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Abstract

:

In this study, a double resonator piezoelectric cytometry (DRPC) technology based on quartz crystal microbalance (QCM) was first employed to identify HeLa cell pyroptosis and apoptosis by monitoring cells’ mechanical properties in a real-time and non-invasive manner. AT and BT cut quartz crystals with the same frequency and surface conditions were used concurrently to quantify the cells-exerted surface stress (ΔS). It is the first time that cells-exerted surface stress (ΔS) and cell viscoelasticity have been monitored simultaneously during pyroptosis and apoptosis. The results showed that HeLa pyroptotic cells exerted a tensile stress on quartz crystal along with an increase in the elastic modulus (G′), viscous modulus (G″), and a decrease of the loss tangent (G″/G′), whereas apoptotic cells exerted increasing compressive stress on quartz crystal along with a decrease in G′, G″ and an increase in G″/G′. Furthermore, engineered GSDMD−/−-DEVD- HeLa cells were used to investigate drug-induced disturbance and testify the mechanical responses during the processes of pyroptosis and non-pyroptosis. These findings demonstrated that the DRPC technology can serve as a precise cytomechanical sensor capable of identifying pyroptosis and apoptosis, providing a novel method in cell death detection and paving the road for pyroptosis and apoptosis related drug evaluation and screening.
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1. Introduction


Apoptosis is genetically controlled programmed cell death (PCD), which is responsible for the removal of damaged cells from the organism without triggering inflammation. It is related to the onset and progression of cardiovascular diseases, cancers, and other disorders [1,2,3]. In cancer intervention, tumor cells’ resistance to apoptosis is the primary cause of poor treatment response [4], whereas pyroptosis, which is characterized by an obvious inflammatory response, appears to be an alternative that bypasses apoptosis and activates tumor-specific immune responses, resulting in remarkable tumor regression [5], with less than 15% pyroptosis required for tumor clearance [6]. As a pro-inflammatory necrosis, pyroptosis is associated not only with cardiovascular diseases and cancers, but also with numerous infectious diseases (including COVID-19 and HIV/AIDS) [7,8,9,10]. The identification of pyroptosis and apoptosis is of utmost relevance since pyroptosis and apoptosis both play a crucial role in disease regulation, but induce diverse function effects and biological responses that result in disparate disease progression. Similarities between pyroptosis and apoptosis are restricted to chromatin condensation and DNA fragmentation, but distinctions include the activation mechanism: biochemical production to morphological phenotype. Morphologically, apoptosis is characterized by cell shrinkage, cellular sequestration, and membrane blebbing but with an intact membrane whose contents are dismantled and cleared in apoptotic blebs. In contrast, pyroptosis is distinguished by cell swelling, volume expansion, loss of membrane integrity, and cell lysis. Observation with high-tech spectroscopy, such as electron microscopy, laser scanning confocal microscopy, and others [11], is the most intuitive way for identifying pyroptosis and apoptosis based on morphological differences. Although these methods are straightforward and convenient, the identification standard is subjective and observational range is constrained. Consequently, the prevalent identification methods/technologies are mainly based on molecular distinctions. Primarily, Western blot assays, ELISAs, and immunofluorescence are used to detect protein expression, whereas DNA gel electrophoresis, RT-qPCR, and TUNEL are used to assess genomic expression. These methods can perform quantitative or semi-quantitative assays; however, they are not sensitive enough to avoid false-positive results. The flow cytometry assay is more sensitive than previous technologies, but it is costly, complicated to operate, and involves phototoxicity that cannot be eliminated during the detection process. Identifying pyroptosis and apoptosis using mechanical technology could therefore be considered an option. To date, cell mechanics in pyroptosis and apoptosis have been captured by dedicated studies utilizing various mechanical technologies [12,13]; these approaches are sensitive, but most of them are based on single-cell measurement, which falls short of quantitative analysis requirements (Supplementary Table S1). Notably, the technologies are mostly dependent on end-point detection, and there is a lack of real-time and non-invasive ways for identifying the number of cells undergoing pyroptosis and apoptosis.



