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Abstract: Better understanding of bacteria environment interactions in the 
context of biofilm formation requires accurate 3-dimentional measurements 
of bacteria motility. Digital Holographic Microscopy (DHM) has 
demonstrated its capability in resolving 3D distribution and mobility of 
particulates in a dense suspension. Due to their low scattering efficiency, 
bacteria are substantially difficult to be imaged by DHM. In this paper, we 
introduce a novel correlation-based de-noising algorithm to remove the 
background noise and enhance the quality of the hologram. Implemented in 
conjunction with DHM, we demonstrate that the method allows DHM to 
resolve 3-D E. coli bacteria locations of a dense suspension (>107 cells/ml) 
with submicron resolutions (<0.5 µm) over substantial depth and to obtain 
thousands of 3D cell trajectories. 

© 2014 Optical Society of America 

OCIS codes: (090.1995) Digital holography; (100.2980) Image enhancement; (100.6890) 
Three-dimensional image processing; (180.6900) Three-dimensional microscopy. 
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1. Introduction 

It has attracted significant interests recently in resolving key processes involved in 
biophysical interactions between bacteria and their constantly changing environment [1–6]. 
These processes include three-dimensional (3-D) bacterial locomotion, swarming behaviors 
and transport dynamics near complex boundaries such as surfaces or interfaces with 
heterogonous topology, roughness, and energy landscape, which often occur in a wide range 
of spatial and temporal scales, ranging from sub-microns to millimeters and from 
microseconds to hours. Observations of these highly 3-D dynamic processes and interactions 
require tools capable of resolving these fine spatiotemporal scales in a 3-D volume. 

The optical microscope has traditionally been employed to study cell morphology. In a 
conventional optical microscope, as the power and lateral resolution increase, the depth of 
field decreases, e.g. to 12μm at 10X and to 2μm at 40X [7], which limits one’s ability in 
resolving micro-/nano-scales structures over a large depth. Employing tomographic principle 
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to image micro-structures aligned in 3-D thick sample and to extend the depth of field, several 
techniques has been developed. Greenberg and Boyde [8] first employed multiple angle 
illumination and a single lens to collect projections at multiple viewing angles, which allows 
them to extend the depth of field to 150μm. The technique has been further extended to 
confocal scanning microscopy [9], transmission electron microscopy [10], and later soft x-ray 
microscopy [11] as well as Electron Microscopy [12]. However, since these techniques 
require the sample to be stained or “frozen” in crystalline structures, they are not suitable for 
imaging live cells and quantifying their dynamic interactions. 

Confocal microscopy [13] using point source illumination and a spatial filter eliminates 
the out-of-focus light in a specimen thicker than the focal depth and hence can reach super 
resolutions exceeding diffraction limits. Combining with scanning techniques, the confocal 
microscopy have transformed into 3D imaging standards, which include confocal laser 
scanning microscopy [14,15], and spinning disk confocal scanning microscopy [16]. Albeit 
the high spatial resolutions, slow temporal resolution limits the applications to quasi-
stationary processes. Circumventing this limitation, Berg [17] has developed a 3D tracking 
microscope to provide Lagrangian observation of a single bacterium in 3D. The microscope 
can achieve tracking accuracy of 1 bacterial diameter and tracking range of 1mm in all 
directions. It has been successfully applied to chemotaxis study of E. coli bacteria [18] and 
later bacterial motility close to a solid surface [19]. Although this technology had 
revolutionary impacts on our ability in studying bacterial motility, robust statistics from 
individually collected 3D trajectories is a tedious and time consuming task. 

Being an inherent 3-D recording technique and its ability in recording series of holograms 
digitally and reconstructing holograms numerically, digital holography paves the way for 
studying many dynamic phenomena [20]. However, the limited spatial resolution of the 
earlier digital holography systems [20] that are composed of lens-less recording cameras and 
the laser optics have proven difficult to observe micro-scale particles over substantial depth 
[20]. To circumvent the recording resolution limitation, Xu et al. has developed lens-less 
digital holography with a point illumination to visualize intra-cellular structure of a marine 
diatom [21]. Later, the technique has been implemented in a submersible to track marine 
particulates [22] with limited success. Using partial coherent illumination and multiple 
projections, Ozcan et al. [23–27] have developed several portable devices to screen and detect 
cells based on partial coherent holography. Amid numerous variations, their fundamental 
system consists of a large format sensor as the substrate, over which the cells are flowing, and 
a point source with partial coherence [28] that illuminates the shallow suspension from 
multiple angles. With the advantage of high resolution digital camera and strong near field 
scattering, they have successfully resolved cells with resolutions of ~1μm. However, the 
drawbacks of lens-less systems are the shallow sample depth (<20μm) with low concentration 
of sample cells (<105 cells/ml) and complicated post data analysis, since the magnification of 
the hologram in lens-less holography depends on axial distance of the object and the source of 
the reference beam from the hologram [20]. 

The simple and straightforward inline Digital Holography Microscopy (DHM [7],) has 
proven to be more versatile and robust. In this method, the sample is illuminated by a 
collimated coherent light source and the holograms are imaged by a lens or a microscope 
objective. Sheng et al. has demonstrated that the recorded image is a magnified hologram [7]. 
It has been show that it has substantially improved the spatial resolution while maintaining 
large measurement depth [7]. Several other DHM systems based on Mach-Zenhnder 
interferometry [29–34] and phase shifting interferometry [35–38] have been developed. 
Among them, Rappaz et al. [34] have successfully measured micro-scale surface morphology 
of a metastasized ovarian cancer. Although these methods have demonstrated unique 
capabilities, their primary applications focus on single stationary cell or particles in 
suspension with low concentrations. Resolving both kinematic and morphological 
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information of many cells concurrently may be difficult with the aforementioned DHM 
methods. 

