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Digitonin-facilitated delivery of imaging probes enables single
cell analysis of AKT signalling activities in suspension cells

Siwen Wanga, Nicole G. Perkinsa, Fei Jia, Rohit Chaudhuria, Zhili Guoa, Priyanka Sarkara, 
Shiqun Shaoa, Zhonghan Lia, Min Xuea

aDepartment of Chemistry, University of California, Riverside, Riverside, California 92521, United 
States.

Abstract

Analyzing intracellular signalling protein activities in living cells promises a better understanding 

of the signalling cascade and related biological processes. We have previously developed cyclic 

peptide-based probes for analyzing intracellular AKT signalling activities, but these peptide 

probes were not cell-permeable. Implementing fusogenic liposomes as delivery vehicles could 

circumvent the problem when analyzing adherent cells, but it remained challenging to study 

suspension cells using similar approaches. Here, we present a method for delivering these 

imaging probes into suspension cells using digitonin, which could transiently perforate the cell 

membrane. Using U87, THP-1, and Jurkat cells as model systems representing suspended adherent 

cells, myeloid cells, and lymphoid cells, we demonstrated that low concentrations of digitonin 

enabled a sufficient amount of probes to enter the cytosol without affecting cell viability. We 

further combined this delivery method with a microwell single-cell chip and interrogated the 

AKT signalling dynamics in THP-1 and Jurkat cells, followed by immunofluorescence-based 

quantitation of AKT expression levels. We resolved the cellular heterogeneity in AKT signalling 

activities and showed that the kinetic patterns of AKT signalling and the AKT expression levels 

were related in THP-1 cells, but decoupled in Jurkat cells. We expect that our approach can be 

adapted to study other suspension cells.
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Digitonin allows the delivery of cyclic peptide-based imaging probes into suspension cells. This 

method enables time-resolved single-cell profiling of AKT signalling activities.

Introduction

Signalling proteins are critical governors of cellular activities. In many biological systems, 

the expression levels of signalling proteins are highly heterogeneous among the same group 

of cells. 1, 2 Understanding this heterogeneity through single-cell protein assays can help 

identify unique subpopulations and guide therapeutic decisions. 3, 4 For instance, cells 

with higher oncoprotein levels often represent a drug-resistant phenotype, and targeting 

these cells using combination chemotherapies can provide long-lasting effects. 5–8 However, 

despite the rapid development in the field of single-cell protein analysis, little is known 

about the heterogeneity in the time domain, i.e., the dynamical features of protein signalling.

Increasing evidence has demonstrated that the distinct temporal patterns of kinase signalling, 

such as oscillations, carry information that controls the cell’s specific response and 

dictates cell fates.9–11 Scrutinizing these dynamical behaviours of kinase signalling can 

help understand how various regulatory circuits shape signalling outputs.11 Such a task 

is challenging since traditional immunolabeling-based analytical methods cannot be used 

inside living cells. Pioneering work on generically encoded reporting systems has enabled 

real-time readouts of kinase signalling activities. 12–16 However, there remain two critical 

challenges. First, these reporters focus on specific substrate sequences and subcellular 

locations. This design is perfect for delineating the signalling architecture but not well-suited 

for assessing the global status of signalling protein activities. Second, the expression of these 

reporters cannot be easily performed in delicate samples such as patient biopsies, which 

limits their translational applications.

To address these unmet needs, we have recently developed a chemical method to analyse 

single-cell kinase signalling dynamics, using cyclic peptide-based imaging probes that 

target specific kinase epitopes (Fig. 1a).17 Compared with genetic approaches, 12, 13, 18, 19 

our chemical probes provide a more direct readout of the signalling activity, which is 

not limited by a particular substrate type or influenced by the distribution of the kinase 

targets. In addition, these probes can be easily removed upon cell fixation, thereby 

permitting downstream single-cell analysis such as immunofluorescence-based protein 

quantification and enabling phenotype identifications.17 Nevertheless, our original method 
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required fusogenic liposomes to carry fluorescent probes into living cells, which can only 

be implemented in adherent cells. This requirement significantly limits the translational 

value of our original approach because of two reasons. First, blood samples are the most 

widely used and accessible clinical samples, which contain a rich repertoire of lymphoid and 

myeloid suspension cells.20–22 Second, transforming clinical tumour samples into single-cell 

suspensions is straightforward and quick, but re-establishing them as adherent cells is 

a time-consuming and challenging process. Therefore, we need to improve our method, 

especially the probe delivery approach, to enable the analyses of suspension cells.

