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Traditional regimes of cell microscopy 
• In Vitro imaging 

– Confocal microscopy enables 3D 
resolution 

– Hyperspectral resolution is simple 
– Super resolution techniques 

enable < 100 nm resolution 

• Typically limited to stationary or 
slow moving cells 
– Environment is not physiological 

→ limiting for non-adherent cells 

• In Vivo imaging 
– Cells exhibit full physiological 

behavior 

• Need live animal subjects 
• Challenging experimental 

conditions 
– Heart beat, respiratory rate, etc 
– Geometric constraints, occlusion, 

scattering, wavefront distortions 

 
 

HL60 cell, Gustafsson, Biophys J. 2008, 94(12): 4957 Red blood cells in mesentry, Nishimura Lab 

Merge the Two 



Functional cytometry (Organs on chips) 

• Obtain physiological behavior in 
vitro 

• Establish similar cell environment 
on a chip 
– Cell to cell interactions 

– Dynamic stresses and strains 

– Control over fluid and gas delivery 

• Materials and devices can be 
optimized for optics / imaging 

• Artificial / microfluidic circulatory, 
pulmonary, respiratory systems 

• Quantitative and high throughput 
cytometry on live functioning cells 

Lung-on-Chip Wyss Institute, Science 2010 

Functional red blood cell indices 



Fluorescence microscopy 

Unique biological capability 

- Gives contrast to otherwise 
invisible structures / events 
- DNA sequences / proteins 

- Subcelluar organelles 

- Protein expression 

- Act as local sensors 
- PH / Ion concentration / Temp 

Unique engineering constraints 

- Color and polarization are often 
known a priori 

- Required FOV of a single cell is 
small 

- Unlabeled regions are dark 

- Signal can be switched on / off, 
photo-activation 

 

 

Betzig, Cell 2012 



Collecting  enough photons from moving cells 

 

 

 

                                                        

Exposure time (texp) required for a cell traveling 100 mm/s is 5 ms 

 texp is 3-5 orders of magnitude less than is common in fluorescence 
microscopy 

- Method to increase effective exposure time would be valuable 

Brightfield 
Fluorescence 

Exposure time t 
Fluorescence 

Exposure time 16t 

HL60 (leukemia) cell w/ 
nucleic acid stain 
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Fluorescence saturation 

- Maximum fluorescence emission rate is limited by excited state 
lifetime (tex ~ 5 ns) 

 

 

 

 

 

 

- For high-throughput, need to increase effective exposure time 
– Parallelization → increase exposure time by n (degree of parallelization) 

– Computational imaging → increase exposure time by removing motion 
blur 

 

Fluorescence emission 
from a  
molecule with: 
 = 3e-16 cm2,                  
tex = 5 ns,   l = 488 nm 



Raskar, Coded exposure photography, SIGGRAPH 2006 

Flutter shutter photography 

• Deconvolution with a 
conventional exposure is ill-
posed 

• Coding the exposure 
drastically improves the 
reconstruction 

• Requires linear motion with 
no acceleration to map 
temporal code into space 

Flutter shutter fluorescence microscopy 
• Laminar fluid flow has no acceleration, velocity direction is known 

• Background is black, does not mix with object 

• Increases excitation energy (× n) by using a code with n pulses 



Fluorescence excitation is temporally modulated by a 32 
letter, 18 pulse, pseudo-random sequence 

 
 
Coded fluorescence blur is imaged onto a single camera 

exposure 
 

Temporal excitation coding 

Chopper wheel spun @ 100 Hz 
Produces 200 codes / second 
Pulses are 20 ms duration 
Code duration is 600 ms 
 
 
Wiener filter deconvolution 
Iterating over velocity scaling 
    factor 



Increasing collected photons 

Quantify improvement in SNR 
of reconstruction 

For an uncoded image, SNR 
improves w/  

Wiener filter also smoothes 
reconstruction 

Reconstructed image had 10 
× SNR improvement 

Deblurring effective when 
SNR ~ 1 

 

2 mm fluorescent beads moving at 30 mm/s 



Imaging cell nuclei 

Labeled the nucleus of HL60 (leukemia) cells with Syto16 

Mechanical nuclear deformation under hydrodynamic shear 

Reconstruction was robust at velocities up to 5× limit of single pulse and 
90× of entire code 



Smaller organelles 

Imaged GFP expression in peroxisomes of HL60 cells 

Peroxisomes are small (< 1 mm) organelles that digest toxins and are 
randomly distributed in cytosol 

Two point resolution test yields ~ 1 mm resolution, w/ slight 
elongation in flow direction, peroxisome size ~ 1 mm 

