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Abstract
[bookmark: OLE_LINK24]Metastasis plays crucial role in tumor development, however, lack of quantitative methods to characterize the capability of cells to undergo plastic deformations has hindered our understanding of this important process. Here, we developed a microfluidic system capable of imposing precisely controlled cyclic deformation on cells and therefore probing their viscoelastic and plastic characteristics. Specifically, we found that significant plastic strain can accumulate rapidly in highly invasive cancer cell lines and circulating tumor cells (CTCs) from late-stage lung cancer patients with a characteristic time of a few seconds. In comparison, very little irreversible deformation was observed in the less invasive cell lines and CTCs from early-stage lung cancer patients, highlighting the potential of using the plastic response of cells as a novel marker in future cancer study. Our results also indicated that the observed irreversible deformation should originate mainly from cytoskeleton damage, rather than plasticity of the cell nucleus. 


1. Introduction
[bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Accumulating evidence has shown that the mechanical response of living cells plays critical roles in biological processes such as cell adhesion[1], migration[2], and endocytosis[3]. Thus, intense efforts have been invested in the past few decades to develop and utilize techniques like atomic force microscopy[4,5], magnetic tweezer[6], optical trap[7,8], and micropipette aspiration[9,10] to characterize the physical properties of cells in which, for simplicity, the cell body was often treated as an elastic or viscoelastic solid. In reality, it is conceivable that stress-induced damage can occur in the cytoskeleton, similar to that in most biopolymer materials[11] and eventually lead to irreversible deformation of the cell. Indeed, a recent study demonstrated that a cell cannot fully recover to its original shape after being stretched by a magnetic tweezer[12]. However, only local plastic response of cells was probed in that study. In many other cases, such as analyzing how cells migrate through physical barriers or alter their shapes to form cell-cell or cell-extracellular matrix contact, it might be more important to know the plasticity exhibited by the entire cell. Unfortunately, a method allowing us to quantitatively measure the bulk plastic response of cells is still lacking. 
[bookmark: OLE_LINK23][bookmark: OLE_LINK57][bookmark: OLE_LINK60]This issue could be critical for our understanding of tumor development and metastasis. Specifically, accumulating evidence has suggested that the mechanical properties of cancer cells are intimately related to their pathological state. For example, tumor cells were found to be significantly softer than their normal counterparts[13]. Interestingly, the rigidity of cancer cells also appears to be correlated with their invasiveness[14]. Physically, a reduced modulus will make it easier for tumor cells to change their morphologies when squeezing through tight endothelial cell-cell junctions or micron-sized pores in the extracellular matrix. However, the deformed cell will fully restore to its original shape if the response is purely elastic or viscoelastic. In this regard, the capability of cells to retain irreversible deformations, and hence effectively “memorize” the characteristics of the physical confinement that they have encountered, could greatly facilitate their subsequent passage through similar barriers, which is a common scenario in tumor cell invasion and metastasis[15,16]. Nevertheless, to the best of our knowledge, the possible connection between the metastatic potential of cancer cells and their plastic response has yet to be carefully examined.
[bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK47][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54]Aiming to address these questions, we developed a novel microfluidic system to apply well-controlled deformation to cells and then closely monitor their shape recovery upon unloading. Unlike many previous setups, in which the goal is to achieve fast and high-throughput screening of cells from, for example, their transit time in or ability to enter narrow channels[17,18] and the aspect ratio of their deformed shape[19], the special design in our system enables us to manipulate cells in and out of confinement. Consequently, cyclic strain can be effectively imposed to the cell with precisely defined duration and amplitude, from which its plastic characteristics can be systematically probed. Using this technique, we examined the accumulation of irreversible deformations, as well as the recovery of viscoelastic strain, in tumor cell lines with distinct metastatic potentials. In addition, the method was also used to characterize the plastic response of circulating tumor cells (CTCs) from non-small-cell-lung cancer (NSCLC) patients. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]