Due to its acoustic sensing principle, which has been utilized to monitor cell apoptosis-induced viscoelastic properties, a QCM biosensor measurement satisfies the requirements of real-time and non-invasive analysis [14]. However, it is still challenging to distinguish different modalities of cell death based just on their viscoelastic properties. In this study, we presented the DRPC (Double resonator piezoelectric cytometry) technology, which is based on the piezoelectric principle of QCM but uses both AT and BT cut quartz crystals to quantify the cells-generated force. EerNisse pioneered this dual resonator technology [15]. As the silicon dioxide quartz crystals are anisotropic in that their physical properties are different along different molecular axes of the crystal, AT and BT cut quartz crystal oscillate in a shear mode with identical stress constants but opposing signs. Schematic illustrations of AT and BT cut crystals are shown in Scheme 1. A frequency shift with opposing sign but with the same magnitude is caused by the same lateral stress in AT and BT cut. This technology has been applied to measure the stress induced by hydrogen insertion in LaNi5 [16] and to measure the stress generated in situ during the electrodeposition of a Cu/Fe20Ni80 multilayer [17] and the progress of the lithium transportation [18]. However, it is not clear if it is also applicable to living cells of viscoelastic feature; in our previous work [19], we presented the theoretical background and equations to quantify cells’ generated forces and viscoelasticity using the DRPC technology. In this study, the DRPC technology was used for the first time to quantify cells-generated stress (ΔS) in identifying pyroptosis and apoptosis in real-time while simultaneously monitoring cells viscoelasticity as represented by the elastic/storage modulus (G′) and the viscous/loss modulus (G″). In addition, a specialized HeLa cell line deficient in GSDMD with an engineered -DEVD- sequence (GSDMD−/−-DEVD-) was utilized to testify pyroptosis and non-pyroptosis-induced mechanical response.




2. Materials and Methods


2.1. Cell Culture and Reagents


HeLa were obtained from ATCC, GSDMD−/−-DEVD- mutant expressing HeLa cells were gifts from the laboratory of Professor Feng Shao (National Institute of Biological Sciences, Beijing, China), and both were grown at thermostatic 37 °C in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco, Co., Waltham, MA, USA) in an atmosphere containing 5% (v/v) CO2 and 10% in humidified incubator. HeLa cells were transfected with constructs encoding green fluorescent protein to tag integrin and vinculin. Lipopolysaccharides (LPS), tumor necrosis factors α (TNF-α), and cycloheximide (CHX) were purchased from Sigma-Aldrich. Cholera toxin B subunit (CTB) was purchased from Absin, China.




2.2. Preparation and Modification of Electrode Surfaces of Quartz Crystals


The exposed gold electrode portion was placed with a drop of piranha solution (1:3 mixture of 30% H2O2 and 98% H2SO4) heated to 80 °C for 30 s, followed by rinsing with Milli-Q water and ethanol, then drying with ultra-high purity N2. This procedure was repeated three times. The quartz crystal was then sandwiched between two silicon O-rings in a vertical laminar hood using a Teflon well holder. Afterwards, the piranha-treated gold surface was exposed to absolute alcohol solution containing 20 mM 3-mercaptopropionic acid (MPA) and 1 mM triethylene glycol mono-11-mercaptoundeycl ether (TGME) for 16 h in the dark at room temperature to create a self-assembled monolayer (SAM). The gold surface coated with SAM was then immersed for 60 min in a phosphate buffer solution (PBS, pH = 5.5) containing 150 mM EDC and 30 mM N-hydroxysuccinimide (NHS) to attach the NHS group to the -COOH terminus of SAM. The substrates were then incubated for 6 hours at room temperature with fibronectin (20 µg/mL) in PBS (pH = 8.2). After each step of surface modification, the substrate was rinsed with its original solvent and Milli-Q water, respectively, to remove any loosely bound moieties.




2.3. Inductions of Pyroptosis and Apoptosis


Following the previously outlined protocol, 2000 HeLa cells in a volume of 400 μL were seeded into each well and cultured in a 5% CO2 incubator at 37 °C for the duration of the experiment. A lab pipettor was used to remove supernatant of media with the same volume of media containing the drug to be added, followed by the injection with drug. Lipopolysaccharide (LPS) and cholera toxin B (CTB) were used to induce pyroptosis; CTB worked as a deliverer, transporting LPS into the cell cytoplasm [20,21]. Specifically, 20 µL of DMEM media was removed from each well and replaced with 20 µL of LPS (1 μg/mL) for the first stimulation; six hours later, the same procedure was done but with 20 µL of LPS (100 ng/mL) and 20 µL of CTB (10 μg/mL) to enhance pyroptosis efficacy. To induce HeLa apoptosis, tumor necrosis factor family with a cognate membrane receptor (TNF-α) and cycloheximide (CHX) were used in combination. An amount of 40 µL of TNF-α (20 ng/mL) and 20 µL of CHX (10 μg/mL) were utilized to induce apoptosis. For GSDMD−/−-DEVD- mutant expressing HeLa pyroptosis and non-pyroptosis induction, 40 µL of TNF-α (20 ng/mL) and 20 µL of CHX (10 μg/mL) were utilized to induce GSDMD−/−-DEVD- HeLa pyroptosis. LPS and CTB were unable to induce pyroptosis in this case.




