
 

Abstract— For applications in cell biology, the ability to 
produce patterns of adhesion proteins for directing cell 
patterning is of particular interest.  Often though, these patterns 
require extensive clean room facilities and intricate chrome 
masks to achieve very small feature sizes.  We have developed a 
modified lift-off method for rapid prototyping of simple PLL 
structures that have features on a micron scale. The lift-off 
method is simple and easily adaptable to a variety of biological 
applications.

I. INTRODUCTION

Microtechnology, although rooted in semiconductor 
fabrication, has had an increased influence on biological 
science over the last decade. The ability to pattern features on 
the micron scale make it possible to influence biology on the 
cellular scale. Many chemical and physical approaches have 
been utilized to pattern biological molecules. The patterning 
of a self-assembled monolayer (SAM) is a chemical method 
to allow the positions and dimensions of attached cells to be 
controlled. Microcontact printing (μCP) using a poly 
dimethylsiloxane (PDMS) stamp is one of the most popular  
method to repeat patterns of SAMs [1, 2], but it needs many 
process steps and is hard to align multiple patterns. 
Microstructures having a vertical dimension can physically 
confine the placement or alignment of cells. Anisotropic 
topographic features have been shown to induce many cell 
types to migrate along the direction of the anisotropy [3]. 
Physical cages, such as a “Neuron well”, have also been used 
to constrain the movement of cells [4]. All these physical 
approaches yield successful results they usually require 
various cleanroom facilities. 

The photolithographic lift-off technique is commonly used 
in microfabrication for patterning metals. Only limited 
biomolecule patterning research for biological applications 
have been reported using this method [5, 6], because organic 
solvents are used for removing the photoresists during the 
lift-off process, which prevent proteins from stabilizing on 
the surface.  

The culturing of neural cells on surfaces requires chemical 
modifications and deposition of cellular adhesion proteins, 
such as extracellular matrix proteins.  Poly-L-Lysine (PLL), a 
highly positively charged amino acid chain, is commonly 
used as a coating agent to promote cell adhesion. In this work, 
we demonstrate various microstructure patterning of PLL by 
using a rapid-prototyping lift-off technique. This process uses 
conventional lithographic techniques, combined with rapid 
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mask generation techniques to make structures with 
dimensions down to 10 microns.  Unique structures with 
sub-micron sidewalls were then built by applying different 
drying conditions.  In this way, small feature sizes with high 
aspect ratios were fabricated solely from PLL, without other 
physical support structures.   These features have the unique 
capability of providing both chemical and physical features, 
with small feature sizes produced with rapid prototyping 
processes.  

II. MATERIALS AND METHODS

A. Photolithography  
  The details of protein patterning process are illustrated in 

Fig. 1. The photomask for photolithography was designed 
and printed on a transparency film from a high-resolution 
laser printer (Silverline Studio, Madison, WI). The substrates 
were cleaned with Acetone, isopropyl alcohol (IPA) and 
rinsed by deionized water. The cleaned substrates were 
spin-coated with photoresist (Shipley 1813) at 4000 rpm for 
30 seconds and prebaked at 115°C for 1 min. The 
photoresist-coated substrates were exposed with a Karl Suss 
MJB3 contact aligner to make patterns for 20 seconds. The 
photoresist was developed for 40 seconds in developing 
solvent (Microposit MF 321) and rinsed in deionized water. 

B. Protein patterning by lift-off technique 
The patterns were treated in oxygen plasma for 1 min in 

order to remove unnecessary photoresist residues and 
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Fig. 1.  A schematic description for the protein patterning by the 
lift-off technique. (a) Rapid prototyping of photomasks. (b) 
Photolithography. (c) Oxygen plasma treatment. (d) PLL soaking 
until drying out. (e) Lift-off. 
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facilitate better adhesion with proteins. Poly-L-Lysine 
hydrobromide (Sigma Aldrich), and FITC labeled 
Poly-L-Lysine (Sigma Aldrich) for fluorescent images, was 
diluted in deionized water to a final concentration of 0.5 and 2 
mg/mL each.  Approximately 100 μl of the solution was 
placed on the pattern (Fig. 1(d)) and allowed to evaporate 
(either at room temperature or at 50°C) until dry.  

