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PTEN (phosphatase and tensin homolog), a tumour suppressor negatively regulating the PI3K signalling 

pathway, is the second most frequently mutated gene in human cancers. Decreased PTEN expression is 

correlated with colorectal cancer metastases and poor patient survival. Three dimensional (3D) 

multicellular spheroid models have been postulated to bridge the gap between 2 D cell models and animal 

models for cancer research and drug discovery. However, little is known about the impact of PTEN 10 

deletion on the invasion of colon cancer spheroidal cells through 3D extracellular matrix, and current 

techniques are limited in their ability to study in vitro 3D cell models in real-time. Here, we investigated 

the migration and invasion behaviours of the colon cancer cell line HCT116 and its PTEN-/- isogenic cell 

line using three different in vitro assays, wound healing, Transwell invasion, and label-free single cell 

3D2 invasion assays enabled by resonant waveguide grating (RWG) biosensor. Light microscopic and 15 

RWG imaging showed that PTEN deletion influences the spheroid formation of HCT116 cells at high 

seeding density, and accelerates the spontaneous transfer from the spheroid to substrate surfaces. In vitro 

migration and invasion assays showed that PTEN knockout increases the 2D migration speed of HCT116 

cells, and the invasion rate of individual cells through Matrigel or cells in spheroid through 3D Matrigel; 

moreover, PI3K inhibitor treatment drastically reduces the invasiveness of both cell lines. This study 20 

suggests that PTEN knockout potentiates the invasiveness of colorectal cancer spheroidal cells through 

3D extracellular matrix, and label-free single cell assay is powerful for investigating cancer cell invasion, 

in particular using 3D cell models. 

Insight, innovation, integration 

Cell invasion is mostly studied using 2D cell models in vitro; and these 2D assays have shown that RNAi 25 

knockdown of PTEN increases migration and invasion capacities of colorectal cancer cells. Here we 

demonstrated that RWG biosensor permits label-free, real-time and single cell quantification and 

mechanistic study of the PTEN deletion increased invasion of spheroidal colon cancer cells through 3D 

matrigel. 

Introduction 30 

 The lipid phosphatase PTEN (phosphatase and tensin 

homolog) is a tumour suppressor that is under-expressed in many 

human cancers arising from deletions, mutations or gene 

silencing.1,2 PTEN functions as a negative regulator of class I 

phosphatidylinositol 3-kinases (PI3K) via dephosphorylation of 35 

phosphatidylinositol-3,4,5-trisphosphate, which is a potent 

activator of 3-phosphoinositide-dependent kinase (PKD) and 

AKT.3 Loss of PTEN thus leads to hyperactivation of PI3K 

pathway. PTEN is one of the most frequently mutated genes in 

human cancers including colorectal cancers (CRCs).4 The 40 

prevalence of PTEN mutations in CRCs varies between 1% and 

29%,5,6 while PTEN deletion was found to be in approximately 

20-49% of CRCs, the median being 40%7-9. Loss of PTEN is 

more prevalent in later stage CRCs, and is high as approximately 

83% of metastatic CRCs.10 Loss of PTEN has been also reported 45 

to be associated with increased cancer cell motility and 

invasiveness, and poor overall patient survival.11 These findings 

suggest that loss of PTEN may provide an environment for the 

migration, invasion and the subsequent metastasis of CRCs. 

 Cancer metastasis from the primary site to distant organs is the 50 

main cause of cancer related death.12 The haematogenous 

metastatic cascade is an orchestrated multi-step process in which 

cells from the primary tumour invade the surrounding tissue and 

enter the peripheral circulation.13 The cells that survive from the 

fluid shear stress and immune cells in the circulation can 55 

extravasate and form metastases at distant sites.14 The metastatic 

cascade is regulated by multifarious interactions between tumour 

cells and other cells in the tumour microenvironment.15,16 These 

interactions play an important role in determining the fate of a 

cell that leaves the primary tumour. Amassing data, in particular 60 
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genomic landscape studies, have shown that human cancer is a 