2.4. Fabrication and Measurement of DRPC Based on QCM and 250B-Network Analyzer


An amount of 9 MHz AT and BT cut quartz crystal resonators with a diameter of 12.5 mm and a thin layer of 100 nm gold electrode (5 mm diameter) were employed. The building material for the well was Teflon, a thermoplastic material with solvent inertia and hydrophobicity property with an additional feature that proteins and cells do not adhere to Teflon. Through thermo-molding process, duplicate Teflon wells can be produced. The matched Teflon well holders were used to support the quartz crystal resonators. The 250B Network Analyzer was purchased from Saunders & Associates (Phoenix, AZ, USA) with specially designed software for 4 channel quartz crystals tests. Detailed illustrations of the measure principle are given in Scheme 2.



The fabrication of the QCM-based DRPC was schematically illustrated in Scheme 3, 400 μL of DMEM media containing 2000 HeLa cells and 10% FBS was added to each well equipped with a fibronectin-modified QCM gold electrode substrate. QCM frequency shift and motional resistance were collected continuously at a sampling rate up to one set per second. Throughout the experimental process, the entire module was kept at a 37 °C, 5% CO2 incubator and connected to the 250B-2 Vector Network Analyzer, allowing four channels to operate concurrently. Origin 8.0 software was used to process and plot the data. The fabrication of the QCM-based DRPC was schematically illustrated in Scheme 3.





3. Results


3.1. Theoretical Background and Equations for DRPC


The detailed theoretical background and equations for DRPC were presented in previous work [19]. Here, we introduced this technology briefly. Over the last two decades, QCM has garnered considerable attention in the biological field, particularly for monitoring the dynamic adhesion between cell and substrate due to its unique real-time, non-invasive, label-free acoustic sensing capability. The frequency shift (Δf) and motional resistance (ΔR) or energy dissipation (ΔD) are key QCM parameters in monitoring dynamic adhesion process of cells. The frequency shift during the adhesion of a population of living cells to the quartz crystal without obvious cell–cell interactions is attributed to the following three variables of the cells: the mass, the stress exerted, and the viscoelasticity, which can be described as follows:


  Δ f /  f 0  = Δ  f s  /  f 0  + Δ  f m  /  f 0  + Δ  f  v i s c o   /  f 0   



(1)







Therein, the frequency shift induced by cells’ exerted mechanical stress (Δfs) is:


  Δ  f s  /  f 0  = K Δ S /  t q   



(2)




where ΔS is the lateral stress exerted by the cells, K is the cut-dependent lateral stress constant, and tq is the thickness of the crystal.



To exclude the effects of living cells’ mass and viscoelasticity, the mass-induced frequency (Δfm) has been subtracted, which is:


  Δ  f m  /  f 0  = − 2  f 0  Δ m    ρ q   μ q     



(3)




where    ρ q    is the density of quartz crystal; μq is the elastic modulus of quartz crystal, which is cut dependent.



The frequency shift induced by viscoelasticity of the cells (Δfvisco/cells) can be regarded as the viscoelasticity-induced frequency changes relative to the air (Δfvisco/air) minus the frequency induced by cell culture media (Δfmedia), which is [19,22]:


  Δ  f  v i s c o / c e l l s   /  f 0  = Δ  f  v i s c o / a i r   − Δ  f  m e d i a   = −        ρ c   2       G *    −  G ′        π    ρ q   μ q      −   Δ  f  m e d i a      f 0     



(4)




where |G*| is the absolute value of the complex modulus, G′ is the storage modulus of the cells, and ρc is the cells’ density.



Together, the total frequency shifts induced by the living cells is:


      Δ f /  f 0  = K Δ S /  t q  −   (    ρ q   μ q    )   − 1     2  f 0  Δ m +  π  − 1      ρ c       G *    −  G ′    / 2      



(5)







When subjected same stress to AT and BT cut quartz crystals, it would exhibit same magnitude of frequency shift but with the opposite sign. For AT and BT cut crystals of the same frequency and surface conditions, it can be assumed that both crystals would adhere the same amount and quality of cells with identical mass, viscoelasticity, and exerted stress, and Equation (5) can then be applicable to both AT and BT cut crystals. Then, the lateral stress (ΔS) generated by cells at living cells/quartz crystal interface can be determined with the following equation:


    Δ  S t  =  f 0  − 1     (  K  A T   −  K  B T   )   − 1     Δ  f t  A T    t q  A T   − Δ  f t  B T    t q  B T      



(6)




where KAT = 2.75 × 10−12 cm2 dyn−1, KBT = −2.65 × 10−12 cm2 dyn−1 are quartz crystal stress constants; tqAT and tqBT are quartz crystal thicknesses in cm, f0AT and f0BT are the original resonant frequency in Hz, and ftAT and ftBT are the frequency shifts generated when resonators experience the surface stress effects minus the respective f0 at time t.



When f0AT = f0BT = 9 MHz, the above Equation (6) can be further simplified to:


  Δ S = 380.8 Δ  f  A T   − 582.2 Δ  f  B T    



(7)







Positive value (ΔS > 0) indicates the tension in thin film on interface [18]. In our work, tension is generated by cell contractile force/traction force in maintaining its adhesion on the substrate while the quartz crystal surface is under compressive stress. In contrast, negative value (ΔS < 0) indicates the protrusive force dominating on the substrate that leads to tensile stress in the quartz crystal.



