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1. Free energy of cell membrane



We model the three phases of the integrin receptors , , and  as ideal gases. The free energy of the receptors on the cell membrane consists of five components (Eq. S1): the chemical energy in the reference configuration, the entropic energy of the three-phase mixture, the stretch energy stored in receptor-ligand bonds, the gradient energy at the interfaces of the three phases, and the energy released from the formation of receptor-ligand bonds. Therefore, the free energy functional of the cell membrane in the ith cell can be written as:

,	(S1)














where , , and  are the reference chemical potentials of the unbounded and bounded receptors, and vacuums, respectively; is the number of lattice sites per area on the cell; , and  are the gradient energy coefficient with respect to the three phases; is the area of the ith cell. For simplicity, we assume the isotropy of the gradient energy coefficient, leaving  and . The receptor-ligand bond is modeled as a linear spring with the spring constant [image: ] and the work-conjugate spring force . Hence the energy loss  in a single ligand-receptor bond has the form . All the terms in Eq. (S1) have the unit of . Summing the free energy (S1) of each cell together, and then incorporating the elastic strain energy of the multicellular monolayer and the substrate and the line energy, one arrives at the total free energy functional in Eq. (1).

2. Traction force induced displacement in substrate
The substrate here is modeled as an elastic half space since it thickness is much larger than that of the cell colony. The stress in the substrate is then give by:

	,	(S2)



where  and   are the Young’s modulus and Poisson’s ratio of the substrate, respectively. The displacement in the substrate is obtained by minimizing the free energy with respect to , and its solution at the surface is given by the principle of superimposition: 

 	,	(S3)                      
with G the elastic Green’s tensor of a substrate of infinitely extent in the half space beneath the cell layer evaluated at the substrate surface, derived by L. D. Landan and E. M. Lifshitz and shown in Eq. (S4):

	,	(S4)



where ,  , . For a two-dimensional cell layer, the components of both the cellular and substrate displacement along the cell thickness are neglected. 

3. Decay of traction force in a circular monolayer

The decay of traction force predicted of a circular colony with radius R and its center located at the origin is approximated here. Assuming focal adhesion is only formed within a boundary layer of a characteristic width  and the focal adhesion density at the boundary layer is linearly increasing, mechanical equilibrium in the boundary layer requires:

		.	(S5)
By solving the equilibrium equation one finds that the displacement decays by the derivative of Airy function of the 2nd kind:

			(S6)
The traction force is then approximated as

		.	(S7)
By substituting Eq. (S6) back to Eq. (2), one can obtain a nearly linear distribution of the focal adhesion density in the boundary layer. This is consistent with the assumption, suggests the accuracy of the approximated solution. 


4. Relevant results
In this section, we show that the displacement in the monolayer generated by the intracellular monotonically decreases from the periphery to the centroid (Fig. S1) and the highly nonlinearity of the coupling strength Y (Fig. S2).
[image: ]
Fig. S1 The decay of the magnitude of displacement from the periphery to the centroid of HCT-8 colony of 186 m in radius, predicted by the models, normalized by the maximum value.

[image: ]
Fig. S2 The distribution of coupling strength from the periphery to the centroid of HCT-8 colony of 186 m in radius, predicted by the models, normalized by the maximum value.

5. Model parameters
	Parameter
	Physical Meaning
	Numerical Value

	

	Yong’s modulus of cell sheet
	10 kPa1

	

	Poisson’s ratio of cell sheet
	0.4

	

	Poisson’s ration of Substrate
	0.47

	

	Active stress: strength of cell contractility
	330/430/530 Pa (4.5/20.7/47.1 kPa gel)

	

	Line tension
	2.25/107 N

	

	Thickness of cell sheet
	12.5 m 

	

	Lattice sites per unit area
	
80000 

	

	Spring constant of a ligand-receptor bond
	
7.5 

	

	Fraction of total receptors in i-th cell
	0.1

	

	Coefficient of the gradient energy
	



	

