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Abstract 

The aim of this study was to establish a simple tribological model to assess the frictional 

properties of non-diabetic (ND) and Type 2 diabetic (T2DM) patients with the view to better 

understand the interfacial processes off icing in-vivo during angioplasty. Human primary 

smooth muscle cell (SMC) monolayers from non-diabetic (ND) and Type 2 diabetic (T2DM) 

patients were isolated and cultured. The coefficient of friction of ND and T2DM SMC 

monolayers was measured using a micro-tribometer set-up at normal loads (Fn) of 0.4 and 0.8 

mN. The coefficient of friction was dependent on load and disease state. The cycle average 

coefficient of friction of patient grouped SMCs was µ = 0.107±0.03 and 0.22±0.01 for ND and 

T2DM respectively. Within the ND group, the coefficient of friction was seen to be patient 

specific, with the coefficient of friction varying significantly from µ = 0.03±0.03 to 0.185±0.07. 

Results show that disease state will affect the frictional properties of SMCs. In turn the disease 

state may also influence the SMCs susceptibly to tribologically induced inflammation.  
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1. Introduction 

The importance of tribology in the human body has long been recognised in terms of the 

natural bearing surfaces seen in the skeletal joints [1]. However with advancements in modern 

medicine, for example the development of minimally invasive and precision surgery, surgical 

robotics and medical devices, interest concerning the links between tribological contacts at 

soft-tissue interfaces is growing. This is mainly driven through the 1) need to better understand 

the trauma and adverse remodelling processes which may occur due to mechanical contact 

and 2) the need for better prediction tools to aid with design and application of future surgical 

devices or procedures. In light of this, multi-scale test methodologies have been developed to 

better understand biological processes. These range from macroscopic tissue in-vitro animal 

models to single cell assessments.  Macroscopic tissues are each comprised of specialist cells 

which contribute to the structure and function of the tissue.  

In these applications the interface is not passive. It must be considered as a dynamic and 

active system in which living cells respond to stimuli in the form of tribological forces via 

defined biological pathways in addition to the nature of any disease affecting the local 

properties of the cells or tissue. Cells sense and react to mechanical force signals via a 

process termed mechano-transduction; this process is involved in physiological mechanisms 

such as tissue homeostasis [2], wound healing [3] and vessel tone [4] in addition to its 

implication in various pathological mechanisms such as atherosclerosis [5, 6], osteoporosis 

[7] and various cardiomyopathies [8]. Especially pertinent to the world of biotribology is the 

nature of the interface between biomaterials and living tissue in medical devices. Frictional 

forces at this interface play a central role in device safety and life-span: the function of urethral 

catheters [9], contact lenses [10], cement for orthopaedic implants [11] are governed by friction 

at the biomaterial-tissue interface. Characterising the effects of tribological forces on cellular 

function are commentary to macroscopic tissue samples. Soft tissue trauma / damage via 

histological techniques is crucial to furthering the understanding of the device-tissue interface. 

However damage or alterations to cell function is not universally apparent at the tissue level. 



The use of cellular monolayers enables the initial bio-chemical processes associated with 

adverse remodelling of inflammatory processes due to mechanical contact to be determined 

using conventional biological assays. Furthermore, cells are able to remodel tissue and so 

damage or undesirable effects may only become noticeable days or even weeks after the cells 

experience the initial mechanical contact. 

Annually, there are 800,000 stents implanted into coronary arteries alone world-wide, with 

rising numbers due to the global burden of cardiovascular disease and Type 2 diabetes [20]. 

Despite the latest developments in stent and angioplasty devices, the failure rate for coronary 

stents is 10% after one year and as high as 30% after one year in peripheral stents due to 

SMC mediated in-stent restenosis [21, 22]. A schematic of the regions of tribological 

interactions during angioplasty / stent deployment and arterial anatomy is shown in Figure 1. 

