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Electroosmotic Pump Principles 
Here the operating mechanisms of EO pumps are briefly explained. For a more detailed explanation, 
the reader may consult numerous sources on the subject1-3. Consider the simplified schematic of the 
planar microchannel-based EO pump presented in Fig. 1 of the journal article. The general governing 
equations for the pressure, P [Pa] and the flow rate, Q [m3·s-1], generated by planar EO pumps can be 
derived by applying simplified compact circuit models for the electric and fluid flow fields:4-6 
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where I [A] is the applied electric current, Re [ohms] is the electrical resistance of the EOF channel, 
Reof [V·s·m-3] the electroosmotic resistance, Rp [Pa·s·m-3] the hydrodynamic resistance of the pump, 
and RL [Pa·s·m-3] the hydrodynamic resistance of the pump load: 
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where L [m] is the channel length, w [m] the width and h [m] the height, σ [S·m-1] is the fluid 
conductivity, µe [m2·s-1·V-1] the electroosmotic mobility and µ [Pa·s] the viscosity. In this study, the 
pump load for the EO pumps is the concentration gradient generator chip. The more familiar Q-P 
curve for EO pumps can be derived from the above equations: 
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where Qmax is the maximum flow rate (under no load, i.e. the gradient generator is absent from the 
system) and Pmax is the maximum pressure (under infinite load, i.e. the gradient generator has an 
infinitely resistance) at a specified current. 
 

Direct EO pump Connection Design with Cell Viability 

Our previous publication6 introduced the concept of using EO pumps directly in contact with living cells 
as shown in Figure S1. The pumps work in a vacuum mode, drawing fluid from the inlet of the cell 
chambers, over the cells and then through the pump. The voltage is applied in a V- to GND configuration 
where GND is on the cell chamber side so that the cells do not experience an abnormal electric potential. 
Pumping culture media is not ideal for EO pumps because the high saline content results in poor 
performance (low electroosmotic mobility, high current draw, electrolysis). Hence this setup represents an 
extreme operating condition for the EO pumps. 

Cell culture experiments were performed with RTgill-W1 cells to test the EO pump influence. The culture 
media was a basic solution of L15ex (no FBS). Cells were seeded in fibronectin treated cell chambers for 
a period of 2.5 hrs in static conditions. The EO pumps were operated at 0.5 µL min-1 for a period of 18 
hrs. To reach these operating times large reservoirs were used (2 mL) with a strong buffer (1xBufferAll 



with 2 µg L-1 NaHCO3 titrated to pH 7 with 0.1M NaOH, Sigma Aldrich) to delay electrolysis effects. 
However, the operation time is greater than the expected buffer depletion of approximately 10 hrs. During 
the experiments the cells were monitored continuously using a phase contrast microscope.  

 

Fig. S1 Schematic illustration of the direct connect EO pump system. Two EO pumps are connected with cell 
chambers. The EO pumps draw fluid from the inlet of the cell chambers over the cells and to the outlet of the EO 
pumps. The pumps operate in a V- to GND configuration. 
 

 
Fig. S2 Phase contrast images of cells while EO pump perfusion was applied with L15ex medium. The same group 
of cells was photographed at several time intervals after starting perfusion (a) 0hrs (b) 2 hrs (c) 5hrs and (d) 18hrs.  
 
Fig. S2 shows successive images of a single group of cells in the chamber at different times (t=0, 2, 5, and 
18 hrs) over the course of the experiment. Considering the first 5hrs, the cells remain viable and continue 
to attach and spread out on the surface. The rate of spreading is not as dramatic as would be expected if 



the cell culture medium contained feeding solution such as FBS. In the image at 18hrs, the cells appear to 
still remain alive but have begun to recede from the surface preparing for detachment. The reason for this 
is that the EO pump electrolysis limit had been exceeded and the pump stopped working approximately 
8hrs into the experiment (see Figure S3). Therefore, the cells did not receive any newly perfused media 
for a period of 10hrs. However, during the first 8 hrs the cells showed no ill effects to the EO pumps and 
it can be gathered that EO pumps can be used with living cells, even if they are in direct contact with the 
EO pump fluid.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S3 Voltage plot of EO pump during cell culture test with the EO pumps directly connected. Highlighted area 
shows the drastic increase in applied voltage caused by electrolysis effects once the buffer in the reservoirs is 
depleted. 
 



 

Voltage Current Data from EO Pump 

The voltage and current draw from the EO pumps was also recorded during Q-P characterization. The 
trace data for long term pumping is presented in Figure S4 and corresponds to the flow rate data presented 
in Figure 4D of the manuscript. Current fluctuations are minimal as the voltage supply is able to 
effectively regulate the current. The voltage fluctuates approximately 10V around a baseline of 220V over 
a period of 3 hrs. The voltage steadily increases with time due to the drop in conductivity at the anode 
side because of electrolysis.  

 
 
Fig. S4 Current and voltage trace for EO pump under long term pumping corresponding to the data in Figure 4d of 
the journal article. 
 

Conventional SDS Toxicity Tests 

SDS toxicity tests with RTgill-W1 cells were repeated in standard microtitre plates to compare with the 
chip based assay. Experiments were performed under conditions as close as possible to the chip assay. 
RTgill-W1 cells were seeded in microtitre plates with L15ex and allowed to attach for only 4hrs. 
Afterwards, the cells were exposed for 15, 30 and 60 minutes to a range of SDS concentrations. Cell 
viability was monitored using a fluorometric assay based on Alamar blue (AB) which is a non-fluorescent 
dye that gets converted by intracellular esterases into a fluorescent product.7 The experiments were 
performed in 8 well replicates. Figure S5 summarizes the % of dead cells for different concentrations of 
SDS at the exposure times. 

The EC50 for SDS at 15min was 60.64 μg/ml; at 30min 55.95 μg/ml and at 60min 35.22 μg/mL. In 
comparison, the EC50 data for the chip based assay was >50 μg/ml, 50 μg/ml and 37.5 μg/ml 



respectively. Therefore, the results obtained with the chip based assay are in excellent agreement with the 
conventional assay. 
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Fig. S5 Results of Almar Blue assay in microwell plates at different SDS concentrations and exposure times. 
 

References 

1. Chen, C. H.,Santiago, J. G., Journal of Microelectromechanical Systems, 2002, 11, 672-683. 
2. Yao, S. H., Hertzog, D. E., Zeng, S. L., Mikkelsen, J. C.,Santiago, J. G., Journal of Colloid and 

Interface Science, 2003, 268, 143-153. 
3. Yao, S. H.,Santiago, J. G., Journal of Colloid and Interface Science, 2003, 268, 133-142. 
4. Brask, A., Goranovic, G.,Bruus, H., Sensors and Actuators B-Chemical, 2003, 92, 127-132. 
5. Chatterjee, A. N.,Aluru, N. R., Journal of Microelectromechanical Systems, 2005, 14, 81-95. 
6. Glawdel, T.,Ren, C. L., Mech. Res. Commun., 2009, 36, 75-81. 
7. Schirmer, K., Dixon, D. G., Greenberg, B. M.,Bols, N. C., Toxicology, 1998, 127, 129-141. 
 
 



<<
  /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


