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Abstract 

Developing strategies for efficient expansion of cancer stem-like cells (CSCs) in vitro will help 

investigate the mechanism underlying tumorigenesis and cancer recurrence. Herein, we report a 

dynamic culture substrate tethered with integrin ligand-bearing magnetic nanoparticles via a 

flexible polymeric linker to enable magnetic manipulation of the nanoscale ligand tether mobility. 

The cancer cells cultured on the substrate with high ligand tether mobility develop into large semi-

spherical colonies with CSCs features, which can be abrogated by magnetically restricting the 

ligand tether mobility. Mechanistically, the substrate with high ligand tether mobility suppresses 

integrin-mediated mechanotransduction and histone-related methylation, thereby enhancing 

cancer cell stemness. The culture-derived high-stemness cells can generate tumours both locally 

and at the distant lung and uterus much more efficiently than the low-stemness cells. We believe 

that this magnetic nano-platform provides a promising strategy for investigating the dynamic 

interaction between CSCs and the microenvironment and establishing a cost-effective tumour 

spheroid model. 

  



Introduction 

 

Despite the advance in cancer therapeutics and improved survival rate of cancer patients, 

tumour recurrence remains a significant challenge in clinical practice1-5 and is believed to arise 

from a small subpopulation of cancer stem-like cells (CSCs). These cells are resistant to chemo-

/radio-therapy and highly malignant, and can induce cancer recurrence.6-7 Therefore, 

characterizing CSC properties and elucidating their high malignancy mechanisms are critical for 

developing effective anticancer therapies. Due to the rarity within a heterogeneous tumour, the 

isolation and cultivation of CSCs are essential for functional characterization and mechanistic 

studies.8 However, the existing methods to isolate CSCs from primary cancer tissues, such as flow 

cytometry, are costly and inefficient.9 Developing strategies including non-adhesive surfaces and 

hanging droplets for generating multicellular cancer spheroids as in vitro models of solid tumours 

has become an active area of research.10 However, these strategies often rely on suspension-

induced cell aggregation and have limited control over the formed cancer spheroids. Some reports 

showed that low-stemness cancer cells seem to spontaneously and stochastically turn into CSCs 

de novo,11,12 and conventional strategies provide limited information underlying molecular 

mechanism of CSCs plasticity. 

 

Except for genetic and biochemical factors, mechanical forces play important roles in 

tumour growth and metastasis because cells can sense and respond to mechanical cues through 

mechanotransduction.4,9 Specifically, cells sense matrix rigidity through mechanosensors such as 

integrin-mediated signalling molecules, including focal adhesion kinase (FAK), Ras homologue 

family member A (RhoA) and cell division control protein 42 homolog (Cdc42), to initiate 

mechanotransduction signalling.12-14 Recent studies have suggested that cell-adhesive matrice 

rigidity epigenetically regulates cancer cell behaviour via FAK signallings.15-17 These findings 

indicate that regulating the interaction between cells and the microenvironment critically 

influences cellular responses. Thus, previous works have demonstrated the application of dynamic 

platforms to investigate and regulate cell–microenvironment interactions. For instance, an 

optically controlled culture substrate based on merocyanine-to-spiropyran isomerization was 

reported to switch the ligand presentation between diffusible state and constant state reversibly to 

regulate integrin-dependent stem cell adhesion and differentiation.18 Such platform further 

demonstrated that cells rely on α5β1 integrin-mediated Rac signalling for the early adhesion stage 

(diffusive ligands) and develop self-strengthening adhesive force through αvβ3 integrin-mediated 

RhoA/ROCK signalling for the latter adhesion stage (constant ligands).19
 Also, we have previously 

developed platforms to regulate the mechanosensing of seeded cells and the associated signallings 

via modulating integrin-ligand binding dynamics.20-24 We thus believe that it is possible to cultivate 



CSCs by using dynamic platforms to manipulate the cancer cell-substrate interactions. 