pathway dysregulated disease, since tumour-associated genes and 

their mutations are mostly enriched in signaling proteins involved 

in a small number of pathways.4,16,17 The dysregulation of PI3K 

pathway is common in many human cancers including CRCs4 5 

and occurs through somatic activating mutations in class IA 

PI3Ks, most frequently PIK3CA,18,19 or through PTEN 

inactivation. PI3K pathway is central to the control of cell 

growth, proliferation and adhesion-dependent survival.20,21 

Dysregulation of the PTEN-PI3K may cause loss of epithelial 10 

characteristics, increase the possibility of cells acquiring 

mesenchymal properties and cell motility and invasiveness.3 

However, studying the role of the PTEN-PI3K pathway in CRC 

invasion is sparse in literature and mostly relies on conventional 

in vitro two-dimensional (2D) cell models. It has been reported 15 

that somatically mutated PI3KCA occurs in over 25% of CRCs18 

and promotes invasion of colon cancer cell lines through Matrigel 

using Transwell assay22. RNAi knockdown of PTEN was found 

to induce epithelial-mesenchymal transition (EMT) in human 

CRC cells, and increase the invasion and migration of CRCs 20 

using 2D wound and Transwell assays.23,24 EMT is a critical early 

event in the invasion and metastasis of many cancers.25     

 In vitro tumour assays have seen a radical shift from 2D to 3D 

in the past years.26-29 This is mostly due to increasing evidence 

suggesting that compared to 2D monolayer cell culture models, 25 

3D multicellular spheroidal models more closely recapitulate the 

in vivo situation of solid cancers, thus permitting more accurate 

prediction of in vivo drug efficacy, potency and safety.30 These 

3D models have been reported to have better predictive power for 

cancer cell growth,31 invasive potential,32 and drug 30 

responsiveness,33,34  and more closely mimic the phenotypic 

heterogeneity35,36 and microenvironments of tumors37.  

Coincident with the increasing use of 3D spheroidal cell models 

for cancer research is the development of advanced invasion and 

migration assays.38 Spheroid sprouting assay is useful to study the 35 

invasion of cells in 3D spheroid into surrounding 3D extracellular 

matrix (ECM) structure.39,40 However, this assay requires 

imaging techniques to track the shape and location of cells in a 

3D matrix, and mostly detects late invasion events since imaging 

is limited to visualize the outer border of spheroids placed in the 40 

gel. Cell invasion into spheroid assay is useful to investigate the 

ability of a first cell type, either in isolation41 or in a spheroidal 

structure42,43, into the spheroidal cluster of a second cell type. 

However, this assay often uses fluorescently labelled cells, have 

low temporal resolution, and poses difficulty in the quantification 45 

of invading cells.38 

 Recently, we reported the development of a label-free, real-

time, single-cell, and quantitative assay to monitor the invasion of 

3D spheroidal cells through a 3D matrix44; this assay is termed 

single-cell 3D2 invasion assay. Central to this assay is to use a 50 

label-free resonant waveguide grating (RWG) biosensor to 

monitor the adhesion of cells after dissociated from a single 

spheroid and invaded through a 3D ECM (e.g., Matrigel) (Fig.1). 

Here, uniform spheroids of a cancer cell type are generated by 

culturing equal number of cells in a 96-well ultralow-attachment 55 

(ULA) round-bottom microplate. The ULA plate enables the self-

assembly of cancer cells into a single 3D spheroidal cluster in the 

bottom of each well mediated by surface chemistry and gravity 

force.45 A layer of 3D Matrigel film is formed on the biosensor 

surface through gelation of Matrigel at 37oC overnight. Matrigel 60 

is a solubilized basement membrane preparation extracted from 

mouse sarcoma, a tumour rich in ECM proteins, and is the most 

commonly used ECM for investigating the invasiveness of cancer 

cells. The 3D/3D invasion process is monitored in real-time using 

a RWG imager with a spatial resolution of 12µm and a temporal 65 

resolution up to 3sec.46,47 The RWG biosensor is centred on 

waveguide nano-grating arrays embedded in standard microtiter 

plates for real-time monitoring of receptor signaling and drug 

pharmacology in native cells48-56. 

  70 

 

 

 

 

 75 

 

 

 

 

 80 

 

 

Fig.1 Schematic drawing of label-free single cell 3D2 invasion assay. 

(a) Spheroids of cancer cells are formed in ultralow-attachment round-

bottom microplate. (b) Once placed onto 3D ECM (e.g., Matrigel) coated 85 

biosensor, some cells in the spheroid start to dissociate and adhere onto 

the top surface of the coating with a characteristic spontaneous transfer 

rate. Some of these adhered cells then invade through the 3D ECM and 

ultimately reach the sensor surface, leading to a dynamic mass 

redistribution (DMR) signal arising from cell adhesion as monitored in 90 

real-time at single cell level using a resonant waveguide grating imager. 

The DMR signal is recorded as the shift in resonant wavelength in 

picometer (pm). 

 Here we set to determine the impact of PTEN deletion on the 

growth pattern into a spheroidal structure of a colorectal cancer 95 

cell line HCT116, the spontaneous transfer rate from the 

spheroidal structure to different surfaces, and the invasion rate 

through 3D Matrigel coating of two different densities. Instead of 

typical RNAi knockdown,23,24 we compare the behaviour of a pair 

of isogenic cell lines, wide type HTC116 (HCT116-WT) and its 100 

PTEN null cell line (HTC116 PTEN-/-). We further determine the 

ability of the label-free invasion assay to be used in investigative 

studies involving early drug discovery and testing.  

Materials and methods 

Materials 105 
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LY294002 and wortmannin were obtained from Tocris (St. Louis, 

MO, USA). Epic® 384-well biosensor cell culture compatible 

microplates, ULA 96-well round bottomed plates (Catalog 

#7007), flat bottom 96-well plates, and Corning® Matrigel® 

Growth Factor Reduced (GFR) Basement Membrane Matrix 5 

(Catalog #354230) were obtained from Corning Incorporated 

(Corning, NY, USA). The Matrigel as received consists of 

approximately 60% laminin, 30% collagen IV, and 8% entactin. 

