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Supplementary-1: Physiological extracellular matrix (ECM) stiffness 
The human body consists of diverse cell types that accomplish a vast range of functions. Each individual 
cell type has its own optimal environment. The range of physiologically relevant stiffnesses of both 
healthy and cancerous ECMs is shown (Figure S1). In general, healthy tissues are soft and have an 
elasticity ≤ 10 kPa, while the ECM of cancer cells is stiff with an elasticity of ≥10 kPa. For instance, 
when hepatocytes are subjected to a stiffer ECM, cell cycle progression and dedifferentiation are 
elevated1. It is desirable to provide an ECM with stiffness matching the natural cell requirement for 
analysis. ECM stiffness in the human body ranges from a few pascals to gigapascals. In this study, the 
cancer cells on gelatin particles with a stiffness of 10-100 kPa were measured. 
     In the case of brain tumors, the range of ECM stiffness is from 0.17 kPa (healthy) to 35 kPa, depending 
on pathologies2, 3. In the case of breast tumors, the range is from 0.85 kPa (non-cancerous) to 120 kPa4-

6. The ECM stiffness of lung cancer varies from 0.2 kPa (healthy) to 100 kPa (both fibrotic and 
nonfibrotic)7-9. The ECM of bladder tumors could vary considerably in a short period of time depending 
on the volume of urine present: 10 to 500 kPa10-12; lymphoma typically has an ECM stiffness of 10 to 
100 kPa13-15; the stiffness of colorectal cancer ECM ranges from 1 to 70 kPa16, 17; and both bone cancer 
and leukemia grow in osteoids with a stiffness from 0.2 to 100 kPa18-20. In the case of the liver, the 
stiffness ranged from 2 kPa (healthy) to 75 kPa21-24. The stiffness of prostate ECM ranges from 1 kPa 
(healthy) to 90 kPa25-27. The stiffness of ECMs of various cancers is summarized in Table S1. 
 

 
Figure S1. The physiologically relevant ECM stiffness of healthy and cancerous patients ranges from 
0.1 kPa to 1000 kPa.  

Table S1. Physiologically relevant ECM stiffness of various cancers. 

Cancer Type Lowest stiffness 
(healthy/benign) 

Highest stiffness 
(malignant) Reference 

Brain 0.17 kPa 35 kPa [2, 3] 
Breast 0.85 kPa 120 kPa [4-6] 
Lung 0.2 kPa 100 kPa [7-9] 

Bladder 10 kPa (unloaded) 500 kPa (loaded) [10-12] 
Lymphoma 10 kPa 100 kPa [13-15] 
Colorectal 1 kPa 70 kPa [16, 17] 

Bone/Leukemia 0.2 kPa 100 kPa [18-20] 
Liver 2 kPa 75 kPa [22-24] 

Prostate 1 kPa 90 kPa [25-27] 
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Supplementary-2: Staining dyes 
Table S2: Peak excitation and emission wavelengths of the staining dyes used. 

Stain Fluorophore Peak excitation 
wavelength 

Peak emission 
wavelength 

Nucleus Hoechst 33342 352 nm 455 nm 

Cytosol Fluorescein 498 nm 517 nm 

Plasma membrane Dil 551 nm 569 nm 

F-actin Alexa Fluor 
647 650 nm 671 nm 
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Supplementary-3: Device design for cell morphological analysis 
The single cell morphology was screened by using a microfluidic device with a flow focusing channel, 
whose nozzle size was 30×30 µm in diameter (Figure S2).  
 

 
Figure S2. Microfluidic design to screen single cells adhered on gelatin particles. 
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Supplementary-4: Device design for gelatin particle encapsulation 
The device design to produce droplets encapsulating cell-adhered gelatin particles and FRET sensors is 
included (Figure S3). A flow focusing device with a nozzle (dimension of 45 × 60 µm2) was fabricated 
to align the gelatin particles (diameter of 30 µm) to allow one passage per time in order. The T-junction 
at which the FRET sensors were introduced (dimensions of 20 × 60 µm2) for assays is also shown. 
 

 
Figure S3. A microfluidic device for the single gelatin particle and chemical sensor mixture (FRET 
substrates) encapsulation in water-in-oil droplets was fabricated. 
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Supplementary-5: Drop-hydrogel screen device design 
The fluorescence signals from each droplet were measured in a device with a flow focusing channel. This 
nozzle size was 80 × 80 µm2 in dimensions (Figure S4). 