In addition, the DRPC technology permits simultaneous monitoring of cell viscoelasticity in a real-time manner. The elastic modulus (storage modulus) G′ and the viscous modulus (loss modulus) G″ are determined through the measured frequency shifts Δf (subtracted from the stress-induced frequency shift) and the half bandwidth or motional resistance change R relative to their values in air, which are shown as:


   G ′  =  π 2   Z q 2    (  ρ c   f 0 2  )   − 1     Δ  R 2  ∕ 16  π 2   L q 2  − Δ  f 2     



(8)






   G ″  = − π  Z q 2  Δ f Δ R   ( 2  ρ c   L q   f 0 2  )   − 1    



(9)




where the Zq is the impedance of quartz crystal, ZqAT = 8.84 × 105 g/cm•s, ZqBT = 1.35 × 106 g/cm•s, Lq is the measurable motional inductance of quartz crystal immersed in media, which can be regarded as constant.




3.2. Cytomechanical Dynamics during HeLa Pyroptosis and Apoptosis


The induction of pyroptosis by LPS and CTB was confirmed by the Western blot assay through detecting the cleaved GSDMD protein product N-terminal (pore-forming protein) and C-terminal (Figure 1), which was considered the pyroptotic marker [23]. Figure 1 showed the time course of QCM responses (frequency shift Δf and motional resistance ΔR) on AT and BT cut quartz crystals of 2000 HeLa cells, as well as the changes in cells-exerted stress (ΔS), storage modulus (G′), and loss modulus (G″) upon LPS and CTB stimulation. During the adhesion process, the cells generated nearly 20 × 103 dyne/cm stress on quartz crystal, which gradually became stable. After LPS treatment, the cells-induced QCM response exhibited a decrease in Δf and an increase in ΔR on both AT and BT cut, as well as a change in the value of ΔS from positive to negative. Six hours later, CTB was combined with LPS to enhance the efficacy of pyroptosis induction, the co-stimulus induced a more significant decrease in Δf and an increase in ΔR, as well as a further decrease in ΔS. Notably, pyroptosis has changed the sign of ΔS value (from positive to negative), suggesting that pyroptosis altered the cells-exerted stress on quartz crystal. At initial stage of cell spreading and adhesion, cell traction force is dominant, cells exert compressive stress on substrate to mediate its adhesion [24]. In this stage, ΔS maintained at a positive value and gradually rose with the mature of FA, when cell spreading area and cell traction force eventually become constant, ΔS turned to be stable. However, we discovered that during pyroptosis, the compressive stress exerted by cells on quartz crystal transforms into a tensile stress, and ΔS changes sign from positive to negative. According to the cell tensegrity model, the disruption of cytoskeletal structure during pyroptosis is responsible for the transition in cells-exerted stress, which is primarily attributed to the disruption of intermediate filaments that affects the generation of cell traction force, thereby resulting in the predominance of protrusive force [25]. In addition, microtubule forces involved in the development of membrane blebs during pyroptosis are also linked to the change of the dominant force [26]. By combining with the viscoelastic responses, a far more detailed picture of the pyroptosis mechanical properties has been presented. The storage modulus (G′) and the loss modulus (G″) increased in response to the first LPS treatment and the second co-treatment with LPS and CTB. As the elastic modulus is correlated with cytoskeletal changes [27], it is likely that the F-actin polymerization or retrograde actin flow that drives the plasma membrane outward during pyroptosis leads to an increase in the elastic modulus.



In contrast, distinct QCM responses were observed in apoptosis (Figure 2). The Δf value slightly increased as ΔR decreased, which is opposite with pyroptosis and consistent with prior investigations [28]. In addition, the ΔS value increased and peaked at around 40 × 103 dyne/cm after TNF and CHX treatment, demonstrating that apoptotic cells exert higher compressive stress on quartz crystal. According to the cell tensegrity model [25], cell prestress is balanced by inter-connected structural features that resist compression, such as internal microtubules, and external traction on the ECM. In apoptosis, the inner compression element microtubules that maintain the cell’s shape are disrupted, resulting in the loss of prestress function [29]. With the depolymerization of microtubules, the stored stress and energy are transferred to another balance structure, the external extracellular matrix (ECM), resulting in an increase in traction force [30,31,32]. Similarly, declining G′ and G″ were observed in apoptosis, consistent with prior studies [12,33]. It is believed that the depolymerization of F-actin, the disruption of actin fibers in the cytoskeleton, and the absence of F-actin filaments are responsible for the decreasing elastic modulus [34,35], demonstrating that traction force enhancement is accompanied by the intercellular structure reorganization in apoptosis.