 

In this study, we describe a dynamic culture substrate consisting of integrin ligand-bearing 

magnetic nanoparticles (RGD-MNPs) conjugated to a glass substrate via flexible and non-fouling 

poly(ethylene) glycol (PEG) linkers with varying molecular weights (MW: 2k, 5k, and 20k Da) 

according to our previous report (Scheme 1).21 Unlike anhydrides, ester, and amides groups, PEG 

is generally considered much less susceptible to hydrolytic degradation and is non-biodegradable, 

which can be used to passivate nanoparticles or drugs to extend the half-life of blood circulation.25 

Also, it has been utilized as a cellular traction force sensor due to its ability of reversible 

folding/unfolding at resting/stretching state.26,27 We hypothesize that this platform can dynamically 

alter the cellular integrin-based mechanosensing and epigenetic profile that regulate the stemness 

of the cultured cancer cells. Recent work has utilized matrix (e.g., collagen-coated polyacrylamide 

gel) stiffness as a biophysical parameter, especially substrate softness, to study the effect of 

receptor-ligand mediated self-renewal behaviour of cancer cells and embryonic stem cells.28,29 It 

should be noted that the deformability of the collagen can be subject to the number of collagen-

matrix anchoring points (e.g., the pore size of the matrix network and the nanospacing of ligands 

tether) that create a local matrix stiffness.30,31 This local mechanical property can be different from 

that of the bulk matrix and therefore generating potential confounding factors. In this platform, we 

precisely controlled the coating density and adjusted the tether length (MW of the PEG) of cell 

adhesive ligand on the same rigid glass substrate, and this help decouples the effects of local 

rigidity from that of bulk substrate mechanical properties. We believe that the large or small 

molecular weight of the PEG linkers, i.e., high or low RGD tether mobility, can produce effects 

similar to that of the “soft” or “stiff” substrate, respectively. In this study, we showed that the 

cancer cell lines and patient cancer cells cultured on the substrate with high-mobility of RGD-

MNPs demonstrated CSC attributes, including enhanced colonial expansion, stemness markers 

expressions, drug resistance, and in vivo tumorigenicity and metastasis. We further showed that 

the high-mobility of RGD tether suppressed mechanotransduction signalling in cancer cells and 

histone-related methylation, thereby promoting stemness and the associated behaviours. We 

believe that this magnetic-controlled system provides an effective tool for fundamental and 

preclinical research for anticancer therapy. 

 

Results and discussion 

 

We first fabricated monodispersed silica-coated MNPs (core size: 10.9±0.8 nm, silica-coated 

size: 28.3±2.0 nm) (Figure 1a). We performed dynamic light scattering to determine the size of the 

MNPs, Fourier transform infrared spectroscopy to characterize the successful conjugation of RGD 



to MNPs, and vibrating-sample magnetometry and x-ray diffraction to confirm the magnetic 

properties of the as-prepared MNPs (Figures S1-3). We confirmed this dynamic substrate consisted 

of a monolayer of RGD-MNPs grafted on a glass substrate with controlled particle densities 

(460±11 particles/m2) through PEG linkers of varying MWs (Figure 1a), with narrow conjugated-

RGD density (263±30 peptides/particle). In this study, we hypothesized that increasing the PEG 

MW enhances the tether mobility of the RGD-MNPs and suppresses the mechanosensing of the 

seeded cells in the absence of downward magnetic attraction (–M), thereby mimicking a “soft 

substrate”. Switching on the downward magnetic attraction (+M) restricts the tether mobility of 

the RGD-MNPs, mimicking a “stiff substrate” and enhances the mechanosensing of the cells. Such 

restricted and unleashed tether mobility via magnetic actuation enables effective switching 

between different biophysical states of the dynamic substrate, regulating cancer cell 

mechanosensing and cellular functions. All experimental and control group abbreviations are listed 

in Table 1. 

 

We performed atomic force microscopy (AFM) analysis to verify the magnetic actuation 

of our platform (Figure 1b and c). In contact mode, most conjugated RGD-MNPs in all groups 

were swiped away from the cantilever scanning region in –M (Figure 1b). In contrast, fewer 

particles were removed from the substrate under +M (Figure 1c), suggesting that the RGD-MNP 

tether mobility can be restricted magnetically. To quantify the tether mobility of RGD-MNPs with 

increasing PEG linker MW, we estimated the nano-movement of the tethered RGD-MNPs by AFM 

in tapping mode with immobilized gold nanorods as reference points (Figure 1d & S4). The 

difference in the relative coordinates of the RGD-MNPs before and after lateral magnetic attraction 

shows that MNP20k exhibited the largest relative displacement (63.9±13.4 nm) compared to 

MNP5k (15.3±5.5 nm) and MNP2k (7.9±2.8 nm), which correlate well to the theoretically 

extended chain lengths of PEG with MW 20kDa (161.8 nm), 5kDa (38.2 nm) and 2kDa (17.8 nm), 

respectively.32,33 These results indicate that increasing the PEG linker MW from 2-20 kDa 

enhances RGD-MNP tether mobility, i.e., decreasing rigidity of the tether structure. In contrast, 

the random RGD-MNP movement (–M) did not significantly influence the RGD-MNP 

displacement quantification, probably due to the collapsed and coiled conformation of the PEG 

without tension at resting state (Figure S5).26 These results demonstrate that our dynamic substrate 

offers flexible control over the ligand tether mobility, depending on the PEG linker length and 

magnetic actuation. 
 