A simple in-line DHM developed by Sheng et al. [7] has been consistently tracking 
thousands of particles and micro-organisms simultaneously in a dense suspension under 
environmental conditions and revealed key microbial processes based on robust statistics 
[7,39–49], in measuring 3-D flow fields around free swimming micro-organisms or small fish 
[41,50], and in measuring 3D turbulent wall bounded flows [51–53]. The technique has 
proven to reach the spatial resolution of 200nm over substantial depth [7]. Amid the success 
in planktons and solid particles, imaging moving bacteria in a 3-D volume has proven to be 
difficult. Major difficulties lie in recording quality bacterial holograms, since: (i) The contrast 
of the index of refraction of bacteria ( 1.35 1.39,bn = −  [54]) to that of the water ( 1.33fn = ) is 

small, i.e., the light scattered from a bacterium is much weaker that from a solid particle with 
equivalent diameter. Recording the interference pattern generated by a single bacterium cell is 
not trivial; (ii) Small size of cell, typically 1-2 μm, reduces the scattering efficiency 
substantially; (iii) As the scattering of particle decreases, the intrinsic noise of the coherent 
light source becomes stronger than those scattered from bacterial cells. These contribute to 
lower SNR of the recorded holograms and render reconstruction of 3-D bacteria images 
difficulty. 

In this paper, we present the first of its kind DHM technique with a novel de-noising 
algorithm that is capable of tracking bacteria over substantial depth in a dense suspension (107 
cells/ml) over long period of time (>10min) with high temporal (up to 3000 fps) and spatial 
resolution (<0.5 μm). The de-noising algorithm is described in §2, followed by the details 
about microfluidic experiments in §3. The results on de-noising efficacy, spatial resolutions, 
and its impact on 3D bacterial motility measurement are provided in §4, before we briefly 
conclude in §5. 

2. Methods and methodology 

2.1. Brief background on digital holographic microscopy 

Inline Digital Holography Microscopy (DHM) has recently been successfully used in 
providing 3D image of micro-organisms with high spatial resolution [41,46,55], tracking their 
3-D movement and behavior within a dense suspension [7,39,40,49,56], and measuring flow 
around the free swimming organisms [41,50,57]. Here an in-line approach for DHM is used, 
in which the sample is illuminated by a collimated laser beam and the hologram formed 
outside of the sample volume is recorded. The optical field at the hologram plane, i.e. the 

interference between the undisturbed reference wave, R , and the scattering from the micro-

organisms O , is described as   
HU R O= + , and the intensity distribution of interference 

patterns, i.e. the recorded hologram, is       * * * *

HI R R RO R O OO= + + + . The first term 

represents the intensity generated by the reference beam. The second and third terms 
represent the interference patterns between scattered and reference light, of which the 3D 
information of particles, i.e. shape and 3D location, is recorded. The second term registers the 
virtual image and the third encodes the real image. The interference of the objective wave 
produces speckle noises, which contributes to the granular background image of the 
holographic reconstruction. It has been shown that the last term reduces the signal to noise 
ratio (SNR) when the scattering of particles is strong and the density of particles is high 
[58,59]. Differing from lens-less digital holographic microscopy, current DHM records the 
interference pattern via a microscope objective (a system sketch is shown in Fig. 1 and 
variants of system are shown in Sheng et al. [51]). Sheng et al. [7] have shown that the image 
recorded is in fact a magnified hologram, 
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( ) *
2

1
 , , , ( , )i i i i i i

DHM i i h h h

x y x y x y
I x y U U I

M M M M M MM
   = − − − − = − −   
   

, where M  is the 

magnification, hI  is the irradiance of the original hologram, and DHMI  is the DHM recording. 

Several groups have demonstrated that inline DHM can reach ~2μm in all directions over 
substantial depth [7,20,39,40,56]. In this paper, we will further demonstrate that DHM with 
the proposed de-noising method can resolve 3-D bacterial motions with spatial resolution 
down to 0.2μm in the lateral directions and 0.5 μm in the depth direction. 

The original 3D optical field containing the scattering of particles needs to be 
reconstructed from the recorded hologram. Conventionally, this 3-D field is reconstructed 
optically by illuminating a hologram with a conjugate reference wave, and is scanned at 

 

Fig. 1. Setup of Digital Holography Microscopy (DHM) and microfluidics platform. 

different depths by a digital camera [42,50,60,61]. In DHM, the reconstruction and 
subsequent scanning are performed numerically: To obtain a 2-D optical field, ( , )zU x y , at a 

distance to the hologram plane, z, the recorded hologram, DHMI , is convoluted with an 

impulse response function, zh . This impulse function represents the diffraction and 

propagation of light from a point source in a homogeneous medium. It can be approximated 
as either Kirchhoff-Fresnel or Rayleigh-Sommerfeld solutions (Details in [20]). In practice, 

Fresnel kernel with paraxial approximation, ( ) ( ) 2 2exp
,

 2z

jkz k
h x y exp j x y

j z zλ
  = +   

 where 

2 /k π λ=  is the wave number and λ  is the wave length, is often used owing to its 
simplicity. The reconstructed optical fields at the distance, z, to the hologram plane, can then 
be obtained. 

2.2. Noise in bacterial hologram recorded by digital holographic microscopy 

Observing submicron scale object of a diameter less than 1 mμ  using DHM is non-trivial. 