Entactin is a bridging molecule that interacts with laminin and 

collagen IV, and contributes to the structural organization of 10 

these ECM molecules. Matrigel generally contains transforming 

growth factor-β (TGF-β), epidermal growth factor, insulin-like 

growth factor, fibroblast growth factor, tissue plasminogen 

activator, and other growth factors which occur naturally in the 

EHS tumour. However, the Matrigel used has a reduced level of a 15 

variety of growth factors except for TGF-β. The isogenic 

colorectal carcinoma cell lines, HCT116-WT and HCT116-

PTEN-/- cells were licensed to Corning Incorporated from 

Horizon Discovery Ltd. (Cambridge, UK). 

Cell culture and spheroid formation 20 

Both cell lines were cultured in McCoy’s 5A medium (Catalog 

#16600, Life Technologies, Carlsbad CA, USA) supplemented 

with 10% fetal bovine serum (FBS), 4.6g/L glucose, 1.5mM 

glutamine and 1% penicillin and streptomycin. These cells were 

grown in T-75 flask at 37oC with 5% CO2 and were passaged or 25 

used for experimental culture when approaching 90% confluence. 

For tumour spheroid culture, 200µL cell suspension with varied 

number of cells per well was added to each well in an ULA 

round-bottom 96well microplate. At day 3 in culture, 100µL of 

old media was removed and 100µL of fresh media was added. 30 

After cultured in ULA plate for five days the resultant spheroids 

were used in invasion and migration assays. To minimize 

disruption of the spheroids during media changes the pipette tip 

was held at approximately a 45° angle away from the center of 

the well bottom. 35 

3D Matrigel formation 

We used Matrigel as the model for cell invasion assays. Matrigel 

is a liquid at 4oC and start to form a gel above 10ºC.57 To prevent 

premature gelation, Matrigel, the biosensor plates, Transwell 

inserts, pipets, and tips all were pre-cooled during the preparation 40 

step. To coat Transwell, the Matrigel received was diluted to a 

final concentration of 0.1mg/mL and 100µL of the diluted 

Matrigel® was pipetted into the Corning HTS Transwell® 24 

Well Permeable Supports   with transparent polycarbonate 

membrane containing 8µm sized pores (Catalog #3397, Corning) 45 

and allowed to gel overnight.  

 To form 3D gel on biosensor surface, the Matrigel was first 

diluted using McCoy’s 5a Medium Modified containing 10% 

FBS, 1x Pennstrep to 0.1mg/mL at 4oC. 20µl the diluted solution 

was then added to each well of a 384well biosensor microplate at 50 

4oC. Afterwards, the microplates were incubated inside an 

incubator at 37oC under air/5% CO2 for 24hrs.  

Light microscopic imaging 

The cell morphology was examined using an inverted light 

microscope (Nikon Eclipse TS100 equipped with NIS Elements 55 

F3.0 Software, Nikon Instruments Inc., Melville, NY, USA). 

Data process and analysis were performed using NIH Image J 

(http://imagej.nih.gov/ij/).  

Wound healing assay 

The wound healing assay, also known as scratch recovery assay, 60 

is a classical 2D cell migration assay to determine the migratory 

behaviour of cells, which is reflected by the rate of recovery of 

the scratched region.58 Cells were grown to confluency in a 6-

well plate (Corning). The confluent cells were serum starved 

overnight by incubating with culture medium without serum. A 65 

scratch was made with a sterile 200µL pipette tip in a marked 

region of the well. There were three wells for each cell line and 

images of the marked scratch were taken immediately after 

inducing the scratch. The wells with scratches were incubated in 

serum free medium at 37oC with 5% CO2. The recovery of the 70 

scratch was determined by imaging the same field 48hrs later and 

built-in ImageJ drawing options were used to determine the 

scratch area and percentage of reduction in wound size. The data 

reported are the average of five different fields for each cell type.  

Transwell invasion assay 75 

The Matrigel coated Transwell invasion assay was performed to 

determine the invasive potential of cells. The coated transwell 

inserts are termed invasion chambers. This assay is an endpoint 

assay to monitor the invasion of cells in isolation through 3D 

Matrigel.  Specifically, cells were dissociated in serum free media 80 

and 100µL of cell suspension with a density of 2.5x104cells/mL 

was plated in the invasion chamber. The invasion chambers were 

then transferred to 24-well plate filled with 750µL of cell culture 

media with 5% FBS as a chemo attractant. Equal numbers of 

uncoated transwell inserts were prepared as a control. The cell 85 

invasion chambers were incubated for 24hrs at 37oC with 5% 

CO2. After incubation, the chambers were removed and washed 

twice with PBS and the non-invading cells were discarded using a 

cotton swab moistened with culture media. The cells were fixed 

in 4% paraformaldehyde, permeabilized in 100% methanol and 90 

stained using crystal violet stain and the number of invading cells 

were manually counted using a light microscope. The percentage 

invasiveness was calculated by normalizing the number of 

invading cells in Matrigel coated inserts with the number of 

invading cells in uncoated (control) inserts. The invasion rate 95 

reported is the average of five different invasion chambers.  