 
Figure S4. Microfluidic design for droplet-based hydrogel screening to measure single cell secretions 
of ADAMs/MMPs within the droplets at a throughput of ~100 cells/second. 
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Supplementary-6: Optical system 
The optical system was constructed by an LED light (SOLA-SE-II, Lumencor, USA), whose excitation 
light was filtered by a multibandpass filter (89402x, Chroma, Taiwan) and deflected to sample with a 
multibandpass beam-splitter (89402bs, Chroma, Taiwan). The emission light passed through the same 
multibandpass beamsplitter, deflected by the respective dichroic mirrors T495LPxr (Chroma, Taiwan), 
T565LPxr (Chroma, Taiwan), and T660Lpxr (Chroma, Taiwan), followed by passing through the 
emission filters ET460/50m (Chroma, Taiwan), ET525/50m (Chroma, Taiwan), ET605/70m (Chroma, 
Taiwan), and ET690/50m (Chroma, Taiwan) (Table S3) prior to detection. The fluorescence signals 
were then recorded by PMTs. The four sets of excitation/emission channels used are noted as UV, Blue, 
Green, and Red, respectively. 
 
Table S3: Specifications of excitation/emission filters and dichroic mirrors 

Filter/ 
dichroic 
mirror 

Optical Channel 

Excitation Wavelength (nm) Emission Wavelength (nm) 

UV Blue Green Red UV Blue Green Red 

89402x 
(Excitation 

filter) 

375-
407 

(T>95
%) 

462-
495 

(T>95
%) 

541-
566 

(T>95
%) 

621-
653 

(T>95
%) 

    

89402bs 
(Beamsplitter

) 

<410 
(R>95

%) 

459-
497 

(R>97
%) 

538-
569 

(R>94
%) 

619-
655 

(R>97
%) 

413-
456 

(T>95
%) 

504-
535 

(T>95
%) 

573-
614 

(T>97
%) 

660-
735 

(T>97
%) 

T495LPxr 
(Dichroic 
mirror 1) 

    
<493 
(R>90

%) 
>499 (T>95%) 

ET460/50m 
(Emission 

filter 1) 
    

436-
484 

(T>95
%) 

   

T565LPxr 
(Dichroic 
mirror 2) 

     
<560 
(R>95

%) 
>568 (T>97%) 

ET525/50m 
(Emission 

filter 2) 
     

501-
547 

(T>97
%) 

  

T660Lpxr 
(Dichroic 
mirror 3) 

      
<660 
(R>95

%) 

>667 
(T>95

%) 

ET605/70m 
(Emission 

filter 3) 
      

572-
638 

(T>97
%) 

 

ET690/50m 
(Emission 

filter 4) 
       

668-
718 

(T>95
%) 

Summary 

Effective 
window 

Excitation Emission 

375-
407 

462-
495 

541-
566 

621-
653 

436-
456 

504-
535 

573-
614 

668-
718 
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Stains for morphological study 

Stain/ 
Substrate 

Nucle
us 

Cytos
ol 

Plasm
a 

Memb
rane 

F-
actin 

Nucle
us 

Cytos
ol 

Plasm
a 

Memb
rane 

F-
actin 

Fluorophore 
Peak 352 498 551 650 455 517 569 671 

Substrates for secretory study 

Stain/ 
Substrate 

Collective activities of metalloproteinase families 
Nucle

us 
ADA

M  MMP Nucle
us 

ADA
M  MMP 

Fluorophore 
Peak 352 490  635 455 520  670 

Stain/ 
Substrate 

Proteolytic Activity Matrix Analysis (PrAMA) 
Nucle

us Blue Green Red Nucle
us Blue Green Red 

Fluorophore 
Peak 352 490 546 635 455 520 589 670 

T: Transmission efficiency; R: Reflection efficiency at 45° 
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Supplementary-7: Optimization of the cell seeding ratio 
The cells were incubated with gelatin particles in a 6-well ultralow attachment culture plate (Corning, 
USA) and a 2 ml microcentrifuge tube (AITbiotech, Singapore) for cell adhesion. For single cell 
attachment to gelatin particles, the seeding ratios between cells (A549 cells) and particles are optimized. 
The result indicated that the optimized seeding ratio was 3:1 (cells to gelatin particles) (Figure S5). 

 

Figure S5. Optimization of cell seeding ratios of cell to gelatin particles. 
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Supplementary-8: Gelatin particle size optimization 
The size of gelatin particles was optimized for single-cell attachment. In the case of large gelatin particles 
(120 µm in diameter), ~40% of the particles had cell(s) attached. However, only 2% of particles had 
single cell attached; 38% of the particles were attached with multiple cells. In the case of small gelatin 
particles (30 µm in diameter), ~16% of the particles had cell(s) attached. Approximately 14% of  the 
gelatin particles were attached with single cell, while 2% of the particles were attached with multiple 
cells (Figure S6). Although the cells effectively adhere to large gelatin particles, the single-cell 
attachment rate was low. In the case of large gelatin particles, most particles were adhered with multiple 
cells, limiting the efficiency of the single-cell assay. Based on the observation, small gelatin particles (30 
�m in diameter) were used in the experiments of our droplet-based hydrogel screening. 