Tracking these objects in 3D with sufficient resolution capable of resolving both 3-D position 
and the shape is no small task. For those cells with low contrast of index of refraction such as 
E. coli bacteria, to the best of our knowledge, there are no existing methods that can 
successfully track them simultaneously in dense suspensions in 3D with the resolution 
presented in this paper. It is primarily because the presence of background noises overwhelms 
the scattering generated by the bacteria. It is known that the intensity of the light scattered 
form particles strongly depends on the size and the contrast of the index of refraction between 
the particle and the medium. Since the index of refraction of a bacteria ( 1.35 1.39bn = −  

[54],) is close to that of the medium ( 1.33fn = ), the intensity of the light scattered from a 

bacterium is much smaller than that from a solid particle with the same size. To separate and 
remove the noise from the holographic interference signal of bacteria, we must first 
understand the noise and bacterial scattering signal. 
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The intensity distribution of a hologram is described as the following, 

 ( , ; ) ( , ; ) ( , ; ),H N BI x y t I x y t I x y t= +  (1) 

where NI  is intensity distribution of noise and BI  represents that of light scattering from 

bacteria. The subscripts H, B, and N represent original hologram, bacteria, and noise 
respectively. Note that both noise and bacteria intensities are time varying functions. From 
our observations, we summarize the following two characteristics of noise and bacterial 
scattering: 

(i) Signal to Noise Ratio (SNR) is much less than one, i.e. ( , ; ) / ( , ; ) 1B NI x y t I x y t < , where 

 denotes average over the entire hologram. The SNR of bacterial hologram differs greatly 

from that of the solid particle hologram. Figures 2(a) and 2(d) show two original holograms 
of E. coli and 1 mμ  solid particle (Polystyrene, Thermo Scientific) in suspensions with the 

equivalent concentration. The holograms are recorded at the magnification of 40X using the 
DHM system elucidated in Fig. 1. While the interference pattern of solid particles is clearly 
observable, that of E. coli is indistinguishable from the large scale intensity variations. It 
demonstrates that the low SNR of bacterial holograms contributes substantially to the low 
image contrast in the reconstructed images. This very problem imposes major difficulties for 
existing DHM techniques and renders them ineffective in bacterial holography. 

(ii) Scale separation between interference pattern by bacteria and spatial variations of 
hologram noise, i.e. the size of the interference patterns generated by bacteria is much smaller 
than the characteristic length scale of background noise. The size of the interference pattern in 
the in-line holography depends on the size of particles, pd , and the distance to the hologram 

plane, Hz . One can estimate the characteristic size of the interference pattern of the bacteria 

using the airy disk of an equivalent sphere as 2.44 /H pz dλ . For instance, in theory the 

interference pattern of an E. coli bacterium recorded at 40X and at the distance of 50 mμ  with 

a He-Ne laser ( 0.6328 mλ μ= ) is estimated as ~39 μm (or 0.1 size of hologram). In practice, 

due to the low scattering efficiency by bacterium, the size of the interference pattern is 
expected to be only a fraction of airy disc to about 5-10 mμ . In comparison, the length scales 

of the interference or intensity variations due to the presence of laser instability and multiple 
internal reflections are much larger. This scale separation between the signal and noise are 
exacerbated in DHM recordings, which are elucidated clearly in sample holograms [note the 
scales of background intensity variations in Figs. 2(a) and 2(d)]. 

2.2.1. Noise characteristics in digital holographic microscopy 

It is necessary to understand further on noise characteristics in DHM before effective 
mitigation methods can be developed. The noise in DHM is composed of speckle noise, ,N spI , 

and system noise, ,N sysI , 

 , ,( ) ., ;N N sp N sysI x y t I I= +  (2) 

The speckle noise term, ,N spI , is inherent to any imaging techniques using coherent light 

sources, such as digital holography, and manifests itself as smaller granular patterns in a 
hologram. The speckle noise in a hologram is often assumed to be Gaussian and 
spatiotemporally random. The speckle noise often carries lower energy content and hence has 

low average intensity, i.e. , /    1N sp NI I   , where  denotes spatial average over the 

entire hologram. The latter term, ,N sysI , however, is not random but coherent in both spatial 

and temporal domains and often carries high energy content that may overwhelm the 
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interference patterns generated by low intensity bacterial scattering. The system noise often 
manifests itself in spatial domain as very large scale intensity variations (elucidated in Figs. 
2(a) and 2(d)) due to the presence of defects or dust particles along the optical path. Note that 
the interference patterns of solid particles are clearly observed over the noise interference 
[Fig. 2(d)], whereas the bacterial signal is completely overwhelmed by these system noise 
[Fig. 2(a)]. We have found that the system noise is primarily generated by multiple internal 
reflections within the optical system. After applying anti-reflection coating over optics in our 
DHM system and surfaces of the microfluidics, the fringe visibility is substantially improved. 
However, such an improvement is still not significant enough to render substantial effects on 
bacterial fringe visibility. It can also be argued that due to inherent fluctuations in any laser 
systems it is less likely the system noise can be reduced by selecting a stable laser. Owing to 
the property of scale separation of the system noise, ,N sysI , and subsequently NI  can be 

estimated by low pass filtering over the original hologram, 

 
, ,( , , ) .

x yN N sys H HI x y t I I I fδ δ≈ = = ⊗  (3) 

where the symbol “  ” represents low pass filter operation, " "⊗  is the convolution operator 
and ,x y

fδ δ  denotes the spatial representation of a low pass filter with the cut-off length scales 

 

Fig. 2. Portion of original and de-noised sample holograms of (Left) E. coli and (Right) solid 
particles. (a & d): Original holograms. (b & e); holograms de-noised with the conventional 
time-averaging technique; (c & f): holograms processed with the correlation-based ensemble-
averaging technique. 
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of xδ  and yδ  in the x  and y  directions respectively. These cut-off length scales can be 

physically determined by the size of the bacterial interference patterns. Due to the laser 
instability, the background noise, NI , is time dependent and but temporally correlated. The 

correlation of NI  in two holograms at the time frame of 0t  and 0t τ+  can be estimated as 

 ( )
( ) ( )

( ) ( )

( ) ( )

( ) ( )

0 0 0 0

0
2 2 2 2

0 0
0 0

, ; , ; , ;
,  .