A popular technique for bringing small molecules into the intracellular space is to append 

a cell-penetrating tag.23, 24 These tags include hydrophobic moieties that enable direct 

membrane penetration, as well as endocytosis-promoting groups such as poly-cationic 

residues and receptor substrate sequences such as RGD. Many examples have demonstrated 

the successful applications of these cell-penetrating tags; however, all those tags require 

chemical modifications to the molecular probes. Such a requirement could be detrimental 

to our intended applications, as our cyclic peptide probes are sensitive to modifications – 

complete loss of binding often occurs after simple structure alterations. In addition, the 

cytosolic delivery efficiency of these tags often varies significantly across different payloads. 

Considering that our cyclic peptide probes have different structures, we reasoned that cell

penetrating tags may not be an easily generalizable approach.

Another method for cytosolic delivery involves membrane perforation. Physical perforation 

strategies, such as magnetoporation,25 sonoporation26 and optoporation,27 can enable 

the transportation of large molecules and have demonstrated their applications in gene 

delivery. However, those manipulations are time-consuming and they all require specialized 

instruments, which also limits their generalizability and suitability in our analytical scheme. 

On the other hand, chemical perforators such as saponins are known to induce transient 

pores on the cell membrane, where the degree of perforation is often tunable by varying the 

saponin concentration.28, 29 These pores allow extracellular probe molecules to diffuse into 

the cytosol without any modifications to the probes. Encouraged by pioneering works on 

saponin-enabled peptide delivery, 30–32 we hypothesized that we could also use saponins to 

deliver the cyclic peptide probes into suspension cells.

Herein, we show that digitonin – a type of saponin – can indeed allow peptide probes to 

enter the cytosol of suspension cells (Fig. 1b). Using the cyclic peptide probes specific 

for detecting AKT activities, we demonstrate that this approach is applicable to different 

suspension cells, including adherent cells that are made into a single-cell suspension, 

myeloid cells, and lymphoid cells. We further show that this delivery approach is compatible 

with downstream immunofluorescence-based protein analysis by delineating the relationship 

between AKT expression level and the kinetic features of AKT signalling activities in 

THP-1 and Jurkat cells.
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Results and Discussion

Digitonin treatment on U87 cells

Digitonin is known to cause membrane perforation, which may lead to cell damage. 

Therefore, it is critical to optimize its concentration so that cells are not significantly 

harmed. We first evaluated the effect of digitonin on U87 cells, which were used extensively 

in our previous studies. Interestingly, we observed that 1 μg/mL digitonin treatment led 

to a slight increase in cell viability and metabolic activities, as evidenced by the elevated 

resazurin assay and MTT assay values (Fig. 2a, 2b). Raising the digitonin concentration to 

3 μg/mL diminished the pro-growth effects and led to indistinguishable viability values as 

those from the control samples. Further increasing the digitonin concentration to 5 μg/mL 

caused inhibition of the cell viability, indicating significant toxicity to the cells. Because our 

goal is to continuously analyse AKT signalling activities in living cells, it is paramount not 

to substantially alter cell viability. Therefore, it was evident that 5 μg/mL was not acceptable 

for our purpose. Nevertheless, it is worth pointing out that 5 μg/mL was a commonly used 

digitonin concentration in the literature, especially those involving the delivery of large 

molecules. In those studies, the main goal was to perform the delivery instead of performing 

analysis.30–32 Thus, the requirements are different here, and we must use lower digitonin 

concentrations to avoid cytotoxicity.