A principal cell type in blood vessel walls, smooth muscle cells (SMCs) in addition to their 

primary role of contraction to maintain homeostasis, also play a role in stent failure as 

mechanical forces induce a switch in cell phenotype and gradually form a neointimal 

hyperplasia in the lumen of the vessel leading directly to re-occlusion of the artery (in-stent 

restenosis) [12-17]. Denudation of the endothelium (cellular barrier at the lumen of the vessel) 

during angioplasty can lead to SMC proliferation and dysfunction in the vessel wall, 

contributing to adverse remodelling and re-occlusion, albeit the underpinning tribological 

mechanisms are not well understood [18, 19].  

 



 

Figure 1. Schematic of A: example of interfaces created during intravascular surgery, B: stent 
deployment via angioplasty balloon on guidewire and C: formation of neointimal hyperplasia leading to 
in-stent restenosis with vascular anatomy view. Panel A: The stent is expanded at the target lesion with 
an angioplasty balloon which is inflated via an endovascular catheter. The artery consists of a single 
cell layer called the endothelium at the lumen of the artery. The principle component of the vessel is the 
media, rich with smooth muscle cells (SMCs) and extracellular matrix. During stent deployment the 
endothelium is denuded, exposing the smooth muscle cells beneath. The atherosclerotic plaque, rich 
in immune cell infiltration is compressed by both the angioplasty balloon and the struts of the stent. LDL 
= low density lipoprotein, ECM = extracellular matrix. Panel B: During the lifetime of the stent, SMCs 
activate and migrate towards the lumen of the artery where they secrete extracellular matrix and 
contribute to recruitment of pro-inflammatory cells and formation of a neointimal hyperplasia. Once a 
critical point in growth of the neointimal hyperplasia is reached, in-stent restenosis has occurred and 
the device has failed. SMC = smooth muscle cell, EC = endothelial cell. Tribological interfaces such as 
balloon-artery, stent-artery and guidewire-artery in addition to those which arise due to pulsatile flow 
and stent migration are present during the lifetime of the device. 



Further work is needed to understand the effect of tribological interactions during stent 

deployment on vascular cell response. In vivo models in both animals and humans have been 

used to determine the relationship between the mechanical forces involved in stent 

deployment and the development of neointimal hyperplasia resulting eventually in restenosis, 

which will be described herein. The ‘aggressiveness’ of stent deployment, a parameter 

developed by Hoffman et al. to conflate balloon/artery ratio with inflation pressure, is linked 

clinically with formation of neointimal hyperplasia [12]. A common cause of restenosis in 

experimental animal models is oversizing during stent deployment [20, 21]. However, 

visualisation of microscale device-tissue interactions and study at the cellular level is complex 

in in vivo models and is complicated by cost and ethical considerations. Finite element analysis 

modelling of stent deployment is able to uncover patient specific stress patterns within the 

arterial wall and furthermore can link these to neointimal formation in experimental models 

[22-24]. In such studies, the relationship between mechanical and tribological forces 

encountered during stent deployment and the biological response at the cellular level has not 

yet been explored. Finite element techniques have also been widely employed to assess the 

nature of the mechanical forces the artery is subjected to during angioplasty and stent 

deployment [25, 26]. Dunn et al. first recorded macroscopic friction measurements on bovine 

endothelial cells (ECs) using low applied normal loads (milliNewton range) and linked 

tribological phenomena to cellular response [27]. The coefficient of friction was recorded as μ 

= 0.03 ± 0.02. However, the experimental set up was not optimised for the requirements of 

living cells; temperature, CO2 level and nutrients are essential components of cell culture. 

Dean et al. used atomic force microscopy to assess the frictional behaviour of individual rat 

aortic SMCs (μ = 0.06) but did not link any such measurements to cell response [28].  

The principal aim of this study is to evaluate frictional behaviour of primary human SMCs with 

and without type 2 diabetes from clinically-relevant patients under physiological relevant loads 

during angioplasty. As part of this, the role of patient disease state (ND or T2DM) will also be 

assessed. The framework and results presented in this study provide the foundation to enable 



the links between tribological forces with cellular response to be determined. Cell viability and 

adverse vascular cell function in the context of in-stent restenosis will be discussed. 

