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[bookmark: _Toc527420812]Method S1 | Cell culture   
[bookmark: _Hlk511046857]BT474, SKBR3, MDA-MB-468, MDA-MB-231, BT549 were grown in DMEM/F12 medium (11320082, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (16140071, Thermo Fisher Scientific) and 50 U/mL penicillin-streptomycin (15070063, Thermo Fisher Scientific). MCF7 was grown in MEM (11095-080, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum and 50 U/mL penicillin-streptomycin. The benign breast epithelial cell line, MCF10A, was maintained as described 1. The recipe of MCF10A medium is DMEM/F12 medium supplemented with 5% horse serum (16050122, Thermo Fisher Scientific), 20 ng/mL epidermal growth factor (AF-100-15, Peprotech), 0.5 μg/mL hydrocortisone (H0888, Sigma-Aldrich), 100 ng/mL cholera toxin (C8052, Sigma-Aldrich), 10 μg/mL insulin (I9278, Sigma-Aldrich), and 50 U/mL penicillin-streptomycin.  These cells were kept in a humidified atmosphere with 5% CO2 in air at 37ºC. Single suspensions were prepared by mild enzymatic dissociation using a 0.25% trypsin/EDTA solution (25200-056, Thermo Fisher Scientific). For immunofluorescence and SPT experiments, cells were grown on an optical imaging 8-well chambered coverglass (154534, Thermo Scientific).

[bookmark: _Toc527420813]Method S2 | Fluorescent probe labeling to EGFR   
Anti-EGFR IgG antibody-conjugated fluorescent nanoparticles (FN-IgG) were used to label EGFR for tracking. Biotinylated monoclonal anti-EGFR antibodies (Clone Ab-3, MS-311-B, Thermo Fisher Scientific) were mixed at 1:1 ratio with ⌀40 nm NeutrAvidin-labeled red fluorescent nanoparticles (F8770, Thermo Fisher Scientific) in 1.5% bovine serum albumin (BSA, S7806, Sigma-Aldrich) in PBS solution. The Ab-3 does not interfere with the binding of EGF to EGFR. The FN-IgG (30 nM for the stock solution) can be stored at 4ºC for up to 1 week. The number of antibodies per nanoparticle should follow a Poisson distribution2. For EGFR tracking, cells were seeded onto optical imaging 8-well chambered coverglass (154534, Thermo Fisher Scientific) with a cell density of 1×105 cells per well and allowed to grow to 70-80% cell confluency.  Before tracking experiments, cells were stained with Hoechst 33258 (H3569, Thermo Fisher Scientific, 1:1000 dilution in cell culture medium) for 10 minutes at 37ºC. Then, the staining buffer was replaced with the EGFR-labeling solution (FN-IgG at 100 pM) diluted from the stock solution (30 nM). The reaction was incubated for 10 minutes at 37ºC. The EGFR-labeling solution was removed, and the samples were washed twice using PBS to remove the unbound fluorescent nanoparticles. The volumes of all solutions and washing buffers used in staining were 200 µl per well. Upon completion of nucleus staining and EGFR labeling, the chambered coverglass was immediately put on the microscope for tracking experiments. All imaging was conducted at 37 °C using a temperature-controlled stage (Stable Z System, Bioptechs). 

[bookmark: _Toc527420814]Method S3 | Data processing
All data analysis and image processing were performed within the MATLAB (The Mathworks Inc.) environment, including the DIPImage3 image processing library. The images were taken with HCImage (a Hamamatsu's image acquisition and analysis software), and the single particle trajectories were reconstructed by using a single-particle tracking software developed by Lidke’s group4. Later, the trajectories were processed into mean-squared displacement curves where the diffusion coefficient (D) and the linear dimension of the compartment (L) were extracted by curve fitting (Method S5, also see our previous publication5 for a detailed description). 