Comparing G′ and G″ during cell adhesion stage (10–14.5 h) to pyroptosis/apoptosis stage (24–27 h), it can be observed that G′ has increased nearly five-fold during pyroptosis and decreased almost 5 kPa during apoptosis while G″ has increased nearly 15 kPa during pyroptosis and decreased 5 kPa during apoptosis (Supplementary Table S2). To dig out more information about cell viscoelasticity in pyroptosis and apoptosis, the loss tangent G″/G′ (the ratio of viscous modulus over elastic modulus) is plotted against time in Figure 3. It presented the relative contributions of G″ and G′ and is interpreted as a tendency to solid-like (loss tangent decreased) or fluid-like (loss tangent increased) cell behavior. During the adhesion process, cells exhibited a rapid change from a fluid-like state (loss tangent >> 100) to a viscoelastic gel state (loss tangent < 10) and remained stable. In pyroptosis, the loss tangent decreases, whereas in apoptosis, the loss tangent rises. As previously reported [12], the active reorganization and degradation of the cytoskeleton during apoptosis is attributed to the rising loss tangent. In contrast, the decreasing loss tangent observed in pyroptotic cells suggests a change from fluid-like (solution) to solid-like (gel).



To summarize, the mechanical responses during pyroptosis and apoptosis exhibited substantial distinctions. Specifically, Δf reduced in pyroptosis but elevated in apoptosis, whereas ΔR elevated in pyroptosis but reduced in apoptosis. In addition, the ΔS value exhibited a “positive-negative” transition in pyroptosis, indicating that the protrusive force that stresses the quartz crystal became the dominant force during pyroptosis process, whereas the traction force continues to dominate in apoptotic cells, resulting in an increase in ΔS. In addition, the elastic and viscous moduli exhibited an upward trend in pyroptosis and a downward trend in apoptosis, whereas the loss tangent reduced in pyroptosis and increased in apoptosis. Notably, this is the first time that a “sol-gel” transition has been discovered during pyroptosis. Then, we compared the key components of cell adhesion complexes in pyroptosis and apoptosis in order to figure out the relationship between mechanical transition and cell adhesion state in these two forms of cell death.




3.3. Cytoskeletal Changes during HeLa Pyroptosis and Apoptosis


Cell morphology and cell adhesion status altered differentially in pyroptosis and apoptosis, with pyroptosis characterized primarily by cell swelling and volume enlargement and apoptosis by cell shrinkage and blebbing. Alterations in morphology and cell adhesion are the result of alterations in the cytoskeleton’s structure. However, little is known regarding the relationship between pyroptosis and apoptosis’ internal cytoskeletal alterations, external cell adhesion status, and cell mechanical changes. Thus, we investigated the essential internal and external components of cells during pyroptosis and apoptosis. Integrin served as the key transmembrane protein in mediating the cell-extracellular matrix (ECM) adhesion and transmitting intrinsically-generated and extrinsically-sensed mechanical or chemical signals inside-out and outside-in. Force transmission is accomplished through the physical connection of the ECM and intracellular actin cytoskeleton via vinculin, talin, and other related binding proteins [36,37]. Vinculin is recognized as the primary link between integrins and actin among these proteins. Therefore, we compared the expression changes of internal vinculin and external transmembrane protein integrin in pyroptosis and apoptosis. The observed of GFP fluorescence with laser scanning confocal microscopy (LSCM) was presented in Figure 4.



In the control group, vinculin was predominantly located at the cell periphery and displayed in a streak-like pattern, as depicted in Figure 4. Upon stimulation with LPS and CTB, the streak-like vinculin at the cell periphery and cell–cell contact edges remained distinct, and small dot-like vinculin formed at cell periphery. In contrast, streak-like vinculin nearly disappeared after TNF and CHX stimulation. Previous research has shown that the absence of vinculin during apoptosis is due to actin stress fiber disorganization, which affects the organization of the cytoskeleton and decreases the elastic modulus [38]. According to our findings, the absence of vinculin in HeLa apoptosis decreases both the elastic and viscous moduli. Specifically, the decreasing G″/G′ indicates the elastic modulus dominating state in pyroptosis, whereas the disappearance of vinculin results in the increasing G″/G′, a viscous modulus dominating state in apoptosis, indicating that the cell viscoelastic state is partially related to the vinculin expression level.



Integrins form a compacted pattern that encircles the cell body in the control, then a wide spreading, anisotropic elongated pattern following stimulation with LPS and CTB, but a dissipated, dispersed pattern with decreased expression after stimulation with TNF and CHX. Combining with viscoelastic responses, the increased elastic and viscous modulus during pyroptosis corresponds to the maintaining of vinculin expression and newly-formed vinculin. As the expression of vinculin is tightly related to the quantities and spreading degree of FAs [39], the decrease in the expression of integrins is the chain reaction of vinculin loss. The loss of integrins causes the loss of ECM-integrins linking, which decreases G″ in apoptosis, but newly-formed integrins increase the ECM-integrins linking, resulting in an increase in G″ in pyroptosis. As the spreading of integrin in pyroptosis corresponds to its firm attachment on a substrate during the entire pyroptosis process until ultimate death [40], the increasing modulus in pyroptosis may be attributed to ECM-integrins linkage maintenance.