Scale bar = 5 mm 

u = 24 mm/s 



Fluorescence coded exposure 

Coding can give a concrete advantage to low light imaging, 
ie) fluorescence 

Want to collect all possible emitted photons before 
molecules bleach, at saturation:                                       
tbleach ~ 5 ns × 20000 ~ 100 ms 

Motion makes this impossible w/o coding 

 

Extend this method to even weaker signals, ie) 2 photon 
fluorescence, Raman microscopy, autofluorescence 

Code multiplexing for multispectral discrimination 

Unknown trajectories 

Fluorescence imaging of flowing cells using a coded excitation, Opt. Exp. 21 5165 (2013) 



Coulter counter 

 Cells are suspended in a conducting electrolyte 
– Cell membrane excludes charge 

– Change in impedance through an aperture is proportional 
to cell volume 

– Measurement is approximately independent of cell 
electrical properties 

 

Optical Coulter counter 
 Cells are suspended in an absorbing dye 
– Cell membrane excludes dye molecules 

– Change in transmission through a finite thickness 
microfluidic cell is proportional to cell volume 

– Measurement is approximately independent of cell 
optical properties 

 



Dye exclusion microscopy 
Decouple absorption and scattering  
 

Scattering caused by refractive index 
gradients 

 - Cell and buffer  refractive index matching 

- All proteins have a similar refractive 
increment  

- Cells have ~ 30 g/dL of protein in their  
cytoplasm 

- Buffer has 33 g/dL of BSA, n = 1.39 

 - Cell internal structure  image cell twice at two 
different colors 

  - Color 1 has only scattering 

  - Color 2 has absorption and scattering 
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Only a priori parameter is dye absorptivity 

Dye exclusion microscope 

t = 8 mm 

 = 0.11 mm-1 



Microfluidics enable accurate normalization 

No coherent light or phase contrast artifacts 

Images have full resolution of brightfield microscopy 

Color image 
Normalized 

green channel 
Normalized 

blue channel 

Height surface Height map 1D profile 

Surface RMS 
error is 200 nm 
@ 200 ms 

Map has minimal 
scattering artifacts 

Flat background 

Good optical 
power efficiency 



Three leukemia cell lines 
• Measured three leukemia cell lines, Molt-4, HL60, K562 

• Depth maps can be spatially integrated to give cell volumes 
– Measured means are [718, 1110, 1480] fL and σ are [232, 466, 661] fL 

• Sizes of subcellular features, blebs and protrusions can be measured 

Dye Exclusion Microfluidic Microscopy, Opt. Exp. 21 8793 (2013) 

Log-normal distributions 



Beyond a Coulter counter 

Coulter counter measures volume, but has no spatial 
resolution 

 - Isolating external cell features, sperm heads, membrane 

protrusions and blebs 

Correlate volume to other optical measurements 

 - Hemoglobin mass in red blood cells, using absorption 

 - Gene expression variability and cell volume, using 
fluorescence 

 - Intracellular water fraction in apoptotic cells, using phase 
imaging 



Red blood cell indices 

• For cells lacking internal structure, two color 
correction is not needed 

• Use red (625 nm) for dye exclusion (acid blue), 
blue (412 nm) for Hb absorption 

• Refractive index matching is critical for elimination scatter in 
volume and mass measurement 

Cells can be measured multiple times in 
microfluidic channel 
σHb = 150 fg (1:250) 
σvol = 1 fL (1:100) 

Absorption spectrum and refractive 
index dispersion of Hb and BSA 



Mass volume correlation 

• Single cell Hb mass and 
volume are critical 
diagnostics 

• Performed clinically 
using “isovolumetric 
sphering” 

• Our systems agrees well 
with Siemens Advia 
while maintaining RBC 
functionality 

• Siemens system shows 
possible artifacts 

Volume vs. Concentration scatter plot of 1,000 cells 
Cells are captured at ~ 1000 cells/minute 

Statistical outliers 



Osmotic response 
• Osmotic pressure effects cell volume not cell mass 

• Measurement is almost invariant to cell shape 

• Is volume regulation affected by Hb concentration? 

330 mOsm 270 mOsm 215 mOsm 

Schonbrun et. al., J. Cytometry 2014 



Summary 

Temporal coding enables longer 
effective exposure times in photon-
limited fluorescence imaging 

Dye exclusion imaging enables 
quantitative volume measurements 
“independent” of cell optical properties 

Individual cells can be quantitatively studied in physiologically 
relevant environments → more functional cytometry 
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View from Rowland 
porch through 4-color camera 



Deconvolution 