Label-free 3D2 invasion assays 

The 3D2 invasion assays were performed using a high resolution 

version of Epic® benchtop BT system (Corning).46,47 This system 

is capable of simultaneously imaging an array of 3x4 biosensors 100 
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within a Corning Epic 384-well microplate, and uses a 

complementary metal oxide semiconductor (CMOS) digital 

camera to record resonant wavelength images with a spatial 

resolution of 12µm and temporal resolution up to 3sec. To reduce 

the size of data generated, a temporal resolution of 1min was used 5 

for the 3D2 assay. The entire assay was performed inside a typical 

cell culture incubator at 37oC and 5% CO2.  

 The 3D2 invasion assay was done in two steps. First, the 

Matrigel coated microplates were incubated for 30 minutes on 

Epic imager until all sensors reached a steady baseline. Second, 10 

the invasion through Matrigel was monitored by transferring 

tumour spheroids onto the Matrigel coated microplates. All 

spheroids used for invasion assays were generated by seeding 

1000 cells per well into a 96-well round-bottom ULA surface and 

cultured for five days. The transfer was performed using wide-15 

bore tips to ensure that spheroids were not dissociated during the 

transfer. In some cases, two tumour spheroids were transferred on 

a single well to increase the probability of placing spheroids 

within the biosensor area. The time series DMR images were 

collected continuously for 24hrs. For performing PI3K inhibitor 20 

studies, 10µL 10 µM LY294002 and wortmannin was added to 

each well of the microplate prior to the transfer of tumour 

spheroids, so the final effective concentration was 2.5µM. Equal 

number of wells was also added with appropriate vehicle 

controls. The microplates were left on Epic imager for 60 minutes 25 

to reach steady baseline before transferring the tumour spheroids. 

Statistical analysis 

DMR data were analysed using GraphPad Prism 6.0 (GraphPad 

Software Inc., San Diego CA, USA). The pixelated data were 

extracted using Corning Epic processor software and were further 30 

processed using functions in Microsoft Excel (Microsoft Inc., 

Seattle WA, USA). The statistical significance reported was 

tested using student’s t-test for most assay results, except for 

Bonferroni's multiple comparison test used for drug effects with 

the Prism 6.0. 35 

Results and Discussion 

To investigate the role of PTEN in the invasiveness of CRCs, we 

use three distinct assays, 2D wound, Transwell, and label-free 

3D2 invasion assays, to compare the behaviour of HCT116-WT 

with HCT116-PTEN-/- cells. HCT116 is a microsatellite-unstable 40 

and metastatic human CRC cell line, and can grow in multilayer 

but is incapable of polarization or intestinal epithelial 

differentiation.24 The PTEN-/- line is directly derived via 

homologous knockout of PTEN in HCT116 by deletion of exon 5 

which encodes active site of the protein.59 The wide-type cell line 45 

does not bear any somatic PTEN mutations, but has an H1047R 

mutation of PI3KCA in exon 20 (kinase domain).22 

PTEN deletion influences spheroid formation and growth 

We first investigated the influence of PTEN deletion on the 

formation and growth of multicellular spheroid in ULA round-50 

bottom microplate using three different seeding densities. Results 

showed that when the seeding density was at 1000 cells per well, 

the two cell lines exhibited indistinguishable growth patterns; that 

is, cells were loosely attached right after seeding, started forming 

irregular clusters at day 1, and spheroids at day 3, which 55 

continuously grown in size (Fig.2a-k). This result suggests that 

under translational spheroid formation condition PTEN knockout 

has little impact on the formation and growth of spheroids. 

 However, distinct patterns were observed when the seeding 

density was increased to 20,000 or 30, 000 cells per well 60 

(Supplementary Fig.S1; Fig.2l-m). Under both seeding 

conditions, the wide-type cells already formed spheroids at Day 

1, but their sizes were continuously decreased to day 4. In 

contrast, the PTEN-/- cells formed a spheroid whose size was 

barely changed over the four day culture. The compaction of 65 

large aggregates of the wide-type cells into a stable spheroid is 

consistent with the fact that cell-cell interaction promotes 

compaction. However, loss of PTEN is known to cause loss of 

epithelial characteristics,3 thus preventing the compaction of large 

cell aggregates and leading to a loosely packed spheroid. 70 

Furthermore, the inability of these large spheroids of both cell 

lines to continue growing is likely due to the limitation of 

nutrition and oxygen supply and/or accumulation of cell 

metabolic waste (e.g., lactate).60,61 Nonetheless, the different 

spheroid formation patterns of the two cell lines are intriguing 75 

and worthy of further investigations. 

 

 

 

 80 

 

 

 

 

 85 

Fig. 2 Growth pattern of spheroidal cells in 96-well round-bottom ULA surface. Seeding density: 1000 cells per well (a-k); 20000 

cells per well (l), or 30000 cells per well (m). (a-j) light microscopic images, Scale bar: 500µm. (a-e) HCT116 WT cells at Day 0 to Day 

5. (f-j) HCT116-PTEN-/- cells at Day 0 to Day 5. (k-m) The diameter of spheroids of both cell lines as a function of culture duration. 
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Data in (k-m) represents mean±s.d. (n=5).  

