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Abstract-We present a broadly-applicable nanodeposition tool, the 
Nanofountain Probe, for direct-write fabrication of functional 
nanostructures using liquid molecular “inks”. Examples of 
nanopatterning of biomolecules, catalysts for subsequent 
nanostructure growth, and functional nanoparticle arrays for 
nanosystems fabrication and single cell studies will be presented. 
Recent developments in the use of the Nanofountain Probe as an 
in vitro single cell injection tool are also discussed.  

I. INTRODUCTION

Next-generation nanoscale devices will be built from 
functional nanoparticles (NPs) and nanostructures.  Developing 
manufacturing tools with sufficient degree of control to apply 
these materials remains a critical challenge.  For example, 
memory elements and sensors composed of nanowires (NWs) 
or carbon nanotubes (CNTs) will require precisely-aligned 
arrays of these nanostructures [1].  Similarly, next-generation 
biosensors and drug screening and delivery devices will require 
high-density arrays of bioagents [2, 3].   

NPs have proven highly functional precursors for a variety 
of nanostructures.  For example, patterned gold NPs may be 
sintered to form nanoscale conductive traces or photonic 
structures [4].  Diamond or other NPs may be used as seeding 
or catalyst for subsequent growth of diamond structures [5] or 
CNTs or NWs respectively [6, 7].   

Using these applications as motivation, we demonstrate 
direct-write delivery of functional NPs and biomolecules using 
a broadly applicable Nanofountain Probe (NFP, [8-11]).  The 
NFP is an atomic force microscope (AFM)-based delivery 
probe.  Liquid molecular inks (e.g., NPs in solution) stored in 
an on-chip reservoir are fed through integrated microchannels 
(Figure 1a,b) to apertured dispensing tips (Figure 1a, inset), 
providing continuous delivery for direct-write 
nanomanufacturing (Figure 1c).  The sharp, apertured tip 
geometry enables a unique combination of resolution and 
generality in its ability to pattern a broad range of chemical and 
NP inks. Beyond nanomanufacturing, the NFP tip geometry 
also enables in vitro injection into biological cells (Figure 1d).  

This presentation begins with demonstrated nanopatterning 
capabilities of the NFP and a discussion of their applications.  
These include direct deposition of gold, diamond, and other 
catalytic NPs [9, 10, 12], DNA and proteins [8, 11], 
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and drug-coated NPs [9].  We then show use of the NFP as an 
in vitro nanodelivery tool in single cell studies.  The broad 
applicability of the NFP is emphasized throughout. 

II. RESULTS AND DISCUSSION

A. Direct-Write Nanoparticle Patterning 
Direct-write NP patterning enables creation of devices in a 

top-down bottom-up manner, in which NP precursors are first 
patterned, then treated to form or grow components of the final 
device.  Toward this goal, the NFP was used to pattern gold 
and diamond NPs [9, 10], and catalysts for CNT growth [12].   

Using the NFP, dot arrays of diamond [9] and gold [10] NPs 
were patterned.  For example, negatively-charged gold NPs in 
aqueous solution were deposited directly on amino-terminated 
silicon dioxide substrates with sub-200-nm resolution.  More 
recently, diamond NPs in aqueous solution were patterned with 
sub-100-nm resolution on glass substrates (Figure 2a).  Feature 
size (dot diameter and height) depended strongly on the 
square-root of the dwell time (R2>0.97), suggesting diffusive 
transport to the substrate [13].  This strong dependence enables 
precise control over feature size. 

B. Direct Biomolecule Deposition 
The ability to spatially orient and immobilize biomolecules 

on a substrate is valuable to the development of genomic and 
proteomic profiles of cells [14], drug screening, and biosensing 
[3], all of which require high-density arrays of biological 

Fig. 1.  Overview of the Nanofountain Probe.  (a) Schematic of the NFP chip 
showing the integrated ink delivery system.  Inset shows an SEM image of a 
dispensing tip (2.5 m scale bar).  (b) Optical image of an NFP chip (500 m
scale bar).  Due to the unique dispensing tip geometry, the NFP can be used 
both for (c) direct-write nanopatterning, and (d) in vitro single cell injection. 
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Fig. 2.  Examples of NFP-based delivery.  AFM images of (a) a dot array of 
diamond NPs patterned by direct deposition (4 μm scale bar), and  (b) a 
linear protein array patterned at a rate of 80 μm/sec by direct-write electric 
field-assisted deposition (1 m scale bar).  (c) Individual RAW 264.7 murine 
macrophage targeted and injected with fluorescently-labeled diamond NPs. 

material.  Using the NFP, thiol-terminated single-stranded 
DNA (ssDNA) were patterned on gold substrates [11].  To test 
the preserved activity of the patterned ssDNA, they were 
hybridized first with a complementary linker strand, followed 
by a gold NP-terminated strand.  The presence of gold NPs on 
the patterned features indicated successful hybridization, 
attesting to the preserved activity of the patterned ssDNA.    