2. Materials and methods 

2.1 Isolation of primary cells 

Saphenous vein tissue was obtained from patients undergoing coronary artery bypass graft 

surgery at Leeds General Infirmary, UK. Local ethical committee permission and informed, 

written patient consent was obtained. The study conformed to the principles outlined in the 

Declaration of Helsinki. SMC cultures were established from non-diabetic patients (ND) and 

age-matched patients receiving treatment for Type 2 diabetes (T2DM), by an explant 

technique described previously [29, 30]. SMCs were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM; Gibco, UK) supplemented with 10% foetal calf serum (Biosera, France), 1% 

L-Glutamine and 1% penicillin/streptomycin fungizone (both Gibco, UK). SMCs were 

maintained at 37°C in 5% CO2 in air and were serially passaged using trypsin/EDTA as 

necessary. Cells were used for experiments between passages 3 – 4. 

2.2 Cell set-up for tribometer 

SMCs were seeded at a density of 7.5 x 104 in a 6-well polystyrene tissue culture-treated 

plates and cultured until a single confluent monolayer was formed (just reaching 100% 

confluency). SMC culture media was supplemented with an additional 1M HEPES in order to 

maintain physiological pH in the absence of a 5% CO2 environment during tribometer testing. 

The whole cell-culture dish was adhered to the base support of the tribometer. Control of the 

external environment was not possible during tribometer testing. SMCs were exposed to the 

uncontrolled environment for less than 2 minutes, which is less than routine cell culture within 

a Class II laminar flow cabinet where SMCs would be exposed to such enviroments. Cells 

were held in a temperature controlled chamber at 37°C at all other times. Cells were tested 

three times in three different culture wells for each normal loading regime. 



2.3 Tribometer 

The tribometer used was an Anton Paar Nano Tribometer (NTR3, Anton Paar, Graz, Austria), 

installed with a quad beam cantilever. The tests were performed at two normal loads: 0.4mN 

and 0.8mN at a sliding distance of 500 µm at a speed of 300 µm/s over 20 cycles in a 

sinusoidal trajectory, whereby the stage was reciprocated to avoid gross cell removal and 

match the prior work of Dunn et al [27] for comparison. Both the borosilicate glass probe and 

the SMC monolayer were fully submerged in cell culture media for the total duration of the 

experiment (Figure 2). Data was acquired at a rate of 400 Hz. Prior to each test a new probe 

was used to eliminate any contamination or absorbed protein effects. The cell monolayer was 

reciprocated against a borosilicate glass hemispherical probe (R = 7.78 mm). Frictional forces 

(Ft) were resolved under piezo electric control. The effective coefficient of friction of each cycle 

was determined by taking the averaged magnitude of the friction force within the middle 20% 

of forward and reverse portions of the sliding cycle. The averaged friction force was then 

divided through by the averaged normal force at the same cycle point. All data is presented 

as mean (n > 9 for each patient) ± standard error. Data were found to be normally distributed. 

Statistical analysis was conducted on all tests which consisted of a two-way ANOVA with a 

Bonferroni post-hoc test. The friction characteristics of the glass probe reciprocating against 

a polystyrene tissue culture plate in the absence of cells was recorded to act as a negative 

control. 



 

Figure 2. Schematic of tribometer setup for cell friction experiments. DMEM = Dulbecco's modified 
Eagle medium, FBS = foetal bovine serum, SMC = smooth muscle cell. The piezoelectric controlled 
stage linearly reciprocated the  tissue culture plate containing the SMC monolayer against the glass pin 
which was held under a constant normal load over a period of 10 cycles. Friction loop data was then 
captured using the Anton Paar NTR3. SMCs were then immediately returned to 37°C once tribological 
testing had been completed. 

