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Abstract  

Cancer has become one of the leading causes to human death globally. Except genetic and 

biochemical factors, mechanical forces exert important roles in tumorigenicity and 

metastasis, including tumor cell mechanics. Pre-clinical and clinical findings have 

demonstrated that highly malignant tumor cells or cancer stem cells (CSCs) exhibit lower 

cellular stiffness than non-CSCs, which are softer than their healthy counterparts, 

suggesting that there exists the correlation between cell mechanics and malignancy. 

However, it remains unclear whether and how cell mechanics regulate tumor cell 

tumorigenicity. Furthermore, whether cell mechanics can be harnessed for 

mechanotargeting of soft malignant CSCs remains unknown.  

To address the above fundamental questions, this project modulated cellular stiffness by 

targeting actomyosin contractility. Our results demonstrated that CSCs selected from 

hepatocarcinoma cells exhibited much lower stiffness than control cells, confirming the 

correlation between cell stiffness and stemness. Softening/stiffening tumor cells by 

targeting RhoA-ROCK-Myosin II signaling or F-actin significantly promoted/suppressed 

the colony formation and growth in soft fibrin and agar, the fraction of EpCAM+ and 

CD133+ subpopulation as well as the expressions of stemness genes in vitro, which could 

be rescued by stiffening/softening the cells concurrently. In addition, softening/stiffening 

cells facilitated/inhibited the tumor formation and growth in both subcutaneous and 

orthotropic tumor models. These results indicated that cell mechanics regulated tumor cell 

stemness and malignancy. Mechanistically, softening/stiffening decreased/increased APC 

expression, which then promoted/suppressed the nuclear translocation of β-catenin. The 

nuclear β-catenin might bound to the promoter of stemness gene Oct4 and influenced its 
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transcription, which was essential in the self-renewal and tumorigenicity of tumor cells. As 

a result, cell mechanics regulated tumor cell malignancy through APC-β-catenin -Oct4 

signaling.  

Furthermore, we explored whether cell mechanics could be exploited in nanoparticle-based 

therapeutics for specific targeting of soft CSCs. We showed that tumor cells were softer 

but took up more graphene quantum dots (GQDs) in comparison with healthy cells. CSCs 

exhibited even lower stiffness but considerably higher cellular uptake than bulk tumor cells. 

Softening/stiffening cells enhanced/suppressed nanoparticle uptake and clathrin- and 

caveolae-mediated endocytosis, inhibition of which blocked the effect of cell softening on 

GQD uptake, indicating that cell mechanics regulated cellular uptake through endocytosis. 

Besides, soft CSCs exhibited enhanced drug release and cellular retention of Doxorubicin 

conjugated GQDs than stiff bulk tumor cells possibly due to the reduced intracellular pH 

and the regulation of exocytosis. Obviously, GQD-delivered Doxorubicin specifically 

eliminated CSCs both in vitro and in vivo and suppressed tumor growth without any 

obvious effect on animal body weight, while free drugs enriched the CSC fraction and 

reduced the body weight. Therefore, these findings demonstrated that cell mechanics 

regulated cellular uptake, drug release, and retention of drug-loaded nanoparticles for 

specific targeting of soft CSCs through the modulation of endocytosis, intracellular pH, 

and exocytosis. This study presented a new mechanism by which cell mechanics could be 

exploited in nanoparticle-based mechanomedicine for specific elimination of soft CSCs in 

effective cancer therapy. 
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Chapter 1: Introduction 

1.1 Cell mechanics in tumor progression 

People have struggled with cancer for decades and found abnormal cell cycle, gene 

expression, and other biological functions in cancer. However, it has been recently proved 

that apart from the activation of oncogenes and/or suppression of tumor suppressor genes, 

physical factors containing cell mechanics exert important roles in tumor progression. Pre-

clinical and clinical data have demonstrated that cancer cells are considerably softer than 

normal cells from the same organ and cell mechanics are inversely correlated with tumor 

malignancy in various types of cancer. Importantly, cell stiffness can grade cancer cell 

malignancy. Metastatic cancer cells are softer than non-metastatic cancer cells and cancer 

stem cells (CSCs) are softer than non-CSCs. Thus, low cell stiffness can serve as a unique 

mechanical feature of CSCs. 

CSCs have high abilities of self-renewal and drug resistance, which can thus become one 

of the main causes of cancer relapse and radio-/chemo-resistance in cancer therapy. 

Therefore, it is urgent to specifically target and eliminate the rare CSCs in a tumor for 

effective treatment. Nanoparticle is extensively used as delivery of anti-cancer drug for 

CSC targeting therapies. The efficiency of nanoparticle uptake by cancer cells is crucial in 

nano-therapy. For specific targeting CSCs, people usually modify nanoparticles by adding 

CSC markers such as CD133 or CD44. Significantly, apart from the expression of CSC 

markers, malignant CSCs hold considerably lower level of cellular stiffness than bulk 

tumor cells across a lot of cancers. Therefore, it is possible that low cellular stiffness may 

be utilized as a potential target to specifically eliminate CSCs.  
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1.2 Current challenges and limitations  

Previous studies have revealed the negative correlation of cell mechanics and cancer cell 

malignancy. CSCs have also been found the softest population among bulk tumor cells. 

Since the existence of CSCs is the biggest challenge of cancer therapy, CSCs’ properties 

such as resistance and self-renewal are the main reasons of cancer release. It becomes 

meaningful to further detect the exact relationship and underlying mechanism of CSC and 

its softness. Whether it is the cause or consequence? What is the role of cell mechanics in 

CSCs? If cell mechanics plays a crucial role in tumorigenicity, then how does cancer stem 

cell stiffness regulate the process of tumorigenicity? Is that possible to specifically target 

CSCs based on the low cell stiffness of CSCs? 

Nanoparticles are widely used to target CSCs by modifying their surfaces with specific 

CSC markers, such as CD133+, CD44+ and EpCAM+. However, these surface proteins 

are dynamically evolving and thus may not be able to faithfully label CSCs during tumor 

progression. A lot of studies have casted doubt on the reliability of these proteins as 

functional CSC markers and the efficacy of surface marker-based nanoparticle-mediated 

cancer therapy. Therefore, it is essential to develop a novel nanoparticle-based strategy that 

harnesses reliable features as general CSC markers for specific CSC elimination. Recent 

findings demonstrate that mechanical properties of the microenvironment significantly 

influence nanoparticle uptake via the effects on endocytosis pathways and cell contractility. 

Low rigidity of nanoparticles enhances their endocytosis and drug delivery efficiency. 

Although it is well known that CSCs are much softer than bulk tumor cells, the roles of 

cell mechanics in nanoparticle-based CSC targeting remain unknown.  
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1.3 Objectives and scopes 

Cell stiffness is closely associated with cancer cell malignant properties. One objective of 

this project is to determine whether low cell stiffness not only correlates with but also 

regulates CSC’s tumorigenicity. Mechanistically, the mechanisms underlying the 

regulation of CSC functions by cell mechanics have been elucidated, especially the roles 

of actomyosin-mediated Wnt/β-catenin signaling. Furthermore, the influence of cell 

mechanics on the maintenance of pre-existing CSCs and on the transition between CSCs 

and non-CSCs has been demonstrated. We hypothesize that low cell stiffness is necessary 

and sufficient to sustain the high self-renewal and tumorigenicity of malignant CSCs.  

Low cellular stiffness can serve as a general mechanical feature of malignant CSCs. The 

present study explores the possibility of harnessing cell mechanics for specific CSC 

targeting and effective cancer therapy. To achieve the current goal, fluorescent graphene 

quantum dots (GQDs) are synthesized, and their properties are well characterized. The 

relationship between cell mechanics and nanoparticle uptake is determined among tumor 

cells with different stiffnesses and between bulk cancer cells and CSCs. To test the effect 

of cell mechanics on nanoparticle uptake, cellular stiffness is modulated and GQD uptake 

in these treated tumor cells is determined. To explore the underlying mechanisms, the effect 

of cell stiffness on the endocytosis pathways is tested. In addition, the influence of cell 

mechanics on drug release and cellular retention of Doxorubicin-conjugated GQDs (GQD-

Dox) in breast cancer cells and CSCs is examined. Finally, the efficacy of nanoparticle-

based drug delivery for specific targeting of CSCs and cancer therapy is demonstrated both 

in vitro and in vivo. 
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1.4 Scientific significance and values  

This study demonstrates that cell mechanics not only correlate with but also regulate tumor 

cell malignancy. Softening tumor cells enhances the self-renewal and stemness, while 

stiffening cells suppressed these abilities. Cell stiffness regulates CSC functions through 

cytoskeleton-adenomatous polyposis coli (APC)-mediated Wnt/β-catenin signaling and 

Oct4 expression. Except the important roles in CSC stemness, the current research also 

demonstrates that low cellular stiffness can be exploited as a mechanical target for specific 

CSC elimination and effective cancer treatment.  

In summary, the work study investigates tumorigenicity from the mechanical perspective 

and presents the critical roles of cell stiffness in CSCs and tumorigenicity, suggesting that 

cell stiffness can be used as a potential physical marker for cancer diagnosis and serve as 

a therapeutic target for cancer treatment. Furthermore, the research findings demonstrate 

that cell mechanics can be harnessed as a mechanical hallmark in nanoparticle-based drug 

delivery for CSC targeting and effective cancer treatment, facilitating the development of 

novel anti-cancer strategies against cell stiffness that eventually benefit cancer patients. 

The outcomes of this study extend our understanding to tumorigenicity and support the 

notion that cancer may be not only a genetic but also a ‘mechanical’ disease. In the 

meanwhile, this project will stimulate new interdisciplinary areas between engineering and 

cancer, create a critical mass of excellence in cancer research as well as strategically 

contribute to the long-term development and well-being of Hong Kong.  

1.5 Thesis outline 

This study focuses on the functional roles of cell mechanics in tumor cell tumorigenicity 

and their therapeutic effects on nanoparticle-mediated mechanomedicine for specific CSC 
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targeting. This study is briefly organized as follows. Chapter 2 summarizes the background 

information and the research gap. Chapter 3 introduces the methods and the involved 

methodologies. Chapter 4-5 concentrate on the role of cell mechanics in hepatocellular 

cancer cell tumorigenicity, and Chapter 6-7 investigate the potential therapeutic role of cell 

mechanics in nanoparticle-based CSC targeting. In Chapter 4, liver cancer cells are 

softened by either actomyosin inhibitors or the related siRNAs. Besides, the effect of cell 

softening on liver cancer cell stemness is investigated. Cancer cells are then stiffened by 

actomyosin activator or plasmids, suppressing self-renewal and stemness in Chapter 4. In 

Chapter 5 demonstrates the effect of cell mechanics on the transition between CSCs and 

non-CSCs and the maintenance of pre-existing CSCs. The mechanism underlying how cell 

mechanics regulate tumor cell stemness is also elucidated in Chapter 5, especially APC-

mediated Wnt/β-catenin signaling.  

To further explore the therapeutic effects of cell mechanics, this thesis examines the role 

of cellular stiffness in nanoparticle uptake in Chapter 6. The mechanisms underlying how 

cell mechanics regulate nanoparticle uptake are explored, including Caveolae- and 

Clathrin-dependent endocytosis pathways. In Chapter 7, the therapeutic role of low cell 

stiffness in specific CSC targeting is demonstrated both in vitro and in vivo. 
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Chapter 2: Background 

2.1 Cancer: one leading challenge to human health  

Cancer is one of the most serious medical problems in the modern world, which is also the 

second leading cause of death globally. To date, there are 9.6 million of cancer death, 

accounting for one in six deaths is caused by cancer. There were approximately 18 million 

new cases of cancer in 2018 and the number was expected to rise by 29.5 million over the 

next two decades (WHO, 2020). Lung and colorectal cancer are similarly common type of 

cancer in both male and female. Liver cancer, prostate and stomach cancer are the most 

common cancers in male while breast while cervical and thyroid cancer are common in 

female (WHO, 2020).  

Hepatocellular carcinoma (HCC), a primary type of liver cancer, ranks as the sixth most 

prevalent cancer the second leading cause of cancer deaths among the world Most HCC 

cases are distributed in high-risk regions, such as eastern and southern Asia and 

approximately 50% of all cases occur in China alone[16]. HCC is prevalent in Hong Kong 

and has become the fourth most common cancer and the third leading cause of cancer death. 

A large quantity of traditional cancer therapies such as radiotherapy and chemotherapy 

have been applied to the patients. Although significant advance has been achieved, it is still 

quite challenging in the prognosis and effective treatment of HCC. Obviously, most 

patients are diagnosed with HCC at advanced stages, of which only 25% are amenable to 

surgery and the 5-year recurrence rate reaches 70% after tumor resection. The nature of 

high chemoresistance, cancer recurrence, and metastasis in HCC, which caused by cancer 

stem cells (CSCs), leads to rather poor efficacy of adjuvant treatment, and shortens the 

overall survival. 
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Breast cancer is one of the most frequent cancer types among female, which is also the 

leading cause of cancer-related deaths among women globally. There are approximately 

2.1 million of impacting breast cancer cases each year globally. Over the past two decades, 

there was a rapid increase of breast cancer incidence rate in several Asian countries, 

especially China. China accepted 12.2% cases of breast cancer and 9.6% cases of breast 

cancer related death by 2008[17] and expected to arrive 2.5 million cases by 2021[18].  

2.2 Cancer stem cell (CSC) 

2.2.1 Definition and model of CSC 

There are three tumor propagation models including the cancer stem cell model 

(hierarchical model), stochastic model and tying hierarchical model with stochastic model. 

The mostly accepted model in solid cancer is CSC model (Fig 2.1), since the existence of 

CSC has been found in numerous types of cancer[19], including liver, blood, brain, 

skin[20], colon, breast, lung, prostate, and intestine cancer. In hierarchical model, targeting 

the small subpopulation of CSC can be an efficient therapy[21]. 

Figure 2.1 Cancer stem cell model  [6] 
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Cancer stem cells (CSCs) are cancer cells with 

the properties of self-renewal and 

differentiation that can differentiate to different 

cancer cell type to form a whole tumor[22]. It 

has been found that only ten cancer stem cells 

could form a tumor in xenotransplantation 

assay while tens of thousands of common 

cancer cells could not[23]. CSCs belong to a 

rare and tumorigenic subpopulation of cancer 

cells that possess self-renewing capability and 

drive tumorigenicity and metastasis. It has been 

widely believed that cancer stem cell is the 

leading cause of cancer therapy resistance, tumor recurrence and poor survival rate[24, 25]. 

Though most tumor cells lost after chemotherapy, a small population of cancer cells with 

high proliferation and differentiation potential left and induced cancer recurrence 

afterwards, as shown in Fig 2.2 [12]. These tumorigenic cells are resistant to chemotherapy 

and radiotherapy and speculated to be key players in cancer recurrence. As a result, CSC 

is an important target for cancer therapy, especially for the therapy-resistance and tumor 

recurrence. Understanding the mechanisms underlying CSC high tumorigenicity is 

essential to achieve effective treatment. 

2.2.2 Identification of CSC 

The strategies that are used to identify normal adult stem cells have been used to identify 

CSCs [26]. The most common strategy is based on the specific CSC markers, which can 

Figure 2.2 CSC resistance and recurrence 

[12] 
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be further utilized to isolate CSCs via fluorescence-activated cell sorting (FACS). 

Frequently used CSC markers contain CD133, CD44, CD24, CD90, and epithelial cell 

adhesion/activating molecule (EpCAM) [27]. As one of the first identified tumor-

associated antigens [28], EpCAM is implicated in cell-cell adhesion, migration, 

proliferation, and differentiation [29]. Recent studies have indicated that EpCAM may act 

as a pro-oncogenic protein [30] and serve as a CSC marker in HCC[31-33]. In breast cancer, 

the most accepted CSC marker include CD133[34-36] and CD24-/CD44+[36, 37].  

Additionally, CSCs can also be identified in accordance with drug resistance property. Due 

to the high expressions of multi drug resistance (MDR) genes and ATP-binding cassette 

(ABC) transporters, Hoechst assay can stain the nuclei of normal cells and conventional 

cancer cells but not CSCs to blue [38]. Consequently, CSCs can be identified as the non-

blue-nucleus cells or the side population. This small population of cells can be identified 

as the cells within the pink area and diminished by Verapamil (Fig 2.3).  

Figure 2.3 Side population [1] 
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CSCs usually exhibit enhanced expressions of stemness-related genes, such as Nanog, Oct4, 

Sox2, CD133, and Bmi1. Since CSCs have self-renewal ability, colony formation assay is 

employed to detect the 3D sphere formation ability in soft fibrin gel, soft agar or suspension 

culture medium. Since CSCs hold the ability to sustain tumor growth in long term, limiting 

dilution assay has become the in vivo gold standard for CSC identification. When the 

candidate cells are diluted to a series of concentrations and transplanted into mice, the 

tumor formation ability can be measured and exploited to estimate the frequency of CSCs 

[39].  

2.2.3 Targeting CSC 

CSCs have been proposed to reside at the apex of tumor cell hierarchy with high 

tumorigenic and metastatic potential[40]. As presented in Fig 2.4, traditional cancer 

therapy mainly eliminates bulk tumor cells and enriches CSCs due to drug resistance. After 

receiving the treatment, the residual CSCs could repopulate into a new tumor and thus lead 

to tumor relapse. Therefore, CSCs hold the essential traits to drive tumor progression, drug 

Figure 2.4 Conventional cancer therapy and CSC specific therapy[11] 
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resistance, and cancer recurrence and consequently become the major target in cancer 

therapeutics. However, these unique traits have posed great challenges to the elimination 

of malignant CSCs for effective cancer treatment[41]. Thus, it is of necessity to develop 

novel strategies for specific targeting of CSCs and tumor regression. 

2.3 Cell mechanics in tumor progression 

2.3.1 Mechanics in tumor progression 

Previous studies have found that a large quantity of genes and signaling are involved in 

tumorigenicity. It is extensively believed that cancer arises due to the accumulation of 

mutations. The activation of oncogenes, such as Src, and the inactivation of tumor 

suppressor genes like p53 and APC, have been extensively found in cancer patients. Several 

cancer related pathways, such as Wnt, Notch and Hedgehog signaling, have been found to 

be actively involved in the formation of cancer. Except these biochemical factors, recent 

findings show that tumor development is associated with not only genetic but also 

mechanical alterations [42]. Accumulating evidence has demonstrated that mechanical 

factors play important roles in tumor progression. For example, mechanical compression 

in vivo transforms healthy epithelium into cancerous tissue in mice[43]. Significant 

changes in tumor cell mechanics properties are also found in tumor progression[44].  

2.3.2 Force journey during tumor metastasis 

The development of tumor is a force journey of tumor cells, as shown in Fig 2.5[8]. In the 

primary tumor site, tumors need to fight with para-carcinoma tissue for space to grow. The 

following is a local invasion step, in which tumor cells detach from the original tumor and 

squeeze through the dense para-carcinoma tissue. To metastasize into a distant organ, tumor 

cells penetrate the circulatory system and experience fluid shear force in blood vessel or 
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lymph-vessel. After being arrested at a distant organ site, cancer cells penetrate the 

endothelium for extravasation and interact with the microenvironment in the distal organ 

to form metastatic tumors [45]. During the entire metastasis process, tumor cells suffer 

various types of forces from the surrounding microenvironment. In addition, the influence 

of these mechanical forces on tumor cell functions and metastatic potential remains largely 

unclear.  

Figure 2.5 The process of tumor metastasis [8] 
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2.3.3 Cell stiffness graded cancer cell metastatic potential and stemness 

 The nano-mechanical signature of cancer cells and tissue is different from their normal 

counterparts. It has been found that tumor tissue is usually stiffer than the normal tissue in 

liver cancer and breast cancer, while cancer cells are softer than normal cells from the same 

organ[46, 47]. Cross et al. collected cancer cells and normal cells of the same organ from 

cancer patients and employed atomic force microscopy (AFM) to detect mechanical 

properties, finding the difference of cell stiffness between tumor cells and normal cells, as 

shown in Table 1. Tumor cell stiffness is around 0.5kPa, while normal cell stiffness from 

the same organ is approximately 2kPa. Primary tumor cells from patients with lung, breast, 

and pancreas cancer show ~70% lower stiffness than benign cells from the same patients[7]. 

Consistently, numerous other groups have confirmed that cancer cells are softer than 

normal cells from the same organ in various types of cancer, including esophageal, cervical, 

liver and breast cancer [48, 49]. The obtained findings have demonstrated that tumor cells 

are softer than normal cells in various cancer types. It is known that significant changes in 

cellular cytoskeleton are associated with malignant transformation and tumor 

progression[50]. Stella Hurtley advocated in the Science editorial that “changes in the 

cytoskeleton are key, and even diagnostic, in the pathology of some diseases containing 

cancer” [51]. Since mechanical properties of a cell are mainly governed by its cytoskeletal 

structures, alterations in cytoskeleton during tumor progression can induce changes in cell 

Table 1. Cell stiffness of cancer cells and normal cells [7] 
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mechanics. Indeed, cancer cells are generally softer than healthy tissue cells in various 

types of cancer and low cell stiffness is associated with malignancy and poor clinical 

outcomes[44]. The stiffness of breast epithelial cells is dramatically decreased when they 

are transformed from normal to malignant and metastatic state[19]. The elastic modulus of 

healthy human bladder cells is an order of magnitude higher than that of cancerous cells, 

which may be related to the difference in cytoskeletal organization[19]. Consistently, 

mechanical stiffness of liver tissue is decreased when the tissue is transformed to the 

malignant state and the deformability of HCC cells is positively correlated with their 

metastatic potential [47], implying that nanomechanical alterations accompany HCC 

development. In 2008, Sarah et al. analyzed the stiffness of metastatic and non-metastatic 

cancer cells, concluding that metastatic cancer cells were softer [52]. Furthermore, it has 

been found that the stiffness of primary tumor cells can grade their migratory and invasive 

potential[4] (Fig 2.6). These reports suggest that cancer cell lines exhibit low mechanical 

Figure 2.6 Metastasis cancer cells show lower cell stiffness [4] 
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stiffness, which can be further extended to clinical specimen. These findings have 

facilitated drug development to correct this cell mechanics defect. The drug 4-HAP 

enhances cell stiffness and inhibits migration and invasion of soft pancreatic cancer 

cells[53]. 

Accumulating evidence suggests that CSCs are the driving force of tumorigenicity and 

metastasis[54]. A variety of genes, molecules, signaling pathways and microRNAs have 

been reported to regulate self-renewing and tumorigenic potential of CSCs [21]. Previous 

studies have mostly concentrated on biochemical pathways and genes involved in CSC 

tumorigenicity. Despite the importance of biochemical factors, increasing evidence has 

demonstrated that cancer cells, especially CSCs, exhibit unique cell mechanics[55, 56]. 

Compared with less tumorigenic cancer cells, liver and ovarian CSCs exhibit much less F-

actin and lower mechanical stiffness[57, 58]. Breast and lung CSCs show low stiffness, 

which has been exploited to reverse drug resistance by tumor cell-derived microparticles 

[59]. As presented in Fig 2.7 CSCs were found to be softer than bulk tumor cell in breast 

cancer cell line MCF-7 and glandular cancer cell line A549 on the substrates with various 

stiffnesses. A recent report shows that low stiffness of skin CSCs plays a critical role in 

CSC CSC 

Figure 2.7 CSC are softer than bulk tumor cells [3] 
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efficient extravasation during metastasis[60]. These findings have led to microfluidic 

separation of breast CSCs based on their low mechanical stiffness[61]. Furthermore, 

inhibition of Rho kinase reduces cellular contractility and stiffness but promotes self-

renewal of CSCs in breast and colon cancer[55, 62].  

Therefore, it can be concluded that cancer cells exhibit significantly low mechanical 

stiffness, which is associated with their tumorigenic and metastatic potential. Obviously, 

tumorigenic CSCs show even lower stiffness. Changes in cytoskeletal structures and 

stiffness influence a large quantity of cellular functions, including proliferation, migration, 

and mechano-sensing. As raised by Josef Kas [63], whether cell softening induced by 

cytoskeletal alterations is necessary for tumor progression still remains unclear. Whether 

low cellular stiffness regulates CSC’s high tumorigenicity remains an open question. 

2.4 Actomyosin and cell mechanics 

2.4.1 The role of actomyosin in cell mechanics 

Cell stiffness is mainly determined by actin cytoskeleton and myosin contraction. 

Mechanical properties of a cell are mainly governed by its cytoskeletal structures. 

Therefore, alterations in cytoskeleton during tumor progression could induce changes in 

cell mechanics. Cell cytoskeleton is a complex network of interlinking filaments and 

tubules that extend throughout the cytoplasm, from the nucleus to the plasma membrane. 

Eukaryotic cells contain three types of cytoskeleton elements, respectively, actin 

microfilaments, intermediate filaments and microtubules. Most attention has been directed 

to actin cytoskeleton, since the formation and assembly of actin filaments play a key role 

in cell cytoskeleton that determines cell stiffness.  

Besides cytoskeleton, cell contractility, which is produced by cellular acto-myosin, is also 
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responsible for cell stiffness. Acto-myosin exerts an important role in cell mechanics by 

producing cell contractility and regulates tumor invasion[64]. The contractility of 

actomyosin contributes to the bundling of F-actin which lead to the enhancement of cell 

stiffness. 

2.4.2 Alteration of cellular stiffness 

The activity of acto-myosin is directly regulated by myosin light chain kinase (MLCK), 

Rho-associated kinase (ROCK), and RhoA. RhoA is one of the most extensively 

investigated members of the Rho GTPase family, and it has been demonstrated that the 

mutation of RhoA is frequently found in a wide variety of human solid cancer. RhoA is a 

crucial regulator of both actin cytoskeleton and acto-myosin, thus exerting a key role in 

cell mechanical properties[65]. It has been found that RhoA plays a key role in F-actin 

formation and acto-myosin activity, as shown in Fig 2.8a. Besides, RhoA is the upstream 

and positive regulator of ROCK, MLCK and acto-myosin, which can be found in Fig 

Figure 2.8 Acto-myosin regulates cell stiffness. a. The role of RhoA in F-actin formation 

and atto-myosin assembly; b. The RhoA downstream pathway [9]  
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2.8b[9]. Consequently, it is expected that cell stiffness can be increased by activating RhoA, 

MLCK or ROCK and decreased by silencing RhoA, MLCK or mDia1 expression. 