3.4. Cytomechanical Dynamics during HeLa GSDMD−/−-DEVD- Pyroptosis and Non-Pyroptosis


In order to rule out the influence of stimulation drugs and confirm the mechanics model for identifying HeLa pyroptosis and apoptosis, we investigated the mechanical response of GSDMD−/−-DEVD- mutant expressing HeLa cells. The mutant expressing HeLa cells combined the GSDMD-knockout with an engineered -DEVD- insertion sequence generated by CRISPR-Cas9 targeting. As the pyroptosis executive protein, GSDMD acted as the key in pyroptosis execution. In the absence of GSDMD, LPS and CTB stimulation fails to induce pyroptosis [23]. Additionally, the study discovered that inflammatory caspases cleave the GSDMD specifically at the 272FLTD275 site, which is the only possible inflammatory caspase cleavage site that is conserved in both human and mouse GSDMD [41]. The -FLTD- site was engineered into the -DEVD- site (the caspase-3/7 cleavage site during apoptosis) and expressed in GSDMD−/− HeLa cells, resulting in the switch from apoptosis to pyroptosis in response to TNF and CHX stimulation [23]. In combination, we have GSDMD−/−-DEVD- mutant expressing HeLa cells that are resistance to pyroptosis in response to LPS and CTB stimulation but execute pyroptosis in response to TNF and CHX stimulation.



The non-pyroptosis QCM responses (stimulated with LPS and CTB in GSDMD−/−-DEVD-) are identical to HeLa pyroptosis responses (stimulated with LPS and CTB in HeLa), with frequency decreasing and resistance increasing (Figure 5). Nevertheless, the ΔS response to LPS and CTB treatment in GSDMD−/− -DEVD- cells was unable to cause force direction change; the ΔS fluctuated erratically after the initial LPS stimulation and increased considerably after LPS and CTB co-stimulation, indicating that protrusive force is predominant only in pyroptotic cells. Additionally, the elastic modulus (G′) and loss modulus (G″) increased concurrently in the non-pyroptosis case.



In another group, TNF and CHX were used to induce pyroptosis in mutant expressing HeLa cells. In this case of pyroptosis (Figure 6), the QCM responses were noticeably distinct from those of the HeLa pyroptosis, with both Δf and ΔR increasing despite the fact that the Δf increased significantly higher in the BT cut than in the AT cut. Therefore, ΔS response was observed to have dropped from a positive value to a negative value. Additionally, the elastic modulus (G′) and viscous modulus (G″) both increased in this case of pyroptosis, which is consistent with HeLa pyroptosis, although in this case, the growth rate of pyroptosis is significantly lower than HeLa pyroptosis.



Although the elastic modulus and viscous modulus increased in both LPS+CTB induced non-pyroptosis and TNF+CHX-induced pyroptosis, distinct differences were observed when comparing the loss tangent (G″/G′) in these two cases (Figure 7), the loss tangent remained unchanged in non-pyroptosis case, but decreased slightly in GSDMD−/−-DEVD- HeLa pyroptosis case. This result indicates that the “sol-gel” transition also occured in this pyroptosis case. To summarize, the mechanical responses in both HeLa and GSDMD−/−-DEVD- HeLa pyroptosis are highly consistent with a sign transition inΔS, an increase in G′, G″, and a decrease in G″/G′. Moreover, ΔS value tripled in GSDMD−/−-DEVD- HeLa non-pyroptosis (Supplementary Table S3), which was similar with the HeLa apoptosis response. The distinction lies in their viscoelastic responses, with G′ and G″ increasing and G″/G′ remaining unchanged in the GSDMD−/−-DEVD- HeLa non-pyroptosis case. Through AFM technology, these viscoelastic features have been observed in extrinsic apoptosis and were ascribed to the reorganization of cytoskeletal components without destroying the cytoskeletal polymer [12]. It is likely that LPS and CTB possibly induced an extrinsic apoptosis in GSDMD−/−-DEVD- HeLa cells. In addition, we identified the approximately linear correlations between ΔS-G′ and ΔS-G″ in GSDMD−/−-DEVD- non-pyroptosis case (Figure 7c,e). However, no linear correlation was observed in any of the other three cases of cell death. The approximately linear correlations between cells’ traction force and cells’ viscoelastic modulus occur in situations where cytoskeleton is comparatively intact, according to cell tensegrity model [25]. Thus, the linear correlation in the non-pyroptosis case of GSDMD−/−-DEVD- may be attributable to the ineffective cell death induction, the cytoskeleton of GSDMD−/−-DEVD- HeLa was not evidently disrupted in comparison to the other three cases of cell death inductions.