We then sought to check if digitonin treatment could indeed allow cyclic peptide probes 

to diffuse across the cell membrane. We treated the U87 single-cell suspension with 

varying concentrations of digitonin in the presence of our cyclic peptide probes, Rhodamine

cy(GSQTH) and Cy5-cy(YYTYT). After incubation and washing the cells, we loaded the 

cells into a microwell chip following established protocols and used a confocal microscope 

to evaluate the intracellular fluorescence signal. As shown in Fig. 2c, increasing digitonin 

concentrations led to elevating intracellular fluorescence intensities. This result is consistent 

with our expectation that higher digitonin concentrations would better facilitate the diffusion 

of cyclic peptide probes across the cell membrane. In addition, digitonin treatment did not 

alter the morphology of the cells (Supplementary Fig. S1). Taken together, 2 or 3 μg/mL 

turned out to be suitable digitonin concentrations for U87 cells.

Digitonin treatment on THP-1 cells

Since U87 cells are genuinely adherent cells, their properties are different from those true 

suspension cells such as myeloid and lymphoid cells. In order to test if digitonin would 

work on genuine suspension cells, we moved on to perform the experiments using THP-1 

cells. These monocytic cells are of the myeloid lineage and are representative suspension 

cells.33, 34 We first treated these THP-1 cells with varying concentrations of digitonin and 

evaluated the cell viability using the resazurin assay. As shown in Fig. 3a, all the tested 

digitonin concentrations led to lowered fluorescence signals compared with the control. This 

result indicated that THP-1 cells were more sensitive to digitonin treatment than U87 cells.

Nevertheless, because THP-1 cells may alter their metabolic pattern under external 

stimulation,35, 36 the resazurin test result could not directly translate to cell viability. To 

better access cell viability, we resorted to cell counting. We treated THP-1 cells with 
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different concentrations of digitonin and then incubated the cells for two days. We then 

counted the viable cells in each sample (Fig. 3b). Interestingly, we found that 1 μg/mL 

digitonin treatment promoted cell growth, and 2 μg/mL digitonin exhibited the same cell 

number as control. Higher digitonin concentrations (3 and 4 μg/mL) obviously inhibited 

cell proliferation, indicating that these concentrations caused substantial damage to the cells. 

This result was very similar to that from the U87 experiments but underscored that THP-1 

cells were more prone to digitonin-induced metabolic alterations than U87 cells.

To evaluate if digitonin could also enable cyclic peptides to move across the THP-1 cell 

membrane, we co-treated these cells with digitonin and the peptide probes. We then loaded 

the cells onto the microwell chip, and performed confocal microscopy. We found that even 

1 μg/mL of digitonin led to a substantial amount of cyclic peptide probes present in the 

cells (Fig. 3c). With increasing digitonin concentrations, the intracellular FRET signals also 

increased. This trend was consistent with our expectations and was similar to what we 

observed in the U87 experiments. Considering the cell viability results above (Fig. 3b), we 

reasoned that 2 μg/mL of digitonin was suitable for treating THP-1 cells.

THP-1 cells are sensitive to external stimuli and prone to differentiating into macrophage

like phenotypes (M1 and M2),34 their cell morphology can serve as an additional parameter 

for evaluating the effects of digitonin treatment. Based on our observation (Supplementary 

Fig. S2), 1–4 μg/mL digitonin did not alter cell morphology, indicating that these 

concentrations did not cause phenotypical changes, which further validated the suitability 

of our approach.