2.4 Cell imaging 

Following tribological testing, cell detachment was observed using transmission optical 

microscopy and cell viability was quantified using a fluorescent 

LIVE/DEAD®viability/cytotoxicity kit (ThermoFisher Scientific, MA, USA). Cell culture medium 

was removed along with cells which had become detached during testing and washed in 1X 

phosphate buffered saline (PBS). A staining solution of 2 µM calcein-AM in anhydrous 

dimethyl sulfoxide (DMSO) and 4 µM ethidium homodimer-1 (EthD-1) in DMSO/H2O in 1XPBS 

was then added to each well and left to incubate for 30 minutes at room temperature in the 

dark. Plates were then imaged under phase and fluorescent red/green using an IncuCyte 

ZOOM system (Essen BioSciences, MI, USA). Viable cells are able to cleave calcein-AM to 

produce green fluorescence and EthD-1 is able to enter cells with damaged membranes and 

produce red fluorescence: live cells are observed as green and dead cells as red. Cell viability 

was performed via red/green cell counting using image analysis in in-built IncuCyte ZOOM 

software. A qualitative assessment of viability has been made in this study. 



3. Results 

3.1 Glass probe vs. tissue culture plate (polystyrene) 

Figure 3 shows the frictional data obtained for the glass – culture plate negative control. A 

gross slip regime was observed at each normal load; there was a well-defined square wave 

of speed independent friction force. Data was consistent across all loading regimes (Figure 

3). Over the loads tested (Range = 0.1 mN to 0.4 mN) there was no significant difference in 

the mean friction coefficient, μ = 0.37 ± 0.02 (mean ± standard error, Figure 4). 

  

(a) (b) 

  

(c) (d) 

Figure 3. Representative raw friction curves from each normal load: A = 0.1 mN, B = 0.2 mN, C = 0.4 
mN, D = 0.8 mN. Three repeats in three different culture plates were conducted at each loading 
conditions. The glass probe was cleaned prior to testing in each case. 
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Figure 4. Mean friction coefficient across 10 cycles for borosilicate glass pin reciprocating against tissue 
culture plate (polystyrene) in the absence of cells. ns = non-significant, one-way ANOVA with post-hoc 
Tukey test. Data shown as mean ± standard error, (n=3).  

3.2 Glass probe vs. SMC monolayer 

The frictional characteristics of SMCs from patients with different conditions was evaluated at 

normal loads of 0.4 mN and 0.8 mN. Testing was completed three times per load per patient 

on fresh cellular monolayers each time. Representative Ft vs δ profiles for non-diabetic and 

diabetic patients at 0.4 mN and 0.8 mN are show in Figure 5. Quasi-rectangular shaped Ft vs 

δ were observed in each case. The magnitude of tangential force was seen to increase with 

increasing load and between patient conditions.  

  



Fn = 0.4 mN Fn = 0.8 mN 

  

(a) (b) 

  

(c) (d) 

Figure 5. Representative example of Ft vs δ data obtained for borosilicate glass pin reciprocating against 
tissue culture plate (polystyrene) in the presence of non-diabetic (ND) (a-b) and diabetic (T2DM) (c-d) 
saphenous vein smooth muscle cells at Fn = 0.4 and 0.8 mN respectively.  

 

The mean coefficient of friction across the 10 cycles is shown in Figure 6 for 0.4 mN and 0.8 

mN normal load. For patient grouped ND-SMC monolayers (Figure 6a) the coefficient of 

friction remained relatively constant throughout the tests although higher at 0.8 mN when 

compared to 0.4mN. Patient grouped T2DM -SMC monolayers (Figure 6b) showed a similar 

trend in terms of load. Whilst the coefficient of friction remained relatively stable for ND cells 

at both normal loads, the coefficient of friction for T2DM -SMC monolayers increased with 

increasing cycle number (Figure 6c and d). The coefficient of friction differed greatly between 
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patients but was repeatable and consistent across intrapatient repeats. SMC from individual 

patients without T2DM displayed coefficients of friction ranging from 0.03±0.02 to 0.41±0.1. 