We next tested the effect of the dynamic substrates on tumour cell behaviours. Single HeLa 

cells on the substrates with increasing ligand tether mobility grew into semi-spherical tumour 

spheroids (Figure S6b), especially in the MNP20k–M group, which showed the highest number of 



colony formation and the largest colonies over 7 days of culture (Figure S6c-f & S7b). However, 

cells on substrates with intrinsically low or magnetically restricted ligand tether mobility barely 

grew into colonies but a cell monolayer with significant cell spreading (Figure S6a, c-f & S7a). 

Besides, increasing the initial cell seeding density did not significantly enhance the cell colony 

formation by cell aggregation, and cells remained a cell monolayer in the MNP20k+M group 

(Figure S8). These findings suggest that tether mobility is the key factor in regulating the formation 

of the multicellular tumour semi-spheroid colonies by HeLa cells. 

 

We further evaluate the plasticity of tumour cells in response to varied mechanical 

microenvironments. The HeLa cells cultured on the MNP20k–M substrate showed an increased 

number of semi-spherical colonies in the first 3 days, which became flattened as a cell monolayer 

in the next 4 days after the MNP20k–M substrate switching to MNP20k+M (Figure S7c). This 

property of tunable nanoscale presentation of integrin-ligands is potentially a unique advantage of 

our platform, which is not available from conventional methods for supporting tumour spheroid 

growth. Consistent with the findings in HeLa cells, other adherent cancer cell lines, including 

MCF-7, MDA-MB-231, Hep3B, murine B16-F1, and primary human colon cancer cells, all 

developed semi-spherical colonies on the MNP20k–M substrate over 7 days (Figure S9). 

Furthermore, HeLa cells cultured on the substrates with MNPs bearing no RGD or non-bioactive 

RAD (+/–M) only resulted in sparse small cell aggregates, which were drastically different from 

the large colonies from the MNP20k–M group (Figure S10a, c-e). We also evaluated the 

conventional agarose substrate, which has no specific interactions with the cells, for supporting 

the clonal growth of cancer cells.34 HeLa cells cultured on the agarose substrate developed less 

regular colonies in morphology and much smaller in size than the colonies derived from the 

MNP20k–M substrate (Figure S10b-e). These results demonstrate that a basal level of integrin-

ligand interaction is required for the survival and expansion of cancer cells35, and our strategy 

provides a generalized method for supporting the clonal expansion of a wide array of adherent 

cancer cells. Importantly, our results indicate that manipulating cell-substrate interactions is an 

effective approach to enhance the colony growth of cancer cells. 
 

We next investigated the influence of the magnetically controllable tether mobility of the 

RGD-MNPs on the mechanotransduction signalling of HeLa cells that might contribute to the as-

mentioned differential cellular responses. Cytoskeleton components (e.g., F-actin) and 

mechanosensitive signalling factors such as FAK and Cdc42 are known to be involved in the 

response of living cells to mechanical stimulations.17,36 Immunofluorescence staining showed that 

the expressions of these components decreased on the substrates with increasing tether mobility 

(MNP2-20k–M) (Figure 2a). In contrast, cells cultured on the substrate with low/magnetically 



restricted ligand tether mobility (MNP2-20k+M) showed robust expression of these 

mechanotransduction markers. Consistently, the western blot data showed the same trend in the 

expressions of total and phosphorylated FAK, Cdc42 and RhoA (Figure S11). Hence, the results 

reveal that high-mobility of the ligand tether suppresses mechanotransduction signalling in cancer 

cells, and magnetically restricted ligand tether mobility rescues this effect. 

