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Abstract 

Cardiovascular disease (CVD) has been one of the major causes of human deaths in the world. The study of CVD 

has focused on cell chemotaxis for decades. With the advances in the field of mechanobiology, accumulating 

evidence has demonstrated the influence of mechanical stimuli on arterial pathophysiology and endothelial 

dysfunction that is a hallmark of atherosclerosis development. An increasing number of drugs have been exploited 

to decrease the stiffness of vascular tissue for CVD therapy. However, the underlying mechanisms have yet to be 

explored. This review aims to summarize how matrix stiffness mediates atherogenesis through various important 

signaling pathways in endothelial cells and cellular mechanophenotype, including RhoA/Rho-associated protein 

kinase (ROCK), mitogen-activated protein kinase (MAPK), and Hippo pathways. We also highlight the roles of 

putative mechanosensitive non-coding RNAs in matrix stiffness-mediated atherogenesis. Finally, we describe the 

usage of tunable hydrogel and its future strategy to improve our knowledge underlying matrix stiffness-mediated 

CVD mechanism.  
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1. Introduction  

Cardiovascular disease (CVD) has become a major cause of human death in almost 

every region of the world, including atherosclerosis and pulmonary hypertension. There were 

422.7 million of diagnosed cases and 17.92 million of patient deaths with CVD in 2015 [1]. 

Therefore, the development of novel strategies is highly desirable for the effective CVD 

therapy. Previous research has focused on the exploration of systemic risk factors and 

molecular mechanisms underlying CVD, including cell chemotaxis in the development of 

atherosclerosis. Recent evidence has demonstrated strong association between mechanical 

stimuli and arterial pathophysiology [2].  

An artery consists of three layers; tunica intima, media, and adventitia that contain 

endothelial cells (ECs), smooth muscle cells (SMCs), and fibroblasts in each layer, 

respectively. These cells have different responses to distinct micro-environmental stimuli, 

including biological, chemical, and physical stimuli. The influence of biochemical cues on 

CVD has been extensively investigated [2], while there are few concerning the roles of physical 

or mechanical cues. Nowadays, increasing evidence has demonstrated that mechanical 

stimulus should be considered as one of the important factor to arterial diseases [3]. There are 

mainly two types of mechanical stresses in blood vessels: shear stress mainly on tunica intima 

and axial stress in both tunica media and adventitia (Figure 1) [4,5]. These mechanical stresses 

may affect cellular functions and induce pathophysiological phenotypes in arteries [4]. Many 

findings have demonstrated that disrupted shear stress promotes local lipid accumulation and 

the progression of stable plaques with high-risk atherosclerotic lesions [6]. Low and/or 

oscillatory shear stress alters circumferential stress and leads to the increased endothelial 

permeability and thickened intima, which are the early symptoms of atherosclerosis disease 

[7,8].  

In the past several decades, accumulating evidence shows the roles of matrix stiffness 

in vascular diseases [3]. In facts, several therapeutic drugs have been designed to reduce 

vascular stiffness for the treatment of CVD. ECs have been recognized as mechanosensitive 

cells and play a vital role in the early development of atherogenesis behavior. ECs dysfunction 

has been reported to alter the homeostasis, thrombosis, vascular tone, and inflammatory 

responses [9]. However, the molecular mechanisms underlying matrix stiffness-mediated ECs 

dysfunction are not completely understood. Therefore, a better understanding of the significant 

roles of matrix stiffness in vascular diseases is necessary for the development of novel 



strategies against these diseases. Here, we aim to summarize the key matrix-stiffness-

dependent signaling in EC dysfunction and CVD progression.  

 

 

Figure 1 A) Different type of mechanical stress inside blood vessel. There are 3 main types of mechanical forces 

in blood vessel; shear stress, circumferential stress, and axial stress. The great role of shear stress in tunica intima 

not only promotes lipid accumulation, but also affects the circumferential stress in tunica media and adventitia as 

well as axial stress that corresponds to the cell-matrix interaction. B) Pathophysiological condition in layers of 

blood vessel. The lipid accumulation may become atherosclerosis plaque, which induces ECM remodeling and 

press the VSMCs in tunica media and the ECs, thus create a stiffer substrate for both VSMCs and ECs.  

2.Why vascular stiffness is important? 

The aortic stiffness has been reported to increase periodically in patients with hypertension and 

atherosclerosis. The tight association between vascular stiffness and vascular diseases may 

 



suggest that vascular stiffness could be an important risk factor of CVD [3]. Change of aortic 

stiffness correlates with aortic blood pressure and blood flow, thus affecting cellular functions 

[10]. Despite the role of aging in the reduction of vascular elasticity, vascular diseases such as 

atherosclerosis have been found to associate with arterial stiffness. The large amount of 

cholesterol in atherosclerotic vessel triggers several pro-inflammatory molecules and induces 

plaque formation and collagen deposition [11,12]. Arterial stiffness is partially altered by the 

loss of elastin fibers within collagen deposition in the arterial wall. The change of elastin and 

collagen ratio induces extracellular matrix (ECM) remodeling that can be sensed by the 

residing cells [13–15]. Cells have the ability to sense and respond to mechanical cues by 

converting them into biochemical signals through mechanotransduction. These altered intra- 

and intercellular signaling may affect many cellular functions, including cell proliferation, 

migration, morphological shift [14], actin polymerization, and cellular contractility. As a result, 

blood vessels become thicker and stiffer compared to the healthy condition (Table 1). It has 

been reported that matrix stiffness has an important reciprocal role in many mechanisms that 

lead to atherosclerosis, including ECM rearrangement, calcification, and activation of several 

signaling pathways to pathologic cell fate [16,17].  

 Table 1 Elasticity value from multiple part of blood vessel in mammals 

Source Tissue types Condition 
Layer type in blood 

vessel 

Young modulus 

(kPa) 
References 

Porcine Aorta Healthy Tunica adventitia 25.8 [18] 

Human Artery Healthy Tunica Media 10.7 ± 3.3 [19] 

  Advance 

atherosclerosis 
Tunica Media  15.5 ± 3.6  

Mice Aorta Young Tunica intima 6.8±0.5 [20] 

  Aging Tunica intima 17±2  

Mice Artery Atherosclerosis Tunica intima  58.3±6.3  [21] 

Human 
Femoral 

artery 
Healthy Tunica intima 34.4 [11] 

Sheep Aorta Healthy Tunica media 42.9  [22] 

  Aging Tunica media 113.9  [22] 

Mice 
Pulmonary 

vessel 
Healthy Tunica adventitia 41.1±8 [23] 



  Fibrosis Tunica adventitia 105.2±13.6 [23] 

 

3. Can therapeutic drugs target vascular stiffening? 

ECM stiffness influences the mechanophenotype of ECs that further leads to the progression 

of CVD disease. Recently, several new drugs were discovered to target the key molecules 

underlying vascular stiffening and treat CVD progression, many of which have been tested in 

pre-clinical and clinical trials and some have been approved by FDA [24]. Here, we 

summarized the development of putative therapeutic drugs to treat CVD-dependent matrix 

stiffening. 

Previously, the systemic factors such as hypercholesterolemia were targeted by decreasing the 

level of low density lipoprotein cholesterol (LDL-C) in order to treat CVD [25]. Statin (HMG-

CoA reductase inhibitor) was initially known as a drug for lowering systematic cholesterol 

level [24]. Meta-analysis study has shown that short-term statin therapy can prevent and 

recover arterial stiffness compared to placebo in CVD patients [26]. Human clinical studies 

have shown the strong effect of statin family (such as simvastatin and atorvastatin) on arterial 

stiffness in atherosclerosis and coronary artery disease (Table 1). The safety of statin has been 

reported for any age but its efficacy for elders over 75 years is moderate [27]. It has been shown 

that statin increases the level of Rac1 expression and inhibits matrix stiffness-mediated RhoA 

activation [28,29]. Besides, statin can inactivate YAP/TAZ [28]. However, the mechanism 

underlying the repressive effects of statin on matrix stiffness-mediated atherosclerosis has not 

been completely understood.  