This highlights the inherent variability between cell populations independent of diabetic status 

(Figure 7). Little patient variability was seen for patients with T2DM. 

 

  

(a) (b) 

  

(c) (d) 

Figure 6. Mean coefficient of friction vs number of cycles for borosilicate glass probe vs. a) ND and b) 
T2DM SMC monolayers at Fn = 0.4 and 0.8 mN. Figure 7 c and d shows a comparison of the coefficient 
of friction vs number of cycles for ND and T2DM SMCs at Fn = 0.4 and 0.8 mN, respectively. Data 
shown are mean ± standard error, coefficient of friction is increased with increased normal load and 
patient condition. 
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Figure 7. Mean coefficient of friction of borosilicate glass vs ND SMC monolayers. Data shows the mean 
coefficient of friction for all patients tested.  

Figure 8 shows the cycle average coefficient of friction for ND and T2DM SMCs monolayers 

when slid against a borosilicate glass probe. Increasing the normal load from 0.4 mN to 0.8 

mN resulted in a significant increase in the average coefficient of friction across the 10 cycles. 

For ND cells, the coefficient of friction, µ, was 0.107±0.04 vs. 0.175±0.02 for 0.4 mN and 0.8 

mN respectively.  For T2DM cells, the coefficient of friction, µ, was 0.22±0.07 vs. 0.35±0.15 

for 0.4 mN and 0.8 mN respectively. A significant increase in the coefficient of friction was also 

seen between ND and T2DM patients. At Fn = 0.4 mN, µ = 0.107±0.04 vs 0.22±0.07 for ND 

and T2DM respectively. At Fn = 0.8 mN, the coefficient of friction was not significantly different 

0.175±0.02 vs 0.35±0.15 for ND and T2DM respectively (two-sample t-test, p<0.001). In all 

cases, the coefficient of friction for tests with cells was significantly lower than the control 

samples (Figure 4, p<0.001). 
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Figure 8. Cycle average coefficient of friction for borosilicate glass probe slid against ND and T2DM 
SMC monolayers at Fn = 0.4 and 0.8 mN. Data shown are mean ± standard error, ***p<0.001, two way 
ANOVA and a Bonferroni post-hoc test. A significant increase in the cycle average coefficient of friction 
was increasing normal load. A significant increase in the cycle average coefficient of friction was also 
seen at Fn = 0.4 mN between different patient morbidities.    

 

3.3 ‘Wear scar’ visualisation 

Figure 9 shows examples of transmission optical microscopy images of the cellular 

monolayers immediately after tribological assessment. The retention / removal of ND SMC 

monolayers tested at 0.4 mN was not consistent between patients. Retention and viability of 

ND SMC monolayers (via Live/Dead) was seen in tests that exhibited low friction (i.e. µ = 

0.03±0.03). For ND SMCs that exhibited a higher coefficient of friction (µ ~ 0.1), detachment 

of SMCs at the outer regions of the sliding area was seen. Within the sliding path retention of 

SMC derived material was observed (Figure 9e), although the viability of these cells was not 

maintained as indicated by the Live/Dead analysis. At 0.8 mN complete removal was further 

confirmed (Figure 9f). Complete removal of SMC after 10 cycles of sliding was observed for 

all other cases, despite the coefficient of fiction being significantly lower than the cell-free 

control culture system.  Again partial removal of T2DM SMCs were observed at both normal 

loads tested.    



0.4 mN 0.8 mN 

  

 (a)  (b) 

  

(c) (d) 

  

(e) (f) 

Figure 9. Representative transmission optical microscopy images of for a – b) ND and c-d) T2DMSMC 
monolayers after 10 cycles of sliding. Figures e-f) show the live/dead staining of the sliding path for non-
diabetic SMCs at a normal force of 0.4 and 0.8 mN, respectively. Note the white dash lines represented 
the boundaries where cellular reattachment / retention were seen. Solid white bar indicated sliding path 
direction.   