  

 Considering that it is important to have spheroids that are 

much smaller than the dimension of the biosensor (2x2 mm) for 

effectively positioning and monitoring invasion through a 3D 5 

matrix on the biosensor surface, we only used the spheroids 

obtained using five day culture of 1000 cells per well for 

spheroidal cell invasion studies.  

PTEN deletion increases 2D migration rate of HCT116 cells 

Motility is one of the key hallmarks of a metastatic cancer cell. 10 

To determine the role of PTEN deletion in the migration of the 

CRC cells we used 2D wound healing assay to quantify the 

differences between the two cell lines under serum-free 

condition. Results showed that by the end of 48hrs the PTEN-/- 

cells increased the recovery rate by 2.93 fold, compared to the 15 

parental line (Fig.3a), suggesting that the PTEN deletion 

increases the migratory potential of HTC116 cells.  

PTEN deletion increases invasion rate of isolated CRC cells 
through 3D Matrigel 

Next, we used Matrigel transwell assay to quantify the impact of 20 

PTEN deletion on the invasive potential of HCT116 cells. This 

assay measures the invasion of individual cells through Matrigel 

coated substrates having defined micropores, and is an end-point 

measurement of invasion. This assay mimics local invasion of 

tumour cells through the ECM or basement membrane. The 25 

invasiveness was quantified by counting the number of invaded 

cells and normalizing to those in uncoated transwell inserts. 

Results showed that there was 1.24 fold higher numbers of the 

PTEN-/- cells invaded through the matrix than the parental line, 

when serum media was used as the chemo-attractant (Fig.3b). 30 

This result suggests that PTEN deletion increases the 

invasiveness of the CRC cells.  

 

 

 35 

 

 

 

 

 40 

 

 

 

 

 45 

Fig.3 The 2D migration rate (a) and the invasion rate through 

Matrigel coated Transwell (b) of HCT116 versus HCT116-PTEN-/- 

cells. Data represents mean±s.d. (n=5). *** p<0.001. 

PTEN deletion accelerates the transfer of CRC cells from the 
spheroid to biosensor and 3D Matrigel surfaces 50 

Next, we used light microscopic and RWG imaging techniques to 

examine the spontaneous behaviour of CRC cells after the 

spheroids were placed on to the top surface of three different 

substrates: uncoated, low (0.1mg/ml) and high (0.2mg/ml) 

Matrigel coated biosensor surfaces (Fig.4, Supplementary 55 

Fig.S2). After one day label-free real-time monitoring of the 

spheroid on a sensor, a DMR image was first obtained, and a light 

microscopic image was then acquired. RWG DMR imaging has a 

short penetration depth (~200nm) away from the waveguide thin 

film;49 however, light microscopy has a much thicker imaging 60 

depth. With 20µl Matrigel solution used for the coating, the 

height of resulted 3D matrix coating was estimated to be 

1.2mm.44 Thus, on the uncoated (bare) surface RWG imaging 

directly examines the adhesion pattern of cells after 

spontaneously dissociated from the spheroidal structure. 65 

However, on the coated surfaces RWG imaging only examines 

cell adhesion on the biosensor surface, (that is, right below the 

3D coating), after dissociated from the spheroid and invaded 

through the matrix. Of note, the spheroid itself obviously 

obscures the accurate light microscopy imaging of adherent cells 70 

when the adhesion area is smaller than the cross-section of the 

spheroid.  

 Light microscopic and RWG imaging showed that 24hrs after 

a spheroid was placed onto the bare surface the parental line gave 

rise to an adhesion area that was 63% of the cross-sectional area 75 

of the starting spheroid (comparing Fig.4a with Fig.4c); however, 

the PTEN-/- cells gave rise to an adhesion area that was 102% of 

the cross-sectional area of the starting spheroid (comparing 

Fig.4b with Fig.4d). PTEN deletion significantly increased the 

spontaneous dissociation and subsequent adhesion onto the bare 80 

sensor surface (Fig.4e).  

 DMR single cell analysis further supports this conclusion. 

Given that the size of spheroids is much smaller than the 

dimension of each sensor, an intra-sensor referencing was used to 

eliminate any artefacts associated with mismatch in temperature 85 

and bulk index during the spheroid placement step. To do this, a 

sensor was divided into a background zone (that is, the cell free 

area indicated by the white circular dotted line) and a cell 

adhesion zone (indicated by the black circular dotted line) in 

Fig.4c. The averaged responses of both zones were first obtained, 90 

and then subtracting the background signal from the cell adhesion 

signal led to the background-free response arising from cell 

adhesion (Supplementary Fig.S3). Similarly, subtracting the 

background signal from the response at each pixel led to the net 

response arising from cell adhesion at the respective pixel 95 

(Fig.4f-g).  