2. Results
2.1. [bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK106]Deformation and recovery dynamics of cells. 
[bookmark: OLE_LINK128][bookmark: OLE_LINK129]Our microfluidic system consists of a syringe pump, a pressure-regulating valve, and a PDMS-made chip with multiple parallel aligned deformation channels, as shown in Fig. 1. In each deformation channel, there is a constrained region that has a square cross section (with a dimension of ~10  10 , which can be varied according to the type of cells to be investigated) and a length of 100 . One inlet and one outlet are connected to the left ends of channels. A syringe pump (at the inlet) is used to drive cells into the deformation channel, whereas the waste is connected to the outlet through a pressure valve. Another outlet is also introduced to connect the right ends of channels to the waste. By adjusting the pumping rate of the syringe and the pressure valve, such three-channel design allows us to move cells into the constrained region (and hence deform the cell) for any desirable duration and then out to an unconfined part for shape recovery (see Materials and Methods for details), which is a process that can be monitored continuously under the microscope. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17]As a representative example, the morphologies of a highly invasive MDA-MB-231 (breast cancer) cell going through our system are shown in the insets of Fig. 1. Here, the cell was trapped in the constrained channel for ~6 s prior to being moved to the unconfined part. Given that the cell diameter () is significantly larger than the size of the constrained region, the cell was forced to assume an elongated shape with a length denoted as . Interestingly, it was found that even after 10 min of unloading, the cell still cannot fully recover to its original shape (refer to Supplementary Movie 1), which is inconsistent with the conventional picture of treating the cell as an elastic or viscoelastic material[20,21]. To examine the cell response in a more quantitative manner, we define the nominal strain of the elongated cell as   and then plot  as a function of time (refer to the black dot symbols in Fig. 2). Several immediate observations are as follows: (1)  underwent a sudden drop once the cell left the constrained region (i.e., transiting from the deformation to the recovery stage), indicating that part of the strain is elastic; (2)  then decreased gradually with respect to time in the recovery stage, suggesting that the cell response contains a viscoelastic component; and (3) finally, the strain decreased to a steady-state level (~10%) after a few minutes of recovery, highlighting that some of the deformation was irreversible/plastic.

2.2.  A phenomenological model explaining the rapid accumulation of plastic strain in cells. 
To quantitatively analyze/interpret the observed viscoelastic-plastic response of cells, we developed a phenomenological model (see Materials and Methods and Supplementary Information for details) where the cell body was treated as a linear spring (with constant ), a viscoelastic element (characterized by spring constant  and viscosity ) and a viscoplastic Bingham element[22] (characterized by yield stress  and viscosity ) connected together in series (inset of Fig. 2). Within this picture, the viscoelastic () and plastic () strains can be shown to grow in the deformation stage as (refer to Materials and Methods and Supplementary Information)
                                    (1a)
                                    (1b)
with , , T being the time of the cell in the constrained channel and  representing the initial total strain imposed on the cell. Note that, when loading duration  (i.e. the total trapping time of cell in the constrained channel) is relatively small, linearization of Eq. (1) leads to 
                                                      (2a)
.                                                      (2b)
In our experiment,  was directly controlled (ranging from 0 – 6 s) while variations in  were introduced by changing the size of the channel or by taking into account the varied initial size of cells (thus, even in the same constrained channel, the effective strains imposed to different cells could be different). Our measurement data on MDA-MB-231 cells are shown in Fig. 3(a-b) where the recorded plastic and viscoelastic strain, divided by the loading time , as functions of  are plotted. Interestingly, despite some scattering, a linear relationship as predicted by Eq. (2) is indeed observed. From the slopes of these two groups of data,  and  are estimated to be approximately 8 and 18 s, respectively. This finding surprisingly agrees with a recent study reporting that the ratio between the accumulated viscoelastic and plastic strains in cells, subjected to local stretching [22], is roughly 2 (note that this ratio is represented by  in Eq. (2)). More importantly, this shows that the characteristic time  for the accumulation of plastic strain inside the cell should to be  (i.e.  according to Eq. (1)). Once exiting the constrained channel, the viscoelastic strain in cells is expected to decay exponentially with a relaxation timescale , that is (see Materials and Methods)
                                                                                                     (3)
Interestingly, our measurement results show that  is around   (Fig. 3(c)), i.e. it takes minutes for the viscoelastic deformation in cells to recover which is much slower than the accumulation of plastic strains.
Given the irreversible nature of plastic deformations, it is reasonable to believe that plastic strains induced at different deformation stages can be superposed together. To examine whether this is indeed the case, cyclic deformation experiments were also conducted. Specifically, with the precise manipulation capability of our setup, cells were repeatedly moved into and out of the constrained channel (for ~3 s and ~5 min, respectively). Remarkably, the plastic strain inside of the cell increased monotonically as expected with the loading cycle and eventually reached a significant level (~20%) after five deformation cycles (Fig. 4). It must be pointed out that, by choosing the same set of timescales extracted from Fig. 3 (i.e. ,  and ), the response of cells during different deformation-recovery (Fig. 2) and cyclic deformation (Fig. 4) tests can all be well explained by our model, indicating that the essential physics has been captured here.