Table 2 The latest update on clinical trials for CVD therapeutic drugs  

Drug Phase Efficacy assessment Outcomes NCT number Ref. 

Losmapimod  3 
To cardiovascular outcomes in 

patients hospitalized with acute 

myocardial infarction  

Losmapimod does not have 

significant effect to reduce 

risk major ischemic 

cardiovascular compared to 

placebo 

NCT02145468 [30]  

 2 

To cardiovascular outcomes in 

patients with myocardial 

infarction Non ST elevation 

myocardial infarction (NSTEMI) 

Losmapimod reduce the 

infarct size, reduce hsCRP 

but not troponin I compared 

to placebo group 

NCT02931188 
[31] 

 

Anacetrapib N/A 
To vascular function and arterial 

stiffness  
N/A NCT02931188  

 3 To reduce major coronary events 
Lower incidents of major 

coronary events compared to 

placebo (atrovastatin) 
NCT01252953 [32]  



Simvastatin 

+Ezetimibe 
4 

To compare the efficacy of 

Ezetimibe-simvastatin 

combination with doubling dose 

of statin for lowering the LDL-C  

High efficacy for mitigating 

LDL-C parameter 
NCT00166530 

[33] 

 

Simvastatin 

(Zocor) 
4 

To compare high dose 

monotherapy of statins compared 

to the combination of low dose 

ezetimibe and statin 

High-dose statin 

monotherapy has greater 

efficacy to represses ROCK 

activity and endothelial 

function. 

NCT00560170 [34]  

Atorvastatin 

+ Ezetimibe 
3 

LDL-C level in 

hypercholesterolemia patients 

≥65 years 

Combination of Atorvastatin 

+ Ezetimibe has greater 

efficacy to reduce LDL-C 

level 

NCT00418834 
[35] 

 

Fasudil 2 
To vascular function in patients 

with atherosclerosis and 

hyperlipidemia 
N/A NCT00120718  

Ticagrelor  3 

To prevent cardiovascular events 

in patients with myocardial 

infarction in patients with prior 

heart attack 

Ticagrelor reduces the MI 

consistently among subtypes 

and sizes including large MIs 

and ST-segment elevation MI 

NCT01225562 
[36] 

 

 3 

To compare Ticagrelor and 

Clopidogrel for prevention of 

major adverse cardiovascular 

events  in patients with peripheral 

artery disease 

Ticagrelor associated with 

lower rate of ischemic and all 

cause of stroke compared to 

Clopidogrel 

NCT01732822 [37]  

 

Pharmacological prevention of CVD has focused on decreasing LDL level and designing drugs 

to increase high density lipoprotein (HDL) level. The inhibition of cholesteryl ester transfer 

protein (CTEP) is known to enhance the level of HDL cholesterol and thus contribute to the 

attenuation of CVD risk. Anacetrapib has been reported as an inhibitor of CTEP and 

significantly increases the level of HDL-C [38]. As the result, lowering LDL decreases arterial 

stiffness and atherosclerotic heart disease phenotype. Together with statin treatment in human 

clinical trial, Anacetrapib successfully reduces cardiovascular risk and is currently being tested 

in phase III clinical trial. Administration of Anacetrapib has no detectable side effect in 

treatment period for over 18 months [39]. Nevertheless, the underlying molecular mechanism 

remains unclear.  

The current treatment strategies against vascular diseases are to reduce the systemic factor and 

inhibit key molecules involved in the disease progression. Fasudil, a Rho signaling inhibitor, 

has been considered as a promising drug for CVD treatment and has excellent efficacy in 

several animal models, such as rabbit, porcine, dog, mouse, and rat. These treatments strongly 

reduce arterial stiffness and endothelial dysfunction [40]. Intraperitoneal administration of 

Fasudil for 4 weeks prevents pulmonary vascular remodeling in end-stage of rat pulmonary 

https://doi.org/10.1161/CIRCULATIONAHA.108.813311


hypertension due to left heart disease (PH-LHD) model. This efficacy is supported by the 

reduction of endothelin-1 (ET-1) and endothelin A receptor together with the escalation of NO 

production [41]. To date, Fasudil has entered phase II human clinical trial for atherosclerosis 

treatment [40]. It also has been approved for CVD medication in human since it shows minor 

side effects [42]. Another drug, Losmapimod, has been found to significantly reduce 

atherosclerosis-dependent key molecule as well as p38 MAPK signaling [43]. Although 

Losmapimod has shown insignificant results during phase III trial [30], a thorough mechanistic 

study is needed to evaluate the connection between Losmapimod with other important 

molecules in p38 MAPK signaling pathway. It is well known that Ticagrelor antagonizes P2Y12 

receptor and prevents acute coronary syndrome (ACS) events. It suppresses the ADP-induced 

platelet aggregation and leads to attenuation of thrombus formation and occlusion of coronary 

artery [44]. Recently, the efficacy of Ticagrelor in human has been evaluated, which reduces 

vascular stiffness within 24 hours, followed by suppression of atherosclerosis symptoms [45]. 

However, the underlying mechanism remains unclear. Currently, Ticagrelor has entered 

clinical trial phase III to reduce myocardial infarction in CVD patients [36]. 

The molecular mechanisms underlying matrix stiffness-mediated vascular disease have been 

widely investigated, including several putative target drugs against YAP. Verteporfin has been 

found to inhibit YAP-TEAD interaction with miR-130/301 and interfere mouse pulmonary 

hypertension [46]. However, the relevant clinical trial to attenuate CVD risk has not been 

completed yet. The combination of LOX inhibitor with YAP/TAZ-targeting drugs has been 

proposed to prevent pulmonary hypertension [47]. LOX inhibitor, such as β-aminopropionitrile 

(BAPN), is also considered as a promising drug for CVD treatment. LOX is able to crosslink 

ECM such as collagen and elastin followed by induction of vascular remodeling into 

pathological condition. BAPN blocks LOX and LOXL type irreversibly and represses collagen 

deposition and ECM remodeling, which is one of CVD phenotypes in human cells [48,49].  

BAPN inhibits the crosslinking of collagen fibers, reduces arterial stiffness, as well as 

attenuates atherosclerotic lesion area by ~50% and macrophage adhesion in ApoE null mice 

[50]. However, the high toxicity and low efficacy of BAPN administration should be 

considered, such as lathyrism as the side effect [24,51].   

Meanwhile, ncRNAs have the potential as prospective drugs against CVD diseases. Many 

studies have demonstrated promising efficacy of therapeutic drugs targeting mechanosensitive 

miRNAs in preclinical and clinical trials [52,53]. However, the clinical trials against 

mechanosensitive miRNA for atherosclerosis treatment have not been conducted yet. Several 



ncRNAs drugs that target miR-21, miR-145, and miR-181 have been tested in animal models. 

Ma et al. (2016) has demonstrated the potential of miR-181b to reduce the potency of 

atherosclerosis. E-selectin nanoparticles coated with miR-181b can be delivered directly to 

atherogenic lesions and reduce atherosclerotic plaque size [54]. miRNA inhibitor/antagomir 

have been utilized by adding synthetic RNA that complements the targeted miRNA and 

modifies with 2’-O-methyl (2’-OMe) to enhance cellular uptake. Antagomir against miR-21 

has been found to reduce cardiac fibrosis in mice with transverse aortic constriction (TAC) and 

suppress neointima formation in rat with balloon-carotid injury model [55].  