 For single pixel/cell analysis, the time series DMR images 

were obtained after the starting resonant wavelengths at all pixels 

were normalized to zero. The initial adhesion point, designed as 

the coordinate of (0,0), was identified as the pixelated location at 100 

which the first positive DMR occurrs. For the bare surface this 
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location is approximately the initial contact point of the spheroid 

with the surface, wherein the cell has the shortest path to adhere 

onto the surface. Results showed that the contact of a spheroid of 

the parental cells with the bare surface over 24hrs led to a time-

dependent expansion of a circular adhesion area, as evidenced by 5 

representative pixelated DMR along the horizontal dot line of 

Figure 4c (Fig.4f). The closer the pixelated location to the initial 

adhesion point is, the faster the DMR occurs. Furthermore, the 

adhesion DMR at all pixels consist of three phases, a rapid 

increasing phase followed by a rapid decaying phase to a level 10 

slightly above the baseline, and a slowly increasing phase to a 

moderate level till the end of the assay. This characteristic 

suggests that the CRC cells adhere onto the surface rapidly but 

weakly, as well as actively remodel the surface.  

 Similar trend was observed for the PTEN-/- cells, but with 15 

different characteristics (Fig.4g). First, at the end of the assay the 

PTEN knockout cell line led to significantly higher number of 

adhesion events than the parental line did (Fig.4h). The adhesion 

events were calculated based on the number of pixels whose 

DMR amplitude is greater than 200pm at the end of assay. 20 

Second, PTEN deletion accelerated the occurrence of cell 

adhesion events, as evidenced by the distribution of the time to 

reach 200pm (that is, an adhesion event) (Fig.4i). These results 

further confirm that PTEN knockout increases the spontaneous 

transfer of CRC cells from the spheroidal structure to the bare 25 

surface.  

 Similarly, light microscopic imaging showed that PTEN 

deletion also increased the spontaneous transfer rate of CRC cells 

from the spheroid to the top surfaces of both low and high 

Matrigel coatings, although the coating was found to further 30 

significantly increase the transfer rate (Supplementary Fig.S2). 

 Together, these results showed that PTEN deletion increases 

the spontaneous transfer and subsequent adhesion of CRC cells in 

spheroid onto distinct surfaces including ECM.  

 35 

 

 

 

 

 40 

 

 

 

 

 45 

 

 

 

 

 50 

 

 

Fig. 4 PTEN deletion increases the spontaneous transfer of cells in spheroid to the bare biosensor surface. (a, b) Light microscopic 

image of the wide-type (a) or PTEN-/- cells (b). (c, d) Corresponding DMR image of the wide-type (c) or PTEN-/- cells (d). Scale bar for 

(a-d): 500µm. False colour bar for (c, d): -500 to 1500pm. All images were obtained 24hrs after the spheroid was placed onto the surface. 55 

(e) The adhesion area at 24hrs versus cell types. (f) The representative real-time DMR of the wide-type cells at single pixelated position 

along the dotted line indicated in (c). (g) The representative real-time DMR of the PTEN-/- cells at single pixelated position along the 

dotted line indicated in (d). (h) The total adhesion events at 24hrs versus cell types. (i) The distribution of the adhesion time to reach 

200pm versus cell types. Data represents mean±s.d. for e, h, i (n = 3). *** p<0.001. 

 60 

PTEN deletion increases the invasion kinetics of CRC cells in 
spheroid through 3D Matrigel at single cell level 

Next, we examined the effect of PTEN knockout on the kinetics 

of the invasion and adhesion of CRC spheroidal cells through the 

3D Matrigel of two different densities at single cell level. RWG 65 

imaging showed that compared to the bare surface, Matrigel 

coating slowed down the adhesion onto the sensor surface in an 

ECM density dependent manner for both cell lines 

(Supplementary Fig.S2). This suggests that cells have to 

dissociate from a spheroid, invade through the 3D matrix before 70 

they can adhere onto the sensor surface; and the higher density 

Matrigel is the slower the invasion is. Furthermore, the PTEN-/- 

cells generally gave rise to a greater adhesion area after invasion 

through the coating than the wide-type cells did (Supplementary 

Fig.S2), suggesting that PTEN deletion increases the invasion of 75 

CRC cells in spheroid through the 3D Matrigel. Of note, for both 

cell lines the adhesion area on the top surface of the coating, as 

observed using light microscopy, was much larger than that on 

the sensor surface, as measured with RWG imager 
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(Supplementary Fig.S2), suggesting that once dissociated from 

the spheroid cells preferably travel along the top surface of the 

gel over the invasion through the 3D matrix. This is consistent 

with the notion that the migrating cells are believed to preferably 

take the route of least resistance.38 5 

 For single cell analysis, the intra-sensor referencing approach 

was used again to correct the background. Similarly, the initial 

adhesion point was also identified, as the pixel where a single cell 

invades through the matrix and reaches the sensor surface, 

leading to the first adhesion DMR. For spheroids on the 3D 10 

matrix the initial adhesion point also approximates very closely to 

the initial contact point of the spheroid with the top surface of the 

matrix, where the cell has the shortest distance to invade through 

the matrix. For better view, only the DMR of representative 

pixels for each condition were showed (Fig.5a-d). Results 15 

showed that the DMR characteristics on the coated surfaces were 

distinct from those on the bare surface. First, compared to the 

rapid rise and decay on the bare surface, the DMR on the coated 

surfaces were generally more sustained over the entire day. 