4. Discussion


In the field of cell death detection, it still takes days for protein expressions or hours for biochemical signaling transmissions to identify, but mechanical transmissions only take minutes. However, most mechanical measurement techniques have limitations in terms of end-point assays and single-cell analysis, limiting their widespread in identifying cell death. In this study, we introduced a novel method—the DRPC technology—that enables the identification of cell pyroptosis and apoptosis in a real-time and non-invasive manner. Through measuring the cells’ generated force, clearly distinction can be observed in pyroptosis and apoptosis. The different ΔS responses (dominant force) of cells is the major mechanical distinction. In pyroptosis, the protrusive force that drives cell swelling predominates, resulting in a transition from positive to negative ΔS value, whereas in apoptosis, the traction force predominates, resulting in an increase in ΔS value without a change in sign. In other words, the underlying quartz crystal is subjected to tensile stress during pyroptosis but compressive stress during apoptosis. On the other hand, the viscoelastic properties in pyroptosis and apoptosis also differ substantially. We found that pyroptotic cells have increased elastic and viscous modulus, but reduced loss tangent (G″/G′), indicating that pyroptotic cells exhibited a “fluid-solid” transition. In contrast, apoptosis resulted in a decrease in both elastic and viscous moduli, which is consistent with prior studies and is believed to be the outcome of cytoskeleton degradation/depolymerization [12,42]. Moreover, the rising loss tangent (G″/G′) in apoptosis, suggesting that apoptotic cells exhibited a more fluid-like tendency. Afterwards, we performed the engineered GSDMD−/−-DEVD- expressing HeLa cells in order to rule out drug interference. LPS and CTB were incapable of inducing pyroptosis in this case, whereas TNF and CHX were effective inducers of pyroptosis. The results showed that the stress (ΔS), elastic modulus (G′), and viscous modulus (G″) responses in TNF+CHX induced pyroptosis are consistent with LPS+CTB induced HeLa pyroptosis, however the former growing rate is considerably lower than latter. The following variables may account for the difference between two cases of pyroptosis: (1) GSDMD are shown to serve a dual role in pyroptosis, not only executing pyroptosis but also promoting its amplification, cells without GSDMD may have poor pyroptosis induction efficiency [43]. (2) The GSDMD−/−-DEVD- mutant HeLa may gradually lose its expression during the process of cell passage, leading in the deviation of the results. While, in LPS+CTB induced non-pyroptosis case, the stress (ΔS) increased, which avoid the drug interference in mechanical measurement and proved the viability of the DRPC method.