[bookmark: _Toc527420815]Method S4 | Single Particle Tracking 
Single particle trajectories were determined from the raw data sets using a three-step process: (i) Identifying contiguous regions of pixels; (ii) Gaussian fitting; (iii) building trajectories from coordinates. This approach is similar to those described previously4, 6, 7.
1. Identifying continugous regions of pixels. A series of 2D images in time trace was processed independently to find FN-IgG-EGFR coordinates. The contiguous regions of pixels, which represent the images of fluorescent particles, were identified on the basis of two criteria: (i) pixels had intensities greater than 3-fold the standard deviation of pixel intensities from areas defined as background (background offset algorithm3) and (ii) pixels were above a threshold3. Then, a high pass filtering was applied to the image with a 2D Gaussian filter (σ = 5). The binary image of pixels passing both criteria was later processed by Gaussian fitting.
2. Gaussian fitting. To find out the center of the fluorescent particles, the center of mass of each contiguous region in the binary image was set as the starting point in a Gaussian fitting routine. The highest intensity pixel in a small region around the starting point (5 pixels square) was used as an updated starting. Fits were performed in a square region, of size ~ 2*σxy, around the updated starting point. The σxy defines the size of 2D Gaussian approximation to the point spread function. After convergence of the fitting routine (a change in location of fewer than 10-5 pixels), a normalized cross-correlation was calculated to verify the 2D Gaussian-fitted coordinates. The found coordinates were only considered as positions of FN-IgG-EGFR and used in the further analysis if they exceeded a cross-correlation value of 0.7.

3. Building trajectories from coordinates. The probability of finding a diffusing particle with diffusivity D in two dimensions at a distance greater than d from its starting point after a time Δt is given by8
              (1)
Trajectories were built from the set of 3D coordinates (x,y, and t) in two steps. First, coordinates identified at time t were compared with coordinates at time t+Δt using Eq. 1 where Δt is the inverse frame rate of data acquisition. If P(r, Δt) was found to be greater than .05, the coordinate at t+Δt is associated with the coordinate at t in a trajectory. This process builds short, un-interrupted trajectories. Second, to connect these short trajectories originated from the same targets, the end coordinate of all trajectories was compared with all later starting coordinates of other trajectories using Eq. 1, where Δt is now the time interval between the end of the first trajectory and the beginning of the second. The later trajectory with the smallest Δt that has a P(r, Δt )> 0.01 is connected with the first trajectory. This process is continued until there are no remaining pairs of trajectories that satisfy the criteria. The reconstructed trajectories are further  processed into mean-squared displacement to estimate diffusion coefficient.

[bookmark: _Toc527420816]Method S5 | Extracting dynamic parameters from MSD 
The typical approach to analyze a single-particle trajectory starts with the calculation of mean-squared displacement (MSD)9, 10, which describes the average squared distance (d2, r is the position vector) that the particle has explored in space at a given time lag (Δt):  

                               (2)

Similar to many groups11, 12, we have observed that EGFR movement exhibited hop diffusion on the  plasma membrane5. The dynamics parameters, the diffusivity (D) and the linear dimension of compartments (L), are extracted from trajectories by fitting the MSD curves. The D was defined as the linear MSD fitting result of the first 5 MSD points, and in the short time domain, the EGFR movement would act like Brownian motion:

               (3)

The offset, , specifies the localization precision σxy which was estimated using trajectories of fixed nanoparticles. The localization precision of our system is 7.3 ± 3.0 nm (mean ± standard deviation).
For L, the MSD curves were fitted with an equation for confined diffusion13, 14, and L was defined as the MSD fitting result of the first 10 MSD points :  

                (4)

Confined diffusion is featured by an abrupt change of slope in the MSD curve11 after a characteristic equilibration time . In Figure 1D, the averaged MSD curves are down-ward curves within 0.5 second time window, which indicates the EGFRs exhibited confined diffusion. Therefore, we are able to extract the linear dimension of compartments (L). 

