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Supplementary Discussion 
Theoretical underpinnings. Many theoretical studies on the motion of microorganisms have been revisited since Gray and Hancock used the resistive-force theory (RFT) to predict the swimming speed of sea-urchin spermatozoaS1.  Most theoretical models of microorganisms have been focused on swimming E. coli at very low Reynolds numbers (Re ≈ 10-4).   Some of that work was driven by interest in understanding the behavior of the rotating flagella for applications to bio-mimetic vehicles in very viscous media, and the behavior of the microorganisms near wall boundaries because this behavior is related to biofilm formation and pathogenic infectionsS2-S4. Recently, both theoreticalS5 and computationalS6, S7 studies of the swimming of an E. coli cell have been built using RFT and showed the behavior of the microorganisms (a circular clock-wise trajectory) near wall boundaries. For these computational swimming models, the Stokes equations were solved for the fluid because bacteria swim at very low Reynolds numbers.  For the cell simulations using only RFT described above, the force and torque on the cell body and flagella were required to be in equilibriumS6, S7. The numerical studies presented here simulating individual bacterium motion apply Lagrangian methods and rigid body dynamics to the design a microfluidic device to trap single bacterium in specific locations.  Our computational model is different from the above mentioned computational swimming modelsS6,S7 in several respects.  Since the bacteria in our device are introduced using pressure driven flow, the flow speed of the bacteria in our model (~4 mm/s) is much higher than in the swimming model (~10 µm/s).  Consequently, the Reynolds number (Re ≈ 10-2) in our model is higher than that used in swimming models (Re ≈ 10-4).  In our model, the Navier-Stokes equations including convective terms were solved for the fluid first. Then Newtonian equations of translational and rotational motions with mass inertia terms for the motion of a single bacterial cell were one-way coupled with the pre-solved flow fields. Here, the effects of bacteria swimming were considered to be negligible due to both the higher Reynolds number conditions and our experimental observations; as ellipsoidal cells approach the wall of the obstacle, the high shear rate in the near-wall region results in high velocity cell rotation (Supplementary Movies 2-5). It has been reported that hydrodynamic high shear stresses influence motion by biasing the cell’s 
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 directionS8-S10.  Furthermore, our simulated results also show ellipsoidal bacteria flipping with respect to positive x rotational axis soon after passing the edge of a sieve. The simulations and experiments agree in this respect.    Further simulated data (Supplementary Fig.2) shows an ellipsoidal cell flipping over after it detours around S8 (it rotates in the opposite direction of its initial orientation after t= 50 ms). This result is supported by the data (Supplementary Fig.2), showing the increase of translational velocity in the 2x̂  directions at t=55 ms, and simultaneous steep variations of the orientation components in the x1 and x2 directions. The high magnitudes of 
1

p
xO and

3

p
xO  (approximately ±1) indicates that the major axis of symmetry of the ellipsoidal cell is perpendicular to the direction of flow, and the cell moves in the direction of the minor axis of the ellipsoid; this motion pattern was observed at t= 56 ms. Thus, it sees a higher hydrodynamic resistance force than a cell with high magnitude of 

2

p
xO  (the axis of symmetry of the ellipsoidal cell is parallel to the direction of flow). Eventually, a high magnitude of 
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p
xO  was recovered when the cell exited the circular trapping chamber.  
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Supplementary Methods 

Ellipsoidal E. coli Modeling. The detailed modeling of ellipsoidal E. coli in the microfluidic device was found in the literature.S11 To readily understand this modeling, the modeling approach is rephrased as following. The motion of the ellipsoidal E. coli in the microfluidic device was simulated using a Lagrangian approach based on one-way coupling between the time dependent particle motion and the pre-computed Newtonian flow fields. The calculation interpolates the flow velocity and velocity gradients at the cell body’s center of mass.  A microbial cell was assumed to be an elastic ellipsoid with a major length of 4 µm and a minor length of 1 µm. Interactions between moving cells were not considered because the suspension was of a sufficiently low concentration. However, interactions with the channel’s surface were considered to both prohibit moving cells from penetrating the computational wall boundary and to describe tumbling motions of E. coli on the surface. The forces considered in the equation of translational motion for an ellipsoidal cell were those due to the hydrodynamic drag ( HF ), pressure gradient ( PGF ), gravity ( ( )p fm m− g ), Brownian motion ( BF ) and collisions between cells ( SF ) and the surface ( WF ). In addition, the torques considered in the equations of rotational motion for the ellipsoidal cells were hydrodynamic torque ( ˆ
HT ) and repulsive torques induced by collisions on the surface ( ŴT ). The rotational motion equations used to find the angular velocity ( *ˆ pω ) of a particle are expressed in the body-space (Supplementary Figure 3).  Furthermore, one way coupling Lagrangian approach combined with rigid body theory. For the rigid body simulation, the time rate of change of the four Euler parameters (quaternion; 1 2 3, , ,ε ε ε η )S12 is related to the particle angular velocity. So, the resulting thirteen equations of translational motion equation, rotational motional motion, and rigid body theory for the four Euler parameters are expressed as: 
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where  *

pu is particle velocity, p
*x is location vector, 34

3p pm aπ β ρ⎛ ⎞=⎜ ⎟
⎝ ⎠

, 
34
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⎝ ⎠

 are the mean masses of the ellipsoidal particle and fluid, 
respectively.  Here, ( )/b aβ =  is the ellipsoidal aspect ratio of semi-major (b ) and semi-minor (a ) axes, and pρ and fρ are particle density (1040 kg m-3) and fluid density (997.5 kg m-3), respectively. Î  is moment of inertia diagonal matrix in the body frame with elements, 

1̂x
I , 

2x̂
I and 

3x̂
I about the principal axes. For the ellipsoidal particle, they are expressed as  ( )

1 3

2 2
ˆ ˆ 0.2 1x x pI I a mβ= = + , and 

2

2
ˆ 0.4x pI a m= . The detailed explanations of external forces and torques are found in the elsewhere.S11 Each ellipsoidal cell trajectory was obtained by integrating the thirteen eqs. (1), (2), (3), and (4) under the following initial conditions. The initial cell velocity was interpolated using the fluid velocity at the initial seeding location, and the initial cell angular velocity was set to zero. A fourth order Rosenbrock method based on a adaptive time-stepping technique was utilized as the integration method, as it was more reliable for solving stiff  linear equations without divergence than the Runge-Kutta method.S13  

Device Fabrication.  The device patterns were direct-written from Drawing Exchange Format (DXF) drawings onto commercial chrome-on-glass photomask plates (Nanofilm, 
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 Westlake Village, CA) using a DWL66 laser mask writer (Heidelberg Instruments, Heidelberg, Germany).  Sub-micron features were achieved using the DWL66’s 2 mm focal length write head (Supplementary Fig. 5; top).  Features of this size required optimizing the exposure of the AZTFP-650 photoresist on the mask. Exposure optimization was generally required for each mask writing session.  After writing, the photoresist was developed for 70s using AZ300 MIF developer (MicroChem Corp., Newton, MA) and then the chrome layer was etched for 2 min using Chromium Mask Etchant (Transene, Danvers, MA). The PDMS devices were generated using conventional photolithography and soft lithography techniques as previously describedS14. Briefly, patterned silicon wafers were made by applying a layer of SU-8 2010 photoresist (MicroChem Corp., Newton, MA) onto 3-inch silicon wafers (University Wafer, South Boston, MA) using a Delta 80RC spin coater (SUSS MicroTec, Waterbury Center, VT). The wafers were exposed to UV light through the patterned chrome photomask (Supplementary Fig. 5; top) using a MA/BA6 mask aligner (SUSS MicroTec, Waterbury Center, VT) and developed using SU-8 developer solution (MicroChem).  The patterned wafers (Supplementary Fig. 5; bottom) were then silanized using chlorotrimethylsilane (Aldrich, St. Louis, MO) before curing PDMS (Dow Corning, Midland, MI) against the patterned wafer for two hr at 80°C.  After curing, the patterned PDMS was removed from the wafer and inlet/outlet ports were punched through the thickness of the PDMS.  The PDMS was then gently cleaned with ethanol, dried, and treated with air plasma for 45 s along with a glass coverslip (VWR, West Chester, PA).  The PDMS and coverslip were gently pressed together and subsequently baked for 2 hr at 80°C to enhance bonding.    
 

Protocol for E. coli Preparations.  E. coli K-12 were cultured on LB agar plates at 37°C for 24 hr and then stored at 4°C until used.  Bacteria were expanded in solution for each experiment by removing a single colony of bacteria from an agar plate with a pipette tip, placing the tip in a test tube containing 2 ml of fresh LB broth, and incubating at 37°C on a shaker plate for 16-18 hr.  Following incubation, the E. coli concentration was calculated by measuring the optical density of the solution using a spectrophotometer (BioPhotometer, Eppendorf, Westbury, NY) and correlating the measured result with a previously 
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 determined calibration curve.  This solution was centrifuged at 10,000 rpm for 60s and the pellet was resuspended in 1 ml of PBS. In order to stain the bacteria for visualization in the microfluidic trapping experiments, 2 ml of LIVE/DEAD bacterial viability staining solution (Invitrogen, San Diego, CA) was added to the resuspended cells, vortexed, and incubated at room temperature for 15 min.  Prior to initiating the trapping experiments, the stained bacteria were diluted to a final working concentration of 2x107 CFU/ml in PBS. 
 

Supplementary Figure Captions 

Supplementary Figure 1: Temporal data for trap design C. A small number of cells (~1-3 CFU) were locally trapped in the S1 when 1000 CFU was loaded at the inlet for 30 sec. Within 10 s (f=333 CFU), single cell trapping events were observed at S1, S2, S3, and S7. Multiple cells were also trapped at S1 and S2 for the loading times of 20s and 30 s, respectively. 
Supplementary Figure 2: Detailed evolution of the cell orientation during its motion for both simulation and experimental data.  
Supplementary Figure 3: Fundamentals of the ellipsoidal cell model. A) Schematic of an ellipsoidal cell moving in a global coordinate system 1 2 3( , , )x x x , the body-frame 

1 2 3ˆ ˆ ˆ( , , )x x x , and the motion-frame 1 2 3( , , )x x x , B) Euler angles; N is the line of nodes, φ  is the angle between the 1x -axis and the line of nodes, θ  is the angle between the 3x̂ -axis and the 3x -axis, and ϕ  is the angle between the line of nodes and the 1̂x -axis, C) computational model for an ellipsoidal E-coli cell with a semi-minor length, a, = 0.5μm and a semi-major length, b = 2μm, which is composed of thirty two beads with radius rb = 0.285μm and can be constructed using the parameterized formulas: 
sin cos ,x a σ υ= siny b υ= and cos cosz a σ υ=  where 0 180,σ≤ ≤  0 360,υ≤ ≤ and D) a diagram showing translational velocities and rotational angular velocities at discrete times. 

Supplementary Figure 4: Trapping performance for each sieve individually. 
Supplementary Figure 5: Finite volume meshes for the fluid model.  Right panels show close up views of the mesh optimization for each aperture type.  
Supplementary Figure 6: Device fabrication process. Top: images of the chrome masks used to make each of the three devices. Bottom, images of the SU-8 masters used to cast the PDMS parts.  
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Supp. Figure 1 



Supplementary Material (ESI) for Lab on a Chip 

This journal is © The Royal Society of Chemistry 2011 

 

 



Supplementary Material (ESI) for Lab on a Chip 

This journal is © The Royal Society of Chemistry 2011 

 

Supp Figure 2 

 

 

Supp Figure 3 

 



Supplementary Material (ESI) for Lab on a Chip 

This journal is © The Royal Society of Chemistry 2011 

 

 

Supp Figure 4 



Supplementary Material (ESI) for Lab on a Chip 

This journal is © The Royal Society of Chemistry 2011 

 

 

Supp Figure 5 



Supplementary Material (ESI) for Lab on a Chip 

This journal is © The Royal Society of Chemistry 2011 

 

 

Supp Figure 6 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