	Difference of the reference chemical potentials of the bound and free receptors
	
4.5 

	T
	Temperature
	300 K




6. Experimental method and materials
Preparation of polyacrylamide (PAA) hydrogels for traction force microscopy. Following the protocol first developed by Wang et al.2 and optimized by Knoll et al.3, PAA hydrogels bound to activated coverslips and with one-plane embedded fluorescent beads were prepared for traction force measurement. Briefly, clean No. 1 coverslips (24 mm x 24 mm) were sequentially treated with 2% 3-aminopropyl-trimethoxysilane (Sigma-Aldrich) and 1% diluted glutaraldehyde solution (Alta Aesar). Then, the glass slides were vigorously wiped with Rain-X (Rain-X Original Glass Water Repellent) to make them hydrophobic, followed by sequentially coating the glass slides with Poly-D-Lysine (Millipore) and fluorescent carboxylate-modified beads (Thermo Scientific, 0.2 m in diameter). We then sandwiched a drop of 35 L pre-mixed acrylamide and bis-acrylamide solution (EMD Millipore) with different final concentrations between the glass slide and the amino-activated coverslip. Polymerization was initiated by adding 2.5 l 10% APS (Promega) and 0.8 L TEMED (Teknova) into the pre-mixing solution. After polymerization, the coverslip attached with the hydrogel was gently detached from the glass slide and immersed in ddH2O. The fluorescent beads were transferred into the gel and located at the same plane that was about 0.2 m below the gel top surface. The Young’s modulus of PAA hydrogel was tuned by varying the final concentration of acrylamide and bis-acrylamide solution. Prior to seeding cells, the PAA gel surface was activated with the crosslinker, Sulfo-SANPAH (Thermo Scientific), under UV light at the wavelength of 365 nm, and then incubated with fibronection at 2 g/cm2 overnight at 4C. 
Alternatively, to make PAA gels for growing patterned cell colonies, the protocol published by Tseng et al.4 was used with some modifications. Briefly, a quartz photomask with circular features of 300 m in diameter was pre-treated instead of the glass slide above. After polymerization, the sandwich was exposed to deep UV in a UV-Ozone cleaner (Jelight) to active UV-exposed regions only. The gel attached to the amino-silanized coverslip was then peeled off from the mask very carefully, after which the gel surface was functionalized with fibronectin using EDC (1-ethyl-3- (3-dimethylaminopropyl) carbodiimide hydrochloride) and NHS (N-hydroxysuccinimide) (Alta Aesar) at a concentration of 10 mg/ml and 17 mg/ml, respectively. The crosslinker, EDC/NHS, was adsorbed only in the UV-exposed regions, and thus fibronectin. 
Cell culture and imaging. HCT-8 cells (ATCC) were maintained in RPMI-1640 medium supplemented with 10%(v/v) non-heat inactivated horse serum (Life technologies, Carlsbad, CA) and 100U/ml penicillin-streptomycin-amphotericin B (ATCC) at 37C in 5% CO2 atmosphere. Passage 3-10 of cells was used in all experiments. Prior to seeding cells onto PAA gels, the gel was rinsed three times with Dulbecco’s phosphate-buffered saline (DPBS) solution and sterilized in a biological cabinet for 30 min. Then HCT-8 cells were seeded at a density of 2,000 cells/cm2 onto gels and incubated for 24 hours to 72 hours, which allowed cells to adhere, spread and grow into isolated multicellular assemblies of different size (Fig. S1(a)). In some experiments, cell colonies were fixed with 4% paraformaldehyde solution and stained F-actin with AlexFluor488 phalloidin (Life technologies, Carlsbad, CA) and nucleus with DAPI following the manufacturer’s instruction. Three-dimensional (3D) images of cell colonies were taken by using a laser scanning confocal fluorescence microscope (Olympus FV10i, Japan) with a 60x water-immersion lens (NA=1.2, Olympus, Japan) to estimate the cell thickness (Fig. S1(b)).
[image: ]
Fig. S3 Assembling of HCT-8 cells into multicellular colonies and representative 3D confocal image of a colony.  (a) Phase contrast images of HCT-8 cells growing on a 20.7 kPa gel on day 1 through day 3. (b) Orthogonal views of a HCT-8 colony. The cell thickness is about 12 m. Scale bar: 50 m.

Traction force microscopy (TFM) and monolayer stress microscopy (MSM). Once cells adhere to PAA hydrogel surface, they pull and deform the gels by exerting force onto the gel, termed as cell traction force. TFM is one way to derive cell traction force from the deformation of gels along with some assumptions. Two steps are involved in TFM: (i) measuring the displacement field of a complaint substrate; (ii) inversely reconstruct the traction force distribution from the displacement field based on elasticity theories. Experimentally, three images were taken in a series under an inverted fluorescent microscope (Olympus IX73, Japan) with a 20x lens (NA=0.4, Olympus, Japan): one was the phase contrast image of the selected cell colony (Fig. S2(a)); the other two were a pair images of the fluorescent beads on the subsurface of the complaint gel (Fig. S2(b)), taken before (deformed configuration) and after (undeformed configuration) detaching cells from the gel. Analyzing the lateral movement of fluorescent beads in the pair image with particle image velocimetry (PIV) gave rise to the in-plane displacement field of the gel (Fig. S2(c)). The measured displacement field along with the boundary conditions furnishes an inverse mechanics problem based on Boussinesq solution5 for traction force calculation. To solve the inverse problem and map out the traction force distribution (Fig. S2(d)), the Fourier transform traction cytometry (FTTC) method proposed by Bulter et al.6 and optimized by Schwarz et al.7 was used and conducted with the open source plugins in ImageJ developed by Tseng et al.8. To experimentally analyze the intercellular tension and cell body stress within a multicellular assembly, the monolayer stress microscopy9,10 was used. Briefly, the geometry of the cell colony from the phase contrast image was meshed (Fig. S2(e)); then the cell traction force profile from TFM was converted into the body force applied onto the cell colony based on the Newton’s third law and thin cell sheet assumption, after which the force was interpolated onto each node of the mesh. The mesh of the multicellular colony together with the constitutive relation furnish a 2D boundary value problem in elasticity that can be solved with the finite element package (ABAQUS) to obtain the intercellular tension (Fig. S2(f)).
[image: ]
Fig. S4 Representative steps in TFM and MSM. (a) Phase contrast image of a HCT-8 cell colony. Scale bar: 50 m. (b) Fluorescence image of the beads embedded on the same subsurface of the 20.7 kPa gel. (c) Displacement field of the PAA gel derived from the lateral movement of embedded fluorescent beads using PIV plugin in ImageJ. (d) Traction force field reconstructed from the displacement field using the FTTC plugin in ImageJ. (e) Mesh of the geometry of the HCT-8 cell colony using house-made code in MATLAB. (f) Intercellular tension estimated by MSM in ABAQUS.
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