4. Discussion 

The growing use of intra-vascular procedures to treat cardiovascular disease means in many 

cases an engineering material will be brought into direct contact with the living biological 

tissues. As a result mechanical contact at the device – tissue interface will occur resulting in 

the dissipation of frictional forces, thus energy, at the interface and within sub-surface of the 

materials. These processes are further complicated by the complex reactive nature of the 

tissues and cellular components which are known to react to mechanical stimulation, better 

known as mechano-transduction. Whilst the roles of flow shear stress on vascular cell viability 

and function have been well studied and characterised [19], the effects of mechanical shear 

stress are not understood and will manifest themselves at the interface very differently. This 

is despite the established clinical literature which clearly identifies device – tissues interactions 

as a pathway to adverse cellular remodelling responses [18, 31]. Furthermore the use of 

computational based simulation models for device innovation and stratification [17, 23, 24], for 

example finite element analysis to simulate and quantify shear stresses at soft tissue – device 

interfaces during angioplasty, often relies on a ‘simple’ input of friction which is multi-factorial 

and highly complex.  

The implications of tribological stimulation of cellular monolayers has recently been shown by 

Pitenis et al. [32]. Mechanical shear stresses of 60 Pa are sufficient to initiate the release of 

pro-inflammatory markers associated with adverse remodelling processes of biological 

tissues. This study, which has not yet quantified gene expression, does demonstrate the 

importance of considering the role of patient variability, disease and the altered cell mechanics 

in the prediction of friction at interfaces. An increase in the coefficient of friction observed in 

T2DM SMC monolayers will result in an increase in the shear stress experienced by the cells 

according to 𝜏 =  𝜇𝜎, where 𝜏, 𝜎 𝑎𝑛𝑑 𝜇 are shear stress, normal stress and the coefficient of 

friction respectively. This increase in tribological interfacial shear stress will further contribute 

to the adverse cellular remodelling processes; although the exact molecular pathways are still 

to be determined and compared against the established literature concerning wall-shear 



stresses. This observation and hypothesis correlates with clinical observation where T2DM 

patients are more susceptible to restenosis after balloon angioplasty when compared to their 

non-diabetic counterparts.   

This study presents initial data concerning the frictional characteristics of human vascular 

SMC monolayers cultured from patients with and without T2DM. The data presented in this 

study show that there are significant differences in the frictional characteristics between 

cell/patient conditions, with patients diagnosed with T2DM displaying higher frictional 

coefficients. To the author’s knowledge, this is the first time that meso-scale frictional 

coefficients for clinically relevant human primary SMC from patients with and without T2DM 

have been reported. The average coefficient of friction for patient grouped SMC monolayers 

was determined as 0.107±0.03 to 0.35±0.01 (mean ± standard error, n = 24) depending upon 

both the load applied and disease state of the cells. SMCs from individual patients without 

T2DM displayed coefficients of friction ranging from 0.03±0.03 to 0.185±0.07 with statistical 

significance seen between patients, highlighting the inherent variability between cell 

populations independent of diabetic status. Where low values of the coefficient of friction were 

observed, retention of cellular monolayers was noted and confirmed via optical microscopy 

and live/dead assays.  In some cases where an increased coefficient of friction was observed, 

non-viable cellular derived materials were observed in the tribological contact area. The 

variability in coefficient of friction obtained for the T2DM VSMC was not significantly different, 

although was consistently significantly higher when compared to the ND cells as a group and 

partial removal of the monolayer after sliding was seen.  Dunn et al. reported measured friction 

values of μ = 0.03 – 0.06 for bovine endothelial cells [27]. Rat single cell SMCs are reported 

to have a frictional coefficient of μ = 0.06 as assessed by lateral force microscopy [28]. Both 

studies, much like ours, used a borosilicate glass tip for the cell probe and the measurements 

we report lie within this range giving further confidence to our measurement. The coefficient 

of friction has also been quantified in the literature for a number of different cell types. Rat 