2.5 Wnt/β-catenin signaling in tumor progression and CSCs 

2.5.1 Key signaling pathways in CSCs 

There are many signaling pathways and key molecules involved in the stemness of CSCs, 

including Wnt[66], Notch[67], and Hedgehog pathways [68]. The regulation of these three 

pathways is related with the tumorigenic properties of CSC, since inhibiting their activities 

significantly suppresses CSC functions [69]. Among them, Wnt pathway has inextricably 

linked with cell cytoskeleton and cell mechanics thus will be investigated in this project.  

2.5.2 Wnt signaling pathway 

Wnt signaling, as a group of signal transduction pathways through cell surface receptors, 

plays critical roles in a variety of cellular functions, including embryonic development[70], 

body axis formation[71], cell proliferation[72] and cell migration[73]. Apart from these 

functions, Wnt pathway is initially found to be involved in cancer and the activation of Wnt 

Figure 2.9 a. Canonical Wnt pathway; b. Non-canonical Wnt pathway [5] 
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signaling has been associated with cancer progression [74]. The increased expression of β-

catenin has been proved to be associated with poor prognosis and metastasis of breast 

cancer patients[75]. Wnt pathway includes two main branches, including, β-catenin-

dependent and β-catenin-independent pathway[5, 76]. The noncanonical Wnt pathway 

includes Wnt planar cell polarity (PCP) pathway and Wnt/calcium pathway. The details of 

these three Wnt pathways are shown in Fig 2.9a and Fig 2.9b, respectively. Both branches 

have been found to be related to the structure or function of cell cytoskeleton. 

2.5.3 F-actin binding APC negatively regulates Wnt canonical pathway 

When Wnt canonical pathway is inactivated, β-catenin 

accumulates in cytoplasm, but shuttles to nucleus upon 

activation where it acts as a transcriptional factor. 

Adenomatosis polyposis coli (APC), which is also known as 

deleted in polyposis 2.5 (DP2.5), is a negative regulator of β-

catenin by participating in the process of β-catenin degradation 

in cytoplasm, and thus serves as a tumor suppressor[77]. 

Actually APC is a partner of multiprotein  “destruction 

complex” (Fig 2.10), working together with tumor suppressor 

Axin and the Ser/Thr kinases GSK-3 to degrade β-catenin in 

cytoplasm[78]. APC could locate to actin-rich area in 

mammary cells.  

The structure of APC is presented in Fig 2.11 including four 

15-mers amino acids and seven 20-mers amino acids of 

independent β-catenin binding sites, while APC mutation leads 

Figure 2.10 Destruction 

complex of β-catenin  [13] 
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to the loss of several repeated β-catenin binding sites[79]. There is a basic domain of APC, 

where actin-filaments and microtubules compete to bind to APC [77]. This basic domain 

is truncated in the mutated APC, thus losing the binding site with microtubules and actin 

filaments. It is reported that cancer patients have high level of APC mutation, which may 

disrupt the binding of APC with β-catenin and lead to the activation of Wnt/β-catenin 

signaling pathway.  

2.5.4 Wnt non-canonical PCP pathway and cell mechanics  

As shown in Fig 2.12，the non-canonical PCP pathway does not involve β-catenin or APC, 

but it might be associated with cell mechanics though the regulation of ROCK. The PCP 

pathway does not affect the transcription of stemness-related genes but finally generates 

the alteration of actin polymerization, microtubule stabilization and transcriptional 

activation of cell survival genes [66]. This pathway is activated by Wnt binding to co-

Figure 2.11 Structure of the APC protein. a. Wild-type full-length APC; b. A typical truncated 

mutant ape in colorectal tumor [14] 
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receptor with Frizzled receptor. Then, RhoA signaling is activated by Dvl producing 

Dishevelled-associated activator of morphogenesis1/2 (DAAM1/2). RhoA positively 

regulates ROCK that further promotes actin polymerization and increases cell mechanics. 

In addition, another parallel pathway is through Rac/JNK mediated binding to actin and 

activated JNK promotes actin polymerization[80].  

Therefore, it can be concluded both canonical and non-canonical Wnt signaling pathways 

have potential link with cell mechanics. The regulation of cell cytoskeleton may regulate 

CSC properties through either APC-mediated canonical Wnt pathway or ROCK-related 

non-canonical Wnt pathway.  

Figure 2.12 Canonical Wnt pathway and non-canonical Wnt pathway regulate transcription[5] 
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2.5.5 Wnt signaling and CSCs 

Wnt signaling pathway plays a vital role not only in conventional tumor cells but also in 

CSCs [81]. CSCs can keep long telomeres with the increased expression of TERT gene, 

which could be up-regulated by β-catenin binding to its promoter region. As a result, the 

activation of telomerase in CSCs is closely related to canonical Wnt pathway[82].  

Obviously, there exists a close relationship between Wnt pathway and HCC CSC marker 

Lgr5[83]. When APC is mutated, the Lgr-5 positive cells are necessary for tumor growth. 

In this pathway, RAC1 is required for the proliferation of Lgr5 positive cells after deleting 

mutated APC. The activation of RAC1 activates NF-kB signaling through ROS production 

that further enhances Wnt signaling[84]. Additionally, another CSC marker EpCAM is also 

regulated by Wnt pathway. It has been found that in colon cancer, the expression of 

EpCAM and β-catenin was higher in tumor tissues and the expressions of EpCAM and β-

catenin are positively correlated [85]. The activation of the Wnt/β-catenin pathway 

increased EpCAM expression in HCC[86]. Furthermore, non-coding RNAs are also related 

to Wnt pathway in CSCs. MicroRNA-181 may be critical in the regulation of EpCAM 

expression by Wnt pathway [87, 88]. MicroRNA-146a has been proved to stabilize β-

catenin in colon cancer cells [89]. MicroRNA-582-3p in non-small cell lung cancer 

contributes to maintaining the stemness by suppressing Wnt pathway downstream gene 

degradation [90]. In addition, microenvironment niche has also been found to maintain or 

promote cancer cell stemness. Myofibroblasts secrete growth factors that enhance Wnt 

activity and induce stem cell properties in colorectal cancer cells[91] and metastatic 

properties in breast cancer cells[92]. 
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2.6 Nanoparticle for CSC targeting and cancer therapy 

Nanoparticles are particles with the size between 1-100 nanometers in diameter[93]. Their 

small size allows them to have special physical and chemical properties, such as optical 

and electric properties. Nanoparticles can be modified for the applications in drug delivery, 

with the benefits of high efficiency and sensitivity in comparison with traditional drug 

delivery strategies [94].  

Nanoparticles have presented great promise in cancer therapy as the carrier of therapeutic 

drugs due to their ability to achieve targeted drug delivery, high therapeutic efficacy and 

low toxicity, and the delivery of poorly soluble anti-cancer drugs[95]. To improve the 

efficacy of nanoparticle-based drug delivery in cancer therapy, considerable advances have 

been achieved to enhance cellular uptake of nanoparticles through the optimization of their 

physical dimension[96-101]and surface chemistry[102-106], which can be found in Fig 

2.13. Since CSCs drive tumor progression and metastasis and are the main causes of cancer 

Figure 2.13 Modification strategies of nanoparticle [15] 
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relapse after chemo-/radiotherapy, CSCs become the major target in cancer therapeutics. 

To specifically target CSCs, nanoparticles are usually modified with functional CSC 

markers. Various cell surface proteins have been identified as functional CSC markers and 

thus exploited to functionalize nanoparticle surfaces for CSC targeting, including CD133, 

CD44, CD90, and aldehyde dehydrogenase[40]. However, these surface proteins are 

dynamically evolved during tumor progression and there exist no definitive CSC markers 

yet. Till now, large quantities of studies have casted doubt on the reliability of these proteins 

as functional CSC markers[40, 107], limiting the efficacy of nanoparticle-mediated anti-

cancer therapy that is based on these markers. Therefore, it is essential to exploit reliable 

features as general CSC markers, which will facilitate the development of novel 

nanoparticle-based strategies for specific CSC elimination.  

Graphene quantum dots (GQDs) are adopted in the current project due to their excellent 

properties. GQDs are zero-dimensional graphene particles and provide basis for anti-cancer 

drug delivery. In the current project, GQDs were provided by Prof. Mo Yang’s group and 

the size is 3-5nm. GQDs have several advantages as drug delivery, such as low toxicity to 

cells[108], physical/chemical stability[109] and stable self-fluorescence[110]. Thus, the 

uptake of GQD and localization inside cells could be easily detected. The absorption peak 

of GQD is 350nm while emission peak is 450nm. Cell viability of GQD was tested at the 

concentration of 400 ug/ml up to 48h, showing that the cytotoxicity of GQD was low.  

2.7 Mechanics in nanoparticle uptake 

2.7.1 Microenvironmental mechanics 

It has become increasingly clear that mechanical factors play important roles in the 

regulation of cellular functions[111] and tumor progression[112, 113]. Recent findings 
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show that mechanical properties of the microenvironment significantly influence 

nanoparticle uptake via the effects on endocytosis pathways and cell contractility[114, 115]. 

Huang et al. reported that cellular uptake of nanoparticle was increased when the cell-

seeding-substrate stiffness decreased [116] (Fig 2.14). 

2.7.2 Nanoparticle stiffness 

Stiff substrate suppresses cellular uptake of nanoparticles, and stiff nanoparticle also 

prevents cellular uptake. Guo found that in breast cancer cell line MDA-MB-231 and MCF-

7 as well as in normal breast tissue cell line MCF-10, when the stiffness of nanoparticle 

increased, the nanoparticle cellular uptake decreased, as shown in Fig 2.15[117]. Another 

two studies concluded the similar result that low rigidity of nanoparticles enhanced their 

endocytosis and drug delivery efficiency[118, 119]. As suggested in these results, 

mechanics may be critical in cellular uptake of nanoparticles through affecting various 

cellular signaling pathways.  

Previous research has demonstrated that stiff substrate and soft nanoparticles promote 

nanoparticle cellular uptake. However, the roles of cell mechanics in cellular uptake still 

remain unknown. Despite substrate and nanoparticle mechanical factors, we hypothesize 

Figure 2.14 Cellular uptake of nanoparticles on PA substrates of varying stiffness [10] 
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that cell mechanics can regulate nanoparticle uptake. Cell mechanics are inversely 

associated with tumor malignancy in many types of cancer[120]. Cancer cells exhibit less 

F-actin assembly and lower cellular stiffness than their healthy counterparts[121, 122]. 

Highly metastatic tumor cells are much softer than weakly metastatic cells[123]. 

Importantly, malignant CSCs hold considerably lower level of stiffness than bulk tumor 

cells[59, 61, 124]. Therefore, low cellular stiffness can be a unique feature of CSCs across 

various cancers. If low cell stiffness could promote nanoparticle uptake, low cell stiffness 

could be a novel physical marker for targeting CSC.  

2.8 Nanoparticle entered cancer cells mainly through Clathrin and Caveolae-

mediated endocytosis pathway 

Nanoparticles enter living cells mainly through two mechanisms including phagocytosis 

and pinocytosis. However, phagocytosis is usually suitable for nanoparticles at a large 

Figure 2.15 Cellular uptake of nanoparticles on PA substrates of varying stiffness [10] 
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size >500nm, while pinocytosis is preferred when nanoparticles are smaller. Pinocytosis 

can be further divided into clathrin and caveolin-mediated endocytosis (Fig 2.16).  

2.8.1 Clathrin-mediated pathway  

Clathrin-mediated pathway is the classical route of cellular entry among all mammalian 

cells[125]. Clathrin-mediated pathway is responsible for the uptake of essential nutrients 

like cholesterol carried into cells by low density lipoprotein (LDL) via the LDL receptor, 

or iron carried by transferrin (Tf) via the Tf receptor. Additionally, Clathrin-mediated 

pathway also exerts a key role in down-regulation of cell signaling by internalization and 

degradation of receptors and maintaining cellular homeostasis such as by trafficking ion 

pumps [126]. 

Mechanistically, Clathrin-mediated pathway requires engulfment of receptors in 

association with their ligands to a coated pit[127]. Polymerization of a cytosolic protein 

named clathrin-1 forms the pit. The pit forming also involves assembly proteins like AP180 

Figure 2.16 Endocytosis pathways [2] 
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and AP-2[127]. Several accessory proteins such as amphiphysin, Eps15 and intersectin, act 

as scaffolds that link the endocytic machinery with actin cytoskeleton[128]. Within cells, 

the clathrin coat is shed off and the vesicles fuse with the early endosomes where they are 

sorted to late endosomes/lysosomes, to trans-Golgi network or to the recycling endosomes 

to be transported back to plasma membrane[129]. 

2.8.2 Caveolae-mediated pathway 

Caveolae belong to a subset of lipid rafts, the cholesterol-rich plasma membrane regions 

that cluster endocytosis and signal transduction functionalities[130]. Caveolin-1, which is 

necessary for biogenesis of caveolae, is the definitive characteristic of caveolae[126]. 

Subsequent vesicle fusion was mediated by the components of the caveolae endocytic 

machinery including proteins such as cavin, dynamin, vesicle-associated membrane 

protein (VAMP2) and synaptosome-associated protein (SNAP)[131]. In comparison with 

Clathrin-mediated pathway, Caveolae-mediated pathway is slower in vitro. However, it 

can bypass lysosomes[132]. 

Caveolin-1 is a very promiscuous protein, which binds and promotes ordering of multiple 

molecules containing lipids, fatty acids, and membrane proteins[132]. Thus, caveolae 

sequester multiple ligands responsible for cellular signaling and their downstream 

signaling components in proximity for efficient signal activation and transduction. Several 

nanomaterials are reported to enter cells via caveolae. This pathway has attracted 

considerable attention in nanomedicine since it can bypass lysosomes. Furthermore, the 

caveolae-mediated endocytosis is the most prominent trans endothelial pathway and thus 

this route may be employed for trans-vascular delivery of nanomaterials[133]. 
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Chapter 3: Methodology 

3.1 Cell culture, cell lines, reagents 

Human liver cancer cell lines; Huh7, PLC/PRF/5, HepG2, Hep3B, MHCC97-L (ATCC) as 

well as human breast cancer cell lines; MCF-7, MDA-MB-231, and SKBR3 cells (ATCC) 

were cultured in Dulbecco's Modified Eagle Medium (DMEM, HyClone, Logan, UT) with 

10% fetal bovine serum (HyClone) and 1% penicillin/streptomycin (HyClone) and cultured 

under a 95% air, 5% CO2 humidified environment at 37℃ incubator. Normal breast 

epithelial MCF-10A cells (ATCC) were cultured in DMEM/F12 (Invitrogen#11330-032) 

with 5% horse serum (Invitrogen#16050-122), EGF (20 ng/ml), hydrocortisone (0.5 

mg/ml), cholera toxin (100 ng/ml), insulin (10 µg/ml), and 1% penicillin/streptomycin 

(HyClone). Cells were passaged every 3-4 days with 0.25% Trypsin (HyClone). The cells 

used for any experiments involved in the present study were no more than 20 passages. 

3.2 Cell treatment with pharmacologic drugs, plasmids, and siRNAs. 

Human liver cancer cells were pre-treated by 6μM Y-27632 (Selleckchem), 2μM 

Blebbistatin (Selleckchem) or CytochalasinD (Selleckchem) for 48h to soften cell stiffness. 

To stiffen liver cancer cells, 20nM Jasplakinolide (Tocris #2792/100U) or 1nM 

Narciclasine (MedChemExpress) were used to pre-treat liver cancer cells for 12h. Wnt-β-

catenin pathway activator LiCl was used at the concentration of 2μM to activate Wnt-β-

catenin pathway during the whole process in either fibrin gel or soft agar. Wnt-β-catenin 

pathway inhibitor IWR-1-endo was used at the concentration of 0.2μM to inhibit Wnt-β-

catenin pathway during the whole period of fibrin gel or soft agar culture. The 

concentration of LiCl was chosen in which control group could form significant larger 

colony in comparison with non-treated control cells. The concentration of IWR was chosen 
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in which control group could not form significant smaller colony when compared with non-

rated control cells.  

Human breast cancer cells were treated with 10 µM Y-27632 (Selleckchem), 6 µM 

Blebbistatin (Selleckchem), 20 nM Jasplakinolide (Tocris #2792/100U), or 1 nM 

Narciclasine (MedChemExpress #HY-16563) for 12 h for the modulation of cell mechanics. 

To inhibit nanoparticle endocytosis, 25 µM Genistein (Selleckchem #S1342), 3 µM 

Chorpromazine (Selleckchem #S5749), or both were used to treat cells for 30 min. 

3.3 Cell transfection by plasmids 

Human liver cancer cell lines and breast cancer cells were transfected with constitutive 

active CA-MLCK, CA-ROCK, and empty plasmids by lipofectamine 3000 Reagent 

(Thermo Fisher). These are lentiviral vector pSLIK containing the TRE tight Doxycycline-

inducible promoter and YFP variant Venus. Viral particles were packaged in 293T cells and 

used to infect cancer cells at a multiplicity infection of 1IU/cell. Cells were seeded to be 

70-90% confluent on 6-well-plate and allowed to settle down overnight. For each well, 

7.5ul of Lipofectamin 3000 reagent was diluted in 125ul Opti-MEM medium and mixed 

well. The master mix of 2500ng DNA was diluted by 125ul Opti-MEM and then 5ul P3000 

reagent was added and mixed well. Subsequently, 125ul of diluted lipo3000 reagent was 

added to each tube of DNA master mix with the ratio of 1:1. The total mix was incubated 

at room temperature for 10-15min and then added to cells. The transfected cells were 

visualized and analyzed after 48h of transfection. The preparation of genetically stiffen 

Huh7 cells including firstly transfect 293T and then collected the suspension medium 

containing the well-packaged viral of CA-MLCK and CA-ROCK. Then, the transfection 

medium was used to transfected target cells, Huh7 or other liver cancer cells. After 48h, 
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the transfection medium was removed, and 50ng/ml Doxycycline medium would be added 

to induce the over expression of MLKC or ROCK. In order to induce expression from the 

Doxycycline promoters, 50 ng/ml Doxycycline (TargetMol) was used to activate the 

plasmids in the transfected cells for at least two days. The following experiments were 

conducted after 48-72h of Doxycycline inducing. 

3.4 RNA interference 

The use of short interfering RNAs (siRNAs) was employed to inhibit the translation of 

mDia1 and MLCK by the transfection of lipofectamine 3000 Reagent (Thermo Fisher) at 

the concentration of 10nM. Cells were seeded to be 40-60% confluent on 6-well-plate and 

allowed to settle down overnight. For each well, 7.5ul of Lipofectamin 3000 reagent was 

diluted in 250ul Opti-MEM medium and mixed well. Subsequently, 1ul of siRNA (20μM 

stock) was diluted by 250ul Opti-MEM. Next, 250ul of diluted lipo3000 reagent was added 

to each tube of siRNA mixed with the ratio of 1:1. The 500ul total mix was incubated at 

room temperature for 10-15min and then added to cells cultured in 1.5ml full medium to 

arrive the final siRNA concentration of 10nM. The transfected cells were visualized and 

analyzed after 24-72h of transfection. Since siRNA does not replicate, the effects of 

inhibition by siRNA are transient. Thus, a new transfection must be performed before each 

experiment.  

3.5 Cell proliferation and cell viability assay 

Cells will be plated in 96-well plates at the density of 2x103 cells per well and settled 

overnight. The cells will be incubated 0h, 24h or 48h. Then, their corresponding 

proliferation will be tested. MTS assay was used to determine cell proliferation. After being 

incubated for the required time, 50ul of MTS will be added into each well. After a 4-hour 
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incubation at 37° in darkness. A multi-well plate reader will be used to record the 

absorbance of each well at 492nm. The experiment was carried out three times, with 3 

wells for each treatment condition. The method of cell viability was detected by MTS assay 

described before. 

Cell viability was detected by MTS assay. 100 µl of cell solution with the density of 

5x104/ml was plated into each well of the 96-well plate overnight. After removing the 

medium, 20 µl of sterilized CellTiter 96 Aqueous One Solution (5mg/ml, Promega) was 

added to each well. After 4 h incubation in darkness at 37°C, the absorbance of each well 

was measured at 490 nm by the Benchmark Plus microplate reader (Bio-Rad). The 

experiment was performed 3 times with at least 3 wells for each condition. 

3.6 Cell stiffness measurement by atomic force microscopy 

Atomic force microscope (AFM, Bruker Catalyst) was used to measure cell stiffness. The 

studies will be conducted using a Bruker Bioscope with a combined inverted optical 

microscope (Nikon). The conduct mode and liquid mode will be used in AFM software and 

the silicon nitride cantilevers used for probing cells will be with the spring constants of 

0.02N/m and tip radius of 20nm. Each kind of cells will be cultured in 60mm dish with a 

cell density of 300,000 cells each plate. Meanwhile, silicon nitride cantilevers with the 

spring constant k of 0.02-0.08 N/m at room temperature were chosen. The scan size for all 

measurements would be set to 0nm to maintain a constant position over the cell, and the 

tip would be brought into contact with the central nuclear region of the cell. Mechanical 

measurements would be collected at room temperature.  

The Young’s modulus E would be determined by force-displacement cures recorded at 1Hz. 

Hertz model would be used to fit with the force-indentation curves to calculate Young’s 
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modulus. The Poisson ratio of the cell would be set as 0.5, which is a representative of soft 

biological materials. To prevent damage to cells, measurements would be collected with an 

indentation force of 200pN and indentation depth of 1um. The apparent Young’s modulus 

would be averaged from 5 different nuclear location per cell. The force F between tip and 

cell was the product of the cantilever deflection δ and k, i.e., F = k × δ. The force (F) 

between the measured cell and the cantilever’s tip was the product of the cantilever 

deflection δ and k, i.e., F= k x δ. The cell Young’s modulus E could be calculated by fitting 

the force-indentation curves with Hertzian model for a pyramidal tip, i.e., 

F=2/π×tan(α)×E/(1-v2) ×d2, where α is the half tip angle, v is 0.5, and d is the indentation 

depth. d was kept within 500 nm at 1 Hz to avoid potential substrate effects and cell damage. 

For each condition, at least 40 cells would be randomly chosen for measurement. 

3.7 Self-renewal assay: fibrin gel 

Cells were maintained in flask with DMEM cell culture medium supplemented with 10% 

fetal bovine serum at 37°C with 5% CO2. After trypsin treatment, cells would be detached 

and suspended in DMEM and cell density would be adjusted to 105
 
cells/ml. Fibrinogen 

was diluted into 1mg/ml concentration with T7 buffer (50mMTris, 150 mM NaCl, pH7.4). 

1:1 fibrinogen and cell solution mixture would be made by mixing the same volume of the 

fibrinogen solution and the cell solution, resulting in 1 mg/ml fibrinogen and 10000 

cells/ml in the mixture. 50 μl mixture was seeded into 3 wells of 96 well-plate each, which 

had been pre-added with 5 μl thrombin (4U/ml). The solution was gently mixed by 

pipetting up and down twice and swirling to spread the gel throughout the whole well. The 

plate was transferred to 37°C cell culture incubator, enabling the solutions to continue to 

gel for 10 min. Finally, 160 μl DMEM cell culture media containing 10% FBS and 1% 
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antibiotics were added. Thirty colonies were captured randomly every day to determine the 

size of the colonies for up to 6-7 days. Image J was used to analyze colony area. Then, 

colony size was calculated according to colony area. 

To collect fibrin-selected CSCs, cells were cultured for 5-7 days in fibrin. Then, fibrin gels 

were dissolved using a solution mixture of Collagenase (Sigma C0130) and Dispase II 

(Sigma D4693). Collagenase and Dispase II were diluted by 2 ml PBS at the final 

concentration of 0.08 and 0.4% (w/v), respectively. 400 μl of the solution was added to a 

well (24-well plate size) containing 300 μl fibrin gel with 600 μl of existing culture medium, 

taking 30 min to dissolve at 37 °C. To scatter colony to single cells, 0.2% EDTA was added 

at the last 10min of treatment. Subsequently, cells were washed by PBS twice, 

3.8 Colony formation assay in soft agar 

The soft agar colony formation assay is a method to evaluate cell stemness and 

carcinogenesis based on anchorage-independent cell growth.2ml 1% agarose was added 

into each well of 6-well plates to get concrete bottom layer of the soft agar and allowed to 

cool down for 30 min at room temperature. Then, 0.8% agarose was prepared which is 

composed of 2.680 ml 3 % Agarose, 6.316 ml RPMI DMEM medium+ 10 % FBS and 

1.004 ml 100 % FBS in total 10ml. Then, cells were mixed with 3% of agarose, DMEM, 

and FBS at appropriate ratios to achieve 0.4% agarose and 10% FBS. 4×104 cells/ml 

suspension was mixed 1：1 with 0.8% agarose. Then, 2 mL mixture on the top of bottom 

layer each well was added. The 6-well plate was kept at 4℃ for 10 min and was then 

incubated at 37°C with 5% CO2. 4-5 drops of complete medium every 4 days were added. 

After being incubated for 28 days, the colonies were with 0.5 ml of 0.005% Crystal Violet 
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for 1h in darkness. Colonies could be counted and imaged under microscope. For each 

condition, at least three wells of soft agar were prepared and analyzed.  

3.9 Mammosphere formation assay 

Adherent cells were collected using the standard procedures as previously described. Cells 

were resuspended in PromoCell 3D Tumorshere Medium XF at the concentration of 10,000 

cells/ml. For each condition, 3 wells of 6-well suspension culture plate were set with 1ml 

medium each well. The culture was incubated for 7 days. 0.5ml of fresh PromoCell 3D 

Tumorsphere MediumF was added every 3-4 days. The colony number was detected at 7 

day.  

3.10 RNA isolation and real-time PCR 

Total mRNAs were extracted by Aurum Total RNA Mini Kit (Bio-Rad) and complementary 

DNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo) 

according to the manufacturer’s instructions, respectively. Briefly, cells were plated on 6-

well-plate and allowed for the treatment. After treatment, cells were collected using trypsin 

and then washed by PBS twice. Collected cells were dried off before the addition of lysis 

buffer (700 ul). The lytic cell solution was then transferred to the yellow collect column 

with collect tube from total RNA Mini Kit (Bio-Rad). Tubes were centrifuged at 16673 rcf 

for 2min to separate RNA in collect tubes. Subsequently, the separated RNA solution was 

washed by 700 ul of 70% ethanol and transferred to pink volume twice with collect tube. 