2.3. Correlation between the metastatic potential of cells and their mechanical plasticity. 
It is conceivable that the ability of MDA-MB-231 cells to undergo irreversible deformations, and hence effectively “memorize” the characteristics of the physical confinement that they encountered, can greatly facilitate their subsequent passage through similar barriers during metastasis. To determine whether the plastic response of tumor cells is correlated with their invasiveness, we tested another breast cancer cell line (MCF-7) with much lower metastatic potential[23]. Interestingly, it was found that, after exiting the constrained channel, MCF-7 cells more or less fully recovered to their original shapes within a few minutes, i.e., with no apparent plastic deformation (Supplementary Movie 2), in direct contrast to MDA-MB-231 cells (Fig. 5(a)). A similar difference was also observed between normal (NP69) and cancerous (HONE-1) nasopharyngeal cell lines[24] (refer to Fig. 5(b)). Specifically, a significant plastic strain (>5%) was found to accumulate in HONE-1 cells after only one cycle of deformation, while the response of NP69 cells appeared to be purely viscoelastic (i.e., exhibiting no irreversible deformation). 
    The comparison of plastic response exhibited by five cancer cells after 600 s of recovery is shown in Fig. 5(c), where MB-436 and Sum159-Pt cells have been reported to be high metastasis cell lines[25] while HCC1806 (derived from a TNM Stage IIB, grade 2 breast tumor with no lymph node metastasis[26] should be less invasive. Clearly, much larger plastic stains were found in all high invasive cell lines (compared to less invasive ones), further indicating the correlation between the plastic response of cancer cells and their metastatic potential.
 
Next, we applied our method to circulating tumor cells (CTCs) extracted from the blood sample of non-small-cell-lung cancer (NSCLC) patients (refer to Materials and Method). Interestingly, similar to highly invasive MDA-MB-231 and HONE-1 cells, most CTCs from late-stage patients were found to undergo significant plastic deformations, refer to Fig. 6(a) and Supplementary Movie 3. In comparison, after exiting confinement, most early-stage CTCs recovered to the spherical shape in ~ 10 min (Fig. 6(b) and Supplementary Movie 4). Statistically, more than 50% of late-stage CTCs were able to retain over 5% of plastic strain after one cycle of deformation, which is order of magnitude higher than that (~6%) of early-stage CTCs (Fig. 6(c)). Taken together, these findings demonstrate the potential of using the plastic response of cells as a novel marker in the prognosis and monitoring of cancer. 

2.4. [bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK86]The irreversible deformation of cells originates from damage of the actin cytoskeleton, not plasticity of the nucleus. 
[bookmark: OLE_LINK75][bookmark: OLE_LINK76]It has been reported that cell nucleus could undergo plastic deformations during dramatic morphology change of cells[27], which in return will trigger a variety of active cellular response [28,29].To determine whether nuclear plasticity plays a role in the observed plastic deformation of cells, we stained the nuclei of MDA-MB-231 cells with a membrane permeable dye (SYTO™ 11 Green Fluorescent Nucleic Acid Stain, ThermoFisher, U.S.A.) before the test to track their shape evolutions. A representative image sequence showing the morphology change of the nucleus (enclosed by the red dashed line) is given in the insets of Fig. 7(a). Interestingly, it was found that the nucleus was elongated to a certain extent during the deformation stage, but then more or less fully recovered to its original shape within ~300 s of unloading. If we define the nominal strain of nucleus in the horizontal direction in the same way as that for the cell body, this strain as a function of time is shown in Fig. 7(a), where it can be seen that the nuclear strain dropped to below 3% after 300 s of recovery. In comparison, the strain level of the cell remained above 10%, indicating that the observed irreversible deformation of cells should not be due to nuclear plasticity. 
[bookmark: _Hlk90508454]From the above results, it is natural to conclude that the plasticity of cells mainly originates from damage of the cytoskeleton. To test this notion, we stained the actin in MCF-7 and MDA-MB-231 cells (after going through the deformation test) with LifeAct-TagGFP2 (ibidi, Munich, Germany), refer to see Supplementary Information for details. Interestingly, the fluorescent images show that, compared to MCF-7 cells, the actin distribution in the MDA-MB-231 cell line is much less homogeneous (see Fig. S6). This suggests that MDA-MB-231 cells possess a weaker cytoskeleton which, presumably, allows them to undergo cytoskeletal re-arrangement and eventually plastic deformations more easily when passing through narrow channels. In addition, we also treated MCF-7 and NP69 cells (both exhibiting very little plastic response, as shown in Fig. 7 (b) and (c)) with latrunculin A (Lat A), which is known to inhibit actin polymerizing and hence disrupt the cytoskeleton. From standard AFM indentation test (refer to Supplementary Information), the apparent modulus of both cell types decreased significantly (Fig. S5), indicating that the actin cytoskeleton has indeed been weakened by Lat A treatment. Notably, the Lat A treated MCF-7 and NP69 cells also exhibited clear plastic deformations (~5% after 600 s of unloading) in our deformation-recovery test (Fig. 7 (b) and (c)). In comparison, treatment of nocodazole (a microtubule inhibitor) or blebbistatin (known to inhibit actomyosin contractility) has a much smaller effect in enhancing the plastic response of cells, refer to Fig.S7.  