A variety of proteins were also successfully patterned using 
the NFP [8].  Initial attempts to pattern these proteins exhibited 
relatively slow and sporadic deposition.  However, by applying 
an electric field between the on-chip reservoir of the NFP and 
substrate, transport of these charged biomolecules could be 
controlled.  Immunoglobulin G (IgG) and bovine serum 
albumin (BSA) proteins were patterned on thiol-terminated 
gold substrates, as well as IgG- and BSA-coated substrates.  
Through appropriate control of the sign and magnitude of the 
applied electric potential, deposition of the molecules on the 
substrate could be controlled.  Submicron dot and line 
molecular patterns were generated with the resolution 
dependent upon the magnitude of the applied voltage, the tip-
substrate contact time, and writing speed.  For example, line 
features 150 nm in width were patterned continuously at rates 
as high as 80 m/sec (Figure 2b). 

C. Direct In Vitro Single Cell Injection 
Beyond nanopatterning for nanomanufacturing and 

biological studies, the ability to directly inject doses of 
functional NPs, viruses, and other bioagents into cells allows 
further study of the response of a single cell.  The ability of the 
NFP to facilitate these studies was demonstrated through in
vitro injection of fluorescently-tagged diamond NPs (Figure 
1d).  Here the positional accuracy and force sensitivity of the 
AFM are leveraged to guide the NFP during targeted cell 
injection.  As an initial feasibility study, RAW 264.7 murine 
macrophages were injected with an aqueous fluorescein 
solution.  Imaging of the cells after injection showed strong 
confinement of the fluorescent dose to individual cells, 
suggesting minimal damage to the cell membrane.  
Fluorescently-tagged diamond NPs were then injected into a 
variety of cancerous and wild type cell lines (Figure 2c). [9]  
Again strong confinement of the injected dose was observed, 
and the ability to target specific regions of the cell 
demonstrated.   

III. CONCLUDING REMARKS

The Nanofountain Probe was presented as a broadly-
applicable tool for nanomanufacturing.  The ability to precisely 
pattern arrays of functional nanoparticles and other materials 
was demonstrated.  Beyond nanomanufacturing, this was 
extended to single cell in vitro biological studies by using the 
NFP to inject nanoparticles into live cells. 

ACKNOWLEDGMENT

This work was supported by the National Science Foundation 
through Award EEC-0647560 and NIRT CMS00304472. The 
authors gratefully acknowledge the following collaborators and 
their groups: Professors Dean Ho, Neelesh Patankar, and Chad 
Mirkin of Northwestern University (NU), and Punit Kohli of 
Southern Illinois University. The authors acknowledge use of 
the Cornell University NanoScale Facility. O.Y.L. 
acknowledges the NU Presidential and Ryan Fellowships. 

REFERENCES

[1] Y. Li, F. Qian, J. Xiang, and C. M. Lieber, "Nanowire electronic and 
optoelectronic devices," Materials Today, vol. 9, pp. 18-27, 2006. 

[2] R. Lam, M. Chen, E. Pierstorff, H. Huang, E. Osawa, and D. Ho, 
"Nanodiamond-embedded microfilm devices for localized 
chemotherapeutic elution," ACS Nano, vol. 2, pp. 2095-2102, 2008. 

[3] M. Lynch, C. Mosher, J. Huff, S. Nettikadan, J. Johnson, and E. 
Henderson, "Functional protein nanoarrays for biomarker profiling," 
Proteomics, vol. 4, pp. 1695-1702, 2004. 

[4] X. Zhang, B. Sun, and R. Friend, "Metallic photonic crystals based on 
solution-processible gold nanoparticles," Nano Letters, vol. 6, pp. 651-
655, 2006. 

[5] N. Moldovan, O. Auciello, A.V. Sumant, J.A. Carlisle, R. Divan, D.M. 
Gruen, A.R. Krauss, D.C. Mancini, A. Jayatissa, and J. Tucek, 
"Ultrananocrystalline diamond thin films for MEMS and moving 
mechanical assembly devices," in Proc. of SPIE, International 
Symposium on Micromachining and Microfabrication, San Francisco, 
California, 2001, pp. 288-298. 

[6] T. Kraus, L. Malaquin, H. Schmid, W. Riess, N. Spencer, and H. Wolf, 
"Nanoparticle printing with single-particle resolution," Nature
Nanotechnology, vol. 2, pp. 570-576, 2007. 

[7] S. Kang, C. Kocabas, T. Ozel, M. Shim, N. Pimparkar, M. Alam, S. 
Rotkin, and J. Rogers, "