In conclusion, we presented dynamic mechanical parameters during both pyroptosis and apoptosis that might be regarded as a mechanical model for identifying pyroptosis and apoptosis. We proved the DRPC feasibility in identifying pyroptosis and apoptosis by using both HeLa and engineered mutant expressing HeLa cells, as well as its potential for the development of predictive mechanical model under different biological conditions. Due to its real-time, non-invasive measurement, multiple mechanical parameters capturing, and compatibility with conventional cell culture configurations, the DRPC technology is comparable in importance and significance to conventional biochemical detection. Its advantages provide insight in regulating pyroptosis and apoptosis through early intervention, as well as a novel target for pyroptosis- and apoptosis-associated diseases used for drug screening. In the near future, high-throughput channels of DRPC technology that provide parallel analysis of larger quantities of cells will be introduced to meet the needs of quantitative cell mechanics.
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Scheme 1. Schematic illustrations of AT and BT cut crystals. AT cut quartz crystal is cut at an angle of 35°15′ relative to the Z axis, whereas BT cut quartz crystal is cut at an angle of −49° relative to the Z axis. The crystal blanks are then cut in their respective orientations to the crystal axis before being machined and completed to the required sizes. 
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Scheme 2. Illustration of the principle of measurement. DDS (Direct digital frequency synthesizer) generated the required scanning frequency, then the signal was split into two parts by the power divider. One was sent to channel A of the vector measurement unit with 20 dB attenuation as the reference signal, and the other was sent to channel B of the vector measurement unit through the π-Network. The quartz crystal resonators were connected into the πNetwork. The vector measure unit measures the voltage ratio and the phase difference between the two channels. Then, the frequency shift, motional resistance, motional inductance, and static capacitance were determined by the special algorithm of the software. 
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Scheme 3. Schematic illustration of the fabrication of QCM-based DRPC and the measurement principle. (A) The measurement component and Teflon wells can be placed in an incubator set to 37 °C, 5% CO2, allowing four channels to operate concurrently. (B) The exploded-view of a Teflon well, AT and BT cut quartz crystals were held in a Teflon well with two tinned copper wires that were PVC-wrapped (polyvinyl chloride). The tinned copper was then inserted into an electrical conductor that was connected to the 250B network analyzer. (C) The side-view of cells adhesion on quartz crystal-Au electrode. 
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Figure 1. Dynamic QCM responses and cytomechanical parameters recorded during LPS and CTB induced pyroptosis in 2000 HeLa cells. (a,b) Frequency shifts and motional resistance changes on AT (a) and BT (b) cut quartz crystal; (c) Cells generated force on quartz crystal; (d) Effects of pyroptosis induced by LPS and CTB on GSDMD cleavage through Western blot assay. The loading control is GAPDH expression; (e) The relative expression of target protein/GAPDH was analysed by Image-Pro Plus 6.0 Software (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001); (f) Variations of the elastic modulus (storage modulus) G′; (g) Variations of the viscous modulus (loss modulus) G″. 
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Figure 2. Dynamic QCM responses and cytomechanical parameters recorded during TNF and CHX induced apoptosis in 2000 HeLa cells. (a,b) Frequency shifts and motional resistance changes on AT (a) and BT (b) cut quartz crystals; (c) Cells generated force on quartz crystal; (d) Effects of apoptosis induced by TNF and CHX on Caspase3 cleavage through Western blot assay. The loading control is GAPDH expression; (e) The relative expression of target protein/GAPDH was analysed by Image-Pro Plus 6.0 Software (** p < 0.01, **** p < 0.0001); (f) Variations of the elastic modulus (storage modulus) G′; (g) Variations of the viscous modulus (loss modulus) G′. 
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Figure 3. Changes in loss tangent and correlations between cytomechanical parameters during the LPS and CTB induced pyroptosis and TNF and CHX induced apoptosis in 2000 HeLa cells on FN modified quartz crystal-Au surfaces. (a,b) changes in loss tangent η = G″/G′; (c) G′ versus ΔS correlation during LPS+CTB stimulation; (d) G′ versus ΔS correlation during TNF+CHX stimulation; (e) G″ versus ΔS correlation during LPS+CTB stimulation; (f) G″ versus ΔS correlation during TNF+CHX stimulation. 
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Figure 4. The expressions of integrin and vinculin in pyroptosis and apoptosis. HeLa cells were transfected with GFP-vinculin and GFP-integrin constructs. The upper row depicted the vinculin expressions in control group in response to LPS and CTB, TNF, and CHX stimulations. The lower row depicted the integrin expressions in control group in response to LPS and CTB, TNF, and CHX stimulations. 
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Figure 5. Dynamic QCM responses and cytomechanical parameters recorded during LPS and CTB induced pyroptosis-resistance in 2000 GSDMD−/−-DEVD- mutant expressing HeLa cells. (a,b) Frequency shifts and motional resistance changes on AT (a) and BT (b) cut quartz crystals; (c) Cells generated force on quartz crystal; (d) GSDMD knockout cells generated by CRISPR-CAS9-mediated targeting, and its expression is verified through Western blot assay. The loading control is GAPDH expression; (e) The relative expression of target protein/GAPDH was analysed by Image-Pro Plus 6.0 Software (**** p < 0.0001); (f) Variations in the elastic modulus (storage modulus) G′; (g) Variations in the viscous modulus (loss modulus) G″. 
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Figure 6. Dynamic QCM responses and cytomechanical parameters recorded during TNF and CHX induced pyroptosis in 2000 GSDMD−/−-DEVD- mutant expressing HeLa cells. (a,b) Frequency shifts and motional resistance changes on AT (a) and BT (b) cut quartz crystals; (c) Cells generated force on quartz crystal; (d) Switch of TNF induced apoptosis to pyroptosis by caspase-3 sensitive GSDMD mutant. GSDMD-DEVD- (replacement of the FLTD motif with the caspase-3-cleavage site DEVD) was stably expressed in HeLa GSDMD−/−cells. Cells were treated with TNF and CHX for 8 h, GSDMD was proteolytically cleaved into specific size, GSDMD N- can then be detected upon TNF and CHX stimulation through Western Blot assay. GAPDH expression is the loading control; (e): The relative expression of target protein/GAPDH was analysed by Image-Pro Plus 6.0 Software (**** p < 0.0001); (f) Variations in the elastic modulus (storage modulus) G′; (g) Variations in the viscous modulus (loss modulus) G″. 
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Figure 7. Changes in loss tangent and correlations between cytomechanical parameters during the LPS and CTB induced pyroptosis-resistance and TNF and CHX induced apoptosis in 2000 GSDMD−/−(-DEVD-) mutant expressing HeLa cells on FN modified quartz crystal-Au surfaces. (a,b) changes in loss tangent η = G″/G′; (c) G′ versus ΔS correlation during LPS+CTB stimulation; (d) G′ versus ΔS correlation during TNF+CHX stimulation; (e) G″ versus ΔS correlation during LPS+CTB stimulation; (f) G″ versus ΔS correlation during TNF+CHX stimulation. 
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