 

Figure S6. Optimization of gelatin particles. (a) A549 cells adhered to gelatin microspheres with 
diameters of 30 µm and 120 µm. (b) Effects of sizes and surface coatings on cell adhesion onto gelatin 
particles. The seeding ratios of cells and gelatin particles during incubation for cell adhesion were 
identical for all experiments (3:1). 
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Supplementary-9: Data processing (noise filtering) 
(a) Filtering: Data collected from PMTs were filtered by using a low-pass filter (LFP) with finite impulse 
response (FIR) to remove white noise and systematic noises, such as noise from the electric circuit of 
neighboring machines. The cut-off frequency was set at 300 Hz, and the filter order was set at 150. The 
protocol is indicated in the following section. 
(b) Optimization of cut-off frequency: The cut-off frequency is important to determine the efficiency of 
a frequency-based filter system. The low cut-off frequency is set to filter out the noise. However, the 
signal might be overfiltered if the cut-off frequency is too low. After optimization, in this study, the cut-
off frequency was set to 300 Hz (Figure S7). 

(c) Normalization by using droplets containing trypsin and FRET sensors as a positive control: Many 
systematic errors might affect the accuracy of the experimental data collected. For consistency of the 
experimental results, in each experiment, the freshly prepared FRET sensor mixture of each experiment 
was reacted with trypsin for 30 min at 37 °C and encapsulated into droplets to record the fluorescence 
increases as the positive controls. 

 

Figure S7. Signal waveforms of fluorescence signals detected by PMT as raw data and after low-pass 
filtering with 1000 Hz, 500 Hz, 300 Hz, and 100 Hz as cut-off frequencies. 
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Supplementary-10: Single cell PMT fluorescence signal calibration  
To differentiate signals from droplet containing single cell or multiple cells collected by PMT, the 
Hoechst intensities in different situations were characterized. The cells were stained by using Hoechst 
33342 (1 µg/ml, Sigma-Aldrich, USA) for 24 hours. There were two peaks observed by using PMT 
(Figure S8a). The first peak represents the droplets with a single-cell adhered gelatin particle, while the 
second peak represents the gelatin particles with two cells attached. The discrete frequency distribution 
of Hoechst intensities was first converted to a continuous plot (Figure S8b), followed by smoothing with 
a low pass-filter (Figure S8c). The prominence of the peak corresponding to single cell was identified. 
Based on that, the width at half-prominence was estimated. The range of Hoechst intensity corresponding 
to single cells was determined as 

Hoechst	Intensity	at	Prominence ±Width	at	Half-Prominence 

In our experiment, the rage of Hoechst intensity corresponding to single cells was 0.1345 ± 0.0368 = 
0.0977~0.1713 (Figure S8d). All the data outside this range were considered as non-single cell situations 
and were omitted to ensure that the data collected were single cell data. 

 

Figure S8. Single cell data recorded by PMT: (a) When recording Hoechst fluorescence signals in the 
droplets, two peaks were observed: one referred to single cell encapsulation situation, the other referred 
to multiple (two) cells encapsulation situation, respectively. (b) The discrete frequency distribution plot 
was converted to a continuous plot. (c) The plot was smoothened by using a low-pass filter. (d) The range 
of peak, indicating signal corresponding to single-cell adhered gelatin particle in the droplets was 
identified (the left hand side main peak).   
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Supplementary-11: Proteolytic activity matrix analysis (PrAMA) 
Proteolytic activity matrix analysis (PrAMA) is a computational method for determining the specific 
enzymatic activities of a disintegrin and metalloproteinases (ADAMs) and matrix metalloproteinases 
(MMPs). PrAMA uses a mathematical model to simultaneously calculate various MMP and ADAM 
activities from an activity-based assay with a couple of FRET sensors. The governing equation to process 
PrAMA is indicated below. The catalytic efficiency was determined by performing experiment with pure 
ADAMs/MMPs (Figure S9). 

𝑉!,# = [𝑆#];𝐶#,$=𝐸$? 

where V0,i denotes the initial rate of FRET sensor cleavage by metalloproteinases 

 Si denotes the respective FRET sensor concentrations 

 Ci,j denotes the catalytic efficiency of individual metalloproteinases to respective 
FRET sensors (ith FRET sensor and jth metalloproteinase, refer to the 
Catalytic Efficiency Matrix below) 

 Ej denotes the active concentrations of respective metalloproteinases 

 

 

Figure S9. Catalytic efficiency matrix for PrAMA. Individual catalytic efficiencies were characterized 
with respective customized FRET sensors (Supplementary 7) and pure metalloproteinases. 
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Supplementary-12: Fluorescence resonance energy transfer (FRET) sensors 
Fluorescence resonance energy transfer (FRET) sensors were used to quantify the enzymatic activities 
of ADAMs and MMPs secreted by or docked to the plasma membrane of the cells (Table S4). Three 
FRET sensors with different fluorophores and quenchers were designed to evaluate the activities of the 
individual ADAM and MMP (Table S5). In this study, MMP2, MMP3, MMP9, and ADAM8 activity 
was determined via PrAMA, revealing the potential of cell migration and metastasis. 
 
Table S4: Customized FRET sensors for detecting collective ADAM and MMP activities 

Name Sequence Peak Excitation 
Wavelength 

Peak Emission 
Wavelength 

MMP QSY21-Pro-Cha-Cys(Me)-His-Ala-Lys(Cy5)-
NH2 635 nm 670 nm 

ADAM Dabcyl-Pro-Arg-Ala-Ala-Ala-HPhe-Thr-Ser-Pro-
Lys(5FAM)-NH2 490 nm 520 nm 

 

Table S5: Customized FRET sensors for detecting individual ADAM and MMP activities 

Name Sequence 
Peak 

Excitation 
Wavelength 

Peak 
Emission 

Wavelength 
Blue Dabcyl-Gly-Pro-Leu-Gly-Met-Arg-Gly-Lys(5-FAM)-NH2 490 nm 520 nm 

Green QSY7-Ala-Pro-Phe-Glu-Met-SerAla-Lys(5TAMRA)-DArg-
NH2 546 nm 589 nm 

Red QSY21-His-Gly-Asp-Gln-Met-Ala-Gln-Lys-Ser-Lys(Cy5)-
NH2 635 nm 670 nm 
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Supplementary-13: Heat map to evaluate single cell enzyme activities  
To illustrate single cell MMPs and ADAM activities, a heat map was constructed by using PrAMA 
(Figure S10).  It was found that, only a small population of cells expressed high MMP9 activity. These 
cells mostly expressed lower activities in MMP2 and MMP3. MMP3 is the most expressed 
metalloproteinase by the cells (except for MCF10A cells).  For MCF7 and MDA-MB-231 cancer cells, 
the majority (80~90%) of the cell population expressed high MMP3 activities. There was a certain 
percentage of cells (10%), exhibiting high activities in all metalloproteinases in MDA-MB-231 cells on 
stiff substrate (100 kPa). However, there were ~2% MDA-MB-231 cells on soft substrate (70 kPa) 
expressed high activities in all metalloproteinases. For MCF7 cells oh stiff/soft substrate, there was ~1-
2% of the cells expressed high activities in all metalloproteinases.  

 

Figure S10. Heat map to evaluate single cell MMPs and ADAMs activities of MCF10A, MCF7, and 
MDA-MB-231 cells. Euclidean distance was adopted for clustering and the hierarchical clustering 
maps are indicated in blue. 
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Supplementary-14: Quantification of heterogeneity  
In order to compare the heterogeneities of respective cell types when they were adhered to different 
matrix stiffnesses, the heterogeneity (dispersion of data) was quantified with the standard deviations of 
the four metalloproteinase activities. Prior to the computation of standard deviations, all the data were 
normalised with the largest value of the local dataset to avoid bias due to the magnitude of the 
metalloproteinase activity. 

𝐻𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦, 𝜏 = K𝜎%%&'' + 𝜎%%&(' + 𝜎%%&)' + 𝜎*+*%,' 

Table S6: Standard deviations of respective metalloproteinase activities and heterogeneity of different 
cell types adhered to different matrix stiffnesses 

Cell Stiffness σMMP2 σMMP3 σMMP9 σADAM8 Heterogeneity (τ) 

MCF-
10A 

Suspended 0.0003 0.0010 0.0028 0.0042 0.0052 
30 kPa 0.0117 0.0320 0.0049 0.0065 0.0350 
70 kPa 0.0222 0.0380 0.0104 0.0157 0.0478 
100 kPa 0.0477 0.0221 0.0089 0.0456 0.0702 

MCF-7 

Suspended 0.0006 0.0040 0.0030 0.0191 0.0197 
30 kPa 0.0366 0.0742 0.0473 0.0165 0.0967 
70 kPa 0.0611 0.0722 0.0361 0.0264 0.1046 
100 kPa 0.0652 0.0397 0.0403 0.0476 0.0986 

MDA-
MB-231 

Suspended 0.0012 0.0062 0.0110 0.0193 0.0231 
30 kPa 0.0336 0.0479 0.0330 0.0444 0.0805 
70 kPa 0.0792 0.0841 0.0483 0.0250 0.1276 
100 kPa 0.1268 0.0795 0.0717 0.0517 0.1738 

 

 

Figure S11. Heterogeneity of the metalloproteinase activities expressed by different cells when they 
were adhered to different matrix stiffnesses. (S: suspended, 30/70/100: magnitude of matrix elastic 
modulus in kPa) 
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