM increased with

similar pre-treatments, particularly H 2 O 2 , which suggested that the

HSC surface that was being probed had stiffened. This stiffening of

the cell surface after pre-treatment can potentially be explained by

the expansion and polymerization of F-actin to the plasma mem-

brane. Indeed, the increased immunostaining of F-actin filaments

noted in the cortical membrane confocally after pre-treatment

may allow for the observed increase in the cell surface elasticity

modulus at small deformations. Multiphoton images appeared to

confirm the possibility that the presence of F-actin increased in

clustered regions in the outer cortical region close to the cell mem-

brane. It is well established that one of the earliest effects (within

1 min) of inflammatory mediators on neutrophils is to cause them

to become stiffer and less deformable. Most often these effects

are short-lived and disappear after ∼ 30 min [49] . This enhanced

stiffness is thought to be due to the polymerisation of G-actin to F-

actin that forms a sub-cortical shell beneath the membrane. Actin

is a key component of the neutrophil cytoskeleton and contributes

to the cell stiffness. Polymerization from a globular monomeric

G-actin form to a filamentous F-actin form leads to neutrophil

stiffening. This increased stiffness enhances the margination of

neutrophils in inflamed regions and delays their transit which en-

courages binding through integrin activation. On the downside, this

increased stiffening can lead to neutrophil sequestration within

the pulmonary microvessels. F-actin observations made in the

current study in HSCs after pre-treatment with SDF-1 α and H 2 O 2 

suggested that overall F-actin content was increased and F-actin

appeared restructured from uniform to more punctate and clus-

tered staining. Although overall content was increased, it appeared

increased primarily in the outermost cortical region close to the

cell membrane. This would suggest that pre-treated HSCs were

stiffer in their cortical region due to the increased F-actin beneath

the plasma membrane, an observation that is similarly observed

in neutrophils. However, these preliminary finding would require

further detailed investigation with more accurate cytoskeletal

staining and powerful imaging modalities such as super-resolution

or total internal reflection fluorescence (TIRF) microscopy. 

The mechanical property parameters derived in this study may

not be able to perfectly reflect the inherent architectural structure

of the actin network within these specific cells. Nevertheless, the

calculations of Young’s modulus derived from the data can still be

used to evaluate the stiffness of individual cells. Due to the com-

plex contributions of various cellular components (actin, nucleus,

cytoskeleton etc.) in response to different applied load, more com-

plex mathematical modelling methods such as finite element anal-

ysis (FEA) would be an ideal approach to completely quantify the

data. FEA is a computerized method for predicting how different

components within cells would specifically react to physical forces

applied to them. While FEA may offer the means to predict how

the different cellular components may react to physical forces, this

is beyond the scope of the present study. 

5. Conclusions 

Improving the retention efficiency of circulating SCs within sites

of injury may depend on manipulating their mechanical properties

or isolating smaller and more deformable sub-populations for in-

fusion. Prior to conducting such strategies, some information on

the mechanical properties of different therapeutic cells was re-

quired. Novel micromanipulation and AFM studies on HSCs and

MSCs demonstrated that surprising mechanical distinctions exist

amongst different therapeutic cells with regards their deforma-

bility and also their rupture response to applied stress. Although

distinct differences were observed between these two SC popu-

lations, this study also suggests intra-population variation exists
ithin naïve and pre-treated HSCs. The mechanical properties of

ndividual HSCs are force/deformation-dependent and highly non-

inear from the cell surface to the internal cytoskeleton regarding

he structure and concentration of actin filaments. These different

echanical parameters particularly the variations in the deforma-

ility, can potentially be utilized as label-free markers in microflu-

dic cell sorting systems to separate different sub-populations of

otentially more therapeutic SCs. 
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