[bookmark: _Toc527420817]Method S6 | Calculation of luminal differentiation score 
The luminal differentiation predictor was developed by Perou group15 and trained with the database GSE16997 which is contributed by Partanen group16. Then this predictor was applied to the UNC337 database (GSE18229 in GEO) to calculate the luminal differentiation scores of 39 tumor samples (n = 337). According to the molecular characterization, these 39 tumor samples have been classified into the 5 subtypes of breast cancer: Luminal A, Luminal B, HER2-enriched, Basal, and Claudin-low. Using gene expression profiling, Partanen group identified three epithelial cell-enriched subpopulations in the GSE16997 database: mammary stem cells (MaSC), luminal progenitors (pL) and mature luminal cells (mL). On the basis of the gene expression pattern of GSE16997 and these three classified subpopulations, the luminal differentiation predictor uses Distance-Weighted Discrimination (DWD)17, a type of High Dimension Low Sample Size statistical analysis methods, to define the separating hyperplane (with greatest variation between classified groups) and project the vectors of gene expression levels of tumor samples to the differentiation axes: MaSC⟶pL and pL⟶mL. In the training dataset (GSE16997), the pL centroid was set as the origin, and the MaSC and mL centroid were transformed to length 1 (sum of squares equals 1). After completing the differentiation model, each sample from UNC337 was then projected to the MaSC⟶pL axis and the pL⟶mL axis by calculating the inner product of the sample vector and the MaSC⟶pL vector or the pL⟶mL vector that was identified by DWD. The difference of the two projected positions of each sample along the MaSC⟶ pL⟶mL axis is defined as the differentiation score.

[bookmark: _Toc527420818]Method S7 | Immunofluorescence and structured illumination microscopy
Cells were grown on an optical imaging 8-well chambered coverglass (154534, Thermo Scientific), fixed with 4% formaldehyde (F8775, Sigma-Aldrich), and permeabilized with 0.1% Triton X-100/PBS (Triton X-100, T8787, Sigma-Aldrich) prior to blocking with 1% BSA in PBS. Then, the samples were incubated with antibodies overnight at 4ºC. To assess EMT status, cells were characterized with an EMT immunochemistry kit (SC026, R&D systems) which contains three types of fluorophore-tagged IgGs: NL557-conjugated goat anti-human snail, NL637-conjugated goat anti-human E-cadherin, and NL493-conjugated goat anti-human vimentin. Cell nuclei were visualized with Hoechst 33258 (H3569, Thermo Fisher Scientific). The Alexa FluorTM 633 Phalloidin (A22284, ThermoFisher Scientific) was used to stain actin filaments (F-actin). The fluorescence imaging was taken by Elyra S.1 Structured Illumination Super-Resolution Microscope (SR-SIM) with a 63x 1.2 N.A. water objective. The SR-SIM system is equipped with 4 excitation laser wavelengths for standard fluorophores (405 nm, 488nm, 561 nm, and 633nm) and comes with emission filters for DAPI, GFP, RFP and Alexa 633.

[bookmark: _Toc527420819]Method S8 | Derivation of arithmetic moments from normally distributed log D and log L
The arithmetic mean () and arithmetic standard deviation () shown in Figure 4 and Figure S2 were derived as follows. Given a log-normally distributed random variable X and two parameters µ and σ, which are, respectively, the mean and standard deviation of the variable’s logarithm, then the logarithm of X is normally distributed, and we can write X as

                                                                                         (5)

with Z a standard normal variable18. Then the arithmetic mean and arithmetic standard deviation of the log-normally distributed X are given by18

                                                                         (6)

                                                                                (7)

                             (8)

  (9)