Digitonin treatment on Jurkat cells

We then set to test if the digitonin approach was suitable for lymphoid cells, using Jurkat 

cells as a model system. Jurkat cells are immortalized human T lymphocytes, which are 

widely used in biomedical studies because of their close resemblance to normal T cells.37 

Similar to the THP-1 experiments, we first treated Jurkat cells with 1–4 μg/mL of digitonin 

and assessed its effect on cell viability using the resazurin assay. We found that digitonin 

treatment caused significantly lower metabolic activities, and this inhibition effect became 

more prominent with increasing digitonin concentrations (Fig. 4a). Because Jurkat cells 

were also sensitive to external perturbations and could alter their metabolic patterns in 

response to digitonin treatments,38, 39 it was again necessary to validate our findings 

using cell counting. We treated the Jurkat cells with different concentrations of digitonin, 

incubated the cells for two days, and then counted the viable cells. Our results showed that 

cell proliferation was not inhibited by the digitonin treatment (Fig. 4b). Interestingly, we 

did not observe the pro-proliferation effects of 1 μg/mL digitonin treatment, like those in 

the U87 and THP-1 experiments. Based on these results, we concluded that 2 μg/mL of 

digitonin was suitable for treating Jurkat cells.

To assess the performance of the digitonin approach in delivering cyclic peptide probes 

into Jurkat cells, we incubated the cells in the presence of digitonin and the peptide probes 

and performed the confocal microscopy experiments as described above. We found that 

higher digitonin concentrations led to more intense FRET signals across the cell populations, 

which was consistent with the results from U87 and THP-1 experiments (Fig. 4c). We 
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also observed substantial levels of FRET signals in samples treated with digitonin at low 

concentrations (1 and 2 μg/mL). In addition, no morphological changes were observed 

(Supplementary Fig. S3). Taken together, our results proved that digitonin treatment was an 

effective method for delivering cyclic peptide probes into Jurkat cells.

Single-cell profiling of AKT signalling activities in THP-1 cells

To further assess the performance of the digitonin approach, we delivered the cyclic peptide 

probes into THP-1 cells and performed continuous interrogation of the AKT signalling 

activities (Fig. 5a). Based on our results above, we chose 2 μg/mL as the optimal digitonin 

concentration. After incubating the cells with the peptide probes, we loaded the cells onto 

the microwell chip at a low concentration to achieve single-cell segregation. We then 

continuously monitored the FRET signals in those cells using confocal microscopy. During 

the imaging sessions, we added AZD8055 (an mTOR inhibitor) to the media to perturb the 

AKT signalling. At the end of the experiments, we fixed the cells in the microwells and 

performed immunofluorescence staining using an AKT antibody tagged with Alexa Fluor 

647. The same cells were then imaged again to obtain the AKT immunofluorescence data.

The image stacks obtained from the live-cell imaging sessions contained the information 

of time-resolved AKT signalling activities at single-cell resolution. As shown in Fig. 

5b, THP-1 cells exhibited fluctuating AKT activities before the drug addition, while the 

average signal levels among all the cells remained stable. This result was expected because 

the bulk-level AKT activity should not change significantly without external stimuli. 

Upon introducing the mTOR inhibitor (AZD8055), the average AKT activities gradually 

decreased. Since mTOR inhibition would cause de-phosphorylation of AKT at Ser473/474, 

the observed signal decrease was consistent with the mechanism of action. Notably, there 

was significant heterogeneity in the levels and rates of the signal decrease.

To better evaluate the cellular heterogeneity and to quantitatively compare the kinetic 

patterns of AKT signalling activities, we used the dynamic time warping (DTW) approach 

to analyse the time-resolved single-cell dataset. The DTW method was developed to 

evaluate the similarities in the time-evolution trends of signals without interference from 

speed variations. By performing pairwise DTW analysis,41, 42 we converted the single-cell 

trajectories (Fig. 5b) into a distance matrix, where each matrix element represented the 

dissimilarities between a pair of single cells (Supplementary Fig. S4). Using this distance 

matrix, we were able to implement an agglomerative hierarchical clustering (AHC) strategy 

to identify subpopulations among the single cells. As shown in Fig. 5c, there were 

three distinct subpopulations (Supplementary Fig. S5, S6). As represented by the cluster 

centroids (Fig. 5d), each cluster displayed unique AKT signalling patterns. Cluster 1 cells 

exhibited strong fluctuations at basal condition, and relatively small responses to the drug 

perturbation. Cluster 2 cells and cluster 3 cells had similar drug responses, but cluster 2 cells 

displayed gradually decreasing AKT signalling activities at the basal condition, while cluster 

3 cells had slightly increasing AKT activities before drug addition (Supplementary Fig. S6).