3. Discussion 
[bookmark: _Hlk90478848]In this study, a novel microfluidic setup was developed to impose repeated deformation, with tunable duration and amplitude, to live cells, as well as to monitor their response upon unloading. Compared to conventional microfluidic setups, in which the focus was frequently on achieving high throughput mechano-phenotyping of cells, the special design of our system allows us to systematically examine the deformation-recovery dynamics of individual cells under precisely controlled cyclic loading conditions, and thus extract their viscoelastic and plastic characteristics. In particular, to mimic in vivo conditions, the size of the narrow part of our micro-channels was chosen to be in the range of 4-10 μm, comparable to the smallest diameter of capillaries (around 4-8 μm) inside human body [30]. In addition, during the test, cells were forced to pass through the 100μm long channel in about 10 seconds which is similar to the typical flow speed (~10 μm /s) observed in lymphatic capillary [31]. Finally, all surfaces of the device were coated with BSA or Pluronic polymer to minimize the friction between the cell and channel wall. The channel was also designed to become narrow gradually to avoid sharp corners that could damage the cell. 

      Interestingly, it was found that plastic deformation was able to accumulate in highly invasive cancer cells with a characteristic time of ~5.5 s. On the other hand, the recovery of viscoelastic strain occurs over a much longer timescale (i.e., over minutes). In addition, the fact that no apparent irreversible deformation was observed in the less invasive cell lines suggests that the plastic response of tumor cells might be correlated with their metastatic potential. This notion is further supported by the distinct deformation behavior of CTCs from late- and early-stage lung cancer patients under the same testing condition, with the former exhibiting significant plasticity while the deformation of the latter appearing to be purely viscoelastic.
It is well known that, during metastasis, cancer cells must severely deform themselves to squeeze through tight spaces in the surrounding tissue of the primary tumor or in the endothelial layer. In this regard, the capability of cells to undergo plastic deformations (and hence “memorize” the characteristics of the physical barrier that they encountered) could greatly facilitate this process, which is a correlation that has indeed been observed in the present study. These findings, in conjunction with various newly developed CTC extraction and culturing methods[32,33], demonstrate the potential of using the plastic response of CTCs as a novel marker in the prognosis and monitoring of cancer in the future.
We must emphasize that the characteristic recovery time (of viscoelastic deformation) found here (~1-2 min) is much longer than that measured by other techniques, such as magnetic tweezers[6] and optical stretcher[8]. The reason for this could be that only local deformation was introduced to cells in those studies, and the overall strain level was usually not very high. In comparison, the whole cell could undergo 30-40% of elongation in our system, which might eventually lead to a larger recovery timescale. In addition, given that the duration of the deformation stage is only a few seconds in our experiments, it is unlikely that the cell volume can change significantly[34,35]. Consequently, the cytoskeleton must be heavily stretched when the cell is in the constrained channel, which could result in a suddenly elevated stress level inside the cell, rapid breakage of crosslinks between cytoskeletal bio-filaments[36,37], and eventual accumulation of plastic deformations within a short period of time. This is in direct contrast to the slowly developed actin plasticity in dorsoventral cells that dictates embryo elongation over a timescale of hours [38,39]. It is conceivable that the bulk plastic and viscoelastic response of the cell, rather than its local properties, should be more relevant in analyzing processes like cell migration[40,41], spreading[42], endocytosis [3,43] and tumor development[44,45]. Therefore, the two characteristic times identified here (for the first time we believe) could be very useful in the development of future models describing these phenomena. Finally, several recent studies have shown that imposed deformation of cell nucleus can trigger unfolding of the inner nuclear membrane and activate calcium-dependent phospholipase cPLA2, eventually regulating actin cytoskeleton contractility [46,47], polarization [48] and morphodynamic cell behavior. In this regard, it will certainly be interesting to investigate whether and how such factor influences the overall plastic response of cells if constrained microchannel is small enough to deform their nuclei. Investigations along these directions are underway.  