, ; , ; , ; , ;

H H

H H

N N

N N

I x y t I t dxdy x y t x y t dxdy
Cr t

I x y t dxdy I x y t dxdy x y t dxdy x y t dxd

I I

I I y

τ τ
τ

τ τ

⋅ + ⋅ +
= ≈

⋅ + ⋅ +

 

 
∬ ∬

∬ ∬ ∬ ∬

(4) 

where Cr  is the correlation coefficient. The correlation varies between 0 and 1, with 0 
indicating not correlated and 1 identical. We have applied Eq. (4) to a time series of bacterial 
holograms [a sample one is shown in Fig. 2(a)] to demonstrate temporal correlation of 
background noise among holograms (sample correlation profiles are shown in Fig. 3). The 
cut-off length scales used are 29μm (or 150 / xΔ , where xΔ  is the field of view in the x 
direction). Figure 3(a) shows the correlation coefficients between the time frame, 0 80t = , 

and its neighboring time frames, i.e. [ ]80, 450τ ∈  or 0 [0, 530]t τ+ ∈ . The correlation 

fluctuates around 0.92 and 1. As the delay, τ , increases, the correlation decreases gradually. 
As τ  further increases, the correlation recovers and oscillates with a period of ~150 s. The 
same trend can also be observed in Fig. 3(b), where the selected correlation profiles at various 

0t  along the entire series are computed with a delay, τ , of [-250, 250]. It is shown that 

correlation profiles close to each other within a range of ~60s have similar temporal 
coherence, as shown as the clustered correlation profiles plotted at 0 80,120 &145t =    . As 

time evolves, a new cluster of correlation profiles emerges. This trend can be attributed 
reasonably to slow temporal drift and fluctuations in longitudinal modes existed in the laser 
source. 

 

Fig. 3. The correlation coefficient profiles smoothed by a 3-point moving average. (a) The 
correlation coefficient profile calculated with Eq. (3) between the hologram recorded at 

80
o

t s=  and its neighboring holograms within the temporal shift, τ , ranging 450± s. (b) The 

correlation profiles for holograms recorded at various time frames shown on top of each 

profile. The main horizontal axis shows the absolute recording time, 0t . Inset axes show the 

time delay, [ 90, 90]τ ∈ − , with respect to the selected time frame, 0t , shown the Inset vertical 

axes as 0τ = . Only axes corresponding to profile centered at 
0

120 & 295t s=    are shown for 

clarity. 
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2.2.2. Development of de-noising algorithm 

Effective de-noising for DHM can be achieved by subtracting each hologram with an 
appropriate background noise hologram. Conventionally, the noise hologram is estimated by 
simply averaging over a time series of holographic recordings, i.e. 

 ( ) ( )
10

1 1
, , ; ( , ).

T N

N H HI x y I x y t dt I x y
T N

= =   (5) 

In this method, the noise is assumed random and stationary. The method is effective to 
remove a statistically stationary background noise, such as spatial variations in light 
illumination and scattering from the stationary dust particles along the optical path. As 
demonstrated in Fig. 2(e), for DHM with high scattering efficient the method shows great 
efficacy in removing large scale spatial variation in Fig. 2(d); whereas for DHM with low 
scattering signal, the method has practically no impact. Another method to estimate the noise 
is to record a background hologram. But the method shares the same drawback with time-
averaging method. 

Demonstrated above, for removing un-stationary noise from bacterial holograms, a new 
noise estimation algorithm must be developed. Based on the two properties of bacterial 
holograms, we can estimate the noise of each hologram for a given time frame along a series 
of recordings using conditional sampling: 

 ( ) ( )0 0 0, ; ( , ; ) | , .N H thI x y t I x y t Cr t Cr ττ τ≈ + >  (6) 

where thCr  is the threshold, and τ  represents the averaging operation over the time delay, 

τ . Equation (6) represents that the noise hologram at time, 0t , can be estimated by ensemble 

averaging those original holograms with the similar interference background defined by the 
condition, ( )0 , thCr t Crτ > . The de-noised hologram, pI , for a given time frame is obtained as 

 ( ) ( ) ( ), ; , ; ( , ; .) ,p H H thI x y t I x y t I x y t Cr t Cr ττ τ= − + >  (7) 

Note that to obtain a de-noised hologram with good fringe visibility, proper threshold value, 

thCr , need to be determined. An appropriate threshold value should be lower enough to 

include sufficient holograms for averaging, while it should be high enough to exclude those 
less correlated holograms from contaminating the estimation. Typically, we select a value 
between 0.95 and 0.99 that includes at least 100 holograms. It needs to point out that 
computing ( , )Cr t τ  is time consuming. A parallel computing algorithm has been developed to 

reduce computation cost using a 16-node cluster. In practice, we calculate coefficients within 
a range of τ, since background noise slowly de-correlates over time. We summarize the 
algorithm as the following: 

1. Record a time series of holograms, ( , , Δ )HI x y m t  , totaling N  number of frames. To 

produce a robust estimation for each hologram, the total number of frames must be 
big, e.g. > 20,000N ; 

2. Compute correlation coefficient matrix, ( , )Cr t τ , where ( ), [0, 1 Δ ]t N tτ ∈ −  , and Δ t  

is the recording interval. The correlation is computed using Eq. (4) over low pass 

filtered holograms, HI . The coefficient matrix will be N N× ; 

3. Select the n-th hologram, ( , , Δ )HI x y t n t= ) to compute background hologram, 

( , , Δ )NI x y n t ); 
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4. Search through correlation matrix and identify a list of holograms, m, within which the 
condition ( ), thCr n m Cr>  is satisfied. 