 

Previous studies have shown that FAK activity is closely associated with histone H3 lysine 9 

methylation (H3K9me),17 which is known to repress the expression of stemness-related markers, 

including Sox2, Nanog and Oct3/4.37 Our data showed that HeLa cells cultured on MNP20k–M 

substrate expressed the lowest levels of H3K9me2&3, which potentially contributed to the 

pronounced expression and nuclear localization of Sox2, Nanog, and Oct3/4 (Figure 2a-d & S12). 

However, cells cultured on low or magnetically restricted ligand tether mobility substrate showed 

high levels of H3K9me2&3 and reduced expression of stemness-related markers. Furthermore, the 

gene expressions of the stemness-related markers exhibited the same trend at the mRNA level 

(Figure 2c-e). Our EdU cell proliferation assay showed that the number of HeLa cells undergoing 

DNA replication in the MNP20k–M group was 131±45% higher than that of the MNP20k+M 

group (Figure S13). This result is consistent with the profound expression of Sox2, which may 

positively correlate with cancer cell division.38 Contrarily, although tumour cells can grow into 

tumour colonies to a certain extent on agarose substrates, Sox2 was sparsely expressed in the cells 

within the colony on agarose substrates, different from the cells cultured on the MNP20k–M 

substrate (Figure S14). These findings suggested that high-mobility of the RGD-MNPs tether 

enhances the colony growth and stemness of HeLa cells by elevating the associated epigenetic 

activities. 

 

To confirm the role of mechanotransduction signalling in regulating cancer cell stemness, 

we showed that knockdown of FAK, Cdc42, or RhoA with the corresponding siRNA increased 

colony formation, expression and nuclear localization of Sox2 and Nanog in HeLa cells cultured 

on MNP20k+M substrate (Figure S15a-c). Inhibiting these gene expressions had no obvious 

effects on the cells cultured on MNP20k–M substrate. However, the inhibition of β1- integrin 

inhibited the clonal growth and stemness of HeLa cells even on MNP20k–M substrate (Figure 

S15d). The results suggest that a basal β1 integrin-mediated activity is needed for the clonal growth 

of cancer cells on the substrate with varying RGD-MNP tether mobilities.39 

 

We also examined the expression of stem cell surface markers, including CD44 and CD133, 

which are generally enriched in CSCs and positively correlated with Sox2 and Oct3/4.40-42 

Strikingly, the flow cytometry data indicated that the percentages of the cells expressing CD44 and 



CD133 in the MNP20k–M group were 99.93% and 17.99%, respectively, after 7 days of culture 

(Figure S16e). In comparison, only 0.8-1.54% and 1.66-2.6% of cells in the low/restricted ligand 

tether mobility groups expressed these two markers (Figure S16a-d). We question whether the 

dominant population of the high-stemness cancer cells from the MNP20k–M group resulted from 

selecting high-stemness subpopulation cells or conversion from cancer cells with initial low-

stemness. We performed fluorescence-activated cell sorting of CD44+/CD133+ or CD44-/CD133- 

cells from regular HeLa cells and cultured the sorted cells in different conditions (Figure 3a-b). 

Intriguingly, 20.6% of the CD44+/CD133+ cells maintained the expression of both markers after 7 

days of culture on the MNP20k–M substrate (Figure 3c), but only 3.53% and 4.40% of 

CD44+/CD133+ cells remained on glass and MNP20k+M substrate, respectively. More importantly, 

our results showed that 17.32% of initially CD44-/CD133- cells acquired positive expression of 

CD44 and CD133 on the MNP20k–M substrate (Figure 3d). In contrast, nearly no cells cultured 

on the glass/MNP20k+M substrates expressed these markers. The high expression of Nanog in 

MNP20k–M substrate-derived cells may contribute to the acquired expression of the surface 

markers.43 

 

We further used aphidicolin (DNA replication inhibitor) to rule out selected growth of a 

high-stemness subpopulation on the dynamic substrate. HeLa and Hep3B cells cultured in different 

conditions for 1-day without drug exhibited limited stemness marker expressions (Figure 3e & 

S17a), suggesting that the seeded cells had not developed significant CSC characteristics after only 

1-day of culture. Subsequently, cells cultured on both the MNP20k+/–M substrates with the drug 

for 7-days mostly remained isolated single cells with minimal proliferation (Figure 3f & S17b). 