The lift-off process was performed by placing the pattern 
first in a spin-coater, and then transferred to an ultrasonic bath. 
Acetone was sprayed on the substrate during spinning for 30 
sec, and then remaining photoresists were removed carefully 
in acetone in the ultrasonic bath.  

III. RESULTS AND DISCUSSION

Figure 1(a) shows the general concept of rapid prototyping 
using high resolution photomasks. Prototyping of masks 

using a high-resolution printing is very useful in biological 
laboratories as they do not need to make high-resolution 
chrome photomasks [7]. It is also a very flexible technique 
that can rapidly transfer new designs of a pattern on to a 
substrate and get relatively fast feedback and design cycles.  

Fluorescent images of PLL microstructures with 25 μm
diameter are shown in fig. 2. A 2 mg/ml FITC labeled PLL 
was used to get brighter fluorescent images. The feature size 
in photolithography mostly depends on the resolution of the 
photomask. Using high resolution printing, the transparency 
photomask can make patterns under 10 μm [7]. The height is 
affected by the drying conditions and the amount of PLL 
solution placed on the photoresist patterns. The PLL is 
practically limited by one third of the photoresist thickness 
after spin-coating [8].  

Natural evaporation of PLL solution on the photoresist 
patterns was compared with heated drying at 50°C. Figure 
2(a) shows cylinder-type microstructures with a flat top. 
Proper heating increases the rate of the water evaporation, 
and it accelerates the precipitation of PLL on the bottom 
surface. In natural evaporation, without heating, the 
agglomeration of PLL occurs not only on the bottom, but also 
on the sidewall in fig. 2(b). This demonstrates a convenient 
way to build submicron scale structures with a lift-off 
technique. The thin side wall structures with a high aspect 
ratio are extremely hard to make using conventional etching 
processes. In fig. 2(b), thin side walls with over 10:1 aspect 
ratio were successfully formed even in the sharp corner of the 
alignment marks. These parabolic microstructures have 
potential for various biological applications. For example, a 
number of cupped features, which could be used to isolate 
only one or a few neurons inside, can be fabricated at once 
easily, composed entirely of bio-compatible materials. 
Previous studies have shown that bio-compatible patterns on 
surfaces can be formed by microstamping, laser ablation, or 
casting on silicon molding [9-11], and these were made with 
the photolithography and lift-off method which are fast, well- 
established process. Combined with rapid prototyping of 
photomasks, various design ideas can be materialized and 
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Fig. 2.  Fluorescent images of PLL microstructures (a) heating up to 
50°C and (b) no heating during drying. 

25μm

Fig. 3.  Fluorescent image of PLL microstructures along the metal 
lines of MEAs. 
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tested on demand within a few days.   
Figure 3 demonstrates an application of the PLL lift-off 

technique. Microelectrode Arrays (MEAs) have been used to 
record extracellular electrical activity from electrogenic cells, 
and recently various chemical patterning methods have been 
combined to improve recording efficiency [12, 13]. The PLL 
microstructures were constructed along the metal lines using 
the same, negative photomask, which is very convenient to 
align. Using negative photoresist, an additional photomask is 
not necessary to make this additional pattern. Moreover, these 
negative patterns using the negative photoresist (or negative 
photomask) can expand further the application of the lift-off 
technique. In contrast with positive PLL microstructures, the 
inside wall of the negative photoresist pattern becomes very 
steep after removing the photoresist. This may make the 
technique useful to pattern additional chemicals or proteins 
due to the very sharp borders that can be obtained. 