5. Estimate the background noise, ( , , Δ )NI x y n t ), by ensemble averaging the list of 

holograms above, ( ) 1
, , Δ ( , , Δ )N m HI x y n t I x y m t

M
= Σ   , where M is the total number 

of the holograms satisfying the condition in Step 4; 

6. De-noise the hologram by ( ) ( ) ( ), , Δ , , Δ , , Δp H NI x y n t I x y n t I x y n t= −  ; 

7. Repeat Step 3-6 for entire sequence of holograms. 

3. Experimental setup 

3.1 Microfluidics platform 

The experimental setup includes a DHM integrated and a microfluidics platform (Fig. 1). The 
platform is designed to investigate interactions of bacteria in a dense suspension with the 
mechanical and chemical environments [1]. The polydimethylsiloxane (PDMS) microchannel 
is manufactured using soft lithography technique [62]. Briefly, the fabrication procedures are 
the following: (i) negative mask containing the top view of the microfluidic device is created 
by high resolution printing (10,000 DPI); (ii) deposit a 200 mμ  thick layer of SU8-2050 

negative photoresist (MicroChem, Inc) on a 4” silicon wafer; (iii) transfer features to the 
photoresist uses photolithography; (iv) the PDMS microfluidics is created by molding the 
device out of the master and bonded with the glass substrate by O2 plasma activation. To 
reduce background noise, we bond the microchannel with a glass slide coated with MgF2 anti-
reflection layer. Bonding with the AR coated substrate is temporary and device must be used 
within 20-minute of bonding. The straight microchannel has the dimension of 3 mm × 40 mm 
× 200 μm, the latter being the depth. 

3.2 Digital holographic microscope 

The DHM includes a CW (continuous wave) He-Ne laser, collimating optics, an inverted 
transmission microscope, and recording CCD camera (Fig. 1). We illuminate the 
microchannel with a collimated laser beam generated by a 7mW He-Ne laser ( 632.8nmλ = ). 
The initial beam is filtered and collimated into a beam with the diameter of 5mm by a 20X 
objective (Edmund Scientific), a 25- mμ  pinhole (Thorlabs), and a 25mm diameter doublet as 

the collimating lens ( 50f mm= , Newport Inc). A 1/20-λ aluminum mirror guides the 

horizontal beam downward into an inverted Nikon microscope (Nikon TS-100). To record 
bacteria holograms, an objective at the magnification of 40X (Nikon Super Plan Fluor 
ELWD, NA = 0.60) is used. The objective is focused on the plane 5 mμ  away from the 

bottom of the microfluidics. The holograms are recorded by a 2K × 2K CCD camera (Imperx 
4M15L) with a pixel resolution of 0.185 mμ /pixel, which renders the lateral resolution of 

0.2 mμ  for simplicity, and were streamed continuously at the rate of 15 fps to a data 

acquisition computer. The exposure time was 60 sμ . To achieve robust estimations for each 

hologram in a series, the typical recording lasts about 20 minutes, totaling 18,000 
holograms/acquisition. 

3.3. Materials and methods 

3.3.1 Bacterial culture 

The bacteria strain used is wild type E. coli strain AW405. It has a rod-like shape with 1.5 μm 
in the major axis and ~0.8 μm in the minor axis. AW405 was grown in a 10 ml flask of LB 
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medium following inoculation of 100 lμ  short-term stock stored at −20 °C freezer. On the 

day prior to experiments (at least 24 hours), the strain was grown in LB medium at 30 °C 
until the culture reached stationary phase (OD600 = 1.2). The 100 μl of this culture were used 
to inoculate 10 ml of Tryptone medium (1% tryptone, 0.5M NaCl) and grown at 35 °C to 
mid-logarithmic phase (OD600 = 0.45). Both culturing procedures were performed by an 
orbital shaker at 120 rpm (Model 980184, Talboys). Cells were then washed twice by 
centrifuging at 2000 rpm (~850 g) and re-suspending in the motility buffer (10−2 M potassium 
phosphate buffer; pH = 7.5) containing 10−4 M EDTA [63]. The suspension, which had a 
concentration of ~107 cells/ml was then immediately injected in a straight microfluidic 
channel for observations. All experiments were performed with normal laboratory lighting 
and at room temperature. Cells retained normal motility throughout the experiments. 

3.3.2 Hologram recording and de-noising 

During the experiment, the cell suspension was driven into the micro-channel using a syringe 
pump by which the flow rates can be varied. The 3D motion of E. coli AW405 including cell 
swimming and flow advection in a sample volume of 400 × 400 × 200 μm3 were recorded 
with the DHM system (Fig. 1). The hologram plane is located at the plane 5 mμ  away from 

the bottom of the microfluidics inside bottom substrate. The experiments were conducted at 
flow rates of 0.05, 2.5, 25, and 100μl/min. In this paper primarily focusing on technique to 
visualize 3D bacterial motion, we only present the results at the flow rate of 2.5 μl/min (e.g. 
wall shear stress of 2.8 1s− ). After recording, the background noise of individual hologram 
was removed by applying the algorithm outlined in §2.2.2. The appropriate cutoff length scale 
for the filter was 20 μm. The correlation coefficient matrix, Cr , was computed in spatial 
domain directly. The ensemble averaging were performed at the critical coefficient threshold, 

thCr . Note that the ensemble average is performed over original holograms instead of low 

pass filtered ones. 