Other pharmacological approaches involve nitric oxide (NO)-dependent pathways, 

antioxidants, RAAS inhibitor, TGF-B inhibitor, and 3-hydroxy-3-methylglutaryl-coenzyme A 

(HMG CoA)-reductase inhibitor. RAAS activation is induced by escalation of AT2 synthesis, 

leading to NO reduction, which can be reversed by RAAS inhibitor with improved efficacy 

[56]. Taken together, accumulating evidence in matrix stiffness-mediated CVD has discovered 

several putative mechanosensitive molecules as promising targets. Therefore, it is necessary to 

strengthen our understanding to the molecular mechanisms underlying matrix stiffness-

mediated CVD.  

4. How does matrix stiffness influence molecular signaling and cell phenotype? 

It is known that matrix stiffness regulates EC proliferation, migration, and angiogenesis that 

are closely related to atherogenesis [56]. At the molecular level, the change of mechanical 

properties alters the interaction between ECM and their receptor [57].  It is indispensable to 

elucidate the mechanisms underlying the alterations in matrix stiffness, including intra- and 

inter-cellular dependent signaling in EC. Cells sense and respond to micro-environmental 

mechanics through mechanosensitive proteins on cell membranes, including integrin [25]. As 

the result of the myriad mechanisms, cells modulate the contractility and transmit the force 

sensing from ECM by outside-in signaling [57]. However, the regulation of matrix stiffness-

mediated cellular activity shift is still limited.  

4.1. The role of integrin in matrix stiffness sensing  

Generally, integrin is a heterodimer consisting of α and β subunits located on different 

chromosomes. In human, integrin family comprises of 24 αβ heterodimeric members that 

mainly mediate cell-matrix interactions. Both α and β subunits are transmembrane proteins 

with multiple domains that act in bidirectional signaling and mediate cytoskeletal interactions. 

Different types of integrin have different affinity against different types of ECM ligands [25]. 



Only 8 out of 24 integrins are able to recognize RGD motif, a general integrin-binding 

motif/ligand that is also found in most of ECM ligands [58]. 

As a transmembrane protein, integrin is able to transduce the extracellular signals across cell 

membrane and then into cell interior, which is referred as outside-in signaling. Upon the 

attachment of a cell to the substrate, integrins are stimulated with ECM ligands and clustered 

in response to micro-environmental stiffness [59]. The cytoplasmic domain of integrin binds 

cytoskeleton through focal adhesion molecules, such as talin, vinculin, paxillin, etc [25]. This 

binding cascade thus promotes the translocation of talin and kindlin to β-integrin at cytoplasmic 

tails, leading to integrin activation and increases its’ affinity to bind with extracellular ligands 

[60,61]. These events are termed as inside-out signaling [61]. In addition, outside-in signaling 

is released in the condition with high affinity integrin. Together with cytoskeleton, focal 

adhesion (FA) molecules are accumulated and influence intracellular signaling pathways 

[60,62]. As a result, tyrosine kinase-mediated molecules, such as FAK and Src, are activated. 

FAK becomes phosphorylated at Tyr397 residues that expose the binding site for Src-

homology 2 (SH2) domain [24,63]. Together with vinculin and talin, FAK/Src also mediates 

p130cas activation with the adaptor protein Crk [64]. At the same time, FAK/Src complexes 

also phosphorylate nascent-adhesion adaptor protein paxillin, paxillin kinase linker (PKL), and 

Pak-interacting exchange factor-beta (β-PIX). These complexes secrete Crk to activate 

Dock180 -motility 1 and ELMO1 that are Rac-specific GEF to promote the formation of 

nascent focal complexes. β-PIX also produces Cdc42 [65]. Taken together, integrin-mediated 

mechanotransduction signaling involves RhoA/ROCK pathway as described below.  

4.2. RhoA/ROCK pathway 

RhoA/ROCK pathway acts as a transducer of mechanical signals in integrin-mediated FAK/Src 

activation to regulate cellular functions, including cell migration, stress fiber formation, 

contractility, and membrane protrusion that lead to CVD progression [66]. The major 

molecules in RhoA/ROCK pathway are Rho GTPase family proteins, such as Rho, Rac1, and 

Cdc42, which have pivotal roles in cellular process. In general, RhoA and Rac1 antagonize 

each other and their activities should be in balance to achieve homeostasis [67]. However, the 

phosphorylation of RhoA is increased in the pathological condition with stiffened 

microenvironment until the abundance of RhoA surpasses Rac1. RhoA activates the effector 

protein Rho-associated coiled-coil-containing kinase (ROCK). Furthermore, ROCK promotes 

myosin II activity by activating myosin light chain kinase (MLCK) that corresponds to actin 

contractility and stress fiber formation[68]. RhoA also plays a role in FilGAP phosphorylation 



at Ser402 residues and phosphatase and tensin homolog (PTEN) that enables actin 

polymerization [65]. The matrix stiffness-activated myosin II restricts migration and branch 

initiation in 2D and 3D conditions. Meanwhile, ROCK phosphorylates FilGAP and then 

activates MAP kinase that contributes to ERK and JNK signaling pathway [69,70]. 

 

Figure 2 Overview of RhoA/ROCK Signaling Pathway. The changes of matrix stiffness that has been sensed by 

integrin triggers RhoA/ROCK signaling pathway. When the abundance of RhoA passed Rac1 expression, 

actomyosin contractility is stimulated through ROCK activation. Rac1 and Cdc42 correspond to fillopodia 

formation and membrane protrusion. The occurrence of DLC-1-dependent substrate stiffness causes inhibition of 

RhoA as well as ICAM-1 stabilization and leukocyte adherence. 

ECs have the ability to suppress RhoA activation and prevent matrix stiffness-mediated CVD. 

Rac1 in association with NAD(P)H oxidase forms reactive oxygen species (ROS) to inactivate 

Rho [71], while RhoA/mDia signaling regulates cytoskeletal remodeling. However, mDia has 

inhibitory effect on ROCK, leading the activation of p190RhoGAP to inhibit RhoA and ROCK 

expression [72]. Src phosphorylates mDia interacting protein (DIP) to inhibit RhoA and cell 

motility through p190RhoGAP. DIP also binds to Vav2 for Rac1 stimulation [73]. When 

substrate stiffness increases, the abundance of p190RhoGAP-A is decreased, which then 

increases actomyosin contractility [74]. Another RhoGAP protein, DLC-1 has been involved 



in vascular stiffening.  In ECs, DLC-1 has been known to repress RhoA activity and lead to 

cell protrusion like p190RhoGAP-A [75,76].  

RhoA/ROCK pathway has been suggested as the major mechanotransduction signaling for 

leukocyte transendothelial migration (TEM)/diapedesis with ECs [77]. Cytoskeletal tension 

and actomyosin contractility generated from matrix stiffness-mediated RhoA/ROCK signaling 

are known to promote ICAM1-mediated leukocyte adhesion on ECs and diapedesis [78]. 

Recent studies show that matrix stiffness-mediated DLC-1 expression stabilizes ICAM-1 

adhesome by recruiting actin adaptor proteins filamin A, filamin B, and α-actinin 4 and thus 

leads to leukocyte diapedesis [79]. In fact, α-actinin 4 has been found to increase matrix 

stiffness-mediated ICAM-1 clustering. The activation of ICAM-1 also activates RhoA/ROCK 

signaling pathway [78]. During diapedesis, the increased expressions of pro-inflammatory 

genes such as TNF-α might affect other signaling pathways [80].  