Because we were able to perform immunofluorescence staining on the same set of single 

cells, we could test if AKT expression levels varied among those three clusters. We 

extracted the AKT levels from all single cell and categorized them according to the cluster 
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designations. We then used the Mann-Whitney test to compare the distributions among the 

three subpopulations. As shown in Fig. 5e, there were no statistically significant differences 

between clusters 2 and 3, while cluster 1 cells exhibited significantly lower AKT expression 

levels. This result suggested that AKT expression levels may affect the kinetic patterns of 

AKT signalling activities in THP-1 cells. In addition, lower AKT expression levels may link 

to more intense baseline fluctuations and less sensitivity to mTOR inhibition.

Single-cell profiling of AKT signalling activities in Jurkat cells

To test the generalizability of the digitonin approach, as well as the observed connection 

between AKT expression levels and AKT signalling patterns, we performed similar 

experiments using Jurkat cells. As shown in Fig. 6a, at basal condition, Jurkat cells 

exhibited much higher heterogeneity in AKT signalling activity levels compared with 

THP-1 cells. This result was expected because Jurkat cells were known to be highly 

heterogeneous.40 Upon mTOR inhibition, the AKT signalling levels decreased gradually. 

On average, the signal decreased by 40% in 10 min, consistent with the results from 

THP-1 cells. Interestingly, some cells exhibited transient signal increase immediately after 

the mTOR inhibitor addition. Using pairwise DTW and AHC analysis, we identified three 

subpopulations among the Jurkat cells (Fig. 6b, Supplementary Fig. S7, S8). Notably, each 

clusters had unique features (Fig. 6c, Supplementary Fig. S9). Cluster 1 cells displayed 

quick dips immediately after drug addition, followed by prounounced signal decrease over 

the time course. Cluster 2 cells showed slight jumps immediately after the drug addition, 

followed by prominant signal decrease. Cluster 3 cells exhibited much stronger jumps after 

drug addition, and their overall signal decrease over the time course were much smaller 

compared with the other two clusters. Surprisingly, the AKT expression levels did not vary 

significantly across these three clusters. This result indicated that the kinetic patterns of 

AKT signalling decoupled from the AKT expression levels in Jurkat cells.

Experimental

Chemicals and reagents

Mannitol, HEPES, potassium chloride (KCl), sodium succinate, ethylene glycol-bis(β

aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), ethylenediaminetetraacetic acid 

(EDTA), bovine serum albumin (BSA), resazurin, (3-(4,5-dimethylthiazol-2-yl)-2,5

diphenyltetrazolium bromide (MTT), and digitonin were purchased from Sigma-Aldrich 

(St. Louis, MO). Phosphate-buffered saline (PBS), Dulbecco’s Modified Eagle Medium 

(DMEM), RPMI media, penicillin-streptomycin (pen-strep), and heat-inactivated fetal 

bovine serum (FBS) were purchased from Thermo Fisher Scientific (Waltham, MA).

Cell culture

All cells were purchased from ATCC (the American Type Culture Collection). U87 cells 

were cultured in DMEM with 10% FBS and 100 U/mL of pen-strep. THP-1 cells and Jurkat 

cells were cultured in RPMI-1640 with 10% FBS and 100 U/mL of pen-strep. All cell 

cultures were maintained in a humidified 5% CO2 (v/v) incubator at 37 °C.
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Digitonin treatment

Cells were washed three times in mannitol experiment buffer (MEB) before digitonin 

treatment. The washed cells were resuspended in MEB buffer and incubated with digitonin 

(various concentrations) for 20 minutes, with or without the presence of the peptide probes. 

Afterwards, the cells were washed three times with fresh culture media to ensure the 

removal of digitonin.