3.3.3 Reconstruction of 3D cell positions and tracking over time 

The numerical reconstruction for each hologram was performed at equally spaced depths, 
0.5μm (defined as reconstruction resolution in the depth direction), and range from z = 0 to 
200μm from the bottom surface. The optical fields at these depths were numerically 
computed using the method [7]. The 2D images construct a 3D intensity field, from which 3D 
segmentation routine was used to identify the 3D profiles of each bacterium and subsequently 
extract its 3D position [1,7,39,40,51,64]. The in-focus image of each cell allowed us to 
determine its size, shape and cell orientation. With information, multi-criterion morphological 
filter was applied to remove non-bacterial particles. These morphology criteria include shape, 
size, aspect ratio and eccentricity [1,64]. Once cell position and morphological information 
are obtained, we track individual cell in 3D. The trajectories of the bacteria are formed, from 
which the motility is evaluated, e.g. swimming velocity, run and tumble characteristics, and 
linear and angular dispersion rate. 

3.3.4 Computational expenses of de-noising algorithm and particle tracking procedure 

It is noted that de-noising, numerical reconstruction, and particle tracking algorithms are 
computationally intensive. For example, a series of 20,000 holograms results in a correlation 
matrix of 20,000 × 20,000 coefficients totaling >3GBytes memory. Efficient implementation 
of the proposed de-noising algorithm on a single CPU with 16GB physical memory takes 120 
hours. Such computation would be too prohibitive without effective parallelization. We have 
developed a parallel implementation that runs on a 16-node (256 CPUs) window-based High 
Performance Cluster (HPC), which reduces 120 hour computation to less than two hours. This 
parallel computing capability allows us to analyze the entire data set and produce the 
statistically robust background noise estimation for each individual hologram. Apart from de-
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noising, the numerical reconstruction and bacteria identification procedures are also very time 
consuming. Our parallel implementation of these algorithms takes 20 minutes per node to 
produce a single 3-D distribution of bacteria in suspension. In practices, it will take 16-node 
HPC cluster three weeks to process the entire series of holograms and produce hundreds of 
thousands of 3D bacterial trajectories. Briefly, parallel implementation of the proposed de-
noising and trajectory retrieval algorithms makes the entire procedures feasible. 

4. Results and discussion 

In the following, we will demonstrate the efficacy of the proposed de-noising algorithm on 
bacterial DHM. The proposed de-noising method, for the first time, presents us a unique 
measurement capability in quantifying 3D bacterial motion within a dense suspension, while 
resolving the morphology of individual cell in motion with the resolutions of 0.2μm in lateral 
directions and 0.5μm in the depth direction. Figure 2 shows the comparative results of the 
proposed de-noising algorithm on bacterial and solid particle holograms as well as the results 
of the conventional de-noising algorithm. The left column of Fig. 2 shows the sample 
recording of bacteria, E. coli, and the corresponding de-noising results, while the right shows 
those of polystyrene particles with equivalent diameter. It is clear that at the high 
magnification, the background noise of the hologram is overwhelming and inhomogeneous. 
Although the fringes generated by particles are still observable in the original hologram [Fig. 
2(d)], those interference fringes by bacteria, however, are completely unidentifiable in Fig. 
2(a). For comparison purposes, both bacterial and particle holograms are processed with the 
conventional (Row 2 in Fig. 2) and the proposed de-noising (Row 3 in Fig. 2) procedures. 
The quality of bacterial hologram using conventional de-noising method [Eq. (5)] remains 
poor [Fig. 2(b)] in comparison to that of particle [Fig. 2(e)]. It supports our conclusion that 
when particle scattering is strong, the time-average de-noising method can be very effective. 
But as evident in Figs. 2(c) and 2(f) (e.g. holograms de-noised by the proposed method), the 
fringe contrasts in both bacterial and particle holograms have been greatly enhanced. 

Figure 4 showcases several reconstructed images of a sample containing wild-type E. coli 
bacteria, AW405, at the concentration of 710 / .cells ml  A section (512 × 512 pixel or 100 × 
100 μm2) section of a de-noised in-line hologram (2048 × 2048 pixels or 400 × 400 μm2), 
showing interference patterns generated by bacteria located at various depths, is presented in 
Fig. 2(c). Sample images reconstructed from the sample hologram [Fig. 2(c)] at three 
different depths are shown in Figs. 4(a)-4(c). The in-focus images of bacterial cells, appearing 
as dark elongated sphere in the bright background, along with dark concentric rings 
associated with close-by, out-of-focus particles, can be clearly observed. Close inspections 
indicate that the in-focus particle traces possess optical properties that are similar to those 
observed under a conventional microscope, i.e. a sharp dark edge with a bright spot in the 
middle. A combined/compressed image showing all the particles located within the depths, 
90 110 z mμ< < , is presented in Fig. 4(d). To bring all the particles in a volume into focus, 

we assign each pixel with the lowest intensity obtained over the depths, i.e. 