However, only cells cultured on the MNP20k–M substrate acquired upregulated expression of 

Nanog, CD44 and CD133 regardless of the drug treatment (Figure 3f-i & S17b-c). We further 

demonstrated that primary human colon cancer cells acquired high-stemness with a similar trend 

as the HeLa cells (Figure S17d-f), although the cells had pre-existing high expression level of 

CD44+/CD133+ expression (20-40%) on 1-day of culture, consistent with the elevated expression 

of stemness markers in colon cancer cells reported previously.44 These findings show that our 

dynamic culture substrate can enhance cancer cell stemness and maintain this characteristic in 

cancer cells with an initial high-stemness level. Thus, this platform can be highly instrumental in 

investigating the impact of microenvironmental biophysical cues on the plasticity of CSCs 

 

To evaluate the malignancy of tumour cells cultured on the substrates with varying ligand 

tether mobilities, we next tested their drug resistance ability to doxorubicin, 5-fluorouracil, and 

gefitinib at different concentrations (Figure S18).45,46 Importantly, cells cultured from the 

MNP20k–M substrate exhibited higher chemoresistance ability than cells in other groups at 



varying drug dose (Figure S18a-e). We examined the expressions of drug resistance genes, such 

as ATP-binding cassette superfamily G member 2 (ABCG2) and multidrug resistance transporter 

(MDR) protein47, that are known and responsible for the efflux of the drugs out of tumour cells 

(Figure S18f).48,49 Strikingly, the expression levels of both ABCG2 and MDR1-3 in the MNP20k–

M group were significantly higher than those in the MNP2-5k–M and MNP2-20k+M group after 

7 days of culture. These findings demonstrate that tumour cells cultured on the substrates with high 

ligand tether mobility exhibit enhanced drug resistance. 

 

Evidence revealed that cells were able to develop mechanical memory of the past exposure 

to physical signals.50,51 This mechanical memory was shown to be reversible or irreversible, 

depending on the mechanical dosing (incubation period) on particular matrix stiffness. This 

priming of cells by a given matrix stiffness influenced their future differentiation and cell migration 

on a different matrix. Thus far, in our study, this is highly possible that cancer cells primed with 

high ligand tether mobility retained the memory of such biomechanical environment in vitro with 

the acquired cancer stem-like cell features in subcutaneous space or during the blood circulation 

upon injection and hence exhibited robust tumorigenicity and metastasis. To create a melanoma 

model, we choose a typical murine skin cancer cell line, B16-F1 cells, for evaluating the 

tumorigenicity of cancer cells primed from our platform via subcutaneous injection of these cells 

into immunocompetent BALB/c mice.52 Strikingly, cells from MNP20k–M group developed 

tumours 7-9 times larger in size than those generated by the cells from glass/MNP20k+M 

substrates (Figure 4a-b) 2 weeks after injection. Tumours from the MNP20k–M group showed the 

highest tumour cell density, whereas tumours from the glass substrate/MNP20k+M group had 

loosely packed tumour cells (Figure 4a & c). Since the injection of foreign cells can trigger the 

host immune response in BALB/c mice,53 we further examined the expression of programmed 

death-ligand 1 (PD-L1), which is known to increase the survival and aggressiveness of cancer cells 

in vivo.54,55 MNP20k–M group-derived tumours had a significantly higher percentage of PD-L1-

positive cells than those from the glass substrate/MNP20k+M groups (Figure 4a & d). Moreover, 

only cells in the tumours from the MNP20k–M group expressed high nuclear localization of Sox2 

(Figure 4a & e), which has been reported to regulate the expression of PD-L1.56 However, our in 

vitro results show that both B16-F1 and HeLa cells cultured on the MNP20k+/–M substrate did 

not spontaneously express PD-L1 for 7 days (Figure S19a & c), possibly due to the lack of 

interferon (IFN) secreted by activated immune cells in the tumour environment.57 To test this 

possibility, we stimulated both HeLa and B16-F1 cells cultured on the MNP20k+/–M substrate, 

respectively, with IFN-γ for 1 additional day. The cells in MNP20k–M group exhibited intense 

expression of PD-L1; weak PD-L1 expression was observed in cells from the MNP20k+M group 

(Figure S19b & d). These results suggested that high RGD tether mobility substrate-cultivated 



cancer cells acquire strong immunoresistance ability, which may facilitate tumour growth in vivo. 