Cell viability tests

Resazurin assay.—Cells treated with different concentrations of digitonin were seeded 

in a 96-well plate and incubated for 5 hours. 40 μL of 0.06 mg/mL resazurin PBS solution 

was then added into each well, followed by incubation at 37 °C for 3 hours. The resulted 

fluorescence signals were recorded by a plate reader (560 nm excitation, 590 nm emission).

MTT assay.—U87 cells treated with different concentrations of digitonin were seeded in 

the 96-well plate and incubated overnight. 10 μL of 12 mM MTT/PBS solution was added to 

each well and the plate was incubated at 37 °C for 4 hours. The absorbance values at 570 nm 

were recorded using a plate reader.

Cell number counting.—Cells were seeded in a 96-well plate, and different 

concentrations of digitonin were added. The cell numbers were counted using a 

hemocytometer after a 2-day incubation.

Confocal imaging

Evaluating digitonin treatment results.—Cells were loaded with the AKT cyclic 

peptide probes (RhoB-GSQTH, 2 μM in MEB; Cy5-YYTYT, 50 μM in MEB) using the 

digitonin treatment approach described above. Cells were then loaded on the microwell chip 

and imaged using a confocal microscope (Zeiss 880) following established protocols.

Single-cell monitoring of AKT signalling activities.—THP-1 cells and Jurkat cells 

were loaded onto the microwell chip at a concentration of 800 k/mL and incubated at 37 

°C. Extra cells were scraped off the chip surface, and the chip was washed with fresh cell 

culture media. The cells were imaged using a confocal microscope (Zeiss 880) following 

established protocols. AZD8055 was introduced to reach final concentrations of 1 μM 

(THP-1) and 0.5 μM (Jurkat) during the experiments.

Immunofluorescence

The cells were fixed with cold methanol (−20 °C) on the chip right after the confocal 

imaging. Five minutes later, the chip was washed with PBS (5 minutes X 3 times). After 

fixation, the chip loaded with cells was blocked by goat serum at room temperature for 

an hour. The AKT detection antibody solution was prepared by mixing 2.5 μL of AKT 

antibody solution (as purchased, Cell Signalling Technology #5186) and 1 mL of 1% BSA 

in PBS. The cells were incubated with the detection antibody solution on the chip at 4 

°C overnight. After incubation, the chip was washed with PBS and then imaged using the 

confocal microscope (Zeiss 880).
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Single-cell data analysis

Data extraction.—The obtained single-cell image stacks were analysed using Fiji 

following established protocols. The FRET signal intensities from every single cell were 

plotted to generate single-cell AKT signalling trajectories. The AKT expression levels 

were obtained from extracting the fluorescence intensities from each single cell after the 

immunostaining.

DTW analysis.—Pairwise dynamic time warping analysis was performed using the dtw 
function in MATLAB®. The result was presented as a distance matrix, where each matrix 

element represented the dissimilarity between two single-cell trajectories.

AHC analysis.—The clustering was performed with the Hierarchical Cluster Analysis tool 

in OriginPro®2019b. The clusters were identified based on the Euclidean distances between 

elements and Ward’s method. The result was a dendrogram showing different clusters in the 

dataset. This dendrogram was then combined with the heatmap generated from the DTW 

analysis to highlight the clusters.

Mann-Whitney tests.—The AKT expression level distributions from the three 

clusters were evaluated using Mann-Whitney tests. This analysis was performed in 

OriginPro®2019b.

Conclusions

In conclusion, we have established a method for delivering cyclic peptide-based imaging 

probes into suspension cells using digitonin. At low concentrations (1–2 μg/mL), digitonin 

was not toxic to the cells but was able to transiently permeabilize the plasma membrane, 

which allowed the diffusion of peptide probes into the cytosol. We showed that this digitonin 

strategy was applicable to various cell types, such as single-cell suspension of genuinely 

adherent cells (U87), myeloid cells (THP-1), and lymphoid cells (Jurkat).