[bookmark: _Toc527420820]Method S9 | Homogenous time-resolved fluorescence (HTRF)
Cells were seeded in 96-well culture plates with the seeding density of 20,000 cells/well. After 2-day incubation followed 1-day serum starvation, the cells were stimulated with 20 ng/mL EGF (recombinant human epidermal growth factor, PHG0311L, Thermo Fisher Scientific) in serum-free DMEM/F12 medium and subsequently lysed at a series of time points (0, 15, 30, 60, 120, 300 seconds). For EMT-induced cells, the cells were treated with the EMT-induction supplement for 3 days before being transferred in 96-well culture plates. The EMT-induced cells were incubated in the medium containing the EMT-induction supplement for 2-day and then 1-day starvation. The cellular lysates were transferred to two assay plates for Phospho-EGFR (Tyr1068) Cellular Assay Kit (64EG1PEG, cisbio) and Total EGFR Cellular Assay Kit (64NG1PEG, cisbio). Anti-phospho-EGFR-d2 (2µl) and anti-EGFR-Eu3+-Cryptate (2µl) were added to each well and plates were incubated in the dark for 4h at room temperature. The HTRF signals were read by Flexstation® 3 of Molecular Devices, and the measurement conditions were listed below: 50 µs integration delay, 400 µs integration, 100 reading, 314 nm wavelength for both excitation 1 and 2, 665 nm for emission 1, 630 nm for cut off of emission 1, 620 nm for emission 2, and 570 nm for cut off of emission 2. The HTRF ratio, background corrected HTRF ratio, and the normalized value was calculated as

                (10)


      (11)

        (12)

Levels of phosphorylated EGFR at different time points were further normalized to those obtained at 0s for each experimental group. Each data point has four repeats, and we have conducted three trials. 
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[bookmark: _Toc527420821]Figure S1 | Assays for biophysical characterization of cells
[bookmark: _Hlk511046477]Fig. S1 summarized a variety of techniques for conducting physical or mechanical phenotyping of cells in term of principles, physical properties to be measured, throughput, and the cassette compatibility. AFM-based methods19, 20, 21, cytoindentation22, and magnetic twisting cytometry23, 24 exert forces on a local region of an adherent cell. Therefore, these techniques suffer from low throughput, and the direct contact of probes with the cell surface may cause cellular responses. Without applied forces does particle-tracking microrheology25, 26, 27 allow the measurement of intracellular viscoelasticity, but the ballistic injection or micro-injection of nanoparticles into cells requires significant time and might jeopardize cell viability. Cell traction force28, 29 and shear stress resistance30 which measured by microfabricated post array and shear flow technique, respectively, could also provide a better understanding of cancer cell metastasis. However, these six techniques we discussed above can be used only for cells adhered on a substrate, which would constrain the throughput and might limit their applicability of being integrated into BioMEMS-based circulating tumor cell (CTC) capture devices. Micropipette aspiration31 has modest throughput and can deal with suspended cells, but it also can’t avoid cell-tool interactions. Light-based cell-manipulation approaches, including optical tweezers32, 33 and optical stretcher34, are attractive methods that do not require mechanical contact with the cells under examination. However, one the limitations of using optical tweezers and optical stretcher for measuring the whole-cell deformability is the relatively small-magnitude force (10-9-10-14 N) that can be applied. The force is not strong enough to deform most cell types sufficiently to obtain information about whole-cell properties. Microfluidic assays35, 36, such as deformation passage and hydrodynamic stretching, provide high-throughput mechanical phenotyping of whole cells under precisely controlled fluid flow. The microfluidic channels need to be properly designed to avoid the induced mechanical stress on cells. The cell rolling37 and the cell migration38, only provide medium throughput. Our technique is an innovative approach to measure the physical properties of cells by tracking fluorescence-tagged transmembrane receptors. This technique can be easily integrated with a microfluidic CTC capture device which exhibits the high-throughput isolation of CTCs from blood (Fig. S3); this technique can deal with suspended cells and does not require mechanical contact or applied force with cells under examination. In addition, the acquired trajectories from several subcellular regions in one single cell (5-20 trajectories) would provide the higher spatial resolution than those from whole-cell measurements.