 

To create a lung or internal organ metastasis model, we choose a typical cervical cancer 

cell line, HeLa cells, for evaluating whether ligand tether ligand mobility regulates the metastatic 

potential of cancer cells.58 The transwell invasion assay showed that HeLa cells from the 

MNP20k–M group exhibited significantly enhanced invasion ability than the cells from the 

low/restricted ligand tether mobility groups (Figure S20). We further injected the HeLa cells 

(1x105 cells) from different culture conditions via the tail vein of BALB/c mice for establishing a 

metastasis model. After 1-month, only cells from MNP20k–M group generated metastatic tumours 

in the lung and uterus of all animals with abnormal morphology (3/3) (Figure 4f-g, S22a-b & g). 

The tumour cells occupied most alveoli spaces in the lungs and induced significant angiogenesis 

in the uterus, with high expression of CD44 and CD133 (Figure 4f, h-i & S22c-d, h-i) and 

cytokeratin 19, a cancer cell marker (Figure S21a & S22e). In contrast, the cells cultured from 

MNP20k+M/glass substrate did not significantly form any metastatic tumours in the lungs and 

uterus (both 0/3). Furthermore, the metastatic lung and uterus tumours from the MNP20k–M group 

harboured a significant amount of PD-L1-positive cells (Figure 4j, S21b, S22f & j), which were 

absent in the organs from control or glass/MNP20k+M groups. These results suggested that cancer 

cells cultured on the substrate with the high ligand tether mobility possess high metastatic potential 

and immunoregulation capability, as typically observed in CSCs.59 

 

In summary, our dynamic substrate offers a physical and noncontact strategy (magnetic 

actuation) to study the effect of the nanoscale presentation of integrin-binding ligands on cancer 

cell behaviours (Figure S23). In this study, a substrate with high-mobility of ligands effectively 

generated high-stemness cancer cells from different cancer cell lines or primary patient cancer 

cells. We demonstrated that our dynamic substrate regulates integrin-based signalling and 

associated epigenetic events with converting low-stemness cancer cells into high-stemness ones. 

The obtained high-stemness cancer cells show similar critical traits to those of CSCs in drug 

resistance and high malignancy. We believe that this culture system with easy imaging access can 

be a valuable and cost-effective tool to assist basic studies on the plasticity and molecular 

mechanisms of CSCs behaviour for developing anticancer therapies. 
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Groups of fabricated 

surfaces 

The average molecular weight 

of PEG linker (DA) 
Magnetic application Group name abbreviation 

Low tether mobility 2000 – MNP2k–M 

Medium tether mobility 5000 – MNP5k–M 

High tether mobility 20000 – MNP20k–M 

Restricted tether mobility 2000 + MNP2k+M 

Restricted tether mobility 5000 + MNP5k+M 

Restricted tether mobility 20000 + MNP20k+M 

The symbols “+” and “–” present in the column “Magnetic Application” indicate that these two items are present or absent. 

 

Table 1. Group name abbreviation of all groups in the study (MNP: magnetic nanoparticle) 

  



 

Scheme 1. Schematic illustration of the magnetic-responsive platform and experimental 

design to manipulate ligand presentation to culture cancer cells with enhanced stemness. (a) 

Detailed chemical structure of the RGD-bearing magnetic nanoparticles (RGD-MNPs) conjugated 

on the glass substrate via a flexible and non-fouling poly(ethylene) glycol (PEG) linker with 

various molecular weights (2k, 5k and 20k Da) to control the nanoscale tether mobility of integrin-

ligand binding. (b) The hypothetical schematic drawing shows that the PEG linker of large 

molecular weight (20k Da) elevates the nanoscale tether mobility of the integrin ligand RGD, (c) 

which can be instantaneously reduced upon switching on the downward magnetic attraction (+M). 

Such tunable tether mobility of the integrin ligand can influence the mechanotransduction 

signalling and the associated epigenetic events of seeded cancer cells, leading to alteration of the 

stemness of cancer cells. The cancer cells with a high degree of stemness obtained from culturing 

on the substrate with a high-mobility ligand tether showed significantly increased (d) 

tumorigenicity and (e) metastasis in vivo after being delivered via subcutaneous and intravenous 

injections, respectively. 