Using the digitonin delivery method, we further demonstrated the analysis of AKT 

signalling activities in THP-1 and Jurkat cells, followed by the immunofluorescence 

quantitation of AKT expression levels. With these datasets, we showed that under mTOR 

inhibition, the kinetic features of AKT signalling activities and the AKT expression levels 

were related in THP-1 cells, but are decoupled in Jurkat cells. Our results showcased the 

application of our strategy, underscored the AKT signalling heterogeneity in different cell 

lines, and highlighted how such an analytical workflow led to a better understanding of the 

single-cell AKT signalling dynamics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a) The mechanism of interrogating AKT signalling activities using a pair of cyclic peptide 

probes. b) Digitonin can transiently permeabilize the cells and allow the peptide probes to 

diffuse into the cells. The cells can then be loaded onto a single-cell microwell chip for AKT 

signalling analysis.
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Fig. 2. 
The effect of digitonin treatment on U87 cells. a) Resazurin assay and b) MTT assay results 

were used to evaluate cell viability. c) Confocal images of U87 cells treated with different 

concentrations of digitonin and loaded with the peptide probes. Cells were placed on a 

microwell chip to facilitate the imaging. Scale bars: 100 μm. Microwell chips with different 

well diameters were used for the samples.
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Fig. 3. 
The effect of digitonin treatment on THP-1 cells. a) Resazurin assay and b) cell counting 

assay results were used to evaluate cell viability. c) Confocal images of THP-1 cells treated 

with digitonin and loaded with the peptide probes. Cells were placed on a microwell chip 

to facilitate the imaging. Scale bars: 100 μm. Microwell chips with different well diameters 

were used for the samples.
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Fig. 4. 
The effect of digitonin treatment on Jurkat cells. a) Resazurin assay and b) cell counting 

assay results were used to evaluate cell viability. c) Confocal images of Jurkat cells treated 

with digitonin and loaded with the peptide probes. Cells were placed on a microwell chip 

to facilitate the imaging. Scale bars: 100 μm. Microwell chips with different well diameters 

were used for the samples.
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Fig. 5. 
a) Schematic illustration of the experiment process. THP-1 cells were first treated with 

digitonin to allow peptide probes to diffuse into the cytosol. After washing and sealing 

the cells, the probe-loaded cells were placed on a microwell single-cell chip, where cells 

sank to the bottom of the wells. Continuous live-cell confocal imaging allowed monitoring 

AKT signalling activities from the single cells, and subsequent immunofluorescence staining 

enabled quantitation of AKT expression levels from the same set of single cells. b) The 

single-cell AKT signalling trajectories generated by extracting signal intensities from the 

time-resolved image stacks. Each thin trace represents a single cell. The bold red trace 

represents the average activities from all the monitored single cells. c) Agglomerative 

hierarchical clustering results generated from the dynamic time warping distance (DTW) 

matrix. Three distinct clusters were identified. The intensity of each pixel represents the 

corresponding DTW distance between two single cells. d) AKT signalling patterns of the 

cluster centroids. e) AKT expression levels obtained from the immunofluorescence staining 

results. The red horizontal lines represent the median levels in each cluster. The boxes 

denote the middle two quartiles, and the whiskers represent the standard deviation of each 

distribution. Mann-Whitney tests were used to compare the distributions. **: p < 0.01. NS: 

not significant.
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Fig. 6. 
Single-cell profiling of AKT signalling activities in Jurkat cells a) The single-cell AKT 

signalling trajectories of Jurkat cells. Each thin trace represents a single cell. The bold red 

trace represents the average activities from all the monitored single cells. c) Agglomerative 

hierarchical clustering results generated from the DTW matrix. Three distinct clusters were 

identified. The intensity of each pixel represents the corresponding DTW distance between 

two single cells. d) AKT signalling patterns of the cluster centroids. e) AKT expression 

levels obtained from the immunofluorescence staining results. The red horizontal lines 

represent the median levels in each cluster. The boxes denote the middle two quartiles, and 

the whiskers represent the standard deviation of each distribution. Mann-Whitney tests were 

used to compare the distributions. NS: not significant.
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