[image: ]
[bookmark: _Toc527420822]Figure S2 | LatB changes the diffusivity of EGFR and the size of microdomains.
Histograms of log D (A) and log L (B) extracted from FN-IgG-EGFRs trajectories in the three breast cell lines that were treated with/without 200 nM latrunculin B (LatB). The values shown in the histograms represent the arithmetic moments of D or L ((arithmetic means () , arithmetic strandard deviations() )) derived from Gaussian mixture model fitting of log D and log L (3 or 2 sub-populations). The three populations are defined as immobilization (red), less mobile (green), and mobile (blue). The number of trajectories from each group is labeled in (A). 
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[bookmark: _Toc527420823]Figure S3 | Cassette compatibility of TReD assay
(A) The schematic shows the procedure of TReD assay applied in a cell-capturing microfluidic chip. We demonstrated the cassette compatibility on the Parsortix CTC isolation chip which uses the size-based cell capture technique to isolate cancer cells. Being trapped in the microfluidic chip, cells were tagged with FN-IgG and followed with SPT of FN-IgG-EGFR. (B) The Parsotix CTC isolation chip filled with blue ink. (C) The chip can be mounted on the temperature-controlled stage during tracking. (D) We use MDA-MB-231 as the substitute of CTCs to test the cassette compatibility of the TReD assay. The plasma membrane (PM) and nuclei were stained with CellMask-Deep Red and Hoechst, respectively. (E) The zoom-in shows a captured cell. (F) The EGFRs were tagged with FN-IgGs (red-colored and pointed by arrowheads) (G) The zoom-in shows the collected trajectories from a captured cell. 
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[bookmark: _Toc527420824]Figure S4 | Correlations between EGFR diffusivity and expression levels of EGFR family
(A) The diffusivity of EGFR complexes measured in these seven breast cell lines. The error bar represents the standard error. (B) mRNA expression levels of the EGFR family including EGFR, HER2, HER3, and HER4 among these cells lines. Each bar is color-coded with the same color corresponding to each type of cells shown in panel A. (C) Correlations between expression levels of receptors to EGFR diffusivity. The R-squared is calculated by exponential curve fitting, and the r represents the correlation coefficient.  



[bookmark: _Toc527420825]Table S1 | Molecular classification, clinical and pathological features, and sources of cell lines 
[image: ]
Abbreviations: ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; EGFR, epidermal growth factor receptor.
# The five subtypes are determined from Neve’s39 and Prat’s40 study.
ǂ The biomolecular characteristics are determined from Neve’s39, Kao’s41, and Subik’s42 study.
† The levels of in vitro invasiveness are determined from Oberst’s study43.
*The information of source and tumor type is from the ATCC  (https://www.atcc.org/)


[bookmark: _Toc527420826]Table S2 | Source of gene expression data (mRNA microarray)
	Cell line
	Source of gene expression data

	MCF10A
	GSE582344, GSE1007045, GSE3421146, E-MEXP-368247, E-MEXP-340748

	MCF7
	GSE582344, GSE6521, GSE859749, GSE10879, GSE1113550, GSE1132451, GSE1135252, GSE1150653, GSE1179154, GSE1347755, GSE1912356, GSE3613357, GSE3421146, E-MTAB-3758, GSE4692459, GSE57083, GSE3247460, GSE3191261, GSE3684762, GSE29884 

	BT474
	GSE582344, GSE3613357, GSE3421146, E-MTAB-3758, GSE57083

	SKBR3
	GSE756263, GSE3613357, GSE3421146, GSE57083

	MDA-MB-468
	GSE3613357, GSE57083

	MDA-MB-231
	GSE582344, GSE7307, GSE2008964, GSE3613357, GSE3421146, 
GSE1589365, GSE57083, GSE3247460

	BT549
	GSE3613357, GSE3421146, GSE57083, GSE3247460





[bookmark: _Toc527420827]Table S3 | Selected genes for gene expression analysis
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