Every time, the pink tubes were centrifuged at 10000 rcf for 1min to separate RNA on the 

membrane of pink column. The lower liquid in collect tubes was discard every time after 

centrifuge. Afterwards, 200ul of RNA washing buffer I were added to each tube and 

allowed to centrifuge at 10000 rcf for 1min. After centrifuge, 75ul of DNAase (73.5ul 
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DNAase buffer + 1.5ul DNAase) were added to each membrane of pink column and 

allowed DNAase to react on membrane at room temperature for 15min to dispose DNA. 

After 15min, 250ul of RNA washing buffer I was added to each tube and settled for 2min 

in order to stop reaction before centrifuge at 10000 rcf for 1min. After discarding lower 

liquid, 500ul of RNA washing buffer II was added to column and centrifuge for 1min at 

10000 rcf for twice. Then, the columns were centrifuged at 16873 rcf for 1min and then 

transfer column to marketed, the column was transferred to a 1.5 ml tube to collect the final 

RNA. 20-40ul RNAase free water was added to dissolve RNA and centrifuged at 16873 

rcf for 2min to collect RNA. For transcription process, the concentration of RNA was firstly 

detected by Nanodrop One (Thermo).  According to the concentration of RNA from 

different conditions, the same concentration of the RNA was diluted using RNAase free 

water. 1ul of Oligo(dT)18 primer and 11ul of RNA solution (at the same concentration) 

were added to each mini tube. After mixing, the C1000 touch Thermal Cycler was used to 

incubate at 65℃ for 5min and then cooled down to 4℃. After cooling down, 4ul of 5x 

reaction buffer, 2ul 10nM dNTP Mix, 1ul RiboLock RNase Inhibitor (20U/ul) and 1ul 

RevertAid M0MuLV RT (200U/ul) were added to each mini tube. After mixing, the 

Thermal Cycler was used to incubate the mixture for 5min at 25℃ followed by 60min at 

42℃. Then, the reaction was terminated by heating at 70℃ for 5min. The cDNA could be 

used for conducting further PCR analysis. Quantitative RT-PCR was performed using 

Forget-Me-Not EvaGreen qPCR Master Mix with Rox (Biotium) and CFX96 Real-Time 

System (Bio-Rad). The sequences of all the primers were obtained from the National 

Centre for Biotechnology Information (NCBI) database, as listed in the Supplementary 

Table 1. In terms of data analysis, the expressions of all genes were normalized by 
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employing the cycle threshold method against human glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). 

3.11 Flow cytometry 

Flow cytometry analysis was performed on BD Accuri C6 Flow Cytometer using CFlow 

software. For each condition, cells were detached by 0.2% EDTA in PBS and incubate at 

37℃ for 30min. Cells were washed by PBS twice and centrifuged at 1000rpm for 5min. 

Then, 2% FBS in DMEM was used to dilute antibodies and incubate cells at 4℃ for 30min. 

For each kind of cells, an unstained group needs to be prepared in order to exclude cell 

self-fluorescence. Then, cells were rinsed with PBS and resuspended in 200 ul of 2% FBS-

PBS. The cells were filtered through a 60μm cell strainer to obtain single cell suspension 

before sorting. Then, the percentage of EpCAM+ subpopulation in each condition was 

detected by BD Accuri C6 flow cytometer. 

3.12 FACS sorting CSC 

Cells were pre-treated as described in flow cytometry while using BD FACSAria III Cell 

Sorter for sorting. Huh7 cells were suspended by 0.2% EDTA-PBS, washed twice using 

PBS and then co-cultured with EpCAM antibody. The concentration of cells was 

determined to 106 cells/ml for antibody co-culture. The antibody was diluted to 1:2000 

using 2% FBS in PBS and cells were co-cultured with diluted antibody on ice for 30min. 

After being centrifuged and washed by PBS for twice, cells were sorted to EpCAM+ and 

EpCAM- cells by BD FACSAria Cell Sorter. Unsorted suspended cells were set as control. 

Sorted cells were centrifuged and resuspended by full medium and cultured on petri dish 

or for further detection. 
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3.13 Hochest assay 

Cells were resuspended at 1 x106/mL in DMEM with 2% FBS and 10mM Hepes. Hoechst 

33342 dye was added at a final concentration of 5 ug/mL in the presence or absence of 

50μM verapamil and the cells were incubated at 37°C for 120 min with intermittent shaking. 

At the end of the incubation, the cells were washed with ice-cold PBS, centrifuged down 

and resuspended in ice-cold PBS containing 2% FBS and 10mM Hepes. The cells were 

filtered through a 60μm cell strainer to obtain single cell suspension before sorting. 

Analyses and sorting were conducted on a BD FACSAria III Cell Sorter. The Hoechst 

33342 dye was excited at 357 nm and its fluorescence was dual-wavelength analyzed (blue, 

402–446 nm; red, 650–670 nm). 

3.14 F-actin staining 

Cells were plated on gelatin-coated coverslips in 24-well-plate overnight and then fixed 

with 4% formaldehyde (Sigma Aldrich) for 30 min at room temperature. The fixed 

coverslips were washed 3 times by PBS for 15 min and subsequently incubated with 0.1% 

Triton X-100 (SAFC) in 1% BSA for 1 h at the room temperature for permeabilization. 

After washing the cells with PBS, 1x green fluorescent phalloidin conjugate working 

solution (AbCam) was added to the cells for 1h for F-actin staining. To stain Bmi-1, 

CXCR4, clathrin and caveolin-1, the cells were incubated with the primary antibody of 

Bmi-1, CXCR4, clathrin and caveolin-1 in 1% BSA overnight at 4°C. Then, the coverslips 

were washed with PBS and incubated with goat anti-rabbit IgG H&L (Alexa Fluor® 488) 

(Abcam), goat anti-mouse IgG (H+L) highly cross-adsorbed secondary antibody, and 

Alexa Fluor Plus 488 (Invitrogen) in 1% BSA for 1 h at the room temperature, respectively. 

After gentle washing, the cells were counterstained with DAPI (Thermo Fisher) for nuclear 
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staining. For each condition, at least 100 cells were imaged using the inverted fluorescent 

microscope (Nikon) and the fluorescence intensity was analyzed by ImageJ.   

3.15 Immunofluorescence staining 

Cells were plated on gelatin-coated coverslips in 24-well-plate overnight and then fixed 

with 4% formaldehyde (Sigma Aldrich) for 30 min at the room temperature. The fixed 

coverslips were washed 3 times by PBS for 15 min and then incubated with 0.1% Triton 

X-100 (SAFC) in 1% BSA for 1 h at the room temperature for permeabilization. After 

washing the cells with PBS, 1x green fluorescent phalloidin conjugate working solution 

(AbCam) was added to the cells for 1 h for F-actin staining. To stain Bmi-1, CXCR4, 

clathrin and caveolin-1, the cells were incubated with the primary antibody of Bmi-1, 

CXCR4, clathrin and caveolin-1 in 1% BSA overnight at 4°C. Then, the coverslips were 

washed with PBS and incubated with goat anti-rabbit IgG H&L (Alexa Fluor® 488) 

(Abcam), goat anti-mouse IgG (H+L) highly cross-adsorbed secondary antibody, and 

Alexa Fluor Plus 488 (Invitrogen) in 1% BSA for 1 h at the room temperature, respectively. 

After gentle washing, the cells were counterstained with DAPI (Thermo Fisher) for nuclear 

staining. For each condition, at least 100 cells were imaged using the inverted fluorescent 

microscope (Nikon) and the fluorescence intensity was analyzed by ImageJ.   

3.16 Western Blot. 

Proteins were extracted from the lysed cells by Men-PerTM Plus membrane protein 

extraction kit (Thermo Fisher #89842). Trans-Blot Turbo (Bio-Rad) was employed to 

transfer proteins from 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel 

(SDS-PAGE) to a PVDF western blot membrane. The transferred membrane was incubated 

with 3% BSA and then the primary antibodies of clathrin and caveolin-1 (AbCam) at 4°C 
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overnight with secondary antibodies, goat anti-mouse IgG (H+L)-HRP conjugate and goat 

anti-rabbit IgG (H+L)-hRP conjugate (Bio-Rad) for 2 h. GAPDH (AbCam) was used for 

reference. Then, the membranes were incubated with ClarityTM and Clarity MaxTM 

Western ECL Blotting Substrates and images were captured using ChemiDocTM Imaging. 

3.17 Co-Ip assay. 

Cells were suspended by trypsin and washed by PBS twice. Proteins were extracted from 

the lysed cells by Men-PerTM Plus membrane protein extraction kit (Thermo  

Fisher #89842). Then, cell extract was precleared with protein A agarose beads (SMART 

Lifescience). An APC antibody was added with protein A agarose beads for 30min and then 

co-incubated with cleared protein for 1h at the room temperature. Appropriate IgG was 

used as a negative control. Immunocomplexes were washed five times and then boiled in 

sodium dodecyl sulfate sample buffer for 5min. Proteins were analyzed using western blots 

as described above. 

3.18 The preparation of polyacrylamide gels. 

However, these surface proteins are dynamically evolving and thus may not be able to 

faithfully label CSCs during tumor progression. Large quantities of studies have casted 

doubt on the reliability of these proteins as functional CSC markers and the efficacy of 

surface marker-based nanoparticle-mediated cancer therapy. Therefore, it is essential to 

develop a novel nanoparticle-based strategy that harnesses reliable features as general CSC 

markers for specific CSC elimination. 

3.19 Synthesis of nitrogen-doped graphene quantum dots.  

Nitrogen-doped graphene quantum dots (N-GQDs) were prepared by employing a bottom-

up hydrothermal method. Briefly, 0.105 g of citric acid monohydrate (CA·H2O) and 1 ml 
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of Ethylenediamine (EDA) were dispersed in 4 ml of distilled (DI) water under vigorous 

stirring. Then, the mixture was added to a 10 ml Teflon-lined autoclave and heated at 

200 °C for 4 h. A yellow solution was obtained after cooling down to the room temperature. 

After the centrifugation, the supernatant was retrieved and passed through a 0.22 µm 

microporous filter membrane to further remove the residual large particles. The product 

was then purified by dialysis against DI water for 8 h (MWCO=1000) to remove excess 

reactants. Finally, the obtained light-yellow N-GQD aqueous dispersion was lyophilized 

for further characterization. 

3.20 Characterization of N-GQD and N-GQD@Dox complex.  

The shape, size and morphology of the synthesized N-GQDs and N-GQDs@Dox were 

characterized with a JEOL-2100F transmission electron microscopy (TEM) equipped with 

an Oxford Instrument energy-dispersive X-ray (EDX) spectrometry system. Fourier 

transform infrared spectrum (FTIR) was analyzed using a PerkinElmer Spectrum 100 FT-

IR spectrometer (PerkinElmer Inc., USA). UV–Vis spectra were performed on a 

UV/Visible spectrophotometer (Biochrom., England). The excitation and emission spectra 

were measured by a FLS920P Edinburgh Analytical Instrument (Edinburgh Instruments, 

England).  

3.21 Drug loading capacity of N-GQD.  

The loading of Dox molecules onto GQD was determined by measuring absorption at 484 

nm using a UV–visible spectrophotometer (Ultrospec 2100 Pro., GE). Generally, N-GQDs 

(1 mg) were stirred and mixed with Dox (1mg) in 1 ml of DI water for 48 h. The large 

precipitate was removed by centrifugation and the mixture was then purified with 3 kDa 

ultrafiltration to obtain N-GQDs@Dox complex. The unbound Dox was quantified via 
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analyzing the absorbance of the supernatant at the characteristic 484 nm. The drug loading 

capacity Q was defined as the following equation:  

where C0 was the initial concentration of drug molecule and C1 was the concentration of 

unbound drug molecule after adsorption. C0 and C1 were calculated from the calibrated 

relationship between Dox concentration and the absorption spectra at 484 nm. V was the 

volume of Dox solution and m denoted the mass of the sorbent.    

3.22 The measurement of Dox release from N-GQD@Dox.  

The Dox release was measured by following the dialysis method. The prepared N-

GQD@Dox solution was sealed into a dialysis tube with a membrane (1 kDa cut-off) in 

cap and immersed into PBS at pH 5.5 and 7.0, respectively. Then, the whole setup was 

placed in a shaker at the speed of 60 rpm. The PBS was collected at the indicated time 

points and the amount of released Dox was measured by UV-Vis spectrophotometer at 484 

nm. 

3.23 GQD uptake assay 

Cells were cultured on 8-kPa PA gels overnight and GQDs were added at the concentration 

of 80 µg/ml or others as specified and further cultured for 4 h at 37°C. Before imaging, the 

cells were gently washed by PBS for twice to remove the non-endocytosed nanoparticles. 

Subsequently, these cells were mounted at the stage of Leica TCS SPE confocal 

Microscope for imaging. The wavelength of the excitation light was 405 nm for GQD and 

488 nm for Dox and GQD-Dox. The wavelength of the emission light was 430-500 nm for 

GQD and 530-730 nm for Dox and GQD-Dox, respectively. Additionally, bright field 
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images of the cells were also captured. The fluorescence intensity of GQDs or Dox and cell 

area was analyzed by ImageJ, from which the fluorescence intensity per unit area could be 

calculated. For each condition, at least 60 cells were imaged. 

3.24 Intracellular pH measurement. 

The intracellular pH of cancer cells was measured following the manufacturer’s protocol 

of pHrodoTM Green AM intracellular pH Indicator (Thermo Fisher). Briefly, the curve of 

the pH and the fluorescence intensity of the indicator was calibrated using Intracellular pH 

Calibration Buffer Kit (Thermo Fisher#P35379). The kit allowed cells demonstrate 

 

 

 

 

Figure 3.1 The calibration of the relationship between the fluorescence intensity of pH 

indicator and the intracellular pH. (a) The relationship between the fluorescence of pH 

indicator and the intracellular pH. Breast cancer cells were treated with the Intracellular 

pH Calibration Buffer Kit and the fluorescence intensity was measured. The 

fluorescence intensity and respective pH could be calculated, as shown in (b). 



64 

 

increasing fluorescence signal as intercellular pH value decrease. To qualify the 

fluorescence signal to pH value, the curve of the pH and the fluorescence intensity of the 

indicator was firstly calibrated using Intracellular pH Calibration Buffer Kit. By co-

culturing, the cells with standard pH buffer, the intercellular pH could maintain consistent 

with relative standard pH buffer including pH=5.5, pH=6.5 and pH=7.5 (Fig 3.1a). 

Through analyzing the mean fluorescence of cells at each pH standard buffer, the 

calibration curve of mean fluorescence per area could be corresponding to intercellular pH 

(Fig 3.1b). Various cancer cells were incubated with pHrodoTM Green AM intracellular 

pH Indicator (Thermo Fisher #35373) for 0.5 h and then the fluorescence intensity of the 

indicator was measured under the Leica TCS SPE confocal microscope. The intensity was 

analyzed by ImageJ and the intracellular pH was obtained from the calibrated pH-

fluorescence curve. 

3.25 Animal experiment of cell mechanics regulation cancer cell xenograft 

BALB-nude mice (5-week-old) were separated by sex and randomly grouped to 6 groups 

with 6 mice in each group. Three groups were for softening treatment and control (Control, 

si-MLCK, si-mDia1) and the other three groups were for stiffening cells xenograft (Empty, 

CA-MLCK, CA-ROCK). For each mouse, 5×106 of softening, stiffening or control Huh7 

cells were mixed with the same volume of matrigel solution (Corning® Matrigel® Matrix 

Phenol Red-free, #356237) and then subcutaneously injected into the right hind flanks of 

mice. The tumors were allowed to grow for 7 days in order to reach the volume of around 

100 µm3. Tumor size were measured every 4 days and the tumor volume was calculated as 

Volume=1/2×width×length2. All mice were euthanized at the end of the experiment and 

tumor tissues were retrieved and weighed. 
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3.26  Animal experiment of surgery for orthotopic injection to liver 

The mice were anesthetized using Ketamin-Xylazine PBS（1.0ml Ketamin + 0.5ml Xylazine 

+8.5ml PBS, 10ul/g. The mice were placed and kept on a heating pad. 75% ethanol was used to 

disinfect the skin for 3 times. The skin with forceps was grabbed and an approximately 1cm 

horizontal incision from the midline toward the left upper abdomen was made. Gently, the skin 

from the peritoneum was freed. The peritoneum lifting straight upward was grabbed and a small 

incision was made. The peritoneal incision was extended horizontally following the skin incision 

ensuring to see the tip of the scissors to not injure underlying organs. A cotton-tipped applicator 

was inserted into the left upper abdomen under the left lobe of the liver. The cotton-tipped 

applicator was removed slowly, which was gently rotated. With gentle traction, the left lobe of the 

liver with the left hand against the underlying cotton-tipped applicator was stabilized.  

For each mouse, 106 of softening, stiffening or control MHCC97L cells were mixed with 

the same volume of matrigel solution (20ul mix each mice). After the injection, slowly retract 

the needle from the liver was slowly retracted and gentle pressure on the needle insertion site with 

a cotton-tipped applicator was placed for several minutes to stop bleeding. Bupivacaine would be 

used to release the pain and injury that caused by surgery process every 12h up to 48h. 

Luminescence signal would be detected every week. 

3.27 Animal experiment of nanoparticle therapy 

For the 1st generation of tumor xenografts, female BALB-nude mice (5-week-old) were 

used for the animal experiment and treated with β-estradiol (ApexBio) two days before 

tumor cell injection. 5×106 of MCF-7 cells were mixed with the same volume of matrigel 

solution (Corning® Matrigel® Matrix Phenol Red-free, #356237) and then subcutaneously 

injected into the right hind flanks of mice. The tumors were allowed to grow for 7 days to 

reach the volume of around 100 µm3. Then, the mice were randomly grouped into 4 groups, 
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respectively, Control, Dox, N-GQD, and N-GQDs@Dox, and there were at least 6 mice 

for each group. PBS, Dox (5 mg/kg), N-GQD (5 mg/ml), and N-GQDs@Dox (5 mg/kg) 

were intraperitoneally injected into the mice every 4 days up to 28 days. Tumor size and 

animal body weight were measured every 4 days and the tumor volume was calculated as 

Volume=1/2×width×length2. All mice were euthanized at the end of the experiment and 

tumor tissues were retrieved and weighed. Subsequently, the xenografts were cut into small 

pieces and dissolved by collagenase solution. Single cells were obtained for further 

experiments. For the 2nd generation of tumor xenografts, 5×106 of tumor cells derived from 

the 1st generation of tumor xenografts in each group (i.e., Control, Dox, N-GQD, and N-

GQDs@Dox) together with the same volume of matrigel solution were subcutaneously 

injected into the right hind flanks of nude mice. The size of the generated tumors was 

measured at day 45 after the injection. 

3.28 Statistical analysis 

All the results were represented by mean ± standard error of the mean (SEM). The statistics 

between two conditions and among three or more conditions were analyzed by two-tailed 

Student’s t-test and analysis of variance (ANOVA), respectively. The post hoc Tukey or 

Bonferroni test was adopted in the ANOVA analysis for the comparisons with equal or 

unequal sample sizes. *, p<0.05; **, p<0.01; ***, p<0.001. 

 

 

 

 

 



67 

 

Chapter 4: Cell mechanics regulated tumor cell stemness 

Abstract 

People have found the correlation of cell stiffness and tumor progression, confirming that 

cancer cells are softer than normal cells and CSCs are softer than bulk cancer cells. We 

further revealed the role of cell stiffness in hepatocellular carcinoma cell tumorigenicity. 

To detect whether cell softening was the cause or consequence of cancer cell malignancy, 

we regulated cell mechanics. Softening liver cancer cells based on either cytoskeleton 

inhibitors or siRNA of MLCK/mDia1 significantly increased colony size in fibrin gel and 

colony formation in soft agar. Additionally, the expressions of CSC markers and stemness-

related-genes were also improved by cell softening. On the contrary, stiffening cancer cells 

using cytoskeleton activator or overexpression of myosin II related genes inhibited tumor 

cell self-renewal and stemness gene expression. In general, cell stiffness was not only the 

consequence of tumor progression and the alteration of cell mechanics might regulate the 

malignancy of cancer cells. 

4.1 The correlation between cell mechanics and tumor cell stemness 

As reported previously, there exists a correlation between cell mechanics and tumor cell 

malignancy. Metastatic tumor cells are softer than non-metastatic cells and more malignant 

cells are softer than less malignant cells. It has been demonstrated that 3D soft fibrin selects 

tumorigenic CSCs in several types of cancer [134, 135], including HCC. In the current 

project, we adopted this method to grow highly self-renewing CSCs. To test the self-

renewal, the fibrin-selected CSCs and non-selected Huh-7 cells were cultured in soft fibrin. 

The result proved that the selected cells generated much larger tumor spheroids than control 

cells (Fig 4.1a), suggesting their high self-renewal. Furthermore, the stiffness of these cells 
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was measured by AFM. Fibrin-selected CSCs (Young’s modulus: 1.5kPa) were 50% softer 

than non-CSCs or control cells (Young’s modulus: 3kPa) (Fig 4.1b). The expression of F-

actin in CSCs was around 30% lower than control (Fig 4.1c), suggesting lower cell stiffness. 

In addition, CSCs were also selected using liver CSC marker EpCAM. The colony size of 

EpCAM+ cells was around double of control, while EpCAM- cells formed smaller colonies 

(Fig 4.1d). The stiffness of EpCAM+ cells was around 1kPa while control and EpCAM- 

cells were around 3kPa (Fig 4.1e). The expression of F-actin in EpCAM+ cells was also 

around 25% lower than EpCAM- cells or control cells (Fig 4.1f). These findings suggested 

that tumorigenic CSCs exhibited much lower cellular stiffness than less tumorigenic tumor 

cells.  

  

 

 Figure 4.1. Cell stiffness is inversely related with cell stemness. a. Colony size of bulk 

Huh7 and Huh7 derived CSC in fibrin gel; b. Cell stiffness of bulk Huh7 and Huh7 

derived CSCs by AFM; c. F-actin expression of bulk Huh7 and Huh7 derived CSC by 

IF; d. Colony size of bulk Huh7 and selected EpCAM+ with EpCAM- cells in fibrin gel; 

e. Cell stiffness of Huh7 cells, EpCAM+ and EpCAM- cells; f. F-actin expression of 

bulk Huh7, EpCAM+ and EpCAM- cells by IF. *, p<0.05; **, p<0.01; ***, p<0.001. ns.: 

no significance.  
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4.2 Softening tumor cells enhanced liver tumor cell self-renewal 

4.2.1 Verification of experimental parameters for cell softening  

Since cancer cells with high tumorigenic potential showed low cell stiffness, we wondered 

whether cell mechanics could regulate tumor cell self-renewal and tumorigenicity. It has 

been known that cell stiffness is predominantly governed by actomyosin activity. 

Consequently, alteration in actomyosin activity could provide an effective way to modulate 

cell mechanics. In the present project, actomyosin or cell stiffness was modulated by 

targeting F-actin or myosin activity through F-actin disruptor Cytochalasin D (CytoD), 

ROCK inhibitor Y-27632, or myosin II inhibitor Blebbistatin (Bleb), respectively. It was 

of note that low concentrations of these inhibitors were used to moderately soften HCC 

cells, since tumor cells with high malignancy were softer than those with low malignancy 

to a certain degree. For specific modification, small interfering RNAs (siRNA) were used 

to silence MLCK or mDia1. The concentration of siRNA transfected was also moderately 

silencing MLCK or mDia1 to prevent the side effect on cell proliferation. 

As an upstream, ROCK can regulate F-actin polymerization and myosin II activity. Thus, 

Y-27632 could soften cancer cells through inhibiting ROCK. To test the efficiency of 

softening by Y-27632, cell stiffness was measured by AFM. The result demonstrated that 

when Huh-7 cells were treated with 6 μM Y-27632 for 48 h, cell stiffness had obvious 

reduction from ~3kPa to ~2kPa (Fig 4.2a). Accordingly, the expression of F-actin was also 

decreased, which might partially explain tumor cell softening (Fig 4.2b). Bleb is the 

inhibitor of non-muscle myosin II ATPase and inhibits the enzymatic activities of heavy 

meromyosin fragments of non-muscle myosin IIA and non-muscle myosin IIB. As a result, 

the contraction of myosin linking F-actin decreased, leading to the reduction of cell 
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stiffness. The softening effect of Bleb on Huh7 cells has been confirmed by AFM. In 

comparison with control group (3kPa), the stiffness of the cells treated by 2 μM Bleb for 

48h significantly decreased from 3kPa to 2kPa (Fig 4.2a). The bundling of F-actin was also 

affected (Fig 4.2b). Cytochalasin D inhibited the polymerization of G-actin into F-actin 

and thus reduced cell stiffness. After being treated by 0.1 μM Cytochalasin D for 48h, 

cancer cell stiffness decreased from 3kPa to 2kPa (Fig 4.2a).  

In order to inhibit cell mechanics genetically, siRNAs were used to silence MLCK and 

mDia1. Since high knockdown efficiency of these genes by siRNAs might affect cell 

survival and cellular functions, such as mitosis, the concentration of 10nM siRNA that were 

recommended by manual manuscript protocol were tested to decide the extreme effect on 

knocking down efficiency, cell stiffness and self-renewal. As shown in Fig 4.2c, when the 

concentration of transfected siRNA was 10 nM, the gene expression of MLCK or mDia1 

was reduced to 30-50%. Immunofluorescence result showed that F-actin decreased around 

by 20-30% after transfected with 10nM si-MLCK or si-mDia1(Fig 4.2d). To test the effects 

of siRNA on cell mechanics, cellular stiffness of these cells was measured. The histogram 

data proved that the cells transfected with 10nM si-MLCK and si-mDia1 contained more 

soft cells when compared with control group (Fig 4.2e).  
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4.2.2 Softening cells by pharmacological treatment promoted self-renewal 

To test the effect of cell softening on tumor cell stemness, Huh-7 cells were pre-treated 

using 0.1μM CytoD, 6μM Y-27632 or 2μM Bleb for 48h. Their self-renewal was tested 

using colony formation assay in both 3D fibrin gel and soft agar where colony size and 

number reflected the stemness. The results showed that moderately softened cells (CytoD, 

Y-27632, and Bleb) grew into much larger tumor spheroids than control cells, which could 

be found in Fig. 4.3a. The quantification of colony size illustrated that pharmacologic 

treatment of HCC cells significantly enhanced tumor spheroid growth in fibrin gels (Fig. 

4.3b), implying that cell softening promoted tumor cell self-renewal. Cells in fibrin gel 

were captured every day to trace the colony growth in each group.   