( ) ( ){ }, , ,combined zI x y min I x y z= . The three dimensional distribution of all the particles within 

the reconstructed volume is presented in Fig. 4(e). To determine the 3-D coordinates of each 
particle we use a segmentation method developed in [7]. The segmentation procedure scans 
through the stacks of threshold images over depths and form a 3-D blob for each bacterium. 
The location of a bacterium center is then estimated using the centroid of the 3-D blob. In this 
example, the sample volume contains 893 identified E. coli, i.e. more than 30,000 cell/mm3. 
Superimposing combined images over five consecutive time instances (overall 1/3 s) within a 
5 mμ  thick layer right above the bottom channel wall, we demonstrate the 2D projection of 

the swimming trajectory of each individual bacterium. Tracking these cells simultaneously 
over consecutive time, one is able to determine their 3D trajectories with high spatial 
resolutions. 
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Fig. 4. Reconstructions of bacterial hologram shown in Fig. 2(c). (a-c) reconstructed images at 
10, 100, and 210μm away from the hologram plane. (d) Superimposed reconstructions at the 
interval of 0.5μm of the sample volume from 90μm to 110μm away from the hologram plane. 
(e) 3D distribution of particles. (f) Superimposed images reconstructed at the depth varying 
from 10μm to 15μm at the interval of 0.5μm over 0.33s, totaling 5 time frames. 
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Clearly, the example (shown in Fig. 4) demonstrates adequately the efficacy of our de-
noising algorithm in cleaning the background noise, enhancing the fringe contrast and later 
obtaining 3D bacterial distributions in a dense suspension over a substantial depth (> 100 cell 
body length). However, Sheng et al. [7] have shown that DHM inherits the shortcoming of in-
line holography, namely the elongated depth-of-focus problem. This inherent problem greatly 
reduces one’s ability to determine the depth location of a particle. They also found that for the 
spherical particle DHM can resolve the depth location of a particle within 2~6 particle 
diameters ( pD ). The resolution increases up to ~1 pD  with the increase of magnifications. 

Due to the low scattering efficiency and non-spherical shape of bacteria, a few words on 
depth-of-focus and measurement uncertainty using the proposed de-noising algorithm are 
necessary. First, we present a stack of reconstructed images of an E. coli bacterium (Fig. 5) 
located at 37 mμ  away from the hologram plane. These images are reconstructed at depths 

varying from −7μm to 7μm at the pitch of 3.5μm based on its in-focus location. As the 
reconstruction moves closer to its in-focus location, the image of the bacterium becomes 
sharper and the shape of the cell becomes much better resolved. As the plane moves away 
from the centroid of the particle, the image becomes out of focus. In comparison, the 
microscopic images of E. coli at the magnification of 40X are captured at the corresponding 
distances (lower row in Fig. 5). 

 

Fig. 5. Numerically reconstructed images of a single E. coli cell recorded by DHM at the 
magnification of 40X with the range of 7 mμ±  at the interval of 3.5 mμ . The center image, 

i.e. 
0

z z= , is the in-focus image. The distance from the in-focus plane is marked on each sub 

image. The bottom row shows microscopic images of an E. coli at the corresponding planes 
from the in-focus location recorded by Nikon TiE with a Nikon Plan Fluor 40X objectives. 

We show qualitatively that bacterial DHM has reached the equivalent depth of field to the 
conventional microscopy and particle DHM. Close inspection at the in-focus image shows 
that the rod-like cell shape has been clearly obtained by DHM. In addition, the image contrast 
is in fact improved by using the proposed de-noising algorithm. 

To quantify the depth-of-field, we measure the 3-D shape of the ensemble averaged 
bacterial cell using the ensemble-averaged distribution of 
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    (8) 

where n
cx


 is the position vector of the n-th particle’s centroid, r


 represents a 3-D position 

with respect to the centroid of an ensemble-averaged bacterium cell, and subscript “max” 
refers to the maximum intensity within an averaging volume centered at each reconstructed 
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bacterium. The ensemble volume has a dimension of 12  12   16  mμ× ×     or 

9.6   9.6   12.8  bD× ×      ( 1.25 bD mμ=  denoting the equivalent diameter of a rod-like E. coli 

cell), where the last term represents the depth direction, z. The distribution is ensemble over 
100 cells randomly selected from 893 realizations. Figure 6(a) presents the iso-surface of 
intensity distribution (threshold at 0.8 of the peak value). Similar to DHM for solid particle 
[7], the reconstructed 3D bacterial cell is also elongated along the z axis with the smaller 
cross-section at the cell centroid. The one-dimensional intensity distribution along the depth 
direction is presented in Fig. 6(b). The intensity peaks when the cell is in focus and decreases 
away from the center. The width of the profile, defined based on 80% of its peak value, is 
2.6μm (or ~2.08 bD ) and comparable to the result for a solid particle [7]. Differing to the 

intensity distribution of a solid particle, the asymmetry of the distribution is less pronounced 
and the amplitude of oscillations caused by the interference between scattering and reference 
light decays much faster. 

 

Fig. 6. Intensity distribution of an ensemble averaged E. coli reconstruction. (a) Normalized 
3D Intensity distribution of the ensemble averaged cell. Black lines show the iso-surface of 
intensity distribution threshold at 0.8. Two intersecting planes are x-y and x-z contour plots 
respectively. (b) The one-dimensional intensity distribution along the z axis. The width of the 
profile indicates the depth of focus of bacterial DHM. 

This observation is consistent with the intensity distribution associate with the Mie scattering 
by a particle having low scattering efficiency. The scattering characteristics has been 
accurately obtained by DHM. In short, the proposed de-noising algorithm has improved the 
quality of the bacterial hologram, and subsequently obtained accurate 3D information of 
bacterial cells while preserving high resolution details on every individual cell. 