The increase of substrate stiffness impairs vascular endothelial growth factor receptor 

(VEGFR) and disrupts endothelial barrier function. The increased permeability in endothelium 

allows the accumulation of leukocytes and lipids in the tunica intima, a hallmark of 

atherosclerosis [81]. RhoA/ROCK-mediated ICAM-1 also induces the activation of VEGFR, 

resulting in the phosphorylation of p120 catenin and β-catenin that bind to VE-cadherin 

through Vav2-Rac-PAK cascade [82]. The FAK/Src-Tyr397 activities have been reported to 

associate with vascular permeability [83]. VE-cadherin is a crucial cell-cell adhesion molecule 

and mainly influenced by actin cytoskeleton. The phosphorylation activities contribute to VE-

cadherin internalization and degradation. Hence, impaired VE-cadherin function induces 

vessel leakiness [82].  

Although matrix stiffness-mediated RhoA/ROCK pathway has been intensively investigated, 

the roles of other mechanosensitive molecules such as Piezo1 in CVD remain unclear. It has 

been suggested that matrix stiffness-mediated myosin II activity in ECs leads to Piezo1 

activation. Piezo1 responds to matrix stiffness in neural progenitor cells [84]. Shear stress 

enhances Piezo1 activity in ECs and leads to Ca2+ entry. In vivo study shows that inhibiting 

Piezo1 alters the development of vasculature and causes embryonic lethality [85]. More 

rigorous studies are required to elucidate the relationship between matrix stiffness and Piezo1 

expression in ECs in the future.  



4.3. Mitogen-activated protein kinase (MAPK) Pathway  

MAPKs are a family of Ser/Thr kinases that play vital roles in cellular functions in response to 

extracellular stimuli. MAPKs are known to involve in cell proliferation, inflammation, 

apoptosis, and vascular tissue remodeling. There is evidence showing the synergic relationship 

between RhoA/ROCK and MAPK pathways. MAPK signaling mainly includes extracellular 

signal-regulated kinase (ERK)1/2, c-Jun N terminal kinase (JNK) 1-3, p38, and ERK5. At least 

3 cascades are involved in the mechanotransduction of ECs, including p38 MAPK, ERKs, 

JNKs [86,87].  

P38α kinase is a member of MAP kinases and becomes activated in the presence of pathogenic 

stimuli, including mechanical cues. Its activity increases during integrin engagement with FAK 

and contributes to cytoskeletal re-organization [88]. Mechanotransduction-mediated ICAM-1 

ligation or neutrophil adherence also induces p38α activation [89]. p38α MAPK activates small 

heat shock protein (HspB1 or Hsp25/27) to regulate actin remodeling in response to mechanical 

stress. The phosphorylation of HspB1 suppresses cell migration [88,90]. Together with T-cell 

infiltration, p38α MAPK is also responsible for collagen deposition in tunica externa, leading 

to aortic stiffening and hypertension [91].  p38α also plays a central role in foam cell formation, 

the development of atherosclerosis plaque, along with generation of reactive oxygen species 

(ROS) and IL-6, a main feature of vascular inflammation [92].  

Mechanical cues, including matrix stiffness, have profound influence on ERK signaling. 

RhoA/ROCK pathway enhances actomyosin contractility, which is required for ERK 

activation. Previous study shows that matrix stiffness regulates the co-localization of pERK 

with stress fibers and actomyosin bundles [93]. FAK/Src binding also involves in ERK 

activation. The binding of FAK/Src in RhoA/ROCK pathway induces Ras activation. In turn, 

phosphorylation of FAK generates a positive feedback to activate downstream signaling 

pathway, such as ERK and PI3-K/Akt [94]. On the other hand, the binding of FAK with c-Src 

on SH2 domain containing Grb2-SOS (GEF molecule) facilitates Ras activation. The activated 

Ras dephosphorylates FAK at 397 residues and thus mediates Raf-Fgd1-Cdc42-PAK1-MEK-

ERK signaling cascade [94,95]. Furthermore, matrix stiffness-mediated ERK signaling 

regulates transcriptions through c-fos. Prolyl isomerase Pin1, a regulator of key transcription 

factors by S/TP motif phosphorylation, has been known to regulate the phosphorylation of 

MEK1/2-ERK1/2 [96] followed by c-Fos activation. As a result, Pin1 regulates dimeric 

activator protein-1 (AP-1) [97].   



Similar to ERKs-MAPK signaling, JNKs-MAPK pathway can also be activated by mechanical 

stimuli and further contributes to CVD. Mechanosensitive JNKs-MAPK molecules have been 

known to upregulate inflammatory genes, consequently promote atherogenesis. [98]. JNKs 

activate c-Jun for AP1 regulation, which upregulates several gene expressions, such as MMPs, 

interleukin (IL)-8, IL-6, proliferating cell nuclear antigen (PCNA), and TGF-β crucial in 

neointima formation. The activation of ERK2 and JNK1 in arteries have been found to enhance 

blood pressure and smooth muscle hypertension [99]. Despite the involvement in CVD as 

mechanosensitive molecules, how JNKs-MAPK pathway in EC and matrix stiffness in 

pathological conditions are related and induce the disease progression requires further studies.  

 

Figure 3 An Overview of MAPK pathway during High Stiffness Substrate. There are 3 common cascades related 

to mechanotransduction-mediated ECs such as p38 MAPK, ERKs, and JNKs. P38 MAPK corresponds to actin 

remodeling through HspB1 activation. Meanwhile, the binding of FAK with c-Src on domain SH2 that contains 

Grb2-SOS facilitate Ras activation and responsible to ERKs and JNKs activation followed by c-fos and c-jun 

activation to regulate AP1 transcription factor. As the result, several downstream signaling genes from MAPK 

pathway such as IL-6, IL-8, MMP, PCNA, and TGF-β were arisen.   



Taken together, matrix stiffness-mediated MAPK pathway plays an important role in the 

development of CVD. However, more thorough studies are necessary to elucidate matrix 

stiffness-mediated MAPK in ECs. For instance, previous study has reported the role of Piezo1-

mediated ERK1 activation. RhoA/ROCK-induced myosin II increases Ca2+ and ERK1 

signaling to regulate the transition from G2 phase to M phase and promote cell division and 

proliferation. However, the detailed mechanism remains not fully understood [100]. 

4.4. Hippo Pathway 

Hippo signaling pathway has an important role in controlling the organ size through 

proliferation and apoptosis [101]. The key factor of Hippo signaling is the transcriptional 

coactivators YAP (Yes-associated protein 1) with TAZ (transcriptional coactivator with PDZ-

binding motif). YAP/TAZ has been recognized as a critical factor in mechanotransduction and 

vascular homeostasis [102,103]. Canonical Hippo pathway mainly includes two kinases: 

mammalian ste20-like kinases (MST1/2) with salvador (SAV) as its cofactor and large tumor 

suppressor 1/2 (LATS 1/2), which is independent of YAP/TAZ-mediated mechanotransduction 

signaling. Phosphorylated YAP interacts with 14-3-3 protein that leads to YAP/TAZ 

cytoplasmic retention, indicating that the canonical hippo pathway negatively regulates 

YAP/TAZ signaling [104]. MST1/2 is not able to act alone in LATS1/2-mediated YAP/TAZ 

activation. Phosphorylated LATS1/2 together with MAP4Ks (including MAP4K4) in a parallel 

pathway induces YAP phosphorylation at serine 127 residues [105,106]. However, the 

mechanisms of how MAP4K interacts with MST1/2 to activate LATS1/2 are still not clear. It 

has been shown that MAP4K is an upstream of JNK signaling [107] while another study 

unveils the dispensable role of MAP4K4 in MAPK activation [108,109]. Still, it has been 

proposed that MAP4K plays a role in atherosclerosis by enhancing permeability and 

inflammation [109].  

Mechanotransduction-mediated YAP/TAZ signaling can be activated through Hippo-

independent pathway, including Rho-GTPases/actomyosin-dependent pathway [103]. 