Figure 4.2 Demonstration of soften strategies. a. Cell stiffness of inhibitor treated cells; 

b. F-actin expression of inhibitor treated cells; c. siRNA knocking down efficiency; d, F-

actin expression of siRNA cells; e. Cell stiffness of siRNA cells. *, p<0.05; **, p<0.01; 

***, p<0.001.  
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To further confirm the findings, the stemness of tumor cells was examined in soft agar after 

pharmacologic treatment. The number of colonies formed in soft agar reflected tumor cell 

self-renewal. Huh7 cells were pre-treated similarly as above with the same inhibitors and 

then cultured in soft agar for up to 28 days. The colony number was counted at the end of 

the experiment. The treated cells formed larger colonies than control group, especially in 

the group of 0.1μM CytoD (Fig 4.3d), suggesting that pharmacologically softening cells 

enhanced tumor cell self-renewal. In addition, the colonies generated by the treated cells 

were much larger than those formed by control cells (Fig. 4.3c), especially the groups of 

0.1μM CytoD, 6μM Y-28732 and 6μM Bleb. 

 

 

 

 

Figure 4.3 Pharmacological cell softening enhanced self-renewal. a. Representative 

images of colonies formed in soft fibrin under different pre-treatment, scale bar=20um; 

b. Colony size of Huh7 cells in soft fibrin after pre-treated by cell mechanics inhibitors 

for 48h; c. Representative images of colonies formed in soft agar, scale bar=500um; d. 

Colony number of being pre-treated by cell mechanics inhibitors for 48h after 4 weeks 

of culture. *, p<0.05; **, p<0.01; ***, p<0.001.  



73 

 

To examine whether softening cells promoted tumor cell self-renewal in other HCC cells, 

we tested another liver cancer cell line PLC/PRF/5. Similar findings were observed after 

PLC/PRF/5 cells were softened using Y-27632 or Bleb and subsequently cultured in soft 

fibrin gel and soft agar. As shown in the results, 6μM Y-27632, or 2 and 6μM Bleb 

significantly increased the colony size in soft fibrin (Fig. 4.4a). 0.1μM CytoD, 6μM Bleb, 

or 2 and 6μM Y-27632 significantly increased the colony number in soft agar in PLC/PRF/5 

cells (Fig 4.4b). With the aim to extend our findings to other cancer types, we tested the 

colony formation ability of breast cancer cell line MCF-7 in soft agar. The colony number 

in MCF-7 cells softened by 2μM or 10μM Y-27632 was more remarkably compared with 

control cells (Fig 4.4c, d). These results suggested that softening cells enhanced tumor cell 

stemness and the obtained conclusion might be applicable to multiple cancer types, 

including liver and breast cancer.  
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4.2.3 Softening cells by siRNA targeting promoted self-renewal and 

tumorigenicity 

Our results have demonstrated that pharmacologically softening cells significantly 

enhanced HCC cell self-renewal. To exclude the potential side effect or off-target effect of 

pharmacologic treatment, siRNAs were employed to inhibit MLCK or mDia1 specifically, 

thus softening tumor cells. In accordance with the previous test, 10nM siRNAs targeting 

MLCK or mDia1 were transfected with Huh7 cells for 48h. Then, the stiffness and F-actin 

expression of these treated cells were measured. The results showed that cell stiffness and  

Figure 4.4. Pharmacological cell softening enhanced self-renewal in other cell lines. a. 

Colony size of PLC/PRF/5 cells after actomyosin inhibitors pretreated for 48h; b. Colony 

number of PLC/PRF/5 cells after inhibitors treatment in soft agar for 14 days; c. 

Representative images of breast cancer MCF-7 cells colony formed in soft agar and 

qualified colony number (d). Scale bar=500um. *, p<0.05; **, p<0.01; ***, p<0.001. 
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F-actin expression significantly decreased (Fig 4.2d, e). These cells were further cultured 

into soft fibrin and soft agar to test the self-renewal. Like the results of pharmacologic 

softening, HCC cells softened by si-MLCK and si-mDia1 grew into larger tumor spheroids 

in soft fibrin when compared with control cells (Fig 4.5a). In soft agar, the treated Huh7 

cells generated 70% more colonies than control cells (290 vs 170 colonies/well) (Fig. 4.5b, 

c). To further confirm the finding, the self-renewal of Huh7 cells transfected with si-MLCK 

Figure 4.5 Genetically cell softening enhanced self-renewal and tumorigenicity. a. 

Colony size of Huh7 cells after silencing MLCK or mDia1 by siRNA; b. Representative 

images of Huh7 cells colony formed in soft agar after 4 weeks of culture and qualified 

colony number (c); d. Representative images of suspension culture after Huh7 siRNA 

transfection; e. Colony number of Huh7 siRNA transfected cells in suspension culture for 

7 days; f. Tumor growth in mice; g. Tumor image at 40d; h. Tumor weight of mice; 

Luminescence signal of orthotopic injection to mice liver; j. Survival curve of liver 

patient. *, p<0.05; **, p<0.01; ***, p<0.001.  
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or si-mDia1 was tested by Mammosphere formation assay[136]. After 7 days of suspension 

culture, colony number was counted and compared among different groups. The result 

demonstrated that softening tumor cells by silencing MLCK and mDia1 increased the 

generated colonies by 1.5-fold (15 vs 10) and over double fold (28 vs 10) in comparison 

with control (Fig. 4.5d, e).  

Tumorigenicity of softening Huh7 cells was tested in mice xenograft model. Huh7 cells 

were transfected with si-MLCK, si-mDia1 or control and subsequently subcutaneously 

injected to 5-week nude mice. The size of tumor volume was measured every 4d after 14d 

of tumor formation. Tumor growth of si-MLCK/mDia1 was significantly faster compared 

with control in vivo (Fig. 4.5f). After 40 days of xenograft, tumors were taken out and 

weighted (Fig 4.5g). The tumor weight of control group was around 2g while softening 

cells formed tumors were more than 4g (Fig 4.5h). Orthotopic injection of soften liver 

cancer cells also showed similar data, suggesting that softening HCC cells formed larger 

tumor in mice liver (Fig 4.5i). Kaplan-Meier survival curve of liver cancer was analyzed 

with the expression of MLCK, mDia1 and ROCK1. The results proved that low expression 

of those cytoskeleton proteins significantly decreased survival in liver cancer patient (Fig 

4.5j), suggesting that high cell stiffness might be conductive to patient survival. 

To test the effect of cell softening on other HCC cells, HepG2, Hep3B and MHCC97L cells 

were transfected with si-MLCK or si-mDia1 and the self-renewal was tested. Similarly, 

softened HepG2 cells generated significantly much more colonies in soft agar (Fig 4.6b) 

and formed larger tumor spheroids in soft fibrin than control cells (Fig 4.6a). Cell softening 

increased the colony formation in Hep3B cells by over 50% (Fig 4.6c, d). MHCC97L also 

showed similar trend after cell softening (Fig 4.6 e, f). To note, not only in HCC cell lines, 
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but similar results were also found in other types of cancer cell lines (Fig. 4.7). Taken 

together, these results suggest that softening cells significantly enhances HCC cell self-

renewal, tumorigenicity while decreasing patient survival. 

 

 

 

 

Figure 4.6. Genetically cell softening enhanced self-renewal in other HCC cell lines. 

Colony size of HepG2 (a), Hep3B (c) and MHCC97L (e) siRNA transfected cell in fibrin 

gel; Colony number of HepG2 (b), Hep3B (d) and MHCC97L (f) siRNA transfected cell 

after being cultured in soft agar for 4 weeks. *, p<0.05; **, p<0.01; ***, p<0.001. NS: no 

significance. 
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Figure 4.7 Genetically cell softening enhanced self-renewal in other cancer cell lines. 

Colony size and number of MCF-7 (a), CT26 (c), Hela(c) and A549 (d) siRNA transfected 

cell in fibrin gel. *, p<0.05; **, p<0.01; ***, p<0.001. 
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4.2.4 Excess of cell softening reversely inhibited self-renewal 

Obviously, low concentrations of these inhibitors were used to moderately soften HCC 

cells, since tumor cells with high malignancy are softer than those with low malignancy to 

a certain degree. Actomyosin is important in not only cell mechanics but also various 

cellular functions, including cell survival and proliferation. As a result, it is critical to 

examine the influence of various levels of cell softening on tumor cell stemness. The 

colony size in fibrin gel shown in Fig4.7a represented the extensively used concentration 

each cell mechanics inhibitor, that is 1μM for CytoD, 20μM for Y-27632 and 50μM for 

Bleb, respectively. From day 1 to day 6, single cancer cells in control group grew gradually 

into tumor spheroids in soft fibrin gel, in which the colony size stood for the self-renewal. 

However, HCC cells treated by 1μM Cytochalasin D could grow into relatively larger 

spheroids in the first two days, which then shrank and died off after three days. Similarly, 

the cells treated by 50μM Bleb or 20μM Y-27632 had the similar size at day 1 to control 

cells. Nevertheless, the size of colonies generated by Bleb-treated cells at day 6 was almost 

the same as the first day, suggesting that these cells did not proliferate during the culture 

period. Although Y-27632-treated cells could gradually grow into large colonies, the 

colony size was considerably smaller than that in the control group (Fig. 4.8a). The above 

results suggested that high doses of inhibitors suppressed tumor cell self-renewal in fibrin 

gel. Then, for the treated time, we also tested from short-term pre-treatment to long-term 

continually treatment. Like high concentration blocking colony formation, long-term 

treatment using 0.1μM CytoD almost blocked colony growth in soft fibrin gel (Fig 4.8b). 

Though the long-term treatment of low concentration Y-27632 and Bleb did not inhibit  
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growth, they did not promote colony growth either and the colony size showed no 

significant difference in comparison with control group (Fig 4.8b), indicating that long-

term treatment using cell mechanics inhibitors would not promote self-renewal.  

As for genetically inhibiting cell mechanics using siRNA silence MLCK and mDia1, while 

entirely knocking down MLCK or mDia1 using 100nM siRNA for transfection, the colony 

would not grow in the fibrin while 10nM siRNA transfection had significantly enhanced 

self-renewal in fibrin gel as previously reported data (Fig 4.8c). Additionally, similar 

tendency was also found in colony formation assay (Fig 4.8d and e). This result suggested 

that excess silencing efficiency of MLCK or mDia1 could promote self-renewal.  

Figure 4.8 Excess of cell softening reversely inhibited self-renewal. a. High 

concentration of cell mechanics inhibitor pre-treated Huh7 cells size in soft fibrin; b. 

Long term treatment of cell mechanics inhibitor treated in soft fibrin; High and proper 

concentration of siRNA transfection Huh7 cells growth in soft fibrin gel (c), 

suspension culture medium (d) and soft agar (e). *, p<0.05; **, p<0.01; ***, p<0.001. 

NS: no significance. 
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Taken together, those data revealed that promotion of self-renewal by softening cells was 

conditionally decided by moderate softening level. Excessive cell softening might 

reversely inhibit self-renewal.  

4.3 The effect of cell softening on self-renewal could be reversed by concurrent 

cell stiffening  

Our results demonstrated that targeting Rho/ROCK signaling softened tumor cells and 

enhanced their self-renewal. To test whether Rho/ROCK signaling inhibition could 

influence tumor cell stemness via the effect on cell mechanics, HCC cells were transfected 

with si-MLCK or si-mDia1 and concurrently treated with an inducer of actin 

polymerization Jasplakinolide (Jas) and Rho signaling activator Narciclasine (Narci). 

These cells were then cultured into soft fibrin and soft agar for the assay of their self-

renewal. The result showed that Huh7 cells softened by siRNAs formed larger tumor 

spheroids than control cells (Fig 4.9a, b), which was in consistence with our previous 

finding. However, when the softened cells were treated with either Jas or Narci, the colony 

size was remarkably reduced and smaller than that of control group (Fig 4.9a, b). Clearly, 

Huh7 cells treated with Jas or Narci did not grow in soft fibrin regardless of cell softening. 

Similarly, tumor cell softening enhanced the colony formation in soft agar, while 

concurrent cell stiffening reversed this effect to the level of control cells (Fig. 4.9c). Taken 

together, these results indicated that silencing MLCK or mDia1 enhanced HCC cell self-

renewal possibly through the effect on cell mechanics.  
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4.4 Softening tumor cells increased the expressions of stemness genes and CSC 

markers 

To examine how tumor cell softening promoted liver cancer cell self-renewal, the effect on 

the expressions of stemness-related genes was examined at both mRNA level and protein 

level. At first, real-time PCR was used to measure the expressions of stemness-related 

genes, including Nanog, Oct4, Sox2, and CD133. The result proved that softening cells by 

Y-27632 and Bleb significantly up-regulated the expressions of Nanog (2-fold), Oct4 (up 

to 6-fold), and Sox2 (up to 4-fold) (Fig. 4.10a). It was of note that Cytochalasin D 

moderately increased those gene expressions. Softening cells by si-MLCK and si-mDia1 

significantly increased the expressions of Oct4 and CD133 but not Nanog and Sox2 (Fig 

4.10b). When HCC cells were softened by both pharmacologic treatment and siRNAs, the 

expression of Oct4 was increased, which might imply that Oct4 could be a potential target 

Figure 4.9 The effect of cell softening on self-renewal could be reversed by concurrent cell 

stiffening a. Colony size of siRNA MLCK transfected Huh7 with or without cell mechanics 

activator pre-treatment; b. Colony size of siRNA mDia1 transfected Huh7 with or without cell 

mechanics activator pre-treatment; c. Colony number of siRNA transfected Huh7 with or 

without cell mechanics activators Jas or Narci. *, p<0.05; **, p<0.01; ***, p<0.001.  
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gene underlying the effect of cell softening on tumor cell stemness in the following research 

of the current project.  

Several surface proteins are identified as CSC markers to isolate tumorigenic cells, 

including EpCAM, CD90 and CD133 for liver CSCs[137],[138, 139]. After Huh-7 cells 

were softened by pharmacologic treatment or siRNA transfection, the percentage of 

EpCAM+ cells were measured using flow cytometry in these treated cells. At least 10,000 

cell events were analyzed in each group and the results could therefore represent the level 

of EpCAM+ subpopulation. As shown in Fig 4.10c, the percentage of EpCAM+ cells in 

non-treated Huh7 cells were around 10%. After tumor cells were softened, the percentage 

of EpCAM+ cells were increased to around 20%, which was 2-fold of that in control cells. 

There was moderate increase in the percentage of EpCAM+ cells (from 10% to 14%) in 

HCC cells softened by siRNAs of MLCK or mDia1 when compared with the control group 

(Fig 4.10d). To further confirm this finding, we tested the percentage of HCC 

subpopulation positive of another two liver CSC markers, respectively, CD90 and CD133. 

The results showed that silencing MLCK increased the percentage of CD90+ cells from 5% 

to 15%, while inhibiting mDia1 elevated this amount to 10% (Fig 4.10e). In addition, 

softening cells by siRNAs increased the percentage of CD133+ cells from 3% to 4-5% (Fig 

4.10f). The immunofluorescence imaging demonstrated that silencing MLKC or mDia1 

shifted the peak of CD133+ expression to the higher side in the histogram compared with 

control cells (Fig 4.10g), suggesting that the expression of CD133 protein was elevated in 

softened tumor cells. Side population (SP) in tumor cells has been considered to enrich 

CSCs in HCC.  
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Figure 4.10 Softening tumor cells increased the expressions of stemness genes and CSC 

markers. a. mRNA expression of stem genes after cell mechanics inhibitors treatment; b. 

mRNA expression of stem genes after siRNA transfected in Huh7; c. EpCAM% after cell 

mechanics inhibitors treatment after 48h by flow cytometry; d. EpCAM% after siRNA 

transfection in Huh7 cells after 48h by flow cytometry; e. CD90% after siRNA transfection in 

Huh7 cells after 48h by flow cytometry; f. CD133% after siRNA transfection in Huh7 cells 

after 48h by flow cytometry; g. Histogram of CD133+cells after siRNA transfection in Huh7 

cells by immunofluorescence; h. EpCAM% after siRNA transfection in Hep3B cells after 48h 

by flow cytometry; i. CD90+% of siRNA transfected HepG2 cells by flow cytometry. *, 

p<0.05; **, p<0.01; ***, p<0.001.  
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We further examined whether softening HCC cells increased the SP fraction. As shown in 

the results, the percentage of SP cells was 0.3% in control Huh7 cells and considerably 

increased to 2.3%, 0.9%, and 1% after the treatment by CytoD, Y-27632, and Bleb, 

respectively (Fig. 4.10i). Not only in Huh7 cells, silencing MLCK or mDia1 also increased 

the percentage of EpCAM+ cells in Hep3B (Fig 4.10h) as well as the CD90+% in HepG2 

cells (Fig 4.10i).  

Therefore, it could be demonstrated from our results that softening HCC cells enhanced 

the expressions of stemness-related genes and CSC surface markers, which might account 

for the increase of liver cancer cell self-renewal after decreasing cellular stiffness.  

4.5 Cell softening-induced enhanced self-renewal was not due to enhanced cell 

proliferation 

We demonstrated that softening cells upregulated stemness-related genes and proteins and 

promoted the formation and growth of tumor spheroids. The increased spheroid growth 

could be due to the enhanced proliferation ability. To explore this possibility, HCC cells 

were treated similarly by the inhibitors targeting F-actin or myosin II and subsequently 

cultured on rigid glass. Cell proliferation was tested by MTS assay every two days (Huh7 

cell cycle: 48h). The data show that pharmacologic softening tumor cells did not promote 

cell proliferation but rather exhibited suppressive effects (Fig. 4.11a). Softening cells by 

siRNA exerted no effect on cell proliferation (Fig. 4.11b). All the obtained findings suggest 

that softening cells significantly elevated the expressions of stemness genes and enhanced 

the self-renewing ability of HCC cells not through the effect on cell proliferation. 
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4.6 Stiffening HCC cells suppressed their stemness 

4.6.1 Verification of the experimental parameters for cell stiffening 

Cell stemness and tumorigenic potential could be up regulated by softening cells. Then, we 

detected whether stiffen cells reduce cell stemness and tumorigenic potential. 

In the present study, we used two cell mechanics related activator Jas and Narci to stiffen 

the cells. To exclude potential side effect of reagent, we used two plasmids of consistently 

active MLCK or ROCK to stiffen cancer cells. After being treated by Jas (20nM) or Narci 

(1nM) for 12h, the stiffness of Huh7 cells increased from around 3kPa to almost 5kPa (Fig 

4.12 a) and the expression of F-actin also increased to double fold of control (Fig 4.12b). 

CA-MLCK/ROCK Huh7 cells demonstrated the similar results (Fig 4.12 c, d), suggesting 

that cell stiffness had been increased by the alteration of cell mechanics.  

 

 

 

 

Figure 4.11. Cell softening shows no effect on cell proliferation. a. Cell proliferation 

after cell mechanics inhibitors treatment in Huh7 cells; b. Cell proliferation after siRNA 

transfection in Huh7 cells. 
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4.6.2 Cell stiffening suppressed tumor cell self-renewal and tumorigenicity 

The stiffness of Huh7 cells was increased through overexpressing CA-MLCK or ROCK, 

while the cells transfected with empty plasmid were used as control. To test their self-

renewal, these treated cells were cultured in soft fibrin. The results proved that stiffening 

cells through the overexpression of CA-MLCK or CA-ROCK significantly suppressed the 

colony growth of Huh7 cells in soft fibrin compared to control cells (Fig. 4.13a). At day 7,  

Figure 4.12 Demonstration of cell stiffening. a. Cell stiffness after cell mechanics activators 

treatment; b. Cell stiffness after CA-MLCK and CA-ROCK transfection; c. F-actin 

expression after cell mechanics activators treatment in Huh7 cells by immunofluorescence; 

d. F-actin expression after CA-MLCK or CA-ROCK transfection in Huh7 cells by 

immunofluorescence. ***, p<0.001.  
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the colony size in the CA-MLCK group was half of that in the control group, and tumor 

spheroids in the CA-ROCK group were even smaller. Obviously, the induction reagent 

Doxycycline was added in the culture medium of all three groups though the culture period 

to activate the plasmids. To exclude the potential effect of Doxycycline and plasmid 

transfection, Huh7 cells were transfected with CA-MLCK or ROCK plasmids and 

subsequently cultured in soft fibrin with or without Doxycycline. As p in Fig4.13b, the 

cells transfected with empty plasmids with or without Doxycycline presented almost the 

Figure 4.13 Cell stiffening suppressed self-renewal and tumorigenicity. a. Colony size of 

CA-MLCK and CA-ROCK transfected Huh7 with Doxy induce in fibrin gel up to 7 days; 

b. Colony size of CA-MLCK and CA-ROCK transfected Huh7 with or without Doxy 

induce in fibrin gel up to 7 days; c. Colony number of CA-MLKC/ROCK Huh7 cells in 

soft agar; d. Colony number of CA-MLKC/ROCK Huh7 cells in suspension culture; e. 

tumor volume in mice; f. tumor tissue after 40d culture in mice; g tumor weight after 36d 

growth in mice; h. luminescence signal of orthotopic injection into mice liver. *, p<0.05; 

**, p<0.01; ***, p<0.001.  
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same growth trend, suggesting that Doxycycline at this concentration had no obvious side 

effect on tumor spheroid growth. The tumor spheroids generated by Huh7 cells with CA-

MLCK or CA-ROCK in the absence of Doxycycline exhibited the growth curve similar to 

that of control cells, indicating that the plasmid transfection did not significantly influence 

tumor growth (Fig 4.13b). When these plasmids were activated by Doxycycline, the size 

of tumor spheroids was considerably reduced. Colony formation in soft agar decreased by 

around 20-30% after stiffening Huh7 cells by CA-MLCK/ROCK (Fig 4.13c).   

Colony number formed in suspension culture decreased to only 20-30% of control cells 

(Fig 4.13d). Additionally, tumorigenicity of stiffen Huh7 cells was also detected in mice 

xenograft model. Mice were subcutaneously injected with CA-MLCK/ROCK or Empty  

 
Figure 4.14 Genetically cell stiffening suppressed self-renewal in other HCC cell lines. Colony 

size and colony number of transfected PLC/PRF/5(a,c) and MHCC97L(b, d) colonies in soft 

agar. **, p<0.01; ***, p<0.001.  
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Huh7 cells and fed with rodent chow with 0.1% Doxycycline to induce the expression of 

plasmids. The size of tumor volume was measured every 4d after 14d of tumor formation. 

Tumor growth of CA-MLCK/ROCK was significantly decreased in comparison with 

control in vivo (Fig. 4.13e). After 40 days of xenograft, tumors were taken out and weighted 

(Fig 4.13f). The tumor weight of control group was around 2.6g while stiffening cells 

which formed tumors were less than 0.3g (Fig 4.5h). Similar result was found in orthotopic 

injection xenograft mice model, that is, tumorigenicity of stiffen HCC cells was suppressed 

in mice liver (Fig 4.13h). 

To test the effect of cell stiffening on other HCC cells, another two liver cancer cell lines 

PLC/PRF/5 and MHCC97L were tested. The result of colony size in fibrin gel was shown 

in Fig 4.14a and Fig 4.14b, respectively. Over-expressing CA-MLCK or CA-ROCK 

inhibited tumor spheroid growth in soft fibrin gel in both two HCC cell lines. Colony 

formation ability of these two HCC cell lines was tested by soft agar assay. Stiffening cells 

significantly decreased colony formation ability of PLC /PRF/5 and MHCC97L cells (Fig 

4.14 c, d). Collectively, the obtained findings demonstrated that stiffening cells suppressed 

tumor cell stemness. 

4.6.3 Stiffening CSCs suppressed self-renewal 

Our results showed that stiffening conventional liver cancer cells significantly suppressed 

cancer cell self-renewal and colony formation ability. CSCs are a small subpopulation of 

cancer cells with high malignancy and low cell stiffness. We further tested whether 

stiffening CSCs could inhibit their stemness and malignancy. Huh7 cells were cultured in 

soft fibrin for 5 days. These fibrin-selected cells or CSCs were treated with Jas and then 

re-cultured into soft fibrin for performing the analysis of self-renewal. The results in Fig 
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4.1a showed that untreated CSCs grew much larger spheroids than control cells. In contrast, 

the pre-treatment by Jas stiffened CSCs and considerably suppressed the growth of tumor 

spheroids to the similar level of the size in the control group (Fig 4.15a, b). Furthermore, 

liver CSCs were genetically stiffened using CA-MLCK or CA-ROCK plasmids. The cells 

transfected with empty vector were employed as control group. Overexpressing CA-

MLCK or CA-ROCK in Huh7-derived CSCs obviously suppressed the growth of tumor 

spheroids (Fig. 4.15c and d). Taken together, stiffening both liver cancer cells and CSCs 

suppressed their stemness and self-renewal. 

  

 

 

 

Figure 4.15 Stiffening CSCs suppressed self-renewal. Representative images(a) and 

colony size (b) of Jas pre-treated Huh7 CSCs colonies in fibrin gel; Representative 

images(c) and colony size (d) of CA-MLCK or CA-ROCK transfected Huh7 CSC 

colonies in fibrin gel. Scale bar=20um. ***, p<0.001.  
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4.7 The suppressive effect of cell stiffening on tumor cell self-renewal was 

reversible 

4.7.1 Concurrent cell softening rescued the suppression of tumor cell self-

renewal caused by cell stiffening 

Furthermore, we explored whether overexpression of MLCK and ROCK suppressed CSC 

self-renewal through cell mechanics. Huh7 cells were transfected with CA-MLCK or CA-

ROCK plasmids in the presence of Doxycycline, which could activate the plasmids. During 

the induction period, Bleb or CytoD was added to the cells concurrently. Then, these pre-

treated cells were cultured in soft fibrin with Doxycycline but not Bleb/CytoD. The results 

presented in Fig4.16 showed that CA-MLCK and CA-ROCK blocked spheroid growth in 

soft fibrin, which was in consistence with our previous findings. Concurrent softening with 

Bleb or CytoD notably enhanced the size of tumor spheroids to the similar level of control 

cells. As demonstrated in the obtained finding, the suppressive effect of cell stiffening on 

self-renewal could be reversed by concurrent softening.  

 

 

 

Figure 4.16 Cell stiffness regulate self-renewal through actomyosin. a. Colony size of CA-

MLCK (a) or CA-ROCK transfected Huh7 cells pre-treated with or without cell mechanics 

inhibitors in fibrin gel cultured up to 7 days. **, p<0.01; ***, p<0.001.  
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 4.7.2 Halfway interruption of cell mechanics affected self-renewal during 

colony formation  

To detect whether the inhibition effect of cell stiffening was reversible, Huh7 cells were 

transfected with CA-MLCK/ROCK or Empty. Doxycycline was co-cultured with/without 

at the beginning of culture and then removed/added in the halfway (6d) of colony formation. 