SMCs have been measured by lateral force microscopy and the coefficient of friction was 



significantly increased to μ = 0.2 when artificially stiffened by cell fixation (by protein cross-

linking) [28]. In addition, SMCs have a markedly altered topography in comparison with 

endothelial cells and have the ability to grow together into a ‘pseudo-tissue’. Whilst most 

studies to date use cell lines that by their very nature are “the same” i.e. homogeneous rather 

than the accepted heterogeneity that exists both between and within humans, the cells used 

in this study were isolated from mostly aged human patients who have cardiovascular disease 

as opposed to cells derived from presumably young animals. The results presented in this 

study highlight the important role of inter-patient variability and physiological variables such 

as age, gender, diabetic status, other confounding risk factors and co-existing disease on the 

tribological characteristics of cellular monolayers.  

The biological nature and role in physiology of the cell types are very different and the frictional 

response of the cells should not be assumed to be similar to cell types published in literature. 

This is further complicated by the length scale at which the coefficient of friction is measured 

(i.e. single cell, whole tissue, culture monolayer). Biological mechanisms such as systemic 

aging and development of cardiovascular disease will affect the structure, function and 

mechanical properties of SMCs [33, 34]. At the single cell level, Trask and McCallinhart [35] 

conducted AFM nano-indentation cells on non and T2DM primary VSMCs showing reduced 

moduli for cells with T2DM (3.60 ± 0.32 kPa vs. T2DM: 2.75 ± 0.22 kPa). It was hypothesised 

that this reduction in stiffness may be due to underlying alterations in the cytoskeletal 

arrangement. These observations are supported by Schulze et al [36] who conducted 

indentation tests using a custom micro-indenter on Madin Darby Canine Kidney cell 

monolayers treated with and without Blebbistatin (to simulate relaxation in the cell 

cytoskeleton). The results showed that Blebbistatin-treated cells demonstrated a reduction in 

contact moduli from 33 to 15.6 kPa when compared to the untreated condition highlighting the 

importance of cytoskeleton in the cell contact mechanics. However the observation made by 

Trask and McCallinhart are at odds with whole tissue results. Desyatova et al [37] 

demonstrated that older age and diabetes mellitus resulted in stiffer and less compliant 



tissues. This has also been shown experimentally in rat tissues with experimentally induced 

diabetes. In the case of diabetes mellitus, elevated glucose levels play an important role in 

transforming SMCs into osteoblast-like cells with altered cellular phenotype, function, ability 

to promote calcification and changes in extracellular matrix [38].  Without a doubt the physio-

chemical properties of the cells tested will greatly affect the measured coefficients of friction 

and it is conceivable that the T2DM monolayers tested in this study will have very different 

time and rate dependant physiochemical properties when compared to the ND cells. The time 

dependant mechanical properties of the cellular monolayers will influence the evolving contact 

mechanics effecting the nature of stress distribution within the contact over time. Furthermore 

the application of tribology will also initiate bio-chemical changes within and at cellular 

interfaces further influencing the evolving friction and energy dissipation mechanisms. It has 

been shown by the authors that cells cultured from patients with T2DM are phenotypically 

distinct from their non-diabetic counterparts. These differences have been documented by us 

previously [38] and it is likely that these characteristics this could influence their vulnerability 

from a tribological point of view. Further work to elucidate the links between cell mechanics 

and tribological properties is to be conducted.  

5. Conclusion 

From the work presented in this study, the following conclusions can be made: 

• The frictional properties of human derived smooth muscle cells with and without T2DM 

have been measured. The SMCs studied are relevant to patients presenting 

cardiovascular disease.  

 

• The coefficient of friction for non-diabetic SMCs was comparable to other studies. 

However this was seen to be patient specific.  

 

• Tribological assessment indicated that the coefficient of friction was higher for T2DM 

SMC monolayers. This is likely attributed to the difference in physio-chemical 

properties of the cells which are affected by patient factors such as T2DM.   

 



• The disease state of the SMCs will likely affect the cells susceptibility to tribologically 

activated adverse remodelling processes.  
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