RhoA/ROCK-mediated cytoskeletal tension and F-actin polymerization will activate 

YAP/TAZ and translocate it to the nucleus [17,110,111]. Note that the activation of YAP is 

not caused directly by F-actin, but via RhoA/ROCK activation [102]. Meanwhile, the binding 

of FAK/Src with integrin triggers PI3K and PDK1 pathway, consequently activates YAP 

signaling [112]. Previous study has shown the influence of cell density on YAP/TAZ activity 

[113]. When growing on stiff substrates, the cells tend to spread and have high RhoA activity 



to trigger YAP/TAZ activation, while on soft substrates they will have low cellular tension 

which leads to YAP/TAZ inactivation and cell apoptosis [102,113].  

Mechanical stresses enhance ROCK/myosin II-dependent actomyosin contractility and 

strongly inhibit ADF/cofilin activity [114,115]. The loss of cofilin and capping actin protein 

of muscle Z-Line (CapZ, an actin-depolymerizing factor) has been reported to release 

YAP/TAZ nuclear localization in epithelial cells and affect transcriptional activity [116]. When 

YAP/TAZ are translocated into the nucleus, they bind TEADs and promote the transcription 

of their downstream genes [117]. Nevertheless, the transcription factor AP1 is also reported to 

bind with nuclear YAP/TAZ and then regulate the expressions of target genes, such as 

connective tissue growth factor (CTGF) and ankyrin repeat domain 1 (ANKRD1), that 

implicate the involvement of ERK pathway in YAP/TAZ signaling [118,119]. Another 

downstream gene cysteine-rich angiogenic inducer 61 (CYR61) has been identified as a marker 

of the early stage of atherosclerosis [120].  

 

Figure 4 An overview of Canonical and Non-Canonical Hippo Pathway influenced by matrix stiffness. The 

starting point of canonical hippo pathway is begun from MST1/2 that binds to SAV cofactor to activate LATS1/2 



and together with MAP4K4 act to phosphorylate YAP, thus binding to 14-3-3 protein and being sequestered in 

cytoplasm. Meanwhile, the matrix stiffness-regulated RhoA/ROCK pathway also has a role in YAP activation 

and nucleus translocation. The nucleus-YAP/TAZ activation thus bind with TEAD1 and AP1 transcription factor 

that corresponds to several downstream signaling expression such as CYR61, CTGF, ANKRD1. Separately, 

YAP/TAZ activation promotes lactate dehydrogenase A (LDHA) and ATP-dependent pyruvate carboxylase (PC) 

and promote glycolysis metabolism.  

ECM stiffening activates YAP/TAZ and GLS1 that is necessary to regulate glutaminolysis and 

glycolysis. GLS1 replenishes the amount of aspartate that promotes cell proliferation and 

thereby associates with metabolic reprogramming and dysregulation of vascular metabolism. 

Besides, ECM stiffening-activated YAP/TAZ also promote lactate dehydrogenase A (LDHA) 

and ATP-dependent pyruvate carboxylase (PC) for supporting glycolysis and anaplerosis. As 

a result, high level of aspartate is produced to support respiratory function and cell 

proliferation, hence plays a role in pulmonary hypertension [46,47].  

YAP/ TAZ signaling has suppressive effects on Notch pathway. It has been shown that the 

upregulation of YAP/TAZ suppresses numerous Notch target genes, such as LFNG, DLL4, 

and HES1, while knockdown of YAP/TAZ leads to the increase of Notch reporter activity in 

ECs [121] and epidermal stem cells [122]. However, the information about the interplay 

between Notch and YAP/TAZ signaling is still lacking and should be elucidated in the future. 

Taken together, mechanotransduction-activated YAP/TAZ signaling interacts with many other 

signaling pathways, which should be further defined and elucidated. 

4.5. Matrix stiffness-mediated intercellular signaling  

Despite the influence on intracellular signaling, matrix stiffness also affects the intercellular 

signaling for communication between cells, including Notch signaling and WNT/β-catenin, 

which have been reported as mechanotransduction-dependent signaling. Notch pathway is 

known to promote cell-cell communication through juxtacrine signaling and is involved in the 

response to mechanical stimuli, including matrix stiffness. Dsl ligand Jagged 1 or JAG1, JAG2, 

Delta-like1 or DLL1, DLL3, and DLL4 from the donor cell can bind Notch receptor 

(NOTCH1-4) [123]. This binding is cleaved either by ADAM metalloprotease family at S2 site 

or/and by γ-secretase complex at S3 site in plasma membrane, resulting in the release of Notch 

intercellular domain (NICD). This fragment is translocated to the nucleus and binds the 

transcription factor CBF1 or CSL or other nuclear effectors, such as Mastermind-like 

(MAML), co-activators, and p300 protein. Hence, the activation of Notch signaling 

corresponds to several downstream targets, such as Het- and Hes- like genes. In the absence of 

NICD, CSL binds with co-repressors and is unable to initiate Notch-responsive genes [124]. 



One characteristic of pulmonary hypertension is vascular remodeling and neointimal 

thickening. Notch-1-3 have been found to be upregulated in pulmonary hypertension, leading 

to the activation of Notch signaling. This activation promotes EC apoptosis due to the 

regulation of MAPK pathway through p21 which further contributes to neointimal hyperplasia. 

Meanwhile, Notch-4 serves as an athero-protective receptor that could inhibit apoptosis 

through JNK pathway [125]. Previous study has shown that activated YAP/TAZ signaling can 

induce the expression of Notch receptors and/or Notch ligands [110]. Notch1 acts as a 

mechanosensor in ECs and has atheroprotective functions by maintaining cell proliferation, 

reducing inflammatory genes, stabilizing cell-cell junction, and preventing the escalation of 

calcium signaling. The suppression of Notch 1 contributes to cell proliferation and Ca2+ 

signaling. Deletion of Notch 1 in mice endothelium leads to discontinuity of cell-cell junctions, 

reduction in ECs elongation, and increase in cell proliferation [126].  

Wnt/β-catenin signaling has been demonstrated to be mechanosensitive and plays important 

roles in endothelial to mesenchymal transition (EndMT) that enables the differentiation of 

endothelial cells into mesenchymal cells [127]. In vivo study in porcine with diseased aortic 

valves shows the co-localization of WNT3A, β-catenin, and TGF-β1 in myofibroblasts [128]. 

EndMT-induced β-catenin nuclear translocation is also supported by MALAT1 in response to 

ox-LDL, but how MALAT1 increases the activity of β-catenin remains unclear [129].  Since 

WNT/β-catenin signaling is involved in the intercellular signaling, more studies are required 

to dissect the complicated cell-cell communication network. Moreover, the crosstalk between 

Notch and WNT/ β-catenin signaling has been proposed to contribute to EndMT that is mainly 

induced by mechanical cues including matrix stiffness [130]. It is shown that β-catenin 

upregulates Dll4 transcription in ECs and alters their differentiation, accordingly affecting 

vascular development [131]. 

4.6. ncRNA in mechanotransduction 

The advance in high-throughput genomic technologies such as microarrays and next-

generation sequencing enables the identification of non-coding RNAs (ncRNAs) in many 

cellular processes. ncRNAs include short RNAs (miRNAs with 18-25 nucleotides) and long 

non coding RNA (lncRNA) with more than 200 nucleotides in length. It is known that 

dysregulation of miRNA and lncRNA is implicated in many diseases, including cardiac 

diseases [53,132]. Here, we review several mechanosensitive-ncRNAs and their responses to 

matrix stiffness. 



Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) is initially known as a 

tumor-associated lncRNA, which has been recognized as a mechanosensitive lncRNA that 

regulates proliferation and migration in SMCs and ECs, hence contributes to atherogenesis 

progression [133,134]. MALAT1 targets miR-503 and prevents cell proliferation in ECs [135]. 