Cells were cultured in fibrin gel up to 12d. Previous data confirmed that without Doxy 

inducing, the self-renewal of CA-MLCK/ROCK Huh7 cells was not affected (Fig 4.13b). 

From 1 to 6 days, Empty (black bar), CA-MLCK -/-(green bar) and CA-MLCK -/+(red bar) 

increased with similar trend while the growth of CA-MLCK +/- (orange bar) and CA-

MLCK+/+(blue bar) was inhibited (Fig 4.17a). After removing/adding Doxycycline at 6d, 

CA-MLCK +/- started growing while CA-MLCK-/+ stopped (Fig 4.17a). In addition, 

similar result was found in CA-ROCK Huh7 cells (Fig. 4.17b). The obtained data 

suggested that halfway alteration of cell mechanics could regulate the self-renewal. 

  

 

 

 

Figure 4.17 Halfway interruption of cell stiffness affected self-renewal. Colony size of CA-

MLCK(a) and CA-ROCK(b) with control in fibrin gel with or without Doxy and 

removed/added Doxy at 6d; cells were cultured in fibrin gel up to 12d. *, p<0.05; **, p<0.01; 

***, p<0.001. 
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4.8 Stiffening cells suppressed the expressions of stemness genes and CSC 

markers  

Then, we tested the influence of cell stiffening on the expressions of stemness-related genes 

and CSC markers. Huh7 cells were stiffened by overexpressing CA-MLCK/CA-ROCK or 

 

 

 

 

by Jas/Narci. As shown in the result, activating actomyosin by CA-MLCK/ROCK 

significantly down-regulated stemness-related genes, including Bmi1, CD133, EpCAM, 

Figure 4.18. Cell stiffening decrease stemness gene expression. a. mRNA expression of 

stem genes after CA-MLCK or CA-ROCK transfected Huh7 cells; b. EpCAM% after 

CA-MLCK or CA-ROCK transfection Huh7 cells by flow cytometry; c. mRNA 

expression of stem genes after Jas/Narci treated; d. EpCAM% after cell mechanics 

activators treated Huh7 cells by flow cytometry. **, p<0.01; ***, p<0.001.  
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LGR5, Nanog and Oct4 (Fig 4.18a). The percentage of EpCAM+ cells was remarkably 

reduced from 10% in control cells to 6% after stiffening (Fig 4.18b). Additionally, the  

expression of CSC marker CD133 also decreased to less than half than control in CA-

MLCK/ROCK cells (Fig 4.18c). Pharmacologic stiffening using Jas or Narci also 

significantly decreased the percentage of EpCAM+ cells in Huh7 cells from 10% to less 

than 8% (Fig 4.18d). These data suggested that stiffening cells downregulated stemness 

genes and decreased CSC fraction. Those data suggested that stiffening cells suppressed 

the CSC percentage and stemness gene expression. 

4.9 The reduction of colony growth was not due to the alteration of cell 

proliferation 

Our results have proved that stiffening cells significantly inhibits tumor cell self-renewal. 

To explore whether the reduction of colony growth arises from the effect on cell 

proliferation, Huh7 cells were transfected with CA-MLCK/CA-ROCK or treated by 

Jas/Narciclasine. Cell proliferation was measured on glass by MTS assay. The results 

demonstrated that stiffening cells by CA-MLCK/CA-ROCK exerted no obvious effect on 

cell proliferation (Fig. 4.19a). The treatment by Jas even moderately enhanced cell growth 

(Fig. 4.19b). These finding suggested that the reduction in tumor spheroid size was not due 

to the suppression of cell stiffening on cell proliferation.   
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Figure 4.19. Cell stiffening has no effect on cell proliferation. a. Cell proliferation of 

CA-MLCK or CA-ROCK transfected Huh7 cells; b. Cell proliferation of cell mechanics 

activators pre-treated Huh7 cells. 
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Chapter 5: Cell mechanics regulated the interconversion between CSCs 

and non-CSCs as well as maintained CSC phenotype, through APC-

mediated-Wnt-β-catenin pathway 

Abstract 

Previously, we proved that softening cancer cells promoted self-renewal while stiffening 

suppressed. In this chapter, we further revealed how cell mechanics regulate cancer cell 

self-renewal. CSCs are cancer cells with enhance self-renew ability. With the aim to detect 

the separate effects of cells mechanics in CSCs and non-CSCs, Huh7 cells were separated 

according to CSC marker EpCAM. EpCAM+ cells were assumed as CSCs and they were 

softer than EpCAM- cells(non-CSCs) as our expectation. The colony formation ability and 

self-renewal of EpCAM+ cells were higher than EpCAM- cells. Softening non-CSCs cells 

enhanced their self-renewal, suggesting that decreasing cell stiffness promoted the 

conversation from non-CSC to CSC. Reversely, stiffening CSCs accelerated their 

differentiation, while softening CSCs maintained their stemness. Through further detecting 

the underlying molecular mechanism, we found that Wnt pathway played a critical role of 

cell mechanics regulating self-renewal. The alteration of cell stiffness exerted influence on 

the activation of Wnt/β-catenin pathway. Cell softening activated Wnt pathway while cell 

stiffening inhibited. Evidence proved that the effect of cell mechanics to Wnt activation 

was through the regulation of APC, which was a key partner of β-catenin degradation 

complex. We further confirmed that Oct 4 was the downstream effected stem gene. In 

general, cell mechanics regulated the function of APC to the degradation of β-catenin, 

which would eventually regulate self-renewal through the effect of Oct 4 transcription 

regulated by Wnt pathway. 
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5.1 Cell softening promoted the conversion of non-CSCs into CSCs 

We previously demonstrated that cell mechanics regulated cancer cell stemness. Since 

CSCs and non-CSCs co-existed in the whole tumor cell population, it remained unclear 

whether cell mechanics regulated CSC functions through the effect on the conversion 

between non-CSCs and CSCs. To address this question, Huh7 cells were sorted into 

EpCAM+ cells as CSCs and EpCAM- cells as non-CSCs by FACS. Colony formation 

assay in fibrin gel (Fig 4.1d) demonstrated that EpCAM+ cells exhibited higher self-

renewal ability than unsorted cancer cells that have enhanced self-renewal ability in 

comparison with EpCAM- cells, suggesting that EpCAM+ and EpCAM- cells could be 

considered as CSCs and non-CSCs, respectively. To explore the difference in cell 

mechanics, the stiffness of EpCAM+ and EpCAM- cells was detected by AFM. According 

to the result, the Young’s modulus of EpCAM- cells was around 3 kPa while the stiffness 

of EpCAM+ cells was only 1 kPa (Fig 4.1e), suggesting that EpCAM+ cells were much 

softer than EpCAM- cells. The stiffness of unsorted cells was similar to that of EpCAM- 

cells, since EpCAM- cells were the majority of the whole population (Fig 4.9 c, d, Huh7 

involved 90% EpCAM- cells and 10% EpCAM+ cells). Since cytoskeleton was a 

determinant factor of cell mechanics, the expression of F-actin was examined. The result 

showed that EpCAM+ cells had less F-actin than EpCAM- cells and unsorted cells (Fig 

4.1f), which may explain the low stiffness of EpCAM+ cells. These findings further 

supported the inverse correlation between cell mechanics and tumor cell stemness.    

To explore the effect of cell softening on non-CSCs, EpCAM- cells were sorted and treated 

with CytoD, Y-27632, Bleb, or DMSO in petri dishes for up to 4 days, and subsequently 

cultured in soft fibrin and soft agar to test the self-renewal ability. The colony size of CytoD, 
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Y-27632 and Bleb treated EpCAM- cells was four times of the colonies generated by 

control cells (Fig 5.1a). In addition, the colony formation assay also showed that softening 

EpCAM- cells enhanced colony formation ability, which were reflected by increased 

colony size and colony number after softening (Fig 5.1 b, c). To examine whether non-

CSCs were converted into CSCs after softening, the percentage of EpCAM+ cells was 

measured after EpCAM- cells were softened with CytoD, Y-27632, and Bleb for 4 days. 

The percentage of EpCAM+ cells was approximately 5% in control and significantly 

increased to 10%, 8%, and 7% after the treatment of CytoD, Y-27632, and Bleb, 

respectively (Fig 5.1d). Clearly, further softening EpCAM+ cells exerted no effect on either 

self-renewal (Fig 5.1e, f) or the percentage of EpCAM+ cells (Fig 5.1g). Since EpCAM- 

cells were the stiffer population, we tested the effect of further stiffening EpCAM- cells. 

After being treated with Jas or Narci, the colony size in fibrin gel (Fig 5.1h) and colony 

number in soft agar (Fig 5.1i) did not change, suggesting that the self-renewal ability of 

EpCAM- cells could not be suppressed by further stiffening. The percentage of EpCAM+% 

after stiffening also presented no difference in comparison with control (Fig 5.1j). These 

results indicated that softening stiff non-CSCs facilitated the conversion into CSCs, while 

softening soft CSCs did not further enhance their self-renewal ability.  

5.2 Cell softening maintained the stemness of CSCs while stiffening facilitated 

their differentiation  

We proved that CSCs were much softer than non-CSCs and that cell mechanics regulated 

tumor cell stemness. When CSCs were cultured on glass for 7 days, their stiffness 

significantly increased (Fig. 5.2e) concomitantly with their differentiation (Tan et al., 
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Nature Communications, 2014). We further explored the role of cell stiffness in the 

maintenance of CSC self-renewal and the induction of differentiation. To achieve the above 

 

 

 

 

 

goals, the sorted EpCAM+ cells were cultured in petri dishes with or without Y-27632 for 

7 days. In the present study, undifferentiated CSCs and bulk tumor cells were used as 

positive and negative control, respectively. De-CSC was defined as differentiated CSCs 

that had been cultured on glass for 7 days. The mechanics of all these treated cells were 

measured and their self-renewal ability was tested in soft agar and fibrin. As shown in the 

results, the stiffness of control Huh-7 cells and differentiated CSCs was around 3 kPa and 

Figure 5.1 Cell softening convert non-CSCs to CSC. Colony size(a), colony number(b, c) 

and EpCAM+%(d) of EpCAM- cells treated with 0.1μM CytoD, 6μM Y-28732 or 2μM 

Bleb for 4d; Colony size(e), colony number(f) and EpCAM+%(g) of EpCAM+ cells 

treated with 0.1μM CytoD, 6μM Y-28732 or 2μM Bleb for 4d; Colony size(h), colony 

number(i) and EpCAM+%(j) of EpCAM- cells treated with 20nM Jas or 1nM Narci for 

4d. Scale bar=500um. *, p<0.05; **, p<0.01; ***, p<0.001.  
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2.5 kPa, while CSCs and Y-27632-treated CSCs were much softer with the Young’s 

modulus of 1.5 kPa (Fig5.2 e). Furthermore, culture on glass for 7 days reduced the colony 

size in soft fibrin and the percentage of EpCAM+ subpopulation of CSCs to the similar 

level of bulk tumor cells (non-CSCs) (Fig. 5.2a and c), while preventing cell stiffening by 

Y-27632 significantly sustained such ability. Clearly, the size of the colonies generated by 

Y-27632-treated CSCs was larger than that of control cells but smaller than intact CSCs, 

suggesting that preventing cell stiffening partially sustained self-renewal. Similarly, colony 

formation assay in soft agar showed similar results that cell softening sustained CSC 

properties and suppressed differentiation (Fig 5.2b). Additionally, softening cells by Y-

27632 increased the expression of CSC marker CD133 to the similar level of 

undifferentiated CSCs (Fig 5.2d). There exerted no significant difference in the percentage 

of EpCAM+ cells between control and differentiated CSCs or Y27632-treated CSCs and 

undifferentiated CSCs. These findings suggested that cell stiffening accompanied the 

differentiation of CSCs and that preventing cell stiffening during differentiation-

maintained CSC self-renewal.  

Moreover, we explored the effect of cell stiffening on CSC functions. CSCs were cultured 

on glass with or without Jas or Narci for 4 days, and then cultured in soft fibrin and agar to 

test their self-renewal ability. The results revealed that stiffening CSCs suppressed colony 

growth in fibrin gel (Fig 5.2f) and the colony formation in soft agar (Fig 5.2g). In addition, 

stiffening CSCs decreased the percentage of EpCAM+ cells (Fig 5.2h). To note, further 

soften EpCAM+ cells had no effect on self-renewal and EpCAM+% (Fig. 5.1 f and g).  

Taken together, soft CSCs needed to increase their stiffness during differentiation and 
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preventing cell stiffening suppressed CSC differentiation, while stiffening CSCs facilitated 

the differentiation. 

 

 

 

Figure 5.2 Cell softening maintains CSC stemness while cell stiffening induces 

differentiation. Colony size(a), colony number(b), EpCAM+%(c), CD133 expression and cell 

stiffness of control Huh7, Huh7 derived CSCs differentiated on glass for 7d (de-CSC), Huh7 

derived CSCs cultured with 6μM Y-27632 on glass for 7d and newly derived CSCs; Colony 

size(f), colony number(g) and EpCAM+%(h) of EpCAM+ cells treated with 20nM Jas or 

1nM Narci for 4d. *, p<0.05; **, p<0.01; ***, p<0.001. 
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5.3 Cell mechanics regulated liver cancer stemness through Wnt/β-catenin 

signaling pathway 

5.3.1 Cell mechanics regulated Wnt/β-catenin signaling that was critical in 

cancer cell self-renewal 

There were three classic oncogenic pathways, including Wnt/β-catenin, Notch and 

Hedgehog pathway, making contributions to cancer progression. In order to discover which 

signaling might mediate the effect of cell mechanics on CSC stemness, we examined the 

downstream genes of these pathways after the treatment of cell softening. According to the 

results, Wnt/β-catenin pathway might play a crucial role in our research since the 

downstream genes were up-regulated after softening cells (Fig 5.3a), while Notch and 

Hedgehog downstream genes were not affected (Fig 5.3b, c). 

The role of Wnt/β-catenin pathway in tumor progression and CSCs properties remained 

well known. In order to confirm the effect of Wnt/β-catenin pathway on CSC self-renewal, 

we employed β-catenin activator LiCl and inhibitor IWR. Inhibiting Wnt/β-catenin 

pathway by 2 μM IWR suppressed self-renewal of liver tumor cells in fibrin gels (Fig 5.3d), 

while activating this pathway by LiCl at the concentration of 5μM increased colony size in 

fibrin gels (Fig 5.3e), suggesting that β-catenin played an essential role in the stemness of 

HCC cells. The phenomenon was further confirmed by detecting the expressions of related 

CSC markers and stemness genes after the inhibition and activation of Wnt/β-catenin 

signaling. The results demonstrated that the inhibition of Wnt/β-catenin signaling 

decreased the percentage of EpCAM+ subpopulation (Fig 5.3f), while the activation of this 

pathway did not enhance the CSC percentage. The results of gene expression proved that 
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activating/inhibiting this pathway promoted/suppressed the expressions of stemness genes 

(Fig 5.3g).  

  

 

 

 

5.3.2 Softening cells promoted self-renewal by activating Wnt/β-catenin 

pathway 

Previously, we showed that cell softening by cytoskeleton inhibitors increased the 

expressions of Wnt downstream genes, including AXIN2, Cyclin D and c-Myc (Fig 5.4a). 

To be more specific, HCC cells were softened by the siRNAs of MLCK and mDia. The 

Figure 5.3 Cell softening regulates Wnt pathway and Wnt pathway regulates self-renewal. 

Downstream gene expression of Wnt(a), Notch(b) and Hedgehog(c) pathway after Huh7 

cells softening by cytoskeleton inhibitors; Colony size of Wnt inhibitor IWR (2μM) or 

activator LiCl (10μM) treated Huh7 cells; EpCAM+%(f) and stem gene Bmi1 and Oct4 

expression(g) of Huh7 cells treated with IWR or LiCl. *, p<0.05; **, p<0.01; ***, p<0.001.  
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results proved that the expressions of downstream genes in Wnt/β-catenin pathway 

increased after cell softening (Fig 5.4a). Additionally, the expression of β-catenin protein 

increased after silencing MLCK or mDia1 (Fig5.4b). This up-regulation of β-catenin at the 

protein level was further confirmed by performing western blot analysis. The relative 

expression of β-catenin was up-regulated by 1.7 and 1.85-fold after inhibiting MLCK and 

mDia1 in Huh-7 cells, respectively (Fig 5.4d). The activation of Wnt/β-catenin pathway 

required the translocation of β-catenin protein from cytoplasm to nucleus, further 

promoting the transcription of Wnt downstream genes. Then, we detected the intracellular 

localization of β-catenin in softened cells. The result showed that knocking down MLCK 

or mDia1 significantly translocated β-catenin into the nucleus (Fig 5.4c). 

 

 

 

Figure 5.4 Cell softening induced activation of Wnt/β-catenin. a. Downstream gene 

expression of Wnt pathway after knocking down of si-MLCK/mDia1; b. β-catenin 

expression by IF in si-MLCK/mDia1 Huh7 cells; c. β-catenin localization in nuclear and 

cytoplasm; d. β-catenin and phosphorylation β-catenin expression by western blot; Colony 

size (e) and colony number (f) of softening Huh7 cells cultured with or without IWR. *, 

p<0.05; **, p<0.01; ***, p<0.001. NS: no significance. 
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Meanwhile, the protein level of phosphorylated β-catenin increased after cell softening by 

silencing MLCK or mDia1 (Fig 5.4d). Furthermore, phosphorylated β-catenin promoted 

the transcription of cancer or stemness related genes, including Oct4, Bmi1 and EpCAM, 

that could be the candidate genes that mediated the influence on cancer cell stemness 

through cell mechanics-regulated Wnt/β-catenin pathway. We previously showed that 

softening cells by silencing MLCK or mDia1 promoted self-renewal, and further explored 

whether cell stiffness regulated tumor cell self-renewal through Wnt/β-catenin pathway. 

Huh7 cells were transfected with si-MLCK or si-mDia1 with or without Wnt inhibitor IWR. 

Consistently, softening cells increased colony size in soft fibrin (Fig 5.4e) and the colony 

formation in soft agar (Fig 5.4f), while concurrent inhibition of Wnt signaling diminished 

this effect. Based on the obtained results, softening cancer cells promoted self-renewal 

through Wnt/β-catenin signaling.  

5.3.3 Stiffening cells suppressed self-renewal through inhibiting Wnt/β-catenin 

pathway 

We demonstrated that softening HCC cells promotes self-renewal by activating Wnt/β-

catenin pathway. Next, we detected whether stiffening cancer cells suppressed self-renewal 

by inactivating Wnt-β-catenin signaling. Huh7 cells were stiffened by the treatment of Jas 

or Narci and overexpressing MLCK or ROCK, respectively. According to the result, 

stiffening cells down-regulated the downstream genes of Wnt/β-catenin pathway, including 

AXIN2, Cyclin D and c-Myc (Fig 5.5a, b). Additionally, less β-catenin in stiffened Huh-7 

cells was also found to enter the nucleus compared to control (Fig 5.5c). The expression of 

total and phosphorylated β-catenin was down-regulated by 40% and 50% compared with 
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control detected by Western blot (Fig 5.5d). These findings suggested that stiffening cells 

suppressed the activation of Wnt/β-catenin signaling.  

 
 

 

 

 

We further explored whether stiffening cells suppressed tumor cell self-renewal through 

inhibiting Wnt/β-catenin pathway. Huh-7 cells were transfected with CA-MLCK or CA-

ROCK plasmids in the presence and absence of Wnt activator LiCl, respectively, and 

subsequently cultured in soft fibrin and agar to test their self-renewal ability. The result 

demonstrated that stiffening cells suppressed the growth of tumor spheroids in soft fibrin, 

while concurrent activation of Wnt signaling rescued colony growth to the level of control 

(Fig 5.5e). It was of note that activating Wnt signaling enhanced the colony growth of 

control cells. Similarly, stiffening cells also inhibited the colony formation in soft agar and 

activating Wnt/β-catenin signaling restored colony formation ability of stiffened cells to 

Figure 5.5 Cell stiffening decreased activation of Wnt/β-catenin a. Downstream gene 

expression of Wnt pathway after stiffening cells by Jas and Narci; b. Downstream gene 

expression of Wnt pathway after stiffening cells by CA-MLCK and ROCK; c. β-catenin 

localization in nuclear and cytoplasm; d. β-catenin and phosphorylation β-catenin expression 

by WB in CA-MLCK and CA-ROCK Huh7 cells; Colony size (e) and colony number (f)of 

softening Huh7 cells cultured with or without IWR. g. Cell viability after each treatment. 

*, p<0.05; **, p<0.01; ***, p<0.001. ns.: no significance. 
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the level of control cells (Fig 5.5f). Obviously, all treatment did not affect cell viability of 

Huh7 (Fig 5.5g). These results indicated that stiffening cells suppressed tumor cell 

stemness via the inhibition of Wnt/β-catenin pathway. 

 z 
5.3.4 Cell mechanics regulated the interconversion between CSCs and non-

CSCs through Wnt/β-catenin signaling pathway 

Cell mechanics regulated tumor cell self-renewal via Wnt/β-catenin pathway and 

influenced the interconversion between CSCs and non-CSCs. To explore whether Wnt/β-

catenin pathway was involved in the cell mechanics-mediated interconversion, Huh-7 cells 

were sorted into CSCs (EpCAM+ cells) and non-CSCs (EpCAM- cells), as described in 

Chapter 5.1. EpCAM- cells were softened with Cytochalasin D, Y-27632 or Bleb with or 

without Wnt inhibitor IWR and then cultured in soft fibrin and agar. Based on the obtained 

results, softening cells promoted colony size and number, suggesting that cell softening 

promoted the conversion of non-CSCs into CSCs (Fig 5.6 a, b). However, when the Wnt/β-

catenin pathway was blocked in these softened EpCAM- cells, colonies did not grow in 

soft fibrin gel and agar (Fig 5.6 a, b). As presented in Fig. 5.1h, softening EpCAM- cells 

significantly enhanced the percentage of EpCAM+ cells, while silencing Wnt signaling 

blocked such effect (Fig 5.6c). These results suggested that the activation of Wnt/β-catenin 

pathway was crucial in cell softening-induced conversion of non-CSCs into CSCs. In 

addition, EpCAM+ cells were stiffened with Jas or Narci with or without Wnt activator 

LiCl and subsequently cultured in soft fibrin and agar. Stiffening tumor cells inhibited the 

colony growth and formation, while concurrently activating Wnt signaling rescued colony 

size and formation to the similar levels of control EpCAM+ cells (Fig 5.6d, e). As shown 

in Fig. 5.2g, stiffening EpCAM+ cells greatly reduced the percentage of EpCAM+ 
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subpopulation, while concurrently activating Wnt signaling maintained the fraction of 

EpCAM+ cells probably by preventing differentiation (Fig 5.6f). Consequently, these data 

suggested that cell mechanics regulated the interconversion between CSCs and non-CSCs 

through Wnt/β-catenin signaling pathway. 

 

 

 

 

 

5.4 Cell mechanics regulated Wnt/β-catenin pathway through APC  

5.4.1 Cell mechanics regulated the expression of APC 

We demonstrated that cell mechanics regulated tumor cell self-renewal through Wnt/β-

catenin signaling. However, it still remained unclear about the detailed mechanism, that is, 

how cytoskeleton influenced Wnt/β-catenin pathway and further impacted the transcription 

of stemness-related genes. Afterwards, we explored the connection between cell mechanics 

Figure 5.6 Cell stiffness regulated interconversion of CSCs and non-CSCs through Wnt/β-

catenin. Colony size (a), colony number (b) and EpCAM+% (c) of softened EpCAM- cells 

rescued by Wnt pathway inhibitor IWR; Colony size (d), colony number (e) and EpCAM+% 

(f) of stiffened EpCAM+ cells rescued by Wnt pathway activator LiCl. *, p<0.05; **, p<0.01; 

***, p<0.001. ns.: no significance. 
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Figure 5.7 Altering of cell stiffness regulated APC expression. a. mRNA expression of APC 

in si-MLCK/mDia1 Huh7 cells; b. APC protein expression by flow cytometry (b), western 

blot (c) and IF (d, e) in si-MLCK/mDia1 Huh7 cells; f. co-localization of APC and β-

catenin in softening Huh7 cells; g. mRNA expression of APC in CA-MLCK/ROCK Huh7 

cells; APC protein expression by flow cytometry (h), western blot (i) and IF (j) in CA-

MLCK/ROCK Huh7 cells; k. co-localization of APC and β-catenin in stiffening Huh7 cells; 

l. APC expression of bulk Huh7 cells and Huh7 derived CSCs. *, p<0.05; **, p<0.01; ***, 

p<0.001.  
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and Wnt/β-catenin pathway. As described in Chapter 2.6.3, APC was a key protein binding 

with cell cytoskeleton that participated in the degradation of β-catenin. Therefore, we 

hypothesized that APC might be the missing link between the cytoskeleton and the activity 

of Wnt/β-catenin signaling. To test this idea, the influence of cell mechanics on APC was 

tested. As presented in Fig5.7a, softening Huh-7 by silencing MLCK or mDia1 

significantly decreased APC gene expression by 75% and 50% at the mRNA level, 

respectively.  

The reduction of APC was further verified at the protein level by flow cytometry (Fig 5.7b), 

western blot (Fig 5.7c) and immunofluorescence (Fig 5.7d, e).  

To further explore the relationship between APC and Wnt/β-catenin, we analyzed the co-

localization of APC and β-catenin in softened tumor cells. Huh-7 cells which were 

transfected with the siRNAs of the representative images showed the localization of β-

catenin (red), APC (green), nuclear (blue) and merge in siRNA silencing MLCK or mDia1, 

and β-catenin and APC were stained by immunofluorescence (Fig5.7d). Besides, the co-

localization of APC and β-catenin was analyzed by Pearson’s value. When Pearson’s value 

was close to 1, APC and β-catenin were highly co-localized. When Pearson’s value was 

close to 0, APC and β-catenin were randomly distributed. According to the results, 

Pearson’s value was decreased from ~0.7 in control cells to less than 0.4 in softened cells, 

suggesting that less APC and β-catenin were co-localized in softened cells (Fig 5.7f). On 

the opposite, the expression of APC in stiffened cells was up regulated at both mRNA (Fig 

5.7g) and protein level (Fig 5.7h, i, j). Nevertheless, the co-localization of APC and β-

catenin did not increase (Fig 5.7k), possibly since the enhanced expression of APC 

facilitated the degradation possibility of β-catenin in cytoplasm. Besides, we found the 
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percentage of APC+ subpopulation was much lower in soft CSCs (24%) than that in bulk 

tumor cells (2%) (Fig 5.7l).  

