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ELECTRONIC SUPPLEMENTARY INFORMATION
Particle Sorting Using a Porous Membrane in a Microfluidic Device

Huibin Wei,” Bor-han Chueh,” Huiling Wu,” Eric W. Hall,” Cheuk-wing Li,” Romana Schirhagl,’
Jin-Ming Lin*“ and Richard N. Zare*”

A. Soft lithography optimization

As discussed, the porous membrane is an essential component of the particle sorter, serving as a filter to
separate particles by their size. The main requirement for forming the porous PDMS membrane on the
POM-mold is that the thickness of the membrane should be less than the height of the photoresist posts in
order to ensure completely through pores. However, the membrane must also be thick enough to
withstand peeling from the membrane as well as the fluidic pressure generated during the chip’s use. In
order to achieve a sufficiently thin membrane, the PDMS prepolymer was diluted in cyclohexane to
decrease the viscosity. The cyclohexane was expected to have evaporated quickly during the curing step
in an 80 °C oven. However, the dilution of the PDMS prepolymer negatively impacts the toughness of the
membrane.

Figure S1 presents a plot of the thickness of the PDMS membrane versus the dilution factor of PDMS
prepolymer in cyclohexane as well as the spin-coating speed. First, PDMS prepolymer in varying dilutions of
cyclohexane was spin-coated at 500 rpm for 18 s followed by 3000 rpm for 60 s. The data show that a mixture
with a dilution factor of 0.2 or less generated membranes with thicknesses larger than 20 pm, which is the
height of the photoresist posts on the POM-mold. Considering the toughness and 20 pm limit of the membrane,
the thickest membrane under 20 pm, which was obtained from a dilution factor of 0.5, was adopted. Further
experiments determined the optimum spin-coating speed under a dilution factor of 0.5. The data show that at a
spin-coating speed higher than 2600 rpm, the resulting thickness of the PDMS membrane is less than 20 pm.
Again considering toughness and the 20 um limit, the spin-coating condition for fabricating all the porous
PDMS membranes was set to 500 rpm for 18 s followed by 3000 rpm for 60 s. To summarize, these
experiments led us to adopt a dilution factor of 0.5 and a spin-coating speed of 3000 rpm to obtain the thickest
possible membrane under 20 pm. To make the porous membrane, the PDMS prepolymer mixture was spin-
coated on the POM-mold according to the above settings and cured in an oven at 80 °C for 20 min. To
peel off the porous membrane without damaging either the membrane or the photoresist posts, specially
designed PDMS structures were used, the requisite height and width of which was determined according
to the dimensions of the region containing the photoresist posts. Two alternative approaches were used to
peel off the porous membrane from the POM-mold. First, a specifically fabricated PDMS support frame
was used to bond with the membrane outside of the area containing the photoresist posts. The PDMS

frame was cut off after bonding the membrane with other layers. Second, one of the flow layers could be



Supplementary Material (ESI) for Lab on a Chip
This journal is © The Royal Society of Chemistry 2010

aligned and bonded to the porous membrane directly. The chamber on the flow layer should be
sufficiently tall and wide so as to not contact the photoresist posts. By these means we were able to peel

the membrane from the POM-mold without removing the photoresist posts.
B. Controlling the pore size

Although more expensive transparency or chrome masks that provide higher resolution are commercially
available, a transparency mask with 40,640 dpi resolution was adopted in our experiments, which is much
cheaper and more convenient for fabricating the mask for the POM-mold.

When choosing a photoresist for fabrication of the POM-mold, we considered two main requirements.
First, photoresist posts with large aspect ratios were needed in order to produce a thick membrane (tall
photoresist posts) with small pores (narrow photoresist posts). However, there is an upper limit for the
aspect ratio that a given photoresist material can achieve. Second, the photoresist posts should adhere
firmly to the wafer surface so that they survive photolithography and repeated uses in soft lithography.
With these requirements in mind, we tested the abilities of two available photoresists, SU-8 2015 (a
negative resist) and SPR 220-7 (a positive resist readily supplied by the Stanford Nanofabrication
Facility), to form the desired structures 20 pm in height. To enhance the adherence of the photoresist to
the wafer surface, silicon wafers were cleaned with standard piranha solution and treated with HMDS
prior to spin-coating. We determined that SPR 220-7 demonstrates superior surface adhesion compared
SU-8 2015. However, SPR 220-7 was not capable of forming a 20 um thick layer in a single spin-coating
run, which meant that two coats were required.

Table S1 presents a comparison of expected pore sizes, their printed sizes on the masks, and the actual
pore sizes obtained on the PDMS porous membranes. We printed masks for positive and negative
photolithography with four expected pore sizes: 8, 9, 10, and 17 pm. It is important to note that our masks
had a limited resolution that impacted the size of the printed images. For the negative mask used with SU-
8 2015, where the pore image was transparent and the mask background was black, pore images were
always smaller than the expected sizes. Conversely, the pore images on the positive mask required by
SPR 220-7, with black pore images printed on a transparent background, were larger than the expected
sizes.

Following photolithography and subsequent fabrication of porous PDMS membranes, we determined
that the size distribution of pores generated from molds composed of negative photoresist appeared to be
more regular than that of pores generated from positive photoresist molds. The reasons for this finding
are: (1) due to the different light sensitivities of the two photoresists, a much longer exposure time is
required for the positive photoresist, which induces diffraction and over-exposure, thus decreasing the
size of the photoresist posts and the pores that are made from them, which turn out uncontrollable size
transfer from the mask to the photoresist pattern on the mold; and (2) the low viscosity of positive

photoresist meant that two coats had to be applied to obtained a 20 um-thick layer, which results in a
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rougher surface. Additionally, the data in Table S1 show that, for positive photoresist, the magnitude of

the error increases for smaller pores. Briefly, the character of positive photoresist determined the limit of

usage for the fabrication of smaller posts. Therefore when our experiment called for pores with a regular

controllable size under 15 pm, negative photoresist SU-8 2015 was selected to fabricate the POM-mold.

However, in order to obtain pores larger than 15 pm, positive photoresist SPR 220-7 was an alternative

option because it exhibited stronger adherence to the surface substrate.
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Fig. S1. Plot of the thickness of spin-coated PDMS membranes at various cyclohexane dilutions and spin-coating speeds. The
solid line represents membrane thickness versus dilution factor of PDMS prepolymer in cyclohexane, spun at 500 rpm for 18 s
followed by 3000 rpm for 60 s. The dashed line represents thickness versus the spin-coating speed, using a dilution factor of 0.5
and a coverage spin speed of 500 rpm for 18 s.

Table S1. Comparison of negative and positive photoresists for the fabrication of different pore sizes.

Photoresi ~ Expected pore ize Printed pore size (um) on the Measured pore size (um) on the PDMS
st (um) mask membrane
8 6.3 6.4+0.3
SU-8 9 7.5 7.8+0.3
2015
negative 10 9.3 9.5+0.4
17 16.3 16.6+0.3
8 8.9 3.8+1.9
§PR 20- 9.7 5.6+1.6
positive 10 10.5 7.1+£0.7
17 17.1 15.7+0.4
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C. Reproducibility of the sorting efficiency of whole blood samples
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Fig. S2. The whole blood sorting experiment was performed 8 times and demonstrated good reproducibility with an
average sorting efficiency of 99.7%.

D. Membrane filter free of clogging

Focus on the cells Focus on the pores After sorting

Fig. S3. Images of the same chamber during and after a sorting experiment with whole blood are shown. (A) The chamber
filled with sample, with the camera focused on the cells. (B) The same as A), but focused on the pores. (C) The chamber
after sorting a sort and collection cycle without an extra flushing step. Red circles mark the few REH cells which adhered
to the membrane. These were removed with an extra flushing step.
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E. Cell viability after sorting

Fig. S4. Images of cell samples before sorting and after collection. REH cells were premarked with CellTracker Orange
CMTMR, which can visualize the viability of cells. (A) Original sample containing mouse whole blood and marked REH
cells. (B) Fluorescent image of the original sample. The marked REH cells can be observed. (C) Collected REH cells and
WBCs from the whole blood sample. The inset shows the enlarged image of the cells. (D) Fluorescent image of the
collection. The fluorescence intensity confirmed the viability of the REH cells was still high after being sorted from the
whole blood sample. (E) Image of the channel that collects RBCs and platelets. (F) Enlarged image of collected RBCs and
platelets.




<<
  /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 false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /MyriadPro-Regular
  ]
  /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