Second, the maximal DMR amplitudes were generally smaller on 20 

the coated surface than those on the bare surface. Third, the DMR 

were smoother on the coated surface than those on the bare 

surface. Fourth, in general the later a DMR occurs the smaller the 

slope is to reach its immediate maximal. All these characteristics 

seem to be insensitive to the cell lines and matrix density. These 25 

behaviours are best explained by that the invading cells need take 

extra time to reach optimal adhesion, and the presence of 3D 

matrix seems limit the movement of the cells once contacted with 

the sensor surface. 

  To further understand the mechanism of cells invading through 30 

the matrix and adhering onto the sensor surface, we performed 

the location-dependent analysis. This was done by calculating the 

lateral distance of all pixels from the initial adhesion point, as 

well as the time required to reach 200pm positive DMR response 

for each pixel when applicable. Although it is difficult to 35 

determine the exact path of invading cells within the matrix, we 

reasoned that the lateral distance is a useful parameter to 

investigate the invasion behaviour of spheroidal cells owing to 

the fact that all cells need invade through the same 3D matrix.44 

On the other hand, the adhesion time mostly reflect the time 40 

required for a cell to invade through the matrix and arrive at the 

sensor surface, considering the rapid kinetics of cell adhesion 

itself.

 

 45 
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 55 

 

 

 

 

 60 

 

 

 

 

 65 

 

 

 

 

 70 

 

 

Fig. 5 PTEN deletion increases the invasion rate of CRC cells in spheroid through 3D Matrigel matrix. (a-d) The representative 

DMR of cells at specific pixels starting from the middle of the dot line to the right, as indicated in Supplementary Fig. S2e-h, 

respectively. (e-h) Correlation analysis between the adhesion time (that is, the time to reach 200pm DMR) and lateral distance. (a,e) The 75 

WT cells on the low density matrix; (b,f) the WT cells on the high density matrix; (c,g) the PTEN-/- cells on the low density matrix; (d,h) 

the PTEN-/- cells on the high density matrix.  (i, j) The adhesion events versus cell types on the low (i) and high (j) density matrix. (k,l) 

The averaged DMR of both types of cells on the low (k) and high (l) density matrix. Low and high density matrix: 0.1mg/ml Matrigel 

and 0.2mg/ml Matrigel, respectively. WT, wide-type HCT116 cells; PTEN-/-, HCT116-PTEN-/- cells. Data represent mean±s.d. for i-l (n 
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= 3). *** p<0.001. 

 

 Correlation analysis showed that the parental cell line gave rise 

to an exponential increase in adhesion time over the increased 

distance for most adhesion events on the low density matrix 5 

surface (Fig.5e), but no clear correlation was found on the high 

density matrix surface (Fig.5f). Similar but clearer trend was 

observed for the PTEN-/- cells (comparing Fig.5g with Fig.5h). 

These results are best explained by the possibility that the 3D 

matrix acts as a microenvironment barrier to govern the invasion 10 

and adhesion path, and different mechanisms govern the invasion 

process when the matrix density is different. Both matrix 

metalloproteinase (MMP)-independent and dependent 

mechanisms can contribute to the invasion of cancer cells through 

the 3D matrix.62-64 The MMP-independent invasion is sensitive to 15 

the pore size of the 3D matrix and the deformability of the cell 

nucleus, while the MMP-dependent mechanism requires the use 

of active invadopodia containing the cell surface MMPs to 

degrade the ECM and enlarge the matrix pore. The MMP-

independent mechanism has been reported to be the main 20 

contributor to cell invasion in the low density 3D matrix,63 

consistent with our findings that the invasion rate of both cell 

lines on the low density gel appeared follow a simple exponential 

rule (Fig.5e and Fig.5g). Of note, PTEN knockout was shown to 

increase cell size.65  25 

 The single cell analysis further suggests that PTEN knockout 

increases the invasiveness of HCT116 cells. First, PTEN deletion 

increased the invasion distance (Comparing Fig.5g with Fig.5e 

on the low density matrix, or comparing Fig.5h with Fig.5f on 

the high density matrix). Second, PTEN deletion increased either 30 

the total adhesion events or the adhesion events in the end of 

assay on either the low density matrix (Fig.5i), or the high 

density matrix (Fig.5j). Third, PTEN deletion increases the 

kinetics and amplitude of the population averaged DMR on either 

the low density matrix (Fig.5k), or the high density matrix 35 

(Fig.5l).  

 Collectively, these results suggest that PTEN deletion 

increases the invasion speed of HCT116 cells in spheroid through 

3D matrix at single cell level, and cell invasion mechanism is 

sensitive to the ECM density. 40 

 

 

 

 

 45 

 

 

 

 

 50 

 

 

 

 

Fig. 6 The effect of PI3K inhibitors on the invasion profiles of CRC cells in spheroid through 3D Matrigel. (a-f) Representative 55 

DMR images at 24hrs under different conditions: (a-c) the spheroid of parental cells in the absence (a) and presence of LY294002 (b) 

and wortmannin (c); (d-f) the spheroid of PTEN-/- cells in the absence (d) and presence of LY294002 (e) and wortmannin (f). (g) The 

total adhesion events of the spheroid of the WT and PTEN-/- cells under different conditions. (h) The time to reach 200pm for the 

spheroid of the WT and PTEN-/- cells under different conditions. (i, j) The averaged DMR of the spheroid of the parental cell (i), and the 

PTEN-/- cell (j) under different conditions. 0.2mg/ml Matrigel coating was used. Both inhibitors were assayed at 2.5µM. Scale bar in a-f: 60 

500µm. False colour bar in a-f: -200 to 800pm. Data represent mean±s.d. for g-j (n=3). *** p<0.001. 