As introduced in Chapter 2.5.3, APC was a tumor suppressor gene and bound to both 

cytoskeleton and β-catenin, causing protein degradation in the cytoplasm. Softening cells 

down-regulated APC and reduced the co-localization between APC and β-catenin, which 

might decrease the degradation of β-catenin and promote the nuclear translocation (Fig 

5.4c) and the transcription of the downstream genes (Fig 5.3g). 

5.4.2 Silencing APC activated Wnt/β-catenin pathway 

We demonstrated the influence of cell mechanics on APC expression and the localization 

with β-catenin in cancer cells. Then, we further explored the role of APC in cell mechanics-

regulated self-renewal. Thus, we knocked down the expression of APC by siRNA, which 

was confirmed at both mRNA (Fig 5.8a) and protein levels (Fig 5.8b, c). Importantly, 

silencing APC significantly enhanced the expressions of Wnt pathway downstream genes 

containing AXIN2, β-catenin, c-Myc and Cyclin D (Fig 5.8d). Knocking down APC 

enhanced both the total and phosphorylated levels of β-catenin by either 

immunofluorescence (Fig5.8e) or western blot (Fig 5.8f). Cell mechanics regulated the 

expression of APC and we wondered whether APC could reversely alter cell cytoskeleton. 

Huh-7 cells were transfected with si-APC and the F-actin was examined (Fig5.8g). 

Silencing APC did not exert obvious effect of F-actin, suggesting that APC was the 

downstream of cell mechanics and would not reversely regulate cell mechanics.  
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5.4.3 Silencing APC enhanced self-renewal through Wnt/β-catenin pathway  

APC was a tumor suppressor gene, which played a critical role in β-catenin degradation. 

Silencing APC activated Wnt/β-catenin signaling that was the key in the transcription of 

downstream stemness genes. Consequently, we further explored the role of APC in 

stemness and self-renewal. The results showed that silencing APC increased the 

expressions of stemness genes, including CD133, EpCAM, and Oct4 (Fig 5.9a). At the 

protein level, the expressions of CD133, Bmi1 and Oct4 increased in APC-knockdown 

cells in comparison with control (Fig5.9b, c). Importantly, silencing APC promoted the 

growth of tumor spheroids in soft fibrin (Fig 5.9d) and colony formation in soft agar (Fig 

5.9e), suggesting that inhibiting APC enhanced tumor cell self-renewal. To test whether 

APC regulated self-renewal through Wnt/β-catenin pathway, Huh7 cells were transfected 

Figure 5.8 Silencing of APC activated Wnt/β-catenin pathway. APC mRNA expression(a) 

and protein expression (b, c) after knocking down APC by si-RNA; d. Wnt downstream 

gene expression(d) and β-catenin / β-catenin(pho) (e, f) after knocking down APC; F-actin 

expression after knocking down APC. ***, p<0.001.  
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with si-APC and cultured with Wnt inhibitor IWR. Based on the result, silencing APC 

promoted self-renewal while concurrently inhibiting Wnt signaling reduced the colony size 

and number to the level of control cells treated with IWR (Fig 5.9f, g). The obtained results 

suggested that APC regulated self-renewal through Wnt/β-catenin pathway.  

Our results demonstrated that cell mechanics influenced tumor cell self-renewal and the 

expression of APC that affected stemness through Wnt/β-catenin pathway. As a result, we 

hypothesized that cell mechanics might regulate stemness through APC-mediated Wnt/β-

catenin signaling. To test this hypothesis, Huh-7 cells were co-transfected with CA-

MLCK/ROCK and si-APC and subsequently cultured in soft fibrin and agar. Our previous 

results showed that stiffening cells by CA-MLCK/ROCK significantly suppressed the 

colony growth and formation when APC was not affected. However, silencing APC 

diminished the difference in both colony size and number of stiffened tumor cells (Fig5.9h, 

i) while softening cells with APC overexpression showed the opposite effect (Fig5.9j, k). 

These results indicated that cell mechanics regulated tumor cell self-renewal through APC-

mediated Wnt/β-catenin signaling.  
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Figure 5.9 Silencing APC promotes self-renewal through Wnt/β-catenin pathway. a. Gene 

expression of stemness-related-genes in Huh7 and si-APC cells; b. CD133 expression by IF; c. 

Bmi1 and Oct4 protein expression in Huh7 and si-APC cells; Colony size(d) and colony 

number(e) in Huh7 and si-APC cells; Colony size(f) and number(g) in si-APC with or without 

IWR co-culture; Colony size(h) and number(i) in CA-MLCK/ROCK knocking down APC Huh7 

cells; Colony size (j) and number (k) in si-MLCK/mDia1 over-expression APC Huh7 cells. *, 

p<0.05; **, p<0.01; ***, p<0.001. ns.: no significance. 



116 

5.5 Oct4 mediated the effect of cell mechanics on tumor cell self-renewal 

through APC-mediated Wnt/β-catenin signaling 

Next, we explored the downstream genes of Wnt/β-catenin signaling that mediated the 

effect of cell mechanics on self-renewal. According to our previous data, Oct4 could be a 

promising candidate gene when cell mechanics or APC were modulated (Fig. 5.9a). 

Consequently, we knocked down Oct4 by siRNA and the knockdown efficiency was 

around 50% as tested by RT-PCR (Fig 5. 10a). The self-renewal ability of tumor cells with 

Oct4 knockdown was tested by colony formation assay in both fibrin gel and soft agar. The 

results showed that silencing Oct4 suppressed the growth of tumor spheroids in soft fibrin 

(Fig 5. 10b) and lowered the colony number by 75% compared with control in soft agar 

(Fig 5. 10c). To explore whether cell mechanics regulated self-renewal through Oct4, tumor 

cells were softened by knocking down MLCK or mDia1 and transfected with the siRNAs 

of Oct4. The self-renewal of these treated cells was tested in both soft fibrin and agar. 

Consistently, softening cells enhanced the self-renewal ability, while silencing Oct4 in 

softened cells significantly reduced the size and number of tumor spheroids to an even 

lower levels than that of control (Fig 5. 10d, e). On the other hand, bi-transfection of CA-

MLCK/ROCK and overexpression Oct4 showed the opposite effect (Fig 5.10f, g). Further 

we adopted inhibitor or activator of Wnt pathway to confirm Oct4 is the downstream of 

Wnt to regulate self-renewal (Fig 5.10 h-k). These results suggested that Oct4 was the 

critical gene that mediated the regulation of self-renewal by cell mechanics.  

To further explore the clinical relevance, the correlation existing between the expressions 

of APC and Oct4 and patient survival was examined. It could be found that among liver 

cancer patients, high expression of APC was associated with favorable patient survival (P 
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= 0.064) and high expression of Oct4 was associated with poor patient survival (Fig 5. 10 

l). In addition, the expression of APC was inversely correlated with the expression of Oct4 

in HCC patients (Fig 5.10 m). Taken together, we demonstrated that cell mechanics 

regulated tumor cell self-renewal through APC-mediated Wnt/β-catenin pathway and Oct4 

expression. 
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Figure 5.10 Oct4 is the downstream of APC-mediated Wnt/β-catenin regulating self-renewal. 
a. mRNA expression of Oct4 after knocking down Oct4 by siRNA; Colony size (b) and number 

(c) in si-Oct4 with control Huh7 cells; Colony size (d) and number (e) of softening Huh7 cells bi-

transfected with si-Oct4; Colony size(f) and number (g) of stiffening Huh7 cells bi-transfected 

with overexpression Oct4; Colony size (h) and number (i) of si-Oct4 with or without LiCl; 

Colony size (j) and number (k) of overexpression Oct4 with or without IWR; Liver cancer patient 

survival curve of APC and Oct4 (l) and the Pearson’s correlation of APC and Oct4 (m). *, p<0.05; 

**, p<0.01; ***, p<0.001. 

 



119 

 

Chapter 6: Cell mechanics affected cellular uptake of nanoparticles 

partially through Clathrin and Caveolin pathway  

Abstract 

Cancer stem cells (CSCs) are believed to drive tumor progression and cancer relapse, and 

they therefore become the major target in cancer treatment. Although nanoparticle-based 

drug delivery has emerged as a promising method for cancer therapy, it is still challenging 

to eliminate CSCs due to their drug resistance ability and the lack of reliable markers. CSCs 

are known to hold much lower cellular stiffness compared with bulk tumor cells that are 

softer than their healthy counterparts across many types of cancer. However, it remains 

unclear whether cell mechanics can be exploited in nanoparticle-based therapeutics for 

specific targeting of soft CSCs. Here, we demonstrated that soft breast cancer cells took up 

more graphene quantum dots (GQDs) than normal cells, CSCs exhibited even lower 

stiffness but considerably higher cellular uptake than bulk tumor cells. Softening/stiffening 

cells enhanced/suppressed nanoparticle uptake and clathrin- and caveolae-mediated 

endocytosis, while such inhibition blocked the effect of cell softening on GQD uptake, 

suggesting that cell mechanics regulated cellular uptake through endocytosis. 

6.1 Cell mechanics regulated breast cancer cell malignancy 

In the previous chapters, we confirmed that cell mechanics played a crucial role in CSC’s 

self-renewal in liver cancer cells. To test whether this conclusion could be further extended 

to other types of cancer, the self-renewal ability of breast cancer cells was examined 

following the alteration in their cellular stiffness. MCF-7 cells were softened by 2μM or 

10μM Y-27632 for 48h and then cultured in soft agar gels to test their self-renewal. The 

colony number of softened MCF-7 cells in soft agar was significantly increased by over 
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three times than that in the control cells (Fig 6.1 a, b). Further, siRNAs were utilized to 

specifically knock down MLCK or mDia1, thus further decreasing cell stiffness. These 

softened cells generated a smaller number of colonies and smaller colony size in soft agar 

and fibrin compared with control cells (Fig 6.1c, d). Additionally, MCF-7 cells were 

stiffened by overexpressing CA-MLCK or CA-ROCK plasmids and then cultured in soft 

fibrin or soft agar gel. The results showed that stiffening tumor cells reduced colony size 

in fibrin gel and colony number in soft agar (Fig 6.1e, f). These findings demonstrated that 

cell mechanics regulated tumor cell self-renewal in breast cancer cells.  

As demonstrated previously, CSC was the main cause of cancer relapse and drug resistance. 

Therefore, it was crucial to develop novel strategies for specific CSC targeting, including 

nanoparticles modified with CSC surface marker. However, CSC markers were 

 

 

 

Figure 6.1 Cell stiffness alteration regulates self-renewal of MCF-7. a. Representative images 

of MCF-7 colonies in soft agar after 14 days of culture; b. Quantified data of colony number 

in MCF-7 pre-treated with Y-27632; Colony size (c) and colony number (d) of softening 

MCF-7 cells by si-RNA; Colony size (e) and number (f) of stiffening MCF-7 cells by CA-

MLCK/ROCK plasmids. Scale bar = 500um. *, p<0.05; **, p<0.01; ***, p<0.001.  
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different in different types of cancer and not reliable in some conditions. Since we 

demonstrated the critical role of cell mechanics in CSCs, there were reasons to hypothesize 

that cell mechanics might serve as a promising target for specific CSC elimination. 

6.2 Synthesis of nitrogen-doped graphene quantum dots as drug carrier  

Nitrogen-doped graphene quantum dots (N-GQDs) were synthesized by Prof. Mo Yang’s 

group used a hydrothermal approach, which was monodispersed with an average size of 

~4 nm (Fig. 6.2a). The ring-like circular pattern of selected area electron diffraction 

  

 

 

 

 

 

 

Figure 6.2. Synthesis and characterization of fluorescent N-GQDs. (a) Transmission electron 

microscopy image of synthesized nitrogen-doped graphene quantum dots (N-GQDs). The 

average size was ~4 nm. Scale bar: 10 nm. (b) Excitation, absorbance and emission spectra of N-

GQDs. (c) The emission spectrum of N-GQDs was independent of the excitation wavelength. 

The emission fluorescence of N-GQDs was measured under the excitation light with various 

wavelengths. (d) N-GQDs exhibited no cytotoxicity to breast cancer cells. MCF-7 cells were 

treated with different concentrations of N-GQDs for 24 h and cell viability was measured by 

MTS assay. (e) UV-Vis absorption spectra of N-GQDs before and after loading Dox. Dox was 

loaded on N-GQDs and the UV-V was absorption spectra of N-GQDs and N-GQDs@Dox were 

measured. (f) N-GQDs@Dox exhibit pH-dependent drug release. N-GQDs@Dox were in the 

solution of pH 5.5 and 7.0, respectively. The amount of released Dox was measured at 484 nm 

by UV-Vis spectrophotometer at various time points. 



122 

 

 

(SAED) indicated the crystallinity of N-GQDs (Fig. 6.2b). The X-ray photoelectron 

spectroscopy (XPS) analysis showed that N-GQD was composed of C, N, and O elements. 

The three peaks at 284.8 eV, 399.5 eV, and 532.0 eV corresponded to C1s, N1s, and O1s, 

respectively (Fig. 6.2c), including graphitized (284.8 eV), oxidized (287 eV), and nitride 

(285.8 eV) carbon for C1s and graphite (400.2 eV) and pyrrolic (398.8 eV) nitrogen for N1s 

(Fig. 6.2d and e). These results illustrated the formation process of nitrogen-doped N-

GQDs. The Fourier-transform infrared spectroscopy (FTIR) analysis demonstrated that the 

peaks occurred at 1335 cm-1 and 1012 cm-1, indicating the presence of CN and CO oxygen-

containing groups, respectively (Fig. 6.2f).  

N-GQDs emitted a strong fluorescence signal at ~460 nm under the excitation of 360 nm 

(Fig. 6.3a). Under different excitation wavelengths, no shift occurred in the fluorescence 

emission band, but the intensity varied (Fig. 6.3b), suggesting that the emission spectrum 

of N-GQDs was independent of the excitation wavelength. Furthermore, the cytotoxicity 

assay showed that cell viability was higher than 95% even at high concentrations of N-

GQDs (Fig. 6.3c), implying their excellent biocompatibility. The high surface-to-volume 

ratio of N-GQDs and the aromatic ring structure of graphene greatly enhanced the loading 

capacity with highly aromatic drug molecules such as Doxorubicin (Dox) via π-π stacking38. 

The UV-Vis absorption spectrum of Dox showed a characteristic peak at 484 nm and the 

linear absorption with Dox concentration (Fig. 6.3d, e), which could be utilized to quantify 

Dox concentration. N-GQDs exhibited the characteristic peak at 346 nm and both 346 nm 

and 484 nm before and after loading the Dox (Fig. 6.3f), suggesting the formation of N-

GQDs-Dox complex. The drug loading  
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capacity of N-GQDs was calibrated to be 274.51 mg.g-1. The cumulative Dox release 

profiles of N-GQD-Dox showed that the drug release rate at pH 5.5 was ~twice of that at 

pH 7.0 (Fig. 6.3g), implicating the dependence of drug release on the microenvironmental 

pH. This finding could be explained by the increase of protonated carboxyl and amino 

groups on Dox at lower pH, weakening the binding force between Dox and N-GQDs. In 

summary, the unique properties of N-GQDs, including small size, excitation-independent 

fluorescence emission, low cytotoxicity, and pH-dependent drug release, made it an 

excellent carrier for drug delivery. 

6.3 Cellular uptake of N-GQDs was inversely associated with tumor cell 

mechanics 

As suggested by the previous results, low cell stiffness could be a potential hallmark of 

malignant cancer cells, either in liver cancer or breast cancer. Then, we explored whether 

Figure 6.3. N-GQD characterization. (a) The selected area electron diffraction (SAED) 

pattern of N-GQDs. (b) XPS spectrum of N-GQDs. (c) High resolution XPS spectra of 

C
1s

. (d) High resolution XPS spectra of N
1s

. (e) FTIR spectrum of N-GQDs. (f) UV-Vis 

absorption of Dox with various concentrations. (g) Calibration curve of absorption peak 

value at 484 nm of Dox with concentrations.  
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cell mechanics, instead of CSC surface markers, could be exploited as a promising 

mechanical marker in nanoparticle-mediated cancer therapy for specific CSC targeting. 

 

 

 

 

 

Confocal imaging showed that N-GQDs were internalized into the cell instead of being 

stuck to the cell membrane (Fig 6.4). Since the alteration of cell mechanics would 

potentially regulate cell morphology and spreading area, the fluorescence intensity of N-

GQDs per unit cell area was used to represent the cellular uptake of nanoparticles, rather 

than the total fluorescence intensity in a whole cell. It might take hours for cells to reach 

saturated nanoparticle uptake. To find out the saturated time, we detected N-GQD uptake 

at a series of time points. In both conventional MCF-7 cells (Fig 6.5a) and the derived 

CSCs (Fig 6.5b), the N-GQD uptake increased over time and reached the maximum after 

4h of co-culture (Fig 6.5c, d), which was adopted in the rest of the present study unless 

otherwise specified.  

To explore the relationship between cellular uptake and cell mechanics, breast cancer cells 

and normal breast epithelial cells were co-cultured with N-GQDs on 8-kPa polyacrylamide 

gels coated with collagen that mimicked the mechanical microenvironment of breast 

Figure 6.4 Cancer cells internalized nanoparticles into the cell body. The cell membrane was 

labelled with PKH26 Red Fluorescent Cell Linker Kit and the cells were then co-cultured 

with N-GQDs on 8-kPa polyacrylamide gels for 4 h. The cells were subsequently mounted 

under confocal microscope for the imaging of both cell membrane (red fluorescence) and N-

GQD (green fluorescence) at various focal planes. The three-dimensional fluorescence 

distribution was reconstructed from all these images using Leica LAS X office analysis 

software. 
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tumors. MCF-10 was a normal breast tissue cell line, while MDA-MB-231 and MCF-7 

were breast cancer cell lines. We found that MDA-MB-231 cells exhibited less F-actin 

assembly 

 

 

 

 

and lower stiffness than MCF-7 cells that were softer than MCF-10 cells (Fig. 6.6a-c). 

When tumor cells were co-cultured with N-GQDs, soft cancer cells MDA-MB-231 and 

MCF-7 had much higher uptake of N-GQDs than stiff normal cells MCF-10 (Fig. 6.6d), 

yet no significant difference was found between MCF-7 and MDA-MB-231 cells. Note 

that MDA-MB-231 cells had higher N-GQD uptake per cell and larger spreading area than  

Figure 6.5 GQD uptake is saturated after 4h of co-culture. a. The dynamics of 

nanoparticle uptake in bulk tumor cells and CSCs. MCF-7 cells (a) and their derived 

CSCs (b) were co-cultured with fluorescent N-GQDs on 8-kPa polyacrylamide gels for 

the indicated time points, when the fluorescence intensity of N-GQDs inside the cells 

and cell area were measured using confocal microscope and quantified by ImageJ. The 

fluorescence intensity per unit area was then calculated for each cell. n>60 and 50 for 

bulk tumor cells and CSCs. Scale bar: 50 µm.  
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MCF-7 cells (Fig. 6.6ef). These data demonstrate that nanoparticle uptake is correlated 

with cell mechanics.  

 

 

 

 

 

 

 

 

To further examine whether nanoparticle uptake is correlated with cell mechanics, a 

comparison was made between CSCs and bulk tumor cells in respect of cellular uptake and 

stiffness. Breast CSCs selected by the 3D soft fibrin model exhibited high self-renewing 

Figure 6.6 Cellular uptake of N-GQDs is correlated with tumor cell stiffness. (a) 

Representative images of F-actin and N-GQDs in breast cancer cells and normal epithelial 

cells. MCF-10, MCF-7, and MDA-MB-231 cells were co-cultured with fluorescent N-

GQDs for 4 h on 8-kPa polyacrylamide gels coated with collagen, respectively. The 

fluorescence intensity of F-actin and endocytosed N-GQDs was examined under confocal 

microscopy. (b) Quantification of F-actin intensity. n>100 cells. (c) Breast cancer cells are 

softer than normal breast epithelial cells. All cells were cultured on 8-kPa polyacrylamide 

gels and their stiffness was measured by atomic force microscopy. n>100 cells. (d) Soft 

breast cancer cells take up more N-GQDs than stiff normal epithelial cells. The 

fluorescent intensity of endocytosed N-GQDs per unit area in (a) was quantified. n>60 

cells. e. Total fluorescence intensity; f. Cell area of MCF-10, MCF-7 and MDA-MB-231. 

**, p<0.01; ***, p<0.001.  
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ability, evidenced by four times more colonies formed in soft agar (Fig 6.7a) as well as 

larger tumor spheroids in soft fibrin (Fig. 6.7b). CSCs showed significantly higher  

 

 

 

 

 

 

 

 

expressions of stemness-related genes at the mRNA level (Fig. 6.7c) and CSC marker Bmi-

1 (Fig 6.7d) and CXCR4 (Fig 6.7e) at the protein level. Furthermore, the mechanics 

properties of CSCs were examined by atomic force microscope (AFM). The results 

demonstrated that CSCs exhibited lower cell stiffness and lower level of F-actin (Fig 6.8a). 

However, CSC had significantly higher uptake of fluorescent N-GQDs than bulk cancer 

cells (Fig 6.8a). Additionally, similar results were also detected in another breast cancer 

Figure 6.7 Fibrin-selected breast cancer cells exhibited high self-renewing ability. (a) 

Fibrin-selected cancer cells had high colony formation ability in soft agar. Control 

cancer cells and CSCs were cultured in soft agar, respectively. The generated colonies 

were fixed at day 14. Their representative images were shown in the left panel and the 

colony number was quantified in the right panel. n=3. Scale bar: 200 µm. (b) Fibrin-

selected cancer cells had high self-renewing ability in soft fibrin. Control cancer cells 

and their fibrin-selected CSCs were cultured in 3D soft fibrin gels. The colony size was 

measured from day 1 to day 5. n>30 colonies each day. (c, d) Fibrin-selected cancer 

cells expressed higher levels of stem cell markers than control cancer cells. The 

expressions of Bmi-1 and CXCR4 were measured through immunofluorescence 

staining for MCF-7 (c) and MDA-MB-231 cells (d) and their derived CSCs, 

respectively. The fluorescence intensity was quantified in the right panel. n>110 and 

100 in (c) and (d). Scale bar: 25 µm. *, p<0.05; **, p<0.01; ***, p<0.001.  
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cell line MDA-MB-231 and their soft CSC (Fig 6.8b). These findings further supported the 

conclusion that soft cancer cells had enhanced cellular uptake. The finding that soft CSCs 

enhanced nanoparticle uptake depended on other factors. To explore the influence of  

 

 

 

 

extracellular matrix protein, breast cancer cells and CSCs were cultured on fibronectin-

coated substrates with N-GQDs. The results verified that soft CSCs had higher nanoparticle 

uptake than stiff bulk tumor cells on fibronectin-coated substrates. Since many factors 

played critical roles in nanoparticle uptake, it was important to test whether (Fig. 6.9a), 

suggesting that the finding might be not ligand dependent. In addition, the concentrations 

of serum might also play a role in nanoparticle uptake. Thus, we tested N-GQD uptake in 

bulk tumor cells and CSCs with or without 10% FBS. The result showed that serum 

concentration affected N-GQD uptake but had no influence on the trend for CSCs to have 

higher N-GQD uptake than bulk tumor cells (Fig 6.9b). Furthermore, nanoparticle  

Figure 6.8. Soft CSCs exhibited higher cellular uptake of N-GQDs than stiff bulk tumor cells. 

CSCs exhibited lower stiffness and F-actin assembly but higher cellular uptake of N-GQDs 

than bulk MCF-7 (a) and MDA-MB-231 cells (b). Fibrin-selected CSCs and bulk tumor cells 

were co-cultured with fluorescent N-GQDs for 4 h on 8-kPa polyacrylamide gels, 

respectively, when the F-actin assembly (left panel; n>100), cell stiffness (middle panel; 

n>100), and cellular uptake of N-GQDs (right panel; n>70) were quantified. ***, p<0.001.  
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Figure 6.9 The concentrations of serum and N-GQD influenced the overall cellular uptake of 

nanoparticles but not higher cellular uptake in soft CSCs. (a) Soft CSCs took up more 

nanoparticles on fibronectin-coated substrates than bulk tumor cells. CSCs and bulk tumor cells 

were co-cultured on 8-kPa polyacrylamide gels coated with fibronectin for 4 h, respectively, 

when the fluorescence intensity of N-GQD was measured. n>40. (b, c) The concentrations of 

serum and nanoparticles affected the overall N-GQD endocytosis but not higher cellular uptake 

in soft CSCs. Bulk tumor cells and CSCs were co-cultured with N-GQDs (80 µg/ml) in the 

presence of 0% and 10% FBS for 4 h, or with various concentrations of N-GQDs (40, 80, and 

160 µg/ml) in the presence of 10% FBS for 4 h, respectively. n>50 and 70 in (b) and (c). Scale 

bar: 25 µm. **, p<0.01; ***, p<0.001.  
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concentration was also important in cellular uptake. A series of concentrations (40, 80 and 

160ug/ml) were tested. Under all conditions, while the N-GQD uptake in both bulk tumor 

cells and CSCs did increase along with nanoparticle concentration, soft CSCs always had 

higher cellular uptake than bulk tumor cells under the same concentration (Fig 6.9c).  

To examine whether this finding could be extended to other nanoparticles, polymeric  

carbon nitrides (PCN, 70nm) and gold nanoparticles with ~5 and 10 nm in diameter w tested. 

The results demonstrated that soft CSCs had higher cellular uptake of all these  

nanoparticles than stiff bulk tumor cells (Fig. 6.10), indicating that the observed 

phenomenon may be applicable to many types of nanoparticles. All these results conclude 

that the cellular uptake of nanoparticles is inversely associated with cell mechanics. 

ere  

 

 

 

 

Figure 6.10 Soft CSCs exhibited higher cellular uptake of other nanoparticles than bulk 

tumor cells. CSCs and bulk tumor cells were co-cultured with PCN-224 (a, 300 µg/ml) 

and gold nanoparticles (250 µg/ml) with the diameter of 10 (b) and 5 nm (c) for 4 h, when 

the fluorescence intensity of nanoparticles was measured and quantified. n>70, 50, and 70 

in (a), (b) and (c). Scale bar: 25 µm. ***, p<0.001. 
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6.4 Cell mechanics regulated nanoparticle uptake 

6.4.1 Softening cells enhanced cellular uptake of N-GQD 

We showed that cellular uptake was correlated with tumor cell stiffness. To further explore 

the influence of cell mechanics on nanoparticle uptake, breast cancer cells MCF-7 and 

MDA-MB-231 were softened by 6 µM Bleb or 10 µM Y-27632.  