However, the mechanisms of how mechanical cues influence MALAT1 are still lacking. HOX 

transcription antisense RNA (HOTAIR) is a long intergenic non coding RNA (lincRNA) that 

is initially found as a predictor of cancer invasiveness by re-targeting Polycomb repressive 

complex 2 (PRC2) and altering histone H3 lysine 27 methylation (H3K27me). Recent study 

has shown that HOTAIR is also a mechanosensitive lncRNA and acts as a repressor of 

calcification gene. HOTAIR is associated with WNT/β-catenin during high vascular 

calcification due to matrix stiffness-mediated Ca2+ deposition [136,137]. High calcification 

increases β-catenin expression and suppresses HOTAIR expression, leading to higher 

expression of two osteogenic genes, such as alkaline phosphatase (ALPL) and bone 

morphogenetic protein 2 (BMP2) in aortic valves interstitial cells (AVICs) [137,138]. ox-LD-

triggered HOTAIR is reported to induce atherosclerosis events by sponging miR-330-5p in 

THP-1 cells [139]. Nevertheless, how this lncRNA changes cell fate and induces 

atherosclerosis needs to be explored in the future.  

Furthermore, several CVD-associated lncRNAs have been identified, such as lncRNA p-21, 

H-19, MEG2, TUG1, N1LR, ANRIL, SNHG14, and SENCR [140,141]. Despite the emerging 

study of mechanotransduction-mediated lncRNA expressions, the mechanisms underlying the 

regulation of lncRNAs by matrix stiffness have not been well understood. For instance, 

antisense noncoding RNA in the INK4 Locus (ANRIL) is the first exon located in the ARF 

promoter which overlaps with two exons of CDKN2B, and it has been proposed as prime 

candidate of coronary artery disease (CAD) markers. ANRIL is increased in CAD patients over 

60-years old with symptoms of hypertension and hyperlipidemia [139] which strongly 

correlates with the increase of arterial stiffness [141]. ANRIL has been found to increase along 

the high hydrogel stiffness and mediate JNK phosphorylation, followed by downregulation of 

connexin 43. Hence, this cascade impacts the contractility and myofibril organization in 

cardiomyocyte, resulting in a higher possibility of heart failure [142]. However, study 

regarding the effects of matrix stiffness on lncRNAs is still lacking.   

Many studies have identified several mechanosensitive miRNAs, such as miR-181b, miR-145, 

miR-203, miR-765, miR-29, miR-29, miR-21, miR-599, miR-223, and miR-130 [143]. 

Previous study has reported that ECM stiffness promotes YAP/TAZ-OCT4-miR-130/301 and 



PPARγ-ApoE-LRP8 axis, initiating collagen deposition and LOX-dependent remodeling, 

which serve as a feedback loop to further activate YAP/TAZ in pulmonary artery ECs (PAEC) 

and PASMC [46]. miR-130/131 in ECs is regulated by matrix stiffness-dependent genes, such 

as KCNK3, ATP13A3, and BMPR2 [144]. miR-181 is known to be athero-protective in 

vascular stiffening and hypertension by suppressing the inflammation through NF-kB and 

TGF-B signaling [145,146]. miR-21 also plays a role in several pathological phenotypes related 

to CVD. It can induce neointima formation [147] and influence fibrosis as a positive regulator 

of ECM deposition. miR-21 targets PTEN and thus activates ERK and Akt signaling to prevent 

apoptosis in ECs. To stimulate inflammation, miR-21 also regulates ICAM-1 and VCAM-1 

expression and the transcription factor AP-1 [143,148] Furthermore, miR-29 is involved in 

mechanotransduction and identified as a pro-atherogenesis agent that regulates ECM protein 

content such as COL1A and COL3A and increases atherosclerotic lesion size [149]. Its 

expression is higher in aging mice aorta compared to young mice aorta [150]. 

miR-765 is known to regulate EC functions. Its overexpression suppresses apelin (APLN), a 

potent vasodilator, by binding G-protein-coupled receptor APJ [151]. This overexpression is 

followed by inhibition of eNOS phosphorylation and ERK/Akt/AMPK signaling that leads to 

reduction of arterial stiffness. On the other hand, miR-765 overexpression also increases 

MMP2/9, consequently also increases arterial stiffness. It has been proposed that miR-765 

potentially influences several target genes, such as NADPH oxidase, LDL receptor-related 

protein 4 (LRP4), and LDL receptor-related protein (LRP6) [152].  

The putative roles of ECM stiffness-dependent ncRNA have been reported to be either negative 

or positive in cardiac disease. Several possible mechanisms related to mechanical stiffness-

related lncRNA have been reported within their target of protein-coding genes [133]. 

Nevertheless, the investigation of more mechanotransduction-related mechanisms will provide 

new knowledge and insight. 

 

5.How can we mimic the tissue mechanics? 

5.1. Materials imitating with tissue mechanics 

In order to evaluate the influence of mechanical forces to cell function, a proper in vitro 

model was required to imitate the physiological and pathophysiological condition of tissue. 

Mechanical properties and biochemical properties must be considered to achieve a proper 

design of material for tissue-engineering, specifically for mechanobiology application. It has 

been suggested that a change of matrix stiffness from 2.5 kPa to 10 kPa is enough to alter 



contact between cells, endothelium permeability augmentation, and leukocyte transmigration 

which shows hallmarks of atherosclerosis progression [153].  

 

 

Figure 5 The Differences between 2D cell culture and 3D cell culture system. A) 2D cell culture is performed 

using a flat substrate that has been coated with ECM such as collagen, fibronectin, laminin, etc. Cell grows as a 

monolayer cell that only provide 1 sides of integrin binding to the ECM, makes 2D cell culture unable to mimic 

the native microenvironment. B) 3D cell culture provides a meshwork of fibrillary ECM proteins thus fulfilled 

the most of intracellular spaces that involve the integrin from all of side of cell to bind which close similar to the 

native microenvironment.  

In applied mechanobiology, the hydrogel can be generated with three dimensional 

structure of 3 dimension (3D) or 2 dimension (2D) structure. Briefly, 2D cell culture is 



conducted on 2D substrates/flat substrates such as plastic, membranes, while 3D cell culture 

tried to create an analog of cell’s native environment. It can be generated by adding meshwork 

of fibrillary ECM proteins thus fulfilled most of the intercellular spaces [154,155]. The 3D cell 

culture systems can be performed by growing the cells on the matrix or embedded inside the 

matrix (Figure 2). As the result, 3D cell culture provides more information regarding the cell-

matrix interaction that mimic in vivo condition while 2D cell culture unable to show it. 

However, 3D cell culture is more complex than 2D cell culture, leaving room for further study 

and result interpretation [155,156]. 

 Material properties which need to be considered are as follows; biocompatible, inert, 

highly reproducible, tunable, and scalable synthesize [154,157]. In consideration of these 

requirements, synthetic polymer gels are mainly chosen to generate the force of stiffness 

against the cells. Several studies have demonstrated many types of common hydrogels to create 

substrate elasticity together with the effect against cell behavior. Those hydrogels include 

polyacrylamide (PAAm), polydimethylsiloxane (PDMS), alginate, poly (ethylene glycol), 

agarose (Figure 2) [157,158].  

From all of the hydrogel described in this review, PAAm gel has been recognized as the 

most versatile hydrogel for studying cell response against the substrate stiffness. It has been 

well characterized and relatively easy to be produced. Characteristically, it has a hydrophilic 

surface, inert properties, and low swollen percentage [159]. The elasticity can be tuned by 

varying the composition of bis-acrylamide and acrylamide monomer followed by initiation of 

polymerization with adding ammonium persulfate (APS) and N,N,N′,N′-

Tetramethylethylenediamine (TEMED) [160]. Previous study has shown the percentage of bis-

acrylamide concentration has a positive correlation with Young modulus [160–162].  

The functional PAAm hydrogel can be completed by crosslinking via UV activation by 

adding bi-functional linkers such as sulfosuccinimidyl-6-[4'-azido-2'-nitrophenyl amido] 

(sulfo-SANPAH) that contain NHS-ester to actively react with primary amine in ECM protein 

[2,161]. However, PAAm gel elasticity can be tuned by other factors such as temperature, 

besides the bis-acrylamide/acrylamide ratio. Since Ammonium Persulfate (APS) is 

temperature-sensitive, the polymerization process will be disrupted along with the rise of 

temperature [162]. In the other hand, based on this discovery, we can adjust these 2 factors to 

get the “ideal” hydrogel elasticity.  

Another type of hydrogel that has been widely adopted is PDMS/Silicone gel due to its 

inert properties, non-toxic, and optically-transparent. Unlike PAAm hydrogel, PDMS gel has 



a hydrophobic surface caused by gradual coverage of silica structure, thus sulfo-SANPAH is 

not required and PDMS gel can directly bind to the ECM [163]. The stiffness of PDMS is 

ranging from 0.1 kPa to MPa, it can be discerned by adjusting the base/curing agent ratio 

followed by curing for several times in certain temperature [164]. Meanwhile, several studies 

have shown that the Young modulus can be influenced by variating curing temperature together 

with curing duration. Like PAAm hydrogel, the curing temperature has a positive correlation 

with the Young modulus of PDMS hydrogel [165] and prolonged curing duration will cause 

the Young modulus to decline [166]. Moreover, there is a possibility of hydrogel shrinkage due 

to total volume deflation [167]. In the other hand, PDMS hydrophobic property makes the 

adsorption of cell-adhesive molecule become inefficient [168]. This problem might be solved 

by UV-ozone or oxygen plasma treatment to recover the hydrophilic surface [169,170]. Layer-

by-layer assembly also can be an alternative method to modify the hydrogels [171].  

PEG gel has a permissible, biocompatible, non-toxic, and inert properties [172]. Since 

it has a hydrophilic characteristic, the cross-linking can be performed by adding sulfo-NHS 

under photo-irradiation to create reactive site for binding the primary amine of protein/peptides 

[173]. The tunable elasticity of PEG is controlled by variating the ratio between acrylate 

compound groups such as PEG-diacrylate (PEGDA) or PEG-dimethacrylate (PEGDMA) 

chemical combined with non-acrylated PEG. Previous study has shown that the increase of 

total weight polymerization with a high concentration of acrylate compound on PEG leads to 

the increase of Young modulus and to diminish the percentage of swelling behavior [174–176]. 

Nevertheless, in high concentration of acrylate compound, the optical density of PEG is high, 

consequently it may disrupt the microscopy observation [174,177]. The promising solution for 

this problem is achieved by combining PEG-Acrylate with phosphoryl choline (PC) compound 

[174]. 

Alginate is also considered as an ideal matrix for mechanobiology study. It is derived 

from seaweed that contains a linear polysaccharide with repeating units of β-D-mannuronic 

acid and α-L-guluronic acid. Alginate has a hydrophilic surface, lack of immune-response, non-

degradable in mammals, and biocompatible properties [178]. The gelation process can be 

achieved through reversible reaction using divalent cations such as Ca2+, Ba2+, Mg2+, and Sr2+ 

that will bind to guluronic residues or through irreversible reactions by adding sulfo-NHS or 

1-ethyl-(dimethylaminopropyl) carbodiimide (EDC) agent [179,180]. Stiffness of alginate 

hydrogel can be controlled by varying the concentration of alginate [178]. Escalation of 

guluronic acid increase the rigidity of hydrogel [181,182]. However, previous study has 

reported a time-dependent inefficient crosslinking of divalent cation to alginate, resulting an 



unstable alginate hydrogel [180,183]. This limitation can be solved by modification of 

methacrylates in alginate side groups following by photo-crosslinking using -[4-(2-

Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-pro-pane-1-one (Iragacure®-2959) [184].    

Another hydrogel derivative from seaweed family is agarose. Agarose consists of D-

galactose-3,6-anhydro-L-galactopyranose repeat unit, that has been applied in tissue 

engineering due to its biocompatibility, non-immunogenic attribute, and low swelling ratio 

[185,186]. The elasticity of agarose can be altered by modifying the ratio of agarose molecular 

weight. Increasement of agarose concentration leads to the rise of hydrogel rigidity [186]. The 

gelation process is thermo-reversible, where the agarose was melted in >80oC and cooled down 

to desirable temperature ~40oC [187]. Crosslinking of adhesive molecule can be done by using 

chemical crosslinker, such as sulfo-NHS reaction or EDC reaction.  

Meanwhile, agarose hydrogel carry several constraint: 1) The difficulty to control 

mechanical attribute due to the α-helices structure of agarose that is sensitive to the temperature 

[188]. Different temperature and time in melting and cooling process create different helix 

aggregate which affects the rigidity of hydrogel; 2) Native agarose gel shows a turbid 

appearance that will disrupt the observation under microscope [178,189]. In this case, recent 

studies have shown the effect of carboxylation on agarose that is called physical-crosslinking. 

This modification switches the α-helix structure to β-sheet secondary structure that is more 

steady, thus generates more transparent gels [185]. More importantly, by varying the degree of 

carboxylation, Young modulus can be controlled ranging from 0.1-100 kPa [190]. 

Gelatin is derived from collagen processed by hydrolytic degradation, so it has a similar 

chemical composition to the collagen and granted with native arginine-glycine-aspartic acid 

(RGD) peptide that usually should be added on other hydrogels to propagate adhesive property 

[191,192]. Besides, it provides a relatively good biocompatibility, low cost and hydrophilic 

surface. Theoretically, the stiffness of hydrogel can be controlled by varying the concentration 

of gelatin. However, since this technique also change the concentration of RGD peptide, it will 

be complicated to determine whether the change comes from the stiffness or the amine 

concentration [191]. Meanwhile, gelatin is thermo-responsive compound that could melt at 

30oC, which affects its’ stability [192,193]. Different approach combined the gelatin hydrogel 

with methacrylate family such as methacryloyl chloride or methacrylic anhydrate followed by 

photo-crosslinking using Iragacure®2959. By adjusting methacrylate concentration, the 

stiffness can be tuned. Chemical crosslinking using glutaraldehyde can be performed in gelatin 

hydrogel, but it may cause unspecific crosslinking [194,195].  



Every hydrogel has their own characteristics with their advantages and limitation. Which 

hydrogel should be used is depending on the research purpose. In 3D cell culture, materials 

derived from natural sources such as alginate, gelatin, agarose might be useful, since they have 

less immunoreactivity from the body. Synthetic gels that widely used for 3D cell culture is 

PEG hydrogels that has a fine reproducibility, but it lacks of endogenous factor to promote cell 

behavior [154,196]. Due to its toxicity, the usage of PAAm gel as an implant should be 

reevaluated although PAAm gel has been widely used in vitro studies. The availability of each 

material should also be considered. 

According to the description above, ECM is indispensable together with the mechanical 

characteristic because of its importance to initialize cell adhesion. It has been known that one 

of the distinct trait between 3D and 2D cell culture is the addition of ECM meshwork to 

stimulate cell-matrix interaction [157]. ECM is not only supporting mechanical environment 

for cell to anchor but also can stimulate both biochemical and mechanotransduction pathway, 

thus providing signal against extracellular environment [197]. Collagen, fibronectin, laminin, 

proteoglycan, and glycosaminoglycan are the ECM that frequently involved in 

mechanotransduction. Commonly occurred specific peptide such as RGD peptide in many cell 

can be added to the gel for supporting cell-gel adhesion [198].  