4. Materials and Methods
4.1. [bookmark: OLE_LINK111][bookmark: OLE_LINK112]Cell line preparation. 
The breast cancer cell lines, i.e., MDA-MB-231, MCF-7, MDA-MB-436, HCC1806 purchased from ATCC (Manassas, U.S.A.). HCC1806 was cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS). The other three cell lines were cultured in DMEM medium supplemented with 10% FBS and 1% PS. SUM149PT breast cancer cell line was maintained in DMEM/F-12 medium supplemented with 10% FBS, 1% PS, 10 μg/ml insulin and 0.5 μg/ml hydrocortisone. The normal nasopharyngeal cell line NP69 and its carcinoma counterpart HONE-1 were cultured in RPMI1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin. All cells were maintained at 37°C and 5% CO2 humidified atmosphere in a Nunc T25 cell culture flask (ThermoFisher, U.S.A). Prior to the test, cells were harvested by 0.05% trypsin-EDTA for 10 min, and were then re-suspended in the corresponding culture medium at a density of ~5 x 105/ mL.
The fluorescent dye (SYTO™ 11 Green Fluorescent Nucleic Acid Stain, ThermoFisher, U.S.A.) was dissolved in 1 M medium with suspended cells for nuclear staining 10 min before the deformation test. To examine the role of cytoskeleton in the plastic response of cells, latrunculin A (L5163, Sigma-Aldrich, U.S.A) was added to the cells in suspension, at a concentration of 5 M, 20 min before the test. 30 M blebbistatin (MCE, U.S.A) was added to cells 2 h before testing. 5 M nocodazole (Sigma Aldrich, U.S.A) ) was added to cells 1 h before testing.

4.2. Circulating-Tumor-Cells (CTCs) extraction. 
CTCs were isolated from the whole blood of non-small cell lung cancer (NSCLC) patients recruited at Queen Elizabeth Hospital, Hong Kong. Patient consent was obtained before blood sample collection and ethical approval for conducting this study has been obtained from the Research Ethics Committee, Hospital Authority, Hong Kong. Specifically, 20mL EDTA blood was firstly collected from each patient. Phosphate buffered saline (PBS) diluted blood sample was carefully layered into a 15 mL tube containing equal volume of Ficoll-Paque PREMIUM density gradient media (GE-Healthcare, Thermo Fisher, U.S.A). After that, peripheral blood mononuclear cells (PBMCs) were separated from the plasma and red blood cells (RBCs) by centrifuging at 400 ×g for 30 min at 20°C. CELLection™ Epithelial Enrich Dynabead (Thermo Fisher, U.S.A) was then added to the PBMCs medium to extract CTCs from white blood cells. In total, the plastic response of 41 CTCs from 5 early-stage (Stage I/II) and 6 late-stage (Stage III/IV) NSCLC patients were measured. Since CTCs are much smaller than other cell lines tested in this study, constrained channels/micropipettes with a size around 4-5  were used to characterize their deformation response. 

4.3.  Fabrication of the deformation chip.  
[bookmark: OLE_LINK126][bookmark: OLE_LINK127]Silicon masters of the deformation chip were fabricated by traditional micro-fabrication technology (see Supplementary Materials for details). PDMS (Sylgard 184; Dow Corning, U.S.A.) was then cast on the master and baked for 4 h at 65℃. Inlets and outlets were punctured by a biopsy punch with a diameter of 1 mm (Integra™ Miltex®, U.S.A). Finally, the PDMS was plasma-bounded with a coverslip to form the deformation chip. A polyethylene tube (PE-20, Scientific Commodities, Inc., U.S.A.) was used to connect inlets/outlets to the syringe/waste. Prior to testing, all microchannels were treated with 20 g/ml bovine serum albumin solution (Sigma Aldrich, U.S.A) at 4 ℃ overnight to eliminate possible adhesion between the cell and the channel wall.