Before concluding, we would like to demonstrate that digital holography microscopy with de-
noising algorithm can be used for tracking thousands of bacteria in a dense suspension by 
recording a sequence of hologram. Figure 7(a) shows the 3-D trajectory of a bacterium 
swimming in circles superimposed by the corresponding reconstructed in-focus images (every 
5 images are shown for clarity). The result clearly demonstrates the capability of the proposed 
DHM method in capturing 3D locations of bacterial cell as an entire suspension as well as in 
resolving sub-micron scale kinematic information on each individual cell, such as the cell 
shape and orientation. It is able to quantify the bacterial motility events, such as swimming 
speed, tumbling and wobbling at the individual cell level with unprecedented spatial 
resolution, as well as the dynamics information, such as dispersion and interactions with 
mechanical and chemical environments, as a suspension, that are vital to understand key 
biological processes involved in biofilm formation and growth. Figure 7(b) presents a 
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collection of swimming trajectories over one minute obtained within a sample volume of 
3400 400 200 mμ× ×    , the last being the depth. Totally 2973 trajectories are obtained. After 

automatic tracking, each trajectory is first verified manually against its superimposed 2D 
projection of in-focused images. Wrongly tracked trajectories are retraced based on multiple 
morphological criteria (details on tracking algorithm refer to supplemental information in ref 
[56]:). The DHM system in conjunction with the proposed de-noising method has been 
successfully applied to study the hydrodynamic interactions of swimming bacteria with a 
solid surface by Molaei et al. [1]. In that study [1], we have computed the swimming motility 
of E. coli bacterial trajectories, i.e. run and tumble, and compared them with Berg and 
Brown’s experiments conducted using a 3D tracking microscope [65]. The statistics of the 
run-and-tumble motility pattern in the bulk agree closely with theirs (summarized in Table 1). 
In particular, the mean swimming speed (14 µm/s) and the mean run time in the bulk (Tb = 
0.93 s) differed by <1% and ~8%, respectively, from those of [65]. Key tumbling suppression 
mechanism that leads to cell trapping by the wall is discovered based on the results obtained 
by the DHM system in conjunction with the de-noising algorithm. The aforementioned study 
[1] has undoubtedly demonstrated the validity of trajectories and superb accuracy of the 
measurement when the proposed methods are applied to real life problems. 
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Fig. 7. Sample 3D trajectories obtained by DHM: (a) A sample 3D trajectory showing a E. coli 
cell swimming in circle. The trajectory is superimposed by the corresponding reconstructed in-
focus images. (b) Collection of 3D trajectories over one minute DHM recordings. Only half of 
the trajectories are shown. Color: the swimming speed. 

5. Conclusion 

This paper introduces a novel de-noising algorithm to be used with in-line digital holographic 
microscopy to measure the spatial distribution of sub-micron (~1 mμ ) bacterial cells in a 

dense aqueous suspension (~107 cells/ml) over the depth of 0.1~1mm (100~1000 bD ), and 
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subsequently track these motile particles over time to reveal key biophysical processes 
involved in biofilm formation. Differing from particle holographic microscopy, imaging 
bacteria using DHM imposes substantial challenge due to the low scattering efficiency of 
bacterial cells, which is caused by the low contrast in refractive indices between cells and 
medium. To the best of our knowledge, there have been no existing methods that are capable 
of measuring spatial distributions of bacteria and subsequently tracking thousands of them 
simultaneously while preserving the morphological information of each individual cell. 

Our analysis on noise characteristics of bacterial DHM has shown that the interferences of 
bacteria in each hologram are spatially localized and temporally incoherent, whereas the 

Table 1. Motility characteristics of wild-type E. coli in the bulk compared to earlier 
results in the bulk [65]. The tumbling angle is the angle between two consecutive runs. 

Statistics were compiled over 2,750 trajectories, excluding cells immobilized on surfaces 
and represent mean ± standard deviation. (adopted and modified from ref [1].) 

 Number of 
bacteria 

Mean speed 
(µm/s) 

Run time (s) Tumbling angle 
(deg) 

3D Tracking 
Microscopy [65] 

35 14.2 ± 3.4 0.86 ± 1.18 68.0±36.0 

DHM + correlation 
based de-noising [1] 

2,194 14.1 ± 8.0 0.93 ± 1.32 71.3±44.0 

background noises due to the laser instability and interference of multiple reflections in the 
optical system are global and temporally coherent. This observation allows us to develop a 
correlation-based de-noising algorithm that identifies the background noise for each hologram 
in a series using correlation and constructs individual noise hologram using ensemble average 
among those correlated holograms. Once individual noise hologram is computed, a clean 
bacteria hologram is generated by subtracting the original hologram with the noise 
background. Although simple, the de-noising algorithm has shown exceptional capabilities of 
removing large scale background noise and enhancing the quality of bacterial hologram. The 
algorithm has been applied to the DHM recording of E. coli in microfluidics to study the 
hydrodynamic interactions of bacteria and their physical environments. We have 
demonstrated the effectiveness of the algorithm in improving the quality of holograms. This 
enhancement allows us to reconstruct 3D positions of bacterial cells in suspension and to 
recover submicron morphology and alignment of each individual cell. It has been shown that 
the de-noising algorithm permits DHM to maintain the spatial resolutions of 0.2μm in lateral 
and 0.5μm in the depth directions. The depth of focus reaches 2 pD , equivalent to that for 

particle DHM. With a 40X objective, we have successfully de-noised DHM recording of E. 
coli bacteria suspension and reconstructed 3D cell positions with a submicron resolution in a 
dense suspension containing 107 cells/ml. Cinematographic DHM measurements demonstrate 
clearly that the proposed method is capable of tracking 3-D motion of bacteria and resolving 
cell morphological details simultaneously. 
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