 

 

 

 

 

 

 

Figure 6.11 Pharmacological softening cells enhances cellular uptake of N-GQDs. MCF-7 

cells(a-c) or MDA-MB-231 cells(d-f) were treated with 6 µM Bleb (Bleb) or 10 µM Y-

27632, respectively. These cells were then co-cultured with N-GQDs for 4 h on 8-kPa 

polyacrylamide gels. F-actin assembly (a, d), cellular stiffness (b, e), and cellular uptake 

(c, f) of N-GQDs were measured and quantified. n>110 in (b) and (e) and 50 in (c) and 

(f), respectively. Cell viability of MCF-7 (g) and MDA-MB-231(h) was measured. (i) 

Softening breast cancer cells enhanced nanoparticle uptake to the similar level of CSCs. 

(j) Softening CSCs had no effect on cellular uptake. CSCs selected from MCF-7 cells 

were treated with 6 µM Bleb and then co-cultured with N-GQDs for 4 h, when cellular 

uptake was measured. n>40. Scale bar: 25 µm. ***, p<0.001. NS: no significance 
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Pharmacologic treatment had significantly reduced F-actin assembly, as shown in both 

MCF-7 (Fig 6.11a) and MDA-MB-231 (Fig 6.11d). Young’s modulus of Bleb or Y-27632 

treated MCF-7 and MDA-MB-231 cells showed a significant trend of decrease from 

around 3kPa to 2kPa (Fig 6.11b and e). Importantly, softening cells considerably enhanced 

the cellular uptake of N-GQDs (Fig. 6.11c and f). However, it was not caused by the 

increase of cell apoptosis, but the lack of obvious toxicity in treatment (Fig 6.11g, h). 

Interestingly, reducing the stiffness of bulk tumor cells by Bleb increased nanoparticle 

uptake to the similar level of soft CSCs (Fig. 6.11i). Then, we explored the effect of cell 

softening on nanoparticle uptake in soft CSCs. Our results showed that softening CSCs did 

not further enhance cellular uptake (Fig. 6.11j).  

 

 

 

Figure 6.12 Genetically softening cells enhanced cellular uptake of N-GQDs. MCF-7 

cells were transfected with MLCK and mDia1 siRNAs. These cells were then co-

cultured with N-GQDs for 4 h on 8-kPa polyacrylamide gels. F-actin assembly (ab), 

cellular stiffness (c), and cellular uptake (d) of N-GQDs were measured and quantified. 

n>110 in (b) and (c) and 50 in (d), respectively. ***, p<0.001.  
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To avoid the potential side effect of inhibitors, breast cancer cells were softened by 

knocking down myosin light chain kinase (MLCK) or mDia1, which were the key 

regulators of cell mechanics activity and thus cell mechanics. The concentration of siRNA 

used here was 50nM for each siRNA. Silencing MLCK or mDia1 significantly reduced F-

actin assembly from the mean value of around 40a.u/um2 to lower than 30 a.u./um2 (Fig. 

6.12a, b) and decreased cell stiffness from around 5kPa to around 3kPa (Fig 6.12c). Notably, 

cell softening considerably increased nanoparticle uptake (Fig. 6.12d). These findings 

proved that softening cancer cells increased cellular uptake.  

6.4.2 Stiffening cells suppressed cellular uptake of N-GQDs 

We further tested the effect of cell stiffening on nanoparticle uptake. Pharmacologic 

treatment of breast cancer cells (MCF-7 and MDA-MB-231) by 20 nM Jasplakinolide (Jas, 

F-actin stabilizer and polymerization promotor) or 1 nM Narciclasine (Narci, Rho-Cel 

signaling activator) significantly increased F-actin assembly (Fig 6.13 ab) and cell stiffness 

(Fig 6.13c, g). Importantly, stiffening cells considerably suppressed the cellular uptake of 

fluorescent N-GQDs (Fig 6.13d, h). It was of note that the stiffening effect of Narci on 

MCF-7 cells was more obvious than that on Jas according to the AFM data (Fig 6.13c), 

which may lead to the lower N-GQD uptake in the cells treated by Narci than Jas.  

To avoid the side effect of pharmacologic treatment, the MLCK or ROCK in constitutive 

active (CA) form was used to stiffen breast cancer cells with empty vector as control. 

Overexpressing CA-MLCK or ROCK significantly enhanced F-actin assembly (Fig 6.13j) 

and cellular stiffness (Fig 6.13k). Stiffening tumor cells substantially suppressed the 

internalization of N-GQDs in both MCF-7 (Fig 6.13l) and MDA-MB-231 cells (Fig 6.13m,  

n). CSCs were softer, which were more malignant than bulk tumor cells. Next, we tested  
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the influence of cell stiffening on cellular uptake in breast CSCs. Bulk tumor cells were 

transfected with empty vector, CA-MLCK or CA-ROCK plasmids without the induction 

by Doxycycline and then cultured in soft fibrin for 5-7 days. Then, the derived CSCs were 

treated with Doxycycline for 48h to allow the induction of CA-MLCK and ROCK for cell  

Figure 6.13 Stiffening cells suppressed cellular uptake of N-GQDs. MCF-7 cells and 

MDA-MB-231 cells were treated with 20 nM Jas and 1 nM Narci or transfected with CA-

MLCK and CA-ROCK(i-n), respectively. These cells were then co-cultured with N-GQDs 

for 4 h on 8-kPa polyacrylamide gels. F-actin assembly (a, b, e, f, I, j), cellular stiffness (c, 

g, k), and cellular uptake of N-GQDs (d, h, l, m) were measured and quantified. *, p<0.05; 

**, p<0.01; ***, p<0.001. NS: no significance. 
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Figure 6.14 Cell stiffness regulates GQD uptake through actomyosin. MCF-7 cells or 

MDA-MB-231 cells and respective CSCs were transfected with CA-MLCK and CA-

ROCK with or without 6 µM Bleb, respectively. These cells were then co-cultured with N-

GQDs for 4 h on 8-kPa polyacrylamide gels. Cellular uptake of N-GQDs (a, c, e, g) were 

measured and quantified (b, d, f, h) was measured. n>80. Scale bar: 25 µm. **, p<0.01; 

***, p<0.001. NS: no significance. 
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stiffening. The results showed that stiffening CSCs significantly decreased the uptake of 

N-GQD (Fig 6.14 e-h). Taken together, these results suggested that stiffening bulk tumor 

cells and CSCs decreased nanoparticle uptake.  

6.4.3 The alteration of N-GQD uptake was induced by cell mechanics 

We proved that softening/stiffening tumor cells enhanced/suppressed N-GQD uptake. To 

further test whether the alteration in nanoparticle uptake was mediated by cell mechanics, 

breast cancer cells were first stiffened by overexpressing CA-MLCK or CA-ROCK 

plasmids and then softened with Bleb. Consistently, stiffening breast cancer cells by CA-

MLCK/ROCK did decrease N-GQD uptake, while concurrently softening cells by 6 µM 

Bleb rescued this effect and increased cellular uptake to the baseline level (Fig 6.14a, b). 

To further expand our conclusion, similar rescue experiment was also conducted on breast 

CSCs. Since softening CSCs exerted no significant effect on nanoparticle uptake (Fig 6.11i, 

j), we further tested whether cell stiffening-induced decrease in N-GQD uptake of CSCs 

could be rescued by concurrent cell softening. It followed that stiffening CSCs by CA-

MLCK/ROCK suppressed cellular uptake, while concurrently softening these cells by Bleb 

rescued this influence in both MCF-7 (Fig 6.14 e, f) and MDA-MB-231 cells (Fig 6.14 g, 

h). These results demonstrated that stiffening cancer cells suppressed nanoparticle uptake, 

which could be rescued by concurrent cell softening. In summary, all these findings 

suggested that cell mechanics might regulate the cellular uptake of nanoparticles. 

6.5 Softening/stiffening cells enhanced/suppressed the activity of Clathrin and 

Caveolin-1  

We demonstrated that softening/stiffening cells promoted/suppressed N-GQD uptake. Next, 

we set to unveil the underlying mechanism of cell mechanics-dependent nanoparticle  
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uptake. Since nanoparticles could not enter living cells directly through cholesterols, but 

mainly through membrane transporters Clathrin- and Caveolae-dependent and/or 

independent endocytosis4, the expressions of Clathrin and Caveolin-1 were thus examined 

by immunofluorescence, and a comparison was made between softened and stiffened 

Figure 6.15 Softening/stiffening cells enhanced/suppressed the activities of Clathrin and 

Caveolin-1. MCF-7 or MDA-MB-231 cells were treated with 6 µM Bleb, 10 µM Y-

27632, 20 nM Jasplakinolide (Jas), or 1 nM Narciclasine (Narc). The expressions of 

Clathrin and Caveolin-1 were measured by immunofluorescence (a-c for MCF-7 and d-f 

for MDA-MB-231) and western blotting (g), respectively. Gene expression of Clathrin 

and Caveolin-1 was detected after cell softening or stiffening (h). *, p<0.05; **, p<0.01; 

***, p<0.001. NS: no significance. 
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cancer cells. Our data showed that softening breast cancer cells MCF-7 and MDA-MB-231 

by 6 µM Bleb significantly enhanced the Clathrin expression from 20a.u./um2 to 25  

 

 

 

Figure 6.16 The expression of Clathrin and Caveolin-1 were enhanced in CSCs. The 

expressions of Clathrin and Caveolin-1 were enhanced in MCF-7(a, b) or MDA-MB-231(c, d) 

derived CSCs by immunofluorescence and western blotting (e, f), respectively. ***, p<0.001.  
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a.u./um2 (Fig 6.15 a, b) and the Caveolin-1 expression from around 25a.u./um2 to 32 

a.u./um2 (Fig 6.15a, c). Clathrin and Caveolin-1 were up-regulated more after being 

softened by 10 µM Y-27632 (Fig 6.15a-c). Additionally, stiffening breast cancer cells by 

20 nM Jas or 1 nM Narci suppressed the activities of both Clathrin and Caveolin-1 (Fig. 

6.15 a-c). These findings were further confirmed by the immunoblotting results (Fig 6.15g).  

Further, we explored the expressions of Clathrin and Caveolin-1 in soft CSCs with the 

ability to take up more N-GQDs. The results of immunofluorescence staining showed that 

the expressions of Clathrin and Caveolin-1 were remarkably increased in breast CSCs than 

those in bulk tumor cells (Clathrin: from around 30 a.u./um2 to 50 a.u./um2 for MCF-7 and 

from around 15 a.u./um2 to 23 a.u./um2 for MDA-MB-231; Caveolin-1: from around 20 

a.u./um2 to 40 a.u./um2 for MCF-7 and from around 17 a.u./um2 to 21 a.u./um2 for MDA-

MB-231) (Fig 6.16 a, b) (Fig 6.16 c, d). These findings were further supported by the 

immunoblotting results that the Clathrin and Caveolin-1 expressed by CSCs were 

approximately 2.5 times and twice more than those of bulk tumor cells (Fig 6.16 e, f). All 

these results suggested that cell mechanics regulated the activation of clathrin- and 

caveolae-mediated endocytosis pathways, which might further affect nanoparticle uptake.   

6.6 Cell mechanics regulated nanoparticle uptake through the effect on 

Clathrin/Caveolin-1-dependent endocytosis signaling  

To explore whether cell mechanics regulated nanoparticle uptake through the effects on 

these endocytosis pathways, breast cancer cells were softened and treated with Caveolae-

mediated endocytosis inhibitor Genistein and Clathrin-mediated endocytosis inhibitor 

Chlorpromazine at the concentration of 25μM and 3μM, respectively. These treated tumor 

cells were then co-cultured with N-GQD for the analysis of cellular uptake. Our results  
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made clear that inhibiting either endocytosis pathway could suppress nanoparticle uptake 

and blocking both had synergistic effects (Fig 6.17a). Consistently, softening cells by Y-

27632 or Bleb significantly enhanced the cellular uptake of N-GQDs, while concurrently 

silencing caveolae- or clathrin-dependent endocytosis pathway reduced nanoparticle 

uptake to the similar level of control group (Fig 6.17b, c). Inhibiting both pathways 

Figure 6.17 Inhibiting caveolae-/clathrin-dependent endocytosis signaling suppressed 

nanoparticle uptake in bulk cancer cells and CSCs. MCF-7(a-d) or MDA-MB-231(e-h) cells 

and CSCs were treated with 25μM genistein or 3μM chlorpromazine and then co-cultured with 

N-GQDs for 4h on 8kPa polyacrylamide gels, when cellular uptake was measured, n>60 (a, d 

and e, h). Pharmacologically inhibiting endocytosis did not affect cell viability in either MCF-

7 (i) or MDA-MB-231(j). *, p<0.05; **, p<0.01; ***, p<0.001. ns.: no significance. 
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decreased the endocytosis to a much lower level (Fig 6.17b). However, the combination of 

two inhibitors did not totally suppress N-GQD uptake, suggesting that N-GQD entered 

cells partially through Clathrin and Caveolin-mediated endocytosis pathway. There might 

be some other mechanisms involved in the regulation of nanoparticle uptake.  

Furthermore, silencing caveolae- or Clathrin-dependent endocytosis pathway reduced 

cellular uptake of breast CSCs to the similar level of bulk tumor cells (Fig 6.17d). Inhibiting 

both further suppressed nanoparticle uptake. This inhibitory effect was more obvious on 

CSCs than bulk tumor cells. In addition, similar results were also found in another breast 

cancer cell line MDA-MB-231(Fig 6.17 e-h). It was of note that pharmacologic inhibition 

of these endocytosis pathways had no significant effects on cell viability (Fig 6.17 i, j), 

suggesting that the alteration in cellular uptake was not because of pharmacologic 

treatment on tumor cell apoptosis. All these results suggested that cell mechanics regulated 

cellular uptake via the effect on caveolae- and clathrin-dependent endocytosis pathways. 
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Chapter 7: Specific targeting of CSC by nanoparticle-based therapeutics 

Abstract 

Soft CSCs exhibited enhanced drug release and cellular retention of Doxorubicin 

conjugated GQDs than stiff bulk tumor cells possibly due to the reduced intracellular pH 

and the regulation of exocytosis. Obviously, GQD-delivered Doxorubicin specifically 

eliminated breast CSCs both in vitro and in vivo and suppressed tumor growth without 

exerting any obvious effect on animal body weight, while free drugs enriched the CSC 

fraction and reduced the body weight. In summary, these findings demonstrated that cell 

mechanics regulated cellular uptake, drug release, and retention of drug-loaded 

nanoparticles for specific targeting of soft CSCs through the modulation of endocytosis, 

intracellular pH, and exocytosis. The present study provided a new mechanism by which 

cell mechanics could be exploited in nanoparticle-based mechanomedicine for specific 

elimination of soft CSCs in effective cancer therapy. 

7.1 Low intracellular pH enhanced drug release rate in soft CSCs and softened 

cancer cells 

We proved that soft CSCs took up more nanoparticles and soften cancer cells enhanced 

nanoparticle uptake in Chapter 6. Since one major function of nanoparticle was to deliver 

drugs for cancer therapy, we then turned to conjugate anti-cancer reagents to nanoparticles 

for cancer therapy. If soft CSCs had enhanced nanoparticle uptake, was that possible to 

specifically target CSCs based on anti-cancer reagent-conjugated nanoparticles? Finally, 

Doxorubicin (Dox) was conjugated to fluorescent N-GQDs through π-π stacking40. The 

green fluorescence (~445 nm) of N-GQD was quenched when Dox was conjugated (~480 

nm) and de-quenched when Dox was released in accordance with the principle of 
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fluorescence resonance energy transfer (Fig 7.1). Therefore, the fluorescence intensity of 

Dox represented the total amount of non-released N-GQD-Dox and released Dox, while 

the fluorescence intensity of N-GQD indicated the amount of released Dox. The intensity 

ratio of N-GQD/Dox could denote the relative but not absolute drug release rate.  

 

 

 

Previous data confirmed that CSCs took up more N-GQD than bulk tumor cells. We further 

explored whether the phenomenon still exist when Dox was conjugated to N-GQD. 

According to the results, CSCs still had higher cellular uptake of N-GQD-Dox than bulk 

tumor cells and the uptake was saturated at 4 h (Fig 7.2 a, b), since there existed no 

significant difference in Dox mean fluorescence between 4h and 48h in either CSCs  

or bulk tumor cells. The release of Dox gradually increased along with time, since higher 

levels of N-GQD fluorescence were observed at 48h compared with 4h in both bulk tumor  

Figure 7.1 Schematic of the fluorescence resonance energy transfer principle between 

Dox and N-GQD 
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Figure 7.2 Soft CSCs exhibit enhanced drug release rate and cellular retention of N-

GQDs@Dox. (a, e) Representative fluorescence images of Dox and N-GQD in MCF-7(a-

d) and MDA-MB-231(e-h). MCF-7 or MDA-MB-231 cells were co-cultured with N-

GQDs@Dox for 4 and 48 h, respectively, when the fluorescence of Dox (left) and N-

GQDs (right) was measured. Soft CSCs had higher cellular uptake and drug release rate 

of N-GQDs@Dox than bulk tumor cells in MCF-7 and MDA-MB-231. The fluorescence 

intensity in (a, e) was quantified in (b, c and f, g) and the ratio of N-GQD and Dox was 

calculated in (d, h). n>70. *, p<0.05; **, p<0.01; ***, p<0.001. ns.: no significance.  
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cells and CSCs (Fig 7.2b). The enhancement of Dox release could be detected at 4h and 

became much more obvious at 48h in soft CSCs in comparison with control (Fig 7.2c), 

suggesting that soft CSCs not only enhanced N-GQD-Dox uptake, but also promoted the 

release of Dox from N-GQD-Dox. Since the total amount of N-GQD-Dox showed 

difference in bulk cancer cells and CSCs after saturated uptake (Fig 7.2b), we compared 

the fluorescence intensity ratio of N-GQD and Dox (N-GQD/Dox ratio: relative Dox 

release rate). As shown in the results, the fluorescent intensity ratio of N-GQD / N-GQD-

Dox was significantly higher in CSCs than bulk tumor cells at both 4 and 48 h (Fig 7.2d), 

suggesting that more Dox was released from N-GQDs in CSCs. Another breast cancer cell 

line MDA-MB-231 revealed similar results (Fig 7.2 e-h).  

It is known that micro-environmental pH is of great importance for the release of 

conjugated drugs from the carrier41. We further examined whether drug release from N-

GQD-Dox depended on the environmental pH in vitro. The absorbance of N-GQD-Dox in 

acidic or neutral environment was detected at 1h, 2h, 4h, 6h, 12h and 20h. N-GQD-Dox 

released Dox along with time and the acidic environment (pH=5.5) enhanced the release 

of Dox (Fig 7.3a) when compared with the neutral environment (pH=7) in vitro (Fig 7.3b). 

The absorbance of N-GQD-Dox at pH5.5 or pH7 was measured at 346nm (Fig 7.3d) and 

484nm (Fig 7.3d). 
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Since the pH in cytoplasm was related to cancer cell malignancy, we further tested whether 

the pH in CSC’s cytoplasm was different from that of bulk tumor cells that might contribute 

to the differential drug release. The intracellular pH of cancer cells was measured following 

the manufacturer’s protocol of pHrodoTM Green AM intracellular pH Indicator. The 

results demonstrated that soft CSCs had higher fluorescence intensity per area (Fig 7.4 a,b), 

corresponding to lower intracellular pH than stiff bulk tumor cells (Fig 7.4 c). As presented 

in the calibration curve in Fig 3.1, the mean intercellular pH of CSC was 7.13 while mean 

pHi of bulk tumor cells was 7.85. The change of intercellular pH might overthrow the entire 

cellular environment that would further affect numerous cellular processes, including drug 

release.  

Figure 7.3 Release curve of N-CD-Dox at pH=5.5 and pH=7. N-CD-Dox release at 

pH=5.5(a) and pH=7 (b) outside cells. Absorbance of N-Cd-Dox at two pH value were 

measured at 346nm(c) or 484nm(d). 
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CSCs with low cell stiffness showed decreased intercellular pH compared with stiff bulk 

tumor cells. Then, we detected whether pharmacological alteration of cell mechanics could 

regulate intercellular pH. Softening MCF-7 breast cancer cells using 10μM Y-27632 

reduced the pH inside cancer cells from pHi 7.85 to the similar level of soft CSCs which 

was pHi 7.13 (Fig 7.4 ac). However, stiffening cells by Jas enhanced the intracellular pH 

from pHi 7.58 to pHi 8.13. Taken together, these findings suggested that cell mechanics 

influenced N-GQD-Dox drug release possibly through the effect on intercellular pH. CSCs 

enhanced N-GQD-Dox drug release, which might be caused by the decrease in intercellular 

pH compared with bulk tumor cells.  

 

 

Figure 7.4 Softened/stiffened cells exhibited higher/lower fluorescence intensity. MCF-7 

cells were treated with DMSO (Control), 10 µM Y-27632, or 20 nM Jas. The treated cells 

and CSCs were incubated with the pHrodoTM Green AM intracellular pH Indicator for 

0.5 h, when the fluorescence intensity was measured in (a, b). The respective pH value 

was calculated in (c). n>70. Scale bar: 25 µm. ***, p<0.001. ns.: no significance. 
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7.2 The altered expression of exocytosis-related genes contributed to enhanced 

cellular retention of N-GQD-Dox in CSCs 

Chemotherapy drugs can be endocytosed but expelled out later in drug-resistant cancer 

cells, especially CSCs2, which is considered to be one important drug resistance 

mechanism. Although we have demonstrated that CSCs take up more N-GQD-Dox than 

bulk tumor cells, it still remains unclear whether the drug-conjugated nanoparticles can be 

retained stably inside CSCs after endocytosis.  

To test this possibility, cellular retention of endocytosed N-GQD-Dox and free Dox was 

examined. Since CSCs could efficiently exclude free Dox, we wonder whether the 

conjugation of Dox with N-GQD could extend the retention of N-GQD-Dox in CSCs. 

Breast cancer cell MCF-7 and its CSCs were co-cultured with Dox or N-GQD-Dox for 4h 

to allow nanoparticle uptake before being removed. The retention of Dox or N-GQD-Dox 

in bulk tumor cells and CSCs could be detected by confocal microscope at 4h (right after 

wash off), 16h, 28h and 40h. To reveal the relative drug release rate under each condition, 

the fluorescence of N-GQD was detected in N-GQD-Dox treated cells. The result showed 

that soft CSCs exhibited higher cellular uptake of both free Dox and N-GQD-Dox at 4h 

compared with bulk tumor cells but had less free Dox than stiff bulk tumor cells starting 

from 16 h (Fig 7.5 a, b), suggesting that CSCs could excrete considerably higher amount 

of free Dox. In contrast, CSCs had significantly more amount of intracellular N-GQD-Dox 

than control cells at various time points including 4h, 28h and especially at 40h (Fig 7.5c). 

As our expectation, the endocytosed free Dox and N-GQD-Dox in bulk tumor cells and 

CSCs were excreted gradually along with time. Significantly, N-GQD-Dox had much 

better cellular retention than free Dox in soft CSCs  
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while exhibiting reduced retention in stiff bulk tumor cells, while both cancer cells and 

CSCs could stably retain the endocytosed N-GQDs (Fig 7.5d). Since CSC initially took up 

more N-GQD-Dox or Dox than bulk tumor cells, the fluorescence intensity of N-GQD-

Dox or Dox was normalized to that at 4h under each condition. The relative Dox intensity 

Figure 7.5 Soft CSCs exhibited better/worse cellular retention of N-GQDs@Dox/free 

Dox than bulk tumor cells. MCF-7 and CSCs were co-cultured with free Dox or N-

GQDs@Dox for 4 h and then in fresh medium for another 36 h. The fluorescence 

intensity of Dox was measured at various time points. Representative images of Dox and 

N-GQD were shown in (a) and quantified in (b, c, d). n>70 in (b),(c) and (d). The 

fluorescence intensity in (b) and (c) was normalized to that at 4 h in (e, f). *, p<0.05; **, 

p<0.01; ***, p<0.001.  
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demonstrated that CSC had excluded almost half of free Dox at 16h while bulk tumor cells 

still maintained over 90% of endocytosed free Dox (Fig 7.5e), showing the consistence 

with the finding that CSC enhanced drug resistance ability. However, when Dox was 

delivered through N-GQD, soft CSCs exhibited similar cellular retention of N-GQD-Dox 

at 4h, 16h and 28h and enhanced cellular retention of N-GQD-Dox at 40h in comparison 

with stiff cancer cells (Fig 7.5f).  

 

 

 

Figure 7.6 Soft CSCs exhibited better/worse cellular retention of N-GQDs@Dox/free 

Dox than bulk tumor cells. MDA-MB-231 and CSCs were co-cultured with free Dox or 

N-GQDs@Dox for 4 h and then in fresh medium for another 36 h. The fluorescence 

intensity of Dox was measured at various time points. Representative images of Dox and 

N-GQD were shown in (a) and quantified in (b, c, d). n>70 in (b), (c) and (d). The 

fluorescence intensity in (b) and (c) was normalized to that at 4 h in (e, f). *, p<0.05; **, 

p<0.01; ***, p<0.001.  
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To further confirmed that whether CSC could exclude Dox but retain N-GQD-Dox, another 

breast cancer cell line MDA-MB-231 cells were also tested (Fig 7.6a-f). MDA-MB-231 

derived CSCs maintained higher cellular uptake of both free Dox and N-GQD-Dox. Like 

MCF-7, free Dox was higher in MDA-MB-231 CSCs at 4-28h and decreased to the lower 

level than bulk tumor cells at 40h (Fig 7.6a, b). In terms of N-GQD-Dox, MDA-MB-231 

derived CSCs kept higher level at all times of detection (Fig 7.6a, c). Free Dox retention at 

40h was decreased to less than a half of that at 4h in MDA-MB-231 CSCs while N-GQD-

Dox retention at 40h still maintained around 60% of 4h in MDA-MB-231 CSCs (Fig 7.6 

b, c). Similar to MCF-7, both MDA-MB-231 breast cancer cells and the derived CSCs 

could stably retain the endocytosed N-GQDs (Fig 7.6d). Regarding the relative drug 

retention, both bulk tumor cells and CSCs had excluded almost half of free Dox at 16h and 

28h. CSCs could retain xx% of free Dox at 40h while bulk tumor cells maintained 50% of 

them (Fig 7.6 e). However, when Dox was delivered through N-GQD, the results 

demonstrated that soft CSCs exhibited enhanced cellular retention of N-GQD-Dox at 16h, 

28h and 40h (Fig 7.6f). Taken together, all the obtained results suggested that CSCs had 

better cellular retention of N-GQD-Dox than free Dox. 