4.4. Cell movement control. 
[bookmark: OLE_LINK130][bookmark: OLE_LINK131]A programmable syringe pump (NE-1000, New Era Pump Systems, Inc., U.S.A.), with a tunable pumping rate, was used to control the cell movement. Specifically, at a pumping rate between 5 L/h to 10 L/h, the suspended cells were driven into the deformation chip with a speed of ~10 m/s in the inlet. Most cells flowed directly towards the left outlet (Fig. 1), but a small portion ended up entering the constrained channels. To keep the cells in the constrained part, the pump was stopped immediately after their entrance. After the deformation stage, the regulating valve was tightened slightly to push the trapped cells into the unconfined region and allow their shape recovery to take place. Finally, the withdraw mode of the syringe pump enables us to effectively apply a negative/suction pressure and consequently drive the cells back into the constrained channel. In this way, repeated deformation-recovery tests on cells can be conducted. 

4.5. Modeling the deformation response of cells. 
[bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK132][bookmark: OLE_LINK133]As the deformation behavior of cells clearly exhibits both viscoelastic and plastic features, we modeled the cell body as a linear spring (representing the pure elastic part) in series with a viscoelastic element (modeled as a dashpot and a spring arranged in parallel) and a viscoplastic Bingham element[22], where a dashpot is parallel connected with a frictional sliding element (see the inset in Fig. 2). Essentially, it is assumed that plastic strain will accumulate inside of the cell when the applied load exceeds the yield stress ().  However, since all of the tested cells exhibited a certain level of plasticity even when the imposed strain is small,  was taken to be 0 here for simplicity. Under such circumstance, the governing equation of the system becomes (see Supplementary Information for details): 
                                                                             (4)
where  and  are the overall stress and strain within the cell,  and  represent the stiffness of the two springs in the model, and  and  correspond to the viscosity of the two dashpots in the viscoelastic and viscoplastic element, respectively (inset of Fig. 2). At this point, we can decompose the overall strain into three parts as follows:
                                                                                                                          (5)
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]with ,  and  being the elastic, viscoelastic and plastic strain acting on the corresponding element, respectively. The entrance of the cell into the constrained channel can be represented by the sudden introduction of a fixed strain  to the cell. At the beginning, all of the imposed strain will be stored elastically, i.e.,  with T being the time of the cell in the constrained channel. However, as T increases, both the viscoelastic and plastic strains start to accumulate (refer to the purple and red lines in Fig. 2), while  (schematically illustrated by the blue line) drops accordingly to keep the overall strain unchanged. In particular, the growth of  and  during the deformation stage can be shown to be given by Eq. (1), refer to Supplementary Information. On the other hand, once the cell leaves the constrained channel, i.e., enters the recovery stage,  immediately drops to zero, whereas the plastic strain  remains unchanged and  decays gradually (Fig. 2 and Eq. (3)).

4.6. Micro-Pipette fabrication and deformation test of CTCs. 
Because the number of CTCs extracted from the blood sample of each patient was usually not high enough (~10-20 per biopsy) for microfluidic testing, a micro-pipette (with diameter ~4µm) was used to capture individual CTCs, induce their deformation and eventually trigger their plastic response. Specifically, using a micro-pipette puller (P-97, Sutter Instrument, U.S.A), pipette tips with desired diameter were fabricated from thin-wall glass capillary (TW100-F6, World Precision Instrument, U.S.A). Before experiment, each capillary was coated with 0.5% Pluronic F-127 (Sigma Aldrich, U.S.A) for 30 min and washed with PBS. During the test, a micromanipulator (MP285, Sutter Instrument, U.S.A) was used to control the in-plane movement of the capillary. Suction and aspiration of CTCs were achieved manually with a pneumatic microinjector (IM-11-2, Narishige group, Japan). Each cell was trapped in the micro-pipette for ~15 seconds before being pushed out for shape recovery. 

Statistical analysis. 
Student’s t-test was used to determine the significance between groups of data. 

Data and codes availability. 
Relevant data and codes are available from corresponding authors upon request.
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Figure 1. Schematic of the microfluidic system, which includes a syringe pump, a pressure-aligned constrained channels. Actual images of an MDA-MB-231 cell passing through the constrained channel are given in the insets. Deformation of the cell is characterized by its nominal elongation strain, where  represents the length of the deformed cell, while  corresponds to its initial diameter.  