 

  

The invasion and adhesion of CRC cells in spheroid through 
3D Matrigel is sensitive to PI3K inhibitors   65 

Lastly, we examined the effect of two PI3K inhibitors, LY294002 

and wortmannin, on the invasion and adhesion of CRC cells in 

spheroid through 3D matrix. Considering that the MMP-

independent mechanism is mostly used for the cell invasion in the 

low density matrix, we used the high density Matrigel for this 70 

study. LY294002 is a small molecule reversible PI3K inhibitor 

and is less potent than wortmannin which is a steroid metabolite 

isolated from fungi since and an irreversible PI3K inhibitor.66  

 Real-time RWG imaging showed several distinct effects of 

PI3K inhibitors. First, both inhibitors clearly reduced the size of 75 

adhesion area 24hrs after the spheroid of either cell line was 

placed onto the top surface of the 3D matrix (Fig.6a-f). Second, 

both inhibitors reduced significantly the total adhesion events 

within 24hrs assays for both cell lines (Fig.6g). These results 

suggest that the invasion of both cell lines is sensitive to PI3K 80 
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inhibitors. This is expected. PI3K hyperactivation in cancer cells 

is known to increase the expression of MMPs such as MMP-2 

and MMP-9, the key proteolytic enzyme to degrade the basement 

membrane;67-69 and the parental HCT116 bears somatic activating 

mutant PI3KCA,22 so both cell lines have dysregulated PI3K 5 

pathway activity. Third, both inhibitors also slowed down 

significantly the time to reach optimal DMR after invaded 

through the 3D matrix and adhered onto the sensor surface 

(Fig.6h). Fourth, both inhibitors not only decreased the kinetics, 

but also significantly suppressed the averaged DMR of both types 10 

of cells (Fig.6i and Fig.6j). 

 Together, these results suggest that PI3K inhibitors reduce the 

invasion and adhesion of HCT116 cells, and the invasion 

inhibitory activity of PI3K inhibitors is sensitive to the PTEN 

expression in HCT116 cells. 15 

Conclusions 

Motility and invasion are key hallmarks distinguishing benign 

from malignant tumours, offering a rich source of novel 

molecular targets for developing inhibitors to restrain both 

metastasis and angiogenesis. The PTEN-PI3K pathway is one of 20 

the most dysregulated pathways in many cancers including 

CRCs; however, little is known about the role of PTEN deletion 

on the invasion of multicellular CRC spheroids through 3D ECM 

matrix. On the other hand, 3D cancer cell models are increasingly 

recognized to be important for anti-cancer drug discovery due to 25 

their ability to recapitulate the in vivo properties of solid tumours; 

however, current assays to measure cell invasion in 3D matrix are 

cumbersome.  

 Here we used a recently developed label-free, real-time, single-

cell and quantitative assay to measure the invasion of 3D 30 

spheroidal cells through 3D Matrigel with a goal to elucidate the 

effect and mechanisms of PTEN knockdown on the invasion 

process of CRC cells. Light microscopy imaging showed that 

PTEN knockout prevents the compaction and growth of large 

aggregates formed with high initial number of CRC cells. 35 

Through comparison of the 2D migration, Transwell invasion and 

single cell 3D2 invasion assay results for a pair of isogenic cell 

lines, wide-type and PTEN-/- HCT116 cells, we found that PTEN 

knockdown accelerates the 2D migration rate, the invasion rate in 

Transwell format, as well as the invasion speed of spheroidal 40 

cells through 3D Matrigel. In particular, the single cell real-time 

quantification using RWG biosensor imaging technique showed 

that PTEN knockout expedites cell dissociation from the 

spheroidal structure and adhesion onto the surfaces, the 

mechanisms governing cell invasion are sensitive to ECM matrix 45 

density, and the invasion inhibitory sensitivity of PI3K inhibitors 

is also sensitive to PTEN expression level. The present study 

presents evidence supporting the important role of PTEN 

knockout on the cancer invasion, and also highlights the great 

potential of label-free 3D2 invasion assay, in general label-free 50 

cell assays, for cancer research70 and drug discovery.71,72 Of note, 

label-free biosensors having long penetration depth, such as mid-

infrared surface plasmon resonance73 and multi-depth RWG 

biosensors74, may offer additional insights for investigating 

cancer cell invasion in 3D environment. 55 
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Scheme 

Label-free single cell 3D
2
 invasion assay enables real-time quantification of the invasion of spheroidal 

cells through 3D Matrigel and provides insights for the role of PTEN in colorectal cancer cell invasion.  
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