  



 

Figure 1. Dynamic characterization of the nanoscale tether mobility of RGD-MNPs. (a) 

Nanoscopic characterization of MNP and MNP@SiO2 by transmission electron micrographs 

(TEM) and scanning electron microscopy (SEM) images of the RGD-MNP tethered onto a glass 

substrate via a PEG linker with varying molecular weights (2k, 5k and 20k). Schematic illustration 

and atomic force microscopy (AFM) characterization of the RGD-MNP tether stability (b) without 

(–M) or (c) with downward magnetic attraction (+M). (d) Quantification of the relative 

displacement of the RGD-MNPs tethered with PEG linkers of varying molecular weights in 

response to lateral magnetic attraction by AFM. The black dotted lines were used as the reference 

coordinates (immobilized gold nanorods), and the white dotted lines were drawn across the centre 

coordinate of each RGD-MNP. The error bars represent the s.e.m., each point representing a 

particle displacement (n = 50) from three different substrates. Significant difference p-value: 



***<0.001. (one-way ANOVA) 

  



 

Figure 2. Magnetic tuning of the cell adhesive ligand presentation regulates 

mechanotransduction signalling, epigenetics, and expression of stemness markers in cancer 

cells. (a) Immunofluorescence staining of cdc42 (green), FAK (green), Sox2 (green), Oct3/4 

(green), and Nanog (red) together with cytoskeleton F-actin (red) and nuclei (blue) in HeLa cells 

cultured under –M or +M conditions. Relative gene expression levels of (b) Sox2, (c) Oct3/4, and 

(d) Nanog in HeLa cells from different groups (n=3, each point represents one independent 

substrate), where these genes were normalized to the housekeeping gene GAPDH. Data are all 

shown as the mean±s.d., significant difference p-value: **<0.01 and ***<0.001. (one-way 

ANOVA)  



 

Figure 3. The substrate with high tether mobility of cell adhesive ligand enhances the 

expression of cancer stem-like cell surface markers in cultured HeLa cells. (a) Schematic 

illustration showing fluorescence-activated cell sorting (FACS) of CD44–/CD133– or 

CD44+/CD133+ cells from a population of HeLa cells cultured on a cell culture plate and (b) the 



subsequent culture of the sorted cells on MNP20k–/+M substrates. Dot plots and histogram 

representations of the CD44 and CD133 expression of (c) the CD44+/CD133+-sorted cells and (d) 

the CD44–/CD133–-sorted cells after 7 days of culture on the glass, MNP20k+M, and MNP20k–

M substrates, respectively. CTL and GS represent unstained control and the glass substrate, 

respectively. Immunofluorescence staining of Sox2 (green), CD44 (green) and CD133 (red) in the 

entire population (non-sorted) of HeLa cells cultured on the MNP20k–/+M substrates (e) for 1 day 

followed by (f) 6 additional days of culture with medium supplemented with DMSO/aphidicolin 

drug for 7 days. (g-i) Statistical analysis of positively stained cells in each group (n=30 randomly 

selected microscopy view areas of identical size from three different substrates, each point 

represents one area) for the expression of Nanog, CD44 and CD133. Data are all shown as the 

mean±s.d., significant difference p-value: **<0.01 and ***<0.001. (one-way ANOVA) 

  



 

Figure 4. B16-F1 cells and HeLa cells cultured on substrates with high ligand tether mobility 

show dramatically enhanced tumorigenicity and metastatic potential, respectively, in 

BALB/c mice. The mice were subcutaneously (B16-F1) or intravenously injected (HeLa cells) the 

harvested cells (105 cells) from substrates with varying ligand tether mobilities after 7 days of 

culture. (a) Images of B16-F1 solid tumours (inlet images) formed in different groups 2 weeks 

after injection of cells with hematoxylin and eosin (H&E) staining and immunofluorescence 

staining of inhibitory immune checkpoint ligand (PD-L1, red) and stemness marker, Sox2 (green). 

Statistical quantification of (b) tumour size (n=3), (c) tumour cell density (n=3), (d) the percentage 

of PD-L1-positive cells in the tumour samples (n=30 randomly selected microscopy view areas of 

identical size from three different tumours). (e) Nuclear localization of Sox2 in solid tumours 

(n=100 cells from 3 different tumours). (f) Images of the lungs extracted 1-month after injection 

of cells with H&E staining and immunostaining of CD44 and CD133. Statistical quantification of 



(g) the weight of extracted lungs normalized by body weight (n=3), immunostaining intensity of 

(h) CD44 and (i) CD133 (n=10 sections from 3 different lung samples), and (j) the percentage of 

PD-L1 positive cells in the lung samples (n=30 randomly selected microscopic areas of identical 

size from three different substrates). Data are all shown as the mean±s.d., with each point 

representing one cell from the images or one tumour sample from mice. Significant difference, p-

value: ***<0.001. (one-way ANOVA) 
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