Figure 2. Strain evolution of the cell during the deformation-recovery test and the phenomenological model proposed. Black dot symbols represent measurement data from 47 cells with approximately the same loading duration (i.e., ). Error bars correspond to the standard deviation (S.D) of measurement data.  A model was developed to explain the observed cellular response, where the cell body is treated as an elastic element (modeled as a Hookean spring with modulus of ), in series with a viscoelastic element, consisting of a dashpot () and another spring () connected in parallel, and a viscoplastic element represented by a dashpot () in parallel with a frictional sliding element with yield stress (). The overall strain can be decomposed into three parts - the elastic strain  , viscoelastic strain , and plastic strain - whose evolutions are schematically shown by the blue, purple, and red lines, respectively. The orange line corresponds to the predicted overall strain from our model.





Figure 3. Identification of different characteristic timescales. (a) and (b) The characteristic time  and   can be extracted from linear fitting of experimentally measured (purple dot symbols, n=38 and  ranging from 0 – 6 s) and (red dot symbols, n=38 and  ranging from 0 – 6 s)  with the initial strain  according to Eq. (1). Distributions of the loading duration () among all of the tested cells are given in the insets. (c) The viscoelastic recovery timescalecan be obtained by fitting the observed decay of the normalized viscoelastic strain  (purple dot symbols, n = 57) to Eq. (2). Error bars here represent the standard deviation (S.D) of measurements. 

Figure 4. Accumulation of plastic deformation in cells undergoing the cyclic deformation test. Evolutions of the nominal elongation strain of cells, captured from image sequences, are represented by the black dot symbols (n = 5), where the duration of each deformation stage was kept at ~3 s. In comparison, the predicted overall and plastic strain from our model (refer to Supplementary Information for details) are given by the yellow and red line, respectively. Representative images showing the shape evolution of one tested cell at the end of each deformation cycle are shown in the insets.

[bookmark: OLE_LINK3]Figure 5.  Plastic response of tumor cells is related to their invasiveness. (a) Shape recovery dynamics of MDA-MB-231 (yellow line, n = 47 and ) and less invasive MCF-7 (green line, n = 21 and  ranging from 1 – 20 s) cells. Actual images of cells during the recovery process are also shown. (b) Shape recovery dynamics of the cancerous HONE-1 (yellow line, n = 20 and  ranging from 1 – 20 s) and the NP69 (green line, n = 20 and  ranging from 1 – 20 s) nasopharyngeal cells and their representative images during the process. A comparison of the accumulated plastic strain in HONE-1 and NP69 cells, after 600 s of recovery (****p < 0.0001 by t-test), is shown in the inset. (c) Measured plastic strain in MDA-MB-231 (orange dot, n=47), MDA-MB-436 (purple dot, n=20), SUM149PT (green dot, n=18), MCF-7 (blue dot, n=21) and HCC1806 (red dot, n=20) cells after 600 s of recovery. 

Figure 6. (a) Shape recovery dynamics of a late-stage CTC sample, with actual images of the deformed cell given in the insets. (b) Comparison of the plastic strain (after 10 min of recovery) exhibited by early- and late-stage CTCs, where error bars correspond to the standard deviation. In total, the plastic response of 41 CTCs from 5 early-stage (Stage I/II) and 6 late-stage (Stage III/IV) NSCLC patients were measured. A statistically significant diﬀerence of p< 0.05 (**) between the two groups by unpaired t-test was obtained. (c) Percentages of early- and late-stage CTCs capable of retaining over 5% of plastic strain.

Figure 7. (a) Strain evolutions of the nucleus (red line, n = 10,   ) and the cell body (orange line, n = 47 and ) of MDA-MB-231 cells where error bars correspond to the standard deviation. (Inset) Representative fluorescent images showing the shape evolutions of the cell nucleus (red dashed outline) and cell body (orange dashed outline). (b) and (c) shows the comparison of the accumulated plastic strain after 600 s of recovery in MCF-7 (n = 21 and  ranging from 1 – 20 s) and NP69 (n = 20 and  ranging from 1 – 20 s) cells and their latrunculin A treated counterparts (n = 20 and  ranging from 1 – 20 s for MCF-7 cells, and n = 24 and  ranging from 1 – 20 s for NP69 cells). Here, *** represents p < 0.001 by t-test. 
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