PLL dissolves well in polar solvents, like water, due to its 
own positive charge.  Fluorescent images were retaken to test 
the durability of PLL microstructures in cell culture medium 
after 5 days (Figure 4). The fluorescent intensities were 
decreased, but their shapes were still consistent with the 
original structures. The fact they endured even the lift-off 
process in acetone ultrasonic bath means it is not just simple 
powder settlement during the evaporation of PLL solution. A 
brief treatment of the exposed surfaces with oxygen plasma 
generates a more hydrophilic surface and removes photoresist 
residues [14]. The microstructures may result from the strong 
bond between a positively charged PLL and a negatively 
charged hydrophilic surface. This stability in solution makes 
it possible to perform experiments in microfluidics systems, 
such as those for controlling the microenvironment of cells or 
delivering chemicals selectively to portions of a cell culture. 
In our previous, the possibility of time-varying dynamic fluid 
and local temperature control for in vitro neural recording has 
been demonstrated [15, 16].  The processing methods in the 
current study are directly applicable to those types of studies, 
as the micro-cylinder structures have similar features sizes as 
the microelectrode sensors used for neural recording. 

Scanning Electron Microscopy (SEM) images of patterns of 
circles connected with narrow linear tracks are shown in fig. 
5(a). A cell culture grade (0.5 mg/ml) PLL hydrobromide was 
used to fabricate these patterns. The microstructure features 
matched the photomask patterns with sub-micron tolerances. 
The inset profile graph, which was obtained by a line scan of 
the SEM, shows uniform heights of 200 nm for the PLL 
pattern. To investigate three dimensional structures in detail, 
45° tilted images were obtain in fig. 5(b). The lateral 
dimension is clearly confirmed from the shadow on the left 
side of the structures. Particularly, the jagged outline along all 
boundaries is distinctive in magnified images. In SEM images, 
a brighter area in the same material usually means higher 
height.  

 Using the advantage of rapid prototyping using high 
resolution printed photomasks, thinner lines with <15 μm
width and more complex patterns were also tested. These 
were generated clearly, but the time and intensity in the 
acetone ultrasonic bath becomes critical on these smaller 
scales.   In general, smaller feature sizes can drastically affect 
the interaction between heating, evaporation and surface 
tension.  It may be possible that optimization of these factors 
will allow for precise control of the small features produced 
along the sidewalls of the liftoff pattern.  In this way, we hope 

40μm

Fig. 4.  Fluorescent image of PLL microstructures after 5 days in cell 
culture medium. 

(a)

500 μm
600 μm/DIV

(b) 

20 μm

20 μm

Fig. 5.  SEM images of PLL microstructures (a) with the profile 
graph by the line scan. (b) with 45° tilt.  
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to establish a technique to reproducibly create sub-micron 
patterns without the need for cleanroom facilities, while still 
taking advantage rapid prototyping capabilities. 

In addition, it is possible to make multilayer structures 
easily in the lift-off process. After the completion of drying 
the first material solution, the second material can be applied 
on the established microstructures before the lift-off step. In 
that case, a laminated structure can be built by repeating 
soaking and drying steps (Fig. 1(d)). 

IV. CONCLUSION

We have demonstrated a lift-off method for rapid 
prototyping of simple PLL structures with features on a 
micron scale. The lift-off method is simple and easily 
adaptable to a variety of biological applications. Many cell 
biology applications are likely to utilize both the larger (100’s 
of microns) patterns as well as the much smaller patterns 
(10’s of microns or sub-micron) that are obtainable within 
this process.  The feature size in photolithography mostly 
depends on the resolution of the photomask.  This technique 
utilizes the interactions between surface forces and 
evaporation processes to produce high aspect ratio features 
with sub-micron features, made exclusively out of biological 
proteins, produced using rapid prototyping methods. 

ACKNOWLEDGMENT

The authors would like to thanks members of the NITRO 
Laboratory, particularly Steven Trier, whose help has made 
this study possible and Yongho Jeon for SEM imaging.  

REFERENCES

[1] A. Kumar, H. A. Biebuyck, and G. M. Whitesides, “Patterning 
self-assembled monolayers: Applications in materials science,” 
Langmuir, vol. 10, pp. 1498-1511, 1994. 