To explore the underlying mechanism, we tested the expressions of Rab GTPases, which 

played an important role in the exocytosis of particles and vesicles from living cells42, 

including Rab27a43 and Rab33b44 that promoted and suppressed exocytosis, respectively. 

The data showed that intact CSCs expressed higher Rab27a but not Rab33b than bulk 

tumor cells (Fig.7.7a, b). After the treatment of free Dox, Rab27a and Rab33b were up- 

and down-regulated in both CSCs and bulk tumor cells, respectively, while CSCs exhibited 

higher/lower expression of Rab27a/Rab33b than bulk tumor cells. This might explain the 
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reduced cellular retention of free Dox in soft CSCs. In contrast, after receiving the 

treatment of N-GQD-Dox, Rab27a was down-regulated in CSCs but up-regulated in bulk 

tumor cells, while there was an increase in Rab33b expression in both CSCs and bulk tumor 

cells without any significant difference between them (Fig. 7.7a, b). The decrease in pro-

exocytosis genes and the increase in anti-exocytosis genes might partially account for the 

enhanced cellular retention of N-GQD-Dox in soft CSCs. 

   

 

 

7.3 Doxorubicin-conjugated nanoparticles specifically eliminated soft CSCs 

and suppressed tumor growth 

We have presented that soft CSCs exhibit higher cellular uptake, drug release rate, and 

retention of Dox-conjugated N-GQDs than stiff bulk tumor cells, implying that N-GQD-

Dox has the potential to specifically eliminate malignant CSCs and suppress tumor growth. 

Eventually, the endocytosed nanoparticles/drugs needed to be translocated into the nucleus. 

Thus, we detected the nuclear localization of Dox and N-GQD-Dox (Fig 7.8a). The data 

Figure 7.7 N-GQDs@Dox down-/up-regulated the expressions of pro-/anti-exocytosis genes in 

soft CSCs. MCF-7 cells and CSCs were co-cultured with fresh medium, free Dox, and N-

GQDs@Dox for 40 h, respectively. The expressions of Rab33b (a) and Rab27a (b) were 

measured. n=3. Scale bar: 25 µm. *, p<0.05; ***, p<0.001. NS: no significance. 
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showed that the free Dox fluorescence per unit area (Fig 7.8 a,b) and the ratio of nuclear 

Dox in the whole cell area (Fig 7.8c) were significantly lower in soft CSCs, which was in 

consistence with our previous data and others that CSCs had high drug resistance ability. 

However, N-GQD-Dox fluorescence per unit area (Fig 7.8 a, d) and the ratio of nuclear N-

GQD-Dox in the whole cell area (Fig 7.8e) were dramatically higher in CSCs compared 

with bulk tumor cells. These suggested that the enhanced endocytosed N-GQD-Dox and/or 

released Dox was preferentially localized in the nucleus of CSCs, which might thus be able 

to specifically eliminate these soft but malignant cancer cells.  

To test this idea, breast cancer cells and CSCs were treated with control medium, GQDs, 

free Dox, and N-GQD-Dox, respectively. After 48h, cell viability of bulk tumor cells and 

CSCs under each treatment was detected by MTS assay. The result proved that CSCs 

exhibited higher cell viability of around 50% under the treatment of free Dox than bulk 

tumor cells of only around 30% (Fig. 7.9a), showing consistence with the fact that CSCs 

had higher expressions of multidrug resistance genes (Fig 7.9b). In contrast, breast CSCs 

had considerably lower viability of around 80% than control cells of almost 100% in the 

presence of N-GQD-Dox. Obviously, when the overall conjugated Dox in N-GQD-Dox 

was equivalent to that of free Dox, the viability of both bulk tumor cells and CSCs was 

lower in free Dox than in N-GQD-Dox (Fig. 7.9a), which might be due to the relatively 

low drug release rate of N-GQD-Dox in breast cancer cells. Free N-GQD concentration 

was equal to the conjugated N-GQD in N-GQD-Dox, which was an extremely low 

concentration and safe to both MCF-7 cells and MCF-7 CSCs (Fig 7.9a). 
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Figure 7.8 N-GQDs-Dox were preferentially localized in the nucleus of CSCs. (a-c) 

Free Dox is more localized in the nucleus of bulk tumor cells than CSCs. (d-f) N-

GQDs-Dox are specifically localized in the nucleus of CSCs compared with bulk tumor 

cells. Bulk tumor cells and CSCs were co-cultured with free Dox (a-c) and N-GQDs-

Dox (d-f) for 4 h, respectively. The fluorescence intensity of Dox was measured 

together with bright field images. The representative images were presented in (a) and 

(d). The fluorescence intensity of Dox in the nucleus was calculated in (b, e) and the 

percentage of nuclear Dox over the whole cells was computed in (c, f). n>64 and 70 in 

(b, c) and (e, f). Scale bar: 25 µm. **, p<0.01; ***, p<0.001. 
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Current chemoresistance usually enriches the CSC fraction that may further contribute to 

cancer relapse. We further tested the ability of N-GQD-Dox to specifically target CSCs in 

the whole breast cancer population. The surface protein CD133 was employed as a CSC 

marker here to detect the percentage of CD133+ cells after being treated with N-GQD, Dox 

or N-GQD-Dox for 48h. As shown in the results, N-GQD treatment did not obviously affect 

the fraction of CD133+ cells (Fig 7.10a). In comparison with N-GQDs, free Dox increased 

the portion of CD133+ cells from 1.9% to 5.3% that were supposed to enrich breast CSCs, 

which corresponded to other reports and our previous data. Importantly, N-GQD-Dox 

decreased CD133+ cell portion from 2% in control to 0.9% (Fig. 7.10b). This result 

confirmed that traditional anti-cancer drug Dox did had the risk of increasing the 

percentage of CSC in the whole population while N-GQD-Dox could decrease it. 

Furthermore, soft agar assay was conducted to examine the colony formation ability and 

CSC percentage of the surviving cells under each treatment. In the present study, MCF-7 

cells were pre-treated with N-GQD, Dox, N-GQD-Dox and DMSO for 48h and 

Figure 7.9 CSCs showed enhanced expression of drug resistance genes and N-GQDs-

Dox eliminates CSCs. a. CSCs were resistant to free Dox but sensitive to N-GQDs-

Dox. MCF-7 cells and CSCs were treated with DMSO (Control), N-GQDs, free Dox, 

and N-GQDs-Dox for 48 h, respectively. Cell viability was measured by MTS assay. b. 

CSC had over-expressed drug resistance genes. *, p<0.05. 
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subsequently cultured in soft agar for 14 days. The results show that MCF-7 cells treated 

with N-GQD and DMSO generated around 600 colonies per well (Fig 7.11a). Free Dox 

had significantly enhanced the number of tumor colonies in soft agar (increase from 600 

to 800 colonies per well) by over 30% in MCF-7 (Fig 7.11a). However, N-GQD-Dox 

considerably suppressed the colony formation to only around 300 colonies per well. 

Additionally, similar results were also observed in another two breast cancer cell lines 

MDA-MB-231 and SKBR3. In MDA-MB-231 breast cancer cell line, free Dox had 

significantly enhanced the number of tumor colonies in soft agar from around 1000 

colonies per well to over 1500 colonies per well, while N-GQD-Dox decreased colony 

number to less than a half compared to control and N-GQD group (Fig 7.11b). Compared 

with N-GQDs and control, SKBR3 cells treated with Dox increased the number of the 

generated colonies by more than 200%, while N-GQD-Dox considerably suppressed the 

colony formation ability by over 47% in SKBR3 cell line (Fig 7.11 c). 

 

Figure 7.10 N-GQD-Dox decreased CSC fraction while Dox increased. a. Representative 

images of flow cytometry after GQD, Dox or N-GQD-Dox treated in MCF-7; b. Quantified 

data of flow cytometry. *, p<0.05; **, p<0.01; ns.: no significance. 
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Figure 7.11 N-GQD-Dox treatment decreased self-renewal while Dox increased. 

MCF-7(a), MDA-MB-231(b) and SKBR3(c) cells were treated with DMSO (Control), 

N-GQDs, free Dox, and N-GQDs-Dox for 48 h, respectively. The treated cells were 

cultured in soft agar and the generated colonies were imaged and counted at day 30. 

**, p<0.01; ***, p<0.001.  
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In addition, the expression of breast CSC marker Bmi-1 was also detected by 

immunofluorescence in MCF-7 breast cancer cell line (Fig 7.12a). The expression of CSC 

marker Bmi-1 was enhanced under the treatment of free Dox for 48h while suppressed in 

the presence of N-GQD-Dox. As shown in histogram, the distribution of Bmi-1 

fluorescence was shifted towards the higher side under free Dox treatment, suggesting that 

Dox enhanced the expression of the CSC marker Bmi-1 (Fig 7.12b, red line). In contrast, 

N-GQD-Dox decreased the fluorescence intensity of CSC marker (Fig 7.12b, blue line) 

Figure 7.12 The expression of CSC marker after N-GQD-Dox treatment. MCF-7(ab), 

MDA-MB-231(c, d) or SKBR3(e) cells were treated with DMSO (Control), N-GQDs, free 

Dox, and N-GQDs-Dox for 48 h, respectively. The expression of stem cell marker Bmi-1 

or CXCR4 in these treated cells was measured by immunostaining in (a, c) and analyzed in 

histogram in (b, d, e).  



159 

 

compared with control (Fig 7.12b, black line). Moreover, similar results were also found 

in another breast cancer cell line SKBR3 (Fig 7.12e, red line) (Fig 7.12e, blue line). We 

employed CXCR4 as a metastasis and CSC marker of breast cancer cell MDA-MB-231. 

The similar finding of CXCR4 expression could be observed in MDA-MB-231 cells (Fig 

7.12cd). Dox treatment made the curve peak move towards the right side, suggesting the 

increase of CXCR4 expression (Fig 7.12d, red line), while N-GQD-Dox treatment 

decreased the expression of CXCR4 (Fig 7.12d, blue line). The obtained results suggested 

that N-GQD-Dox had the ability to specifically eliminate while free Dox enriched soft 

CSCs in vitro.   

7.4 N-GQD-Dox specifically eliminated CSCs and suppressed tumor growth 

without obvious side effects in vivo 

We demonstrated that N-GQD-Dox could specifically eliminate CSCs and suppress tumor 

growth in vitro. To test whether N-GQD-Dox specifically targeted CSCs in vivo, this study 

developed tumor xenografts. MCF-7 cells were subcutaneously injected into female nude 

mice of 4-6 weeks and allowed to form tumors for 1-2 weeks. Mice that successfully 

formed tumors with similar size were randomly divided into four groups that accepted 

intraperitoneal injection of N-GQD, Dox, PBS or N-GQD-Dox every 3 days up to 4 weeks. 

In addition, tumor volume and the body weight of each animal were detected every 3 days. 

Mice were sacrificed at the end of the experiment at 30 day. Tumors and organs of each 

mice were dissected for performing further analysis.  
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At the first day of the treatment, the average value of tumor volume in each group was 

approximately 100mm3. Along with time, tumors grew rapidly in the mice that were 

injected with PBS and N-GQD. However, significant difference in tumor volume between 

N-GQD-Dox group (Fig 7.13a, blue line) and PBS group (Fig 7.13a, black line) was 

detected after 10d of injection. Both N-GQD-Dox and Dox therapy could significantly 

suppress tumor growth, and N-GQD-Dox could even suppress tumor growth a little bit 

more than Dox treatment group from 7d to 25d (Fig 7.13a, blue line). Nevertheless, at the 

last day of tumor volume detection, the tumor volume size in Dox groups was slightly 

smaller than N-GQD-Dox. However, both Dox and N-GQD-Dox groups showed 

significant difference since 19 day in comparison with N-GQD or PBS group. The result 

of tumor volume was confirmed by tumor weight after the tumors were dissected at the end 

of experiment (Fig 7.13 b, c). These results indicated that both Dox and N-GQD-Dox 

suppressed tumor growth in vivo.  

Although both Dox and N-GQD-Dox significantly suppressed tumor growth, traditional 

anti-cancer drug Dox had the risk of enriching CSC fraction that might generate cancer 

relapse. To test such possibility, we collected tumor cells from each mouse and detected 

Figure 7.13 N-GQD-Dox suppressed tumor growth in vivo. Tumor xenografts were 

established by injecting MCF-7 cells subcutaneously into female nude mice, which were 

then treated with PBS, N-GQDs, free Dox, and N-GQD-Dox every 4 days, respectively. 

The tumor size was measured at the indicated time points in (a) and all tumors were 

weighted at the end of the experiment in (b, c). *, p<0.05; **, p<0.01; ***, p<0.001. 



161 

 

the percentage of CD133+ cells with the application of flow cytometry. The results showed 

that N-GQD-Dox considerably reduced the CD133+ subpopulation in the treated tumors 

from 3.3% to 2.4% in comparison with the N-GQD treatment. However, free Dox increased 

the CSC fraction to around 9.0%, almost three times compared with control (Fig 7.14ab).  

  

 

 

 

Figure 7.14 N-GQD-Dox decreased CSC fraction in vivo. Tumor xenografts were 

established by injecting MCF-7 cells subcutaneously into female nude mice, which were 

then treated with PBS, N-GQDs, free Dox, and N-GQDs-Dox every 4 days, respectively. 

All the tumors formed were digested into single cell suspensions and grouped according to 

every single mouse. The percentage of CD133+ subpopulation in the generated tumors was 

measured by flow cytometry. ***, p<0.001.  
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Clearly, N-GQDs had no effect on CSC fraction compared with the saline control. 

Furthermore, N-GQD-Dox treatment exerted no obvious side effect on the body weight of 

the treated mice, while free Dox considerably suppressed the animal growth (Fig 7.15a). 

However, the weight of mice in Dox group increased slowly up to less 110% at the final 

day (Fig 7.15a, red line), suggesting that N-GQD-Dox but not free drugs Dox effectively 

suppressed tumor growth without significant side effect on body weight.  

In addition, we examined the bio-distribution of free and nanoparticle-delivered drugs in 

the major organs of mice. The analysis showed that free Dox had higher retention in the 

Figure 7.15 N-GQDs-Dox were accumulated in the tumors but not major organs and 

suppressed tumor growth. (a) N-GQDs-Dox but not free Dox exerted no significant 

side effects on animal growth. The body weight of the mice in (a) was measured at the 

indicated time points. (c, d) N-GQDs-Dox could be accumulated in the tumor tissues 

rather than the major organs compared with free Dox (b, d). The xenograft tumors were 

developed by subcutaneously injecting MCF-7 cells into female nude mice. When the 

overt tumors were generated, the mice were treated with PBS, N-GQD, free Dox, and 

N-GQDs-Dox every 4 days. At the end of the experiment, the major organs (heart, 

liver, spleen, lung, and kidney) and the generated tumors were extracted and the Dox 

fluorescence was measured. The representative images were shown in (b, c) and the 

fluorescence intensity was quantified in (b). *, p<0.05; **, p< 0.01; ***, p<0.001. 
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heart, spleen, liver, lung, and kidney than N-GQD-Dox (Fig 7.15bc), which might explain 

the side effect on mice growth since Dox could not only eliminate cancer cells but also 

affect normal tissue cells. However, in the tumor tissue, there was around 30% higher 

amount of N-GQD-Dox than free Dox (Fig 7.15d), indicating the specific accumulation of 

N-GQD-Dox in the tumors but not in other major organs. 

The tumorigenicity of the cells derived from the 1st generation of tumor xenografts treated 

under different conditions was further examined in mice without any treatment. N-GQD-

Dox-treated xenograft cells generated smaller 2nd generation of tumors than N-GQD, while 

Dox-treated tumor cells formed larger xenografts (Fig. 7.16a), implying that N-GQD-Dox 

suppressed while free Dox enhanced the tumor formation ability. There existed no 

significant difference in animal body weight among different conditions (Fig. 7.16b). 

Taken together, all these obtained findings suggest that nanoparticle-based drug delivery 

specifically eliminated soft CSCs and tumor growth without generating obvious side 

effects, while conventional chemotherapy treatment enriched this tumorigenic 

subpopulation and significantly affected the body growth. 

 

 

Figure 7.16. N-GQD-Dox treatment suppressed 2nd generation of xenograft. a. The 

2nd generation of xenograft tumors volume at 45 day; b. There existed no significant 

difference in animal body weight among the mice bearing the 2
nd

 generation of 

tumor xenografts. The animal body weight was measured at day 45. **, p<0.01; ***, 

p<0.001, ns: no significance. 
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Chapter 8: Conclusion and Discussion 

8.1 Summary 

It is well known that tumor cell mechanics is closely related to its malignancy. Cancer cells 

are softer than normal cells and metastatic cancer cells are softer than non-metastatic cancer 

cells. CSCs are softer than non-CSCs. However, whether it is necessary for cancer cells to 

become soft during cancer progression remains unknown. In particular, it is unclear 

whether low cell stiffness is the consequence or one important driving force of tumor 

malignancy. For the former, cell mechanics can only be used for cancer diagnosis but not 

cancer therapy. For the latter, low cell stiffness can be harnessed for both cancer diagnosis 

and treatment, which will facilitate the development of new therapeutic modalities and 

rewire malignant tumor cells into less malignant/benign cells by enhancing low cell 

mechanical stiffness.  

To address this important question, our present study focuses on the role of cell mechanics 

in tumor cell self-renewal and malignancy and the specific targeting of soft but malignant 

CSCs. Our results demonstrate that decreasing cell stiffness by inhibiting cytoskeleton-

related genes (such as MLCK and mDia1) or targeting the cytoskeleton increases self-

renewal and the expressions of stemness genes in vitro. Importantly, softening tumor cells 

promotes tumorigenicity in vivo. Vice versa, stiffening cancer cells by overexpressing 

cytoskeleton-related genes (MLCK and ROCK) or pharmacologically strengthening 

cytoskeleton decreases self-renewal and the expressions of stemness genes in vitro. Cell 

stiffening dramatically suppresses tumor growth in vivo. The inhibitory effect of cell 

stiffening on self-renewal can be reversed by concurrent cytoskeletal softening, while the 

promotion of self-renewal after cell softening can be blocked by concurrent cytoskeletal 
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stiffening. These findings demonstrate that softening/stiffening cells enhances/suppresses 

the self-renewal and tumorigenicity of liver cancer cells, which can be reversed by cell 

stiffening/softening. The reversible effect of cell mechanics on self-renewal suggests that 

the CSC functions may be regulated through the cytoskeleton. Taken together, our results 

demonstrate that cell mechanics is not only correlated with tumor cell self-renewal and 

tumorigenicity, but also plays a critical role in regulating the process.   

CSCs refer to a small subpopulation of cancer cells with the ability to differentiate into 

other tumor cells, including non-CSCs. Previous findings show that it is possible for non-

CSCs to de-differentiate into CSCs under certain conditions[139, 140]. To elucidate the 

mechanism underlying the effect of cell mechanics on tumor cell self-renewal, we examine 

the influence of modulating cell stiffness on the interconversion between CSCs and non-

CSCs. Softening stiff EpCAM- cells (non-CSCs) promotes the conversion into EpCAM+ 

cells (CSCs) and enhances the self-renewal ability, while further softening soft EpCAM+ 

cells has no obvious effect on their stemness. On the other hand, stiffening cells facilitates 

the differentiation of soft EpCAM+ cells into stiff EpCAM- cells and reduces their self-

renewal ability, while further stiffening stiff EpCAM- cells has no such effect. In addition, 

soft CSCs gradually become differentiated and increase their stiffness on rigid glass, and 

inhibiting cell stiffening during this process prevents CSC differentiation and maintains 

their self-renewal ability. All these findings suggest that cell mechanics may regulate tumor 

cell self-renewal through affecting the interconversion between non-CSCs and CSCs. 

To explain how cell mechanics regulates tumor cell self-renewal, we further examine the 

underlying molecular mechanism. Wnt/β-catenin signaling has been widely implicated in 

the regulation of stem cell properties in both normal and pathologic cells. [141-144] .We 
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find that softening cells activates Wnt/β-catenin pathway, including elevated total and 

phosphorylated β-catenin, β-catenin nuclear translocation, and enhanced expressions of the 

downstream genes. Stiffening cells suppress this signaling. Softening/stiffening cells 

enhances/inhibits tumor cell self-renewal, which can be rescued by inhibiting/activating 

Wnt/β-catenin signaling, suggesting that cell mechanics regulates tumor cell stemness via 

the pathway. APC is a partner of the degradation complex that participates in the 

degradation of β-catenin in cytoplasm and the inactive mutation of APC is widely found in 

several types of cancers, which deprives the ability of APC in degrading β-catenin. APC is 

localized with either microtubules or actin filaments. Thus, the alteration of cell mechanics 

may affect the function of APC. Our results show that softening/stiffening cells 

decrease/enhance APC expressions and the association of APC with β-catenin in cytoplasm. 

The binding of β-catenin to APC promotes its degradation, while the disassociation  

 

facilitates the nuclear translocation, which further enhances the transcription of 

downstream genes, including Oct4. The effect of cell mechanics on tumor cell self-renewal 

can be diminished by modulating APC and Oct4. These results demonstrate that cell 

Figure 8.1 Molecular pathway of cell stiffness regulating self-renewal by cell softening 

and cell stiffening. 

Softening 

HCC 

cell 

Stiffening 
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mechanics may regulate tumor cell stemness and tumorigenicity through APC-mediated 

Wnt/β-catenin pathway and Oct4 expression, as shown in Fig 8.1.  

So far, we have demonstrated that cell mechanics is not only correlated with tumor cell 

malignancy, but also plays a regulatory role in it, implicating its therapeutic functions 

against CSCs. To demonstrate the potential therapeutic roles, we examine whether low cell 

stiffness can be harnessed in nanoparticle-mediated therapy for specific elimination of 

CSCs. CSCs have been speculated to drive tumor malignancy, drug resistance, and cancer 

relapse and thus become the major target in cancer therapeutics. CSCs are known to be 

markedly softer than bulk tumor cells that are further softer than healthy tissue cells across 

various types of cancer [7, 44, 46, 134], suggesting that cell mechanics can be considered 

as a mechanical hallmark of cancer cells for mechano-medicine, especially CSCs. Indeed, 

small molecules have been synthesized to enhance cell mechanics-mediated cellular 

stiffness and suppress tumor cell motility[53]. Stiffening cells limits the invasion of CSCs 

in glioblastoma[145] and the survival of circulating tumor cells and CSCs in blood shear 

flow[146]. However, the role of cell mechanics in nanoparticle-based CSC targeting 

remains unclear.  

In this study, we have demonstrated that nanoparticle uptake is inversely related to cancer 

cell stiffness. Soft CSCs take up more nanoparticles than stiff bulk tumor cells and cell 

mechanics regulates nanoparticle uptake through acting on caveolae-/clathrin-dependent 

endocytosis. Furthermore, soft CSCs exhibit enhanced drug release rate and cellular 

retention of drug-loaded nanoparticles, possibly due to the decrease in intracellular pH and 

the repression of exocytosis. Compared to free anti-cancer drugs, drug-conjugated N-

GQDs specifically eliminate soft CSCs both in vitro and in vivo, suppress tumor growth, 
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and maintain the normal animal growth. These findings demonstrate the regulatory role 

and therapeutic significance of cell mechanics in nanoparticle-mediated specific CSC 

targeting for effective cancer therapy. 

Taken together, these two projects reveal the critical role of cell mechanics in CSC self-

renewal, tumorigenicity and nanoparticle uptake, as shown in Fig 8.2. From normal cell to 

cancer cell, further to CSCs, cell stiffness decreases as cell malignancy increases. The 

alteration of cell stiffness can regulate the interconversion of CSC s and non-CSCs through 

APC mediated Wnt/β-catenin-Oct4 expression. Cancer cell malignancy may be reversed 

by cell stiffening, which can be a potential therapy strategy. Further, we find the 

relationship of cell stiffness and nanoparticle uptake, that is, softer cells can absorb more 

nanoparticles through endocytosis pathways. Thus, low cell stiffness can be a mechanical 

marker for specific targeting CSCs.  

 

 
Figure 8.2 Model of relationship of cell stiffness, cancer cell and CSC malignancy 

and GQD uptake. 
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8.2 Limitation 

In this project, we applied several methods to regulate cell mechanics, including siRNA 

silencing actomyosin proteins, over expression of actomyosin proteins using over 

expression plasmids, or respective actomyosin inhibitors or activators. The emphasis of the 

research was to reveal the underlying relationship of cell stiffness and tumorigenicity or 

nanoparticle uptake. However, all the strategies we used to regulate cell stiffness were 

implemented via the actomyosin-mediated signaling pathways. Thus, we could not 

completely exclude other effects of altering mDia1, MLCK and ROCK other than the 

effects on cell stiffness. No physical strategies can be directly applied to regulate cell 

stiffness, except for regulating actomyosin. All cells we used in the current research were 

cancer cell lines, and we lacked some more reliable data using primary cancer cells.  

8.3 Future work 

We plan to find some physically methods to regulate cell stiffness, and appropriate 

candidates include ultrasound treatment, cold shock or heat shock. It has not been 

confirmed whether these methods can alter cell stiffness, but our goal is to find a method 

that could directly change cell mechanics instead of modifying signaling pathways. This 

may develop into a potential cancer therapy.  

We would further collaborate with hospital to conduct IHC assay on patient sample. Cell 

stiffness related protein (MLCK and mDia) as well as APC, β-catenin and Oct4 will be 

analyzed in paraffin slides grouped into early stage and late stage. The relative expression 

and correlation of those proteins would be further investigated. 
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The localization of APC on cytoskeleton is microtubules, but here we altered cell stiffness 

through acto-myosin. Thus, the underlying mechanism of how F-actin alteration regulates 

microtubules-binding APC would be further detected.   

We have confirmed the less effect of GQD-Dox to cancer cells comparing to soft CSCs, 

the side effect of GQD-Dox treatment to normal cells (such as MCF-10A and MIHA) 

would be further detected.  

Another projected followed by this one would be whether cell becoming soft is necessary 

during tumor initiation.  
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