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comparing results with motility simulation as described previously
[55], we concluded that cells persistence ratio for aggregated and fi-
brous collagen agreed with a motility model (Fig. S7, ESI).

To examine the dependence of average cell speed and persistence
time on varying collagen ratios in PEG hydrogel, we have computed
mean square displacement as a function of lag time as described previ-
ously and fit to persistent random-walk cell motility model to compute
cell speed and persistence time. The instant speed at high collagen ratio
demonstrates a broad peak while sharp peak occurred as the collagen
ratio decreased in hydrogels (Fig. 4A). The average cell migration
speed was 8.8 μm/h at 0.3 mg/ml collagen ratio and almost tripled to
17.4 μm/h at 1.2 mg/ml collagen (p b 0.001) (Fig. 4B). Cells possessed
lower cell speed (14.0 μm/h) at 2.4 mg/ml collagen (p b 0.001) that
was associated with strong adhesion of integrins to surface binding
sites. Persistence time also indicated a biphasic distribution where
cells at 0.3 mg/ml collagen showed the lowest persistence time of
8.1 min (p = 0.0044) and significantly increased to 20.4 min at
1.2 mg/ml ratio (p = 0.0025) (Fig. 4C). At 2.4 mg/ml collagen, persis-
tence timewas reduced to 15.3min (p=0.035). Together, these results
establish that motility parameters such as cell speed, total displacement

and persistence are sensitive to collagen ratio in PEG hydrogels and
reaches to maximum level at intermediate concentration.

3.3. Directional change of cells on collagen fiber containing PEG hydrogels

We finally computed the angular displacement (AD) of cells at dif-
ferent collagen ratios [59,60]. (dθ, Eq. (5)). Briefly, it determines the
time-dependent directional changes of cells as it propagates on the
collagen-PEG surfaces. The value at 0° and 180° corresponds to forward
movement and reversal direction respectively. Single-cell analysis dem-
onstrated that they exhibited a flat distribution, indicating an equal
probability at all directions with a slightly higher magnitude around
0° to 180°. For random cell movement, isotropic response of cell was ap-
parent at short times since the consecutive turning angles were inde-
pendent. Average magnitude of directional changes for all cells was
computed to determine any directed motion due to different collagen
ratio (Fig. 5A). Even though elevated values at small angles indicated
strong velocity correlation, the smooth distribution of angles at all direc-
tions indicated the cells move randomly over the hydrogels. Higher oc-
currence at low and high angular displacement was an indication of

Fig. 3. Trajectory analysis of GFP labeled 293T cells obtained from single-cell tracking analysis was used to determine the motility dynamics at different collagen coating ratio on PEG
hydrogels. (A) Fluorescence images of GFP expressing cells in the presence on 0.3 mg/ml collagen (left) and 1.2 mg/ml collagen (right) in PEG hydrogels (top panels). Time-colored
trajectory of cells (bottom panels). (B) Polar coordinates of 32 randomly selected cells were determined by using their trajectories originated from the origin at 15 min intervals. The
effect of collagen ratio to total displacement (C) and to direct distance (D) of cells (n = 97). (E) Dependence of persistence ratio (direct distance to total distance ratio) of migrating
cells to different ratios of collagen in PEG hydrogels. (Scale bar, 100 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Image/video and data analysis
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the material model, the first-order Mooney-Rivlin constitutive
relation is used. This constitutive relation was developed to
model the hyperelastic behavior of rubber-like materials under
large deformations.61,62 The model requires two material con-
stants, namely c10 and c01, whose values are taken as 90.35 kPa
and 12.82 kPa, respectively. These values have previously been
reported to model PDMS within the range of strain used in this
work.13

Fig. 7(a) shows the comparison of local and cross-head
strain for a rectangular sample. Since strain is distributed
uniformly over the sample, as depicted by the color-plot
obtained from FEM (top left inset in Fig. 7(a)), the local
longitudinal strain and applied cross-head strain overlap.
Furthermore, the experimentally obtained values of local
strain at the center of the sample match well with the
local strain given by FEM. The same comparison for the
dogbone sample geometry is shown in Fig. 7(b). The spatial
distribution of strain depicted by FEM results (top left inset
in Fig. 7(b)) shows that most of the deformation is confined
to the narrow neck region, while wider end sections undergo
much less deformation. As a result, the local strain at the
center is larger than the cross-head strain since the latter is
an average value. A quantitative comparison shows that for
the particular dogbone sample geometry used in this study,
the experimentally obtained value of local strain at the center
is 77% for an applied cross-head strain of 48%. This strain
distribution pattern is a characteristic of dogbone samples in
uniaxial tension, where the local strain at the center is greater
than the cross-head strain, and the di↵erence between the two
increases as deformation becomes larger.36 The local strain
computed from bead displacement at the center of the dogbone
sample also matches well with the local strain values obtained
from FEM analysis (Fig. 7(b)), illustrating the capability of the

present system to accurately measure local strain in samples
with non-uniform strain distribution.

C. Demonstration of cell stretching

A unibody cell-stretching sample is prepared from PDMS,
having gripping regions at both ends and a well in between
that contains adherent cells and culture media (Fig. 8(a)).
The sample is prepared by pouring PDMS mixture into a
plexiglas mold and curing it as described above. A single-
piece flexible substrate prevents any fluid flowing out during
stretching. If the sample is prepared by bonding two pieces
of PDMS, loss of media can be observed during stretching
because the piece making up the well walls tends to detach
at high strains. To enhance biocompatibility, the hydrophobic
surface of PDMS is treated with concentrated HCl for 3 h, and
washed several times with Phosphate Bu↵ered Saline (PBS)
bu↵er until it is neutralized, and cleaned for surface coating.
Rat-tail collagen (Olaf Pharmaceuticals) from stock is applied
to the surface to enhance cell adhesion, and the sample is
incubated at 37 �C until a monolayer of fibers forms on the
surface. HeLa S3 cells are cultured in a cell culture dish until
they reach 80% confluency. They are then transferred into
the collagen-coated PDMS well and incubated overnight until
cells reach 60% confluency to ensure that the functionalized
PDMS surface is a suitable substrate for cell attachment and
growth.

Samples with adherent cells are then stretched and
displacements of beads are computed by tracking their
positions as discussed in Secs. IV A and IV B (Fig. 8(b)).
Brightfield and fluorescent microscopy images are analyzed
to localize the beads with respect to the cells since both
beads and cells can be observed in the brightfield image

FIG. 8. Preparation of PDMS samples for cell-stretching and tracking of fluorescent beads around cells. (a) 24⇥55 mm unibody PDMS sample prepared for cell
attachment and stretching, having a 12⇥19 mm well that contains culture media and is coated with collagen to enhance cell adhesion. Unibody structure with the
well prevents leakage or outflow of culture media during stretching up to high strains. (b) Trajectories of fluorescent beads are overlaid onto the brightfield image
of adherent cells for a sample that is stretched without motion compensation to better illustrate the bead trajectories. ((c)–(e)) Close-up brightfield, fluorescence,
and overlaid images showing beads embedded in the sample with adherent cells.
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Optical tools and probes are needed to record signals 
at spatiotemporal resolution 

Static Imaging of cell function
Low spatiotemporal resolution

Dynamic Imaging of cellular function
High spatiotemporal resolution 2

GCaMP Fluorescent Reporters of Neuronal signaling 
https://www.youtube.com/watch?v=FGvp6cdKb3c

Ahrens, M. B., Orger, M. B., Robson, D. N., Li, J. M. and Keller, 
P. J. et alTamily A. Weissman*,1 and Y. Albert Pan

https://www.youtube.com/watch?v=FGvp6cdKb3c
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weissman%20TA%5BAuthor%5D&cauthor=true&cauthor_uid=25657347
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pan%20YA%5BAuthor%5D&cauthor=true&cauthor_uid=25657347
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Super Resolution Microscope 
(PALM, STED, STORM vs.)

Light Sheet Microscope
Commercially available

Evolution of microscopes and technology for biological 
systems 

Upright 
Microscope

Conventional 
confocal microscope

Betzig lab

Invented by S. Hell Lab
Leica systems

There is a strong interest for large 
field of view, functional imaging 
microscopy, organ on a chip 
based model imaging and 
advance computation.

Action potential
in zebrafish brain

Invented by Zhuang lab.
commercialized by Nikon Ins. Keller lab

As biologists demand new methods, novel tools will be 
invented. 

20051960 2012

Next?

Zacharias Janssen

1600

Marvin Minsky



Deep diagnostic with image processing

Nature, Carpenter et. al.
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Data volume: high-content screening studies generate 
bid data sets

51
2 

pi
xe

ls

512 pixels78 frames
180 spots4 channels

Fluorescence microscopy

= ~ 1.5 x 1010 data points / day 

DNA+
Transfection
Reagent

FRET Samples
(include controls)

Incubate 12 hours

Cer 17AA VenCMVP

Start Stop

Cer       Cyt c Ven



Imaging cells at different scales

Conkar et al. scientific 
reports 2019



Custom programs for analysis of biological systems

Where do we use custom programming to determine the properties/dynamics 
of biological systems

1. Image/video processing
2. Genome analysis
3. Microarray analysis
4. Proteomics analysis
5. Advance graphics
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Example: Understanding satellite dynamics leads us to develop new computer 
algorithms.

Result: Analysis demonstrated that satellites can be distinguished based on their 
persistence ration and around centrosome they move both diffusively and 
persistently

Raw data After image processing

Challenges on the project:
1. Noisy images/videos
2. Moving objects
3. New parameters are needed to determine satellite dynamics
4. Advance graphics for data visualization

Our solutions was;
1. Noise free images
2. Build a custom tracking algorithms for moving objects (Satellites)
3. Compute new parameters : persistence, speed, distance, number etc.
4. Custom solutions for data visualization

1 1SCIENTIFIC REPORTS |         (2019) 9:14250  | https://doi.org/10.1038/s41598-019-50530-4
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Figure 6. CCDC66-positive centriolar satellites exhibit both diffusive and microtubule-mediated directional 
motility. (a) Representative fluorescence images of satellites from time-lapse videos of RPE1::GFP-CCDC66 
cells (top-left and bottom-left panels) and corresponding trajectories of satellites as a function of time (top-right 
and bottom-right panels). CCDC66-positive satellites were identified and tracked using the single-particle 
tracking algorithms detailed in Materials and Methods. Satellites were classified into persistent (magenta) 
and diffusive (green) motility groups using a persistence ratio cutoff value of 0.5. (b) The distribution of the 
persistence ratio (direct distance(D)/total distance(T)) was used to determine the different motility groups. 
Persistence histogram (gray bars) were fitted with a single or double Gaussian function (black line). (c) 
Average speed and direct distance of satellites. (d) The distribution of satellite instant speed. The changes at 
higher instant speed values were shown in the inset. (e) Time-colored trajectories of persistent (top-left) and 
diffusive (bottom-left) satellites and analysis of their directionality to the centrosome (right-hand graphs). 
Corresponding distribution of distance from/to centroids were plotted to determine the directed motility of 
satellites. Centroids were marked as C, indicating the localization of the centrosome. Negative values indicate 
movement towards the centrosome and positive values indicate movement away from the centrosome. (f) A 
representative fluorescence image of RPE1::GFP-CCDC66 cells stained with SIR-Tubulin. Images were overlaid 
to determine microtubule mediated movement of satellite that move persistently. The right-hand panel indicates 
the time dependent movement of satellites. (g) Representative satellite (green) exhibits bimodal motility by 
alternating between persistent and diffusive movements. Still images from Movie 6 at the indicated time points 
were shown. The bottom right-hand panel indicates the time dependent movement of the satellite.



Finding objects in images: Threshold filter

A cutoff intensity filter is used to determine the 
locations of satellites in images



Challenges in Fluorescence Microscopy

Although we use high-end and super expensive microscopes, they are not perfect.
• Low signal to noise ratio
• Some issues: Blur images, pixel noise, focus loss, diffraction issues etc. 

• Solution: Post-processing of image/videos

Raw data:Pre-processing Post-processing

Technical term: Bandpass (low-pass) filter was used to remove noise.
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Figure 6. CCDC66-positive centriolar satellites exhibit both diffusive and microtubule-mediated directional 
motility. (a) Representative fluorescence images of satellites from time-lapse videos of RPE1::GFP-CCDC66 
cells (top-left and bottom-left panels) and corresponding trajectories of satellites as a function of time (top-right 
and bottom-right panels). CCDC66-positive satellites were identified and tracked using the single-particle 
tracking algorithms detailed in Materials and Methods. Satellites were classified into persistent (magenta) 
and diffusive (green) motility groups using a persistence ratio cutoff value of 0.5. (b) The distribution of the 
persistence ratio (direct distance(D)/total distance(T)) was used to determine the different motility groups. 
Persistence histogram (gray bars) were fitted with a single or double Gaussian function (black line). (c) 
Average speed and direct distance of satellites. (d) The distribution of satellite instant speed. The changes at 
higher instant speed values were shown in the inset. (e) Time-colored trajectories of persistent (top-left) and 
diffusive (bottom-left) satellites and analysis of their directionality to the centrosome (right-hand graphs). 
Corresponding distribution of distance from/to centroids were plotted to determine the directed motility of 
satellites. Centroids were marked as C, indicating the localization of the centrosome. Negative values indicate 
movement towards the centrosome and positive values indicate movement away from the centrosome. (f) A 
representative fluorescence image of RPE1::GFP-CCDC66 cells stained with SIR-Tubulin. Images were overlaid 
to determine microtubule mediated movement of satellite that move persistently. The right-hand panel indicates 
the time dependent movement of satellites. (g) Representative satellite (green) exhibits bimodal motility by 
alternating between persistent and diffusive movements. Still images from Movie 6 at the indicated time points 
were shown. The bottom right-hand panel indicates the time dependent movement of the satellite.

Conkar et al. scientific 
reports 2019



Graphics for better data presentation

d
Fusion Splitting

a

b

c

Conkar et al. 2019



Static and dynamic information with high 
spatial and temporal resolution

Dynamic at time proint t
-Average velocity 
-Instant speed
-Persistence
-Direct distance
-Total distance

Other dynamic properties
-Size
-Shape
-Gene expression levels

How these properties/features change as a function of 
different perturbation?
How much they different across different cell types? 
How do they affect cell fate?
Are they different in normal and cancerous cells?



imread Read an image in a variety of formats 

imfinfo Gather information about an image file 

imwrite Write data to an image file 

image Display image from array 

imshow Display an image, optimizing figure, axes, and image object 
prop- erties, and taking an array or a filename as an input 

rgb2gray Rgb to gray scale

Some available function for image analysis



Reading tif file name
• Spfile=dir('*.tif')



Each image comes with a metadata that demonstrates  camera 
software, image properteis, where and how the image was 
generated. 
This is useful when analyzing images and videos
Spfile(1).name
a = 
imfinfo(Spfile(1).name)



Size of an image
xsize = a(1).Width;
ysize = a(1).Height;

1920 pixels

14
40

 p
ix

el
s



datB = imread(Spfile(1).name, 
'tif', 1);

figure(1)
ax=imshow(datB,[min(min(datB)) max(max(datB))/3])

Read images and show it in the figure



Black-and-White Images 

It is a 1 bit image. The pixel can carry either 0 (black) or 1 
(white).

That is also called binary image. 

No gray levels from black to white is present. 
RGB  ImageBinary Image



0 1 0 0

0 1 0 1

0 1 0 1

0 1 1 1

0 0 0

0 0

0 0

0



Gray Scale Images:

It is an image where the intensity values are scaled between black and white. 

If only two color is available for pixels. It is a 1-bit picture- Pixels are 0 or 1
If 256 colors it is 8 bit (1byte) picture from 
0 to 255. 8 bit or 1 Byte image has a 256 shades of gray if a gray scale image used. 

00000000 = 0 black
.
00111110 =  62 gray tone
.
. 
11111111 = 255 white

You can represent any number 
from 0 to 255 using 8 bits.



85 78 75 79 82 81 80 81 81 89
74 65 57 56 55 52 49 50 71 74
73 63 56 56 58 57 58 61 66 62
64 56 52 55 59 61 63 66 61 54
68 60 54 56 57 55 53 54 53 47
73 64 57 56 57 54 53 54 51 49
66 55 45 43 45 47 50 54 51 54
80 66 52 47 47 49 54 60 47 55
83 73 59 49 48 53 58 60 55 52
74 67 61 58 53 48 49 54 54 52

Numbers represents the 
256 shades of gray 
intensity values from 0 up 
to 255.

1 byte = 8 bit image

28 = 256 different levels
6000x4000 pixels

10 by 10 pixel – upper corner of the image



Finding brightest cell in the image



Finding all cells in the image



Finding objects in images: Threshold filter

A cutoff intensity filter is used to determine the 
locations of satellites in images



1 67 244.552 231 255 56.642 88.736
2 81 246.444 232 255 133.458 99.893
3 109 245.514 230 255 188.591 105.818
4 132 246.311 231 255 82.823 141.115
5 38 245.289 231 255 187.224 134.800

How many spots/protein complex are present? 

Threshold
filter

Size filter 
(pixels)

Intensity > threshold



-Size (5 to Infinity)
-Show outline
-Set measurements

1 67 244.552 231 255 56.642 88.736           12                      33
2 81 246.444 232 255 133.458 99.893          13.9                    38
3 109 245.514 230 255 188.591 105.818         18                      47
4 132 246.311 231 255 82.823 141.115          25                      60
5 38 245.289 231 255 187.224 134.800         9                         22

Area    Mean   Min    Max     XM      YM     Diameter  Perimeter

Many information can be 
extracted

Area = Number of Pixels

Diameter = Number of Pixels



Many protein complexes
What information we can get from these segmentation?

1. Size
2. Intensity
3. Shape 
4. Diameter
5. Total number in different cell lines
6. Extract dynamic information

Why we transform images? 
To extract and interpret the information in the data