[2] M. Mrksich, and G. M. Whitesides, “Patterning self-assembled 
monolayers using microcontact printing: A new technology for 
biosensors?” Trends Biotechnol., vol. 13, pp. 228-235, 1995. 

[3] R. G. Flemming, C. J. Murphy, G. A. Abrams, S. L. Goodman, and P. F. 
Nealey, “Effects of synthetic micro- and nano-structured surfaces on 
cell behavior,” Biomaterials, vol. 20, pp. 573-588, 1999 

[4] S. Tatic-Lucic, J. A. Wright, Y. C. Tai, and J. Pine, 
“Silicon-micromachined neurochips for In Vitro studies of cultured 
neural networks,” International Conference on Solid-State Sensors and 
Actuators: Transducers ’98, Yokohama, Japan, pp.943-946, 1993. 

[5] A. W. Flounders, D. L. Brandon, and A. H. Bates, “Patterning of 
immobilized antibody layers via photolithography and oxygen plasma 
exposure,” Biosensors Bioelectron, vol. 12, pp 447-456,1997. 

[6] H. Sorribas, C. Padeste, and L. Tiefenauer, “Photolithographic 
generation of protein micropatterns for neuron culture applications,” 
Biomaterials, vol. 23, pp 893-900, 2002 

[7] T. Deng, H. Wu, S. T. Brittain, and G. M. Whitesides, “Prototyping of 
masks, maters, and stamps/molds for soft lithography using an office 
printer and photographic reduction,” Anal. Chem., vol.72, pp. 
3176-3170, 2000. 

[8] J. N. Helbert, Handbook of VLSI Microlithography – Principles, Tools, 
Technology and applications (2nd Edition), William Andrew 
Publishing/Noyes, 2001. 

[9] C. S. Chen, M. Mrksich, S. Huang, G. M. Whitesides, and D. E. Ingber, 
“Geometric control of cell life and death,” Science, vol. 276, 
pp1425-1428, 1997 

[10] A. C. Duncan, F. Weisbuch, F. Rouais, S. Lazare, and C. Baquey, 
“Laser microfabricated model surfaces for controlled cell growth,” 
Biosens. Bioelectron., Vol. 17, pp. 413-426, 2002 

[11] X. F. Walboomers, W. Monaghan, A. S. G. Curtis, and J. A. Jansen, 
“Attachment of fibroblasts on smooth and microgrooved polystyrene,” 
J. Biomed. Mater. Res., vol. 46, pp. 212-220, 1999 

[12] C. D. James, R. Davis, M. Meyer, A. Turner, S. Turner, G. Withers, L. 
Kam, G. Banker, H. Crighead, M. Isaacson, J. Turner, and W. Shain, 
“Aligned microcontact printing of micrometer-scale poly-L-lysine 
structures for controlled growth of cultured neurons on planar 
micro-electrode arrays,” IEEE Trans. Biomed. Eng., vol. 47, pp. 17-21, 
2000

[13] C. D. James, A. J. H. Spence, N. M. D-Mesfin, R. J. Hussain, K. L. 
Smith, H. Craighead, M. Isaacson, W. Shain, and J. Turner, 
“Extracellular recordings from patterned neuronal networks using 
planar microelectrode arrays,” IEEE Trans. Biomed. Eng., vol. 51, pp. 
1640-1648, 2004 

[14] S. D. Senturia, Microsystem Design, Kluwer Academic Publishing, 
Boston, 2002. 

[15] T. M. Pearce, J. A. Willson, S. G. Oakes, S-Y. Chiu, and J. C. Williams, 
“Integrated microelectrode array and microfluidics for temperature 
clamp of sensory neurons in culture,” Lab. Chip, vol. 5, pp. 97-101, 
2005

[16] T. M. Pearce, J. J. Williams, S. P. Kruzel, M. J. Gidden, and J. C. 
Williams, “Dynamic control of extracellular environment in In Vitro 
neural recording systems,” IEEE Trans. Neural Syst. Rehab Eng., vol. 
13, pp 207-212, 2005. 

2113


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /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 (None)
  /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 export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