Table 3 The comparison of hydrogel material characteristic to imitate tissue mechanics 

 PAAm PDMS Alginate Gelatin Agarose PEG 

Inert 

properties 

Yes Yes Yes Yes Yes Yes 

Natural 

sources 

No No Yes Yes Yes No 

Toxicity Yes No No No No No 

Surface 

behavior 

Hydrophilic Hydrophobic Hydrophilic Hydrophilic Hydrophili

c 

Hydrophilic 

Optical 

density 

Low Low Low Low High  High 

Young 

modulus 

tuning factor 

Ratio of bis-

acrylamide 

and 

acrylamide 

Ratio of 

curing/base 

agent 

Alginate 

concentratio

n 

Gelatin 

concentration 

Molecular 

weight of 

agarose 

Ratio of 

acrylate and 

PEG  



Advantages It has been 

widely 

characterized 

The ability to 

bind with 

ECM directly 

Less 

immunoreac

tivity in 

mammals  

Contains native 

RGD peptide  

Extensively 

used in 

wound-

dressing 

application 

Highly capable 

for cell 

encapsulation 

Limitation Thermo-

sensitive and 

toxic 

Ineffectively 

adsorb the 

adhesion 

molecule 

(Can be 

solved by 

UV-

ozone/oxygen 

plasma 

treatment)  

Inefficiency 

of ionic 

crosslinking 

(Can be 

solved with 

photo-

crosslinking

) 

The ambiguity 

factor: the 

increase of 

RGD peptide 

along with the 

stiffness (Can 

be solved by 

combining 

gelatin with 

acrylate family) 

Turbidity 

(Can be 

solved with 

carboxylate 

modificatio

n) 

Turbidity 

correspond 

with addition 

of  acrylate  

(Can be solved 

by combining 

the PEG 

hydrogel with 

phosphoryl 

choline) 

 

Different type of ECM showed co-regulating activity with specific cell behavior [199]. 

One of the common cases is collagen and elastin ratio shift in blood vessel may induce different 

manners. It has been known that integrin has a key role to communicate with ECM, contribute 

to advance molecular signaling in tissue-specific gene [200,201]. Taken together, one type of 

ECM cannot accurately explain all of the tissue specific behavior of the cell, thus extensive 

study is required to analyze it. 

Table 4 Overview of materials and main technique in imitating matrix stiffness   

Substrate  

type 
Fabrication process 

Substrate 

modulus 

Reported 

cell 
Description Reference 

PAAM 

Crosslinked with 

fibronectin/collagen I 2.5-10 EC 

Combination of bis-

acrylamide and 

acrylamide percentage [153,202] 

PAAM 

Photopolymerization with 

microfluidic technique 4-30 VSMC 

Bis concentration is 

ranging from 0.04% -

0.48%  [203] 

PDMS 

Crosslinked with layer by 

layer technique 48-1783 Fibroblast  [204] 

PDMS 

Crosslinked with 

laminin/fibronectin 5-1720 SMC  [205] 

PEG-DA Nanolitography technique 3.9-6000 Fibroblast 

Modification of PEGDA 

macromers [173] 

Alginate 

With the addition of RGD 

peptide 1.79-5.81 

M28, M6, 

and M6c  [178] 



Alginate 

Conjugated with cathecol 

with different 

concentration 0.34-6 

EC, Huh-7, 

Neuro-2a 

2% dan 4% w/v alginate-

cathecol concentration [180] 

Agarose 

Soft carboxylated agarose 

in combination with RGD 

peptide addition 0.5-5 EC 

28% and 60% 

carboxylation percentage [206] 

PEGDMA: 

GelLMA Nanopattern technique 400-1500 EC 

Combination of 

PEGDMA and GelMA 

concentration [207] 

 

5.2. Overview of gradient hydrogel and blood vessel-on-chip 

Study of matrix stiffness-mediated cell behaviors has been being extensively started and many 

studies focused on a uniform matrix with different type of stiffness. According to the ability of 

cells to sense chemotaxis by following gradient concentration of chemical solution, the 

importance of gradient stiffness has been assessed to mimic tissue microenvironment. 

Durotaxis refers to the ability of cells to sense the substrate rigidity in the process of cell 

migration that might be explained using gradient stiffness material [208,209]. The preference 

of each type of cells to live on the stiffer or softer is different and this behavior will be difficult 

to be studied with uniform gel [210]. Mostly, PDMS, PAAm and PEG hydrogel was chosen 

for gradient stiffness substrates [211,212] and the proper protocol are starting to be developed 

to get a comprehensive manner of cell’s signaling-dependent durotaxis. 

There are several approaches to obtain gradient concentration stiffness substrates such as 

microfluidic, photolithography, and micro-pattern technique [213]. Generally, microfluidic 

technique involves the flowing of two different types of monomer solutions into a gradient 

generator thus create gradient stiffness along the length of the hydrogel. The flow can be 

obtained from 4 main methods such as diffusion source-sink, gradient generator, dynamic 

mixing, and convection [209]. This method is more expensive compared to photolithography 

method that conducts a photomask overlying the hydrogel to create stiffness gradient that might 

have less-reproducibility [211].  

Unlike Microfluidic, photolithography techniques are able to create gradient stiffness using 

one type of polymer that mostly is PDMS. This technique employs UV exposure to the 

gradient-grayscale masks on the polymer precursor in order to generate gradient stiffness 

[213,214]. The master mold was generated with desired patterns and put under the PDMS 

mixture to let the PDMS mixture being cured and shaped. To facilitate the release, the master 



mold was silanized using allyl groups [215]. Light wavelength plays a functional part as the 

light diffraction limits pattern resolution [216]. Based on photolithography technique, previous 

study has shown micro-pattern technique using a high resolution photo-patterned KMPR 

(epoxy) resin as the mold to pattern the ECM with the addition of PDMS layer. This technique 

successfully decoupled control of ECM pattern and local stiffness against the cell, resulting the 

cytoskeleton organization to match the underlying substrates [212]. 

Nowadays, many reports shows the combination of microfluidic, micro-pattern, and 

photolithography to get the ideal type of compliance-gradient substrates [203,215,216]. This 

idea has lead the development of blood vessel-on-chip to mimic the functions and interaction 

of specific organ on miniature devices. Thereby, the development of organ on a chip is expected 

to provide in vivo-like cellular microenvironment [217]. PDMS has been widely used as the 

polymer to make the vessel tube due to the easy polymerization, tunable elasticity, gas 

permeability, and its biocompatibility [218,219]. As the blood vessel has been build, 

microfluidic technique enables the flow of the medium and cell that supposed to attach the 

imitation vessel. With this technology, the organ on a chip are able to provide a host for 

heterotypic cells co-cultures as well as the living tissue or biopsy samples that will be useful 

for studying diseases and test the efficacy of several treatments per individual [220]. Therefore, 

the technology of organ-on-chip, specifically for blood vessel-on-chip is very promising while 

several limitations still remains such as improving the usability and reproducibility of organ-

on-chip [217].    

 

6.Conclusion and future perspective 

Study about matrix stiffness-mediated cell behavior has been emerging and keep developing. 

The development of uniform stiffness study has led to gradient stiffness that can explain more 

about durotaxis behavior in cells. Interplay between matrix stiffness-influenced pathways has 

been progressively elucidated in ECs. However, roles s of ncRNA to regulate mechanogenetic 

and mechanophenomic in ECs needs further elucidation. An understanding for this mechanism 

will be beneficial for therapeutic approaches since it can be a promising strategy to prevent or 

reverse matrix stiffness-mediated CVD with its clinical potential. Meanwhile, the complete 

mechanism still remains like puzzle pieces, and should be reconfirmed in a model that can 

mimic the native microvasculature for better understanding of vascular disease regulation. The 

development of blood vessel on a chip is expected to be an ideal model to demonstrate the 



functionality of cells in their real microenvironment. Therefore, interfering by targeting key 

factors of mechanogenetic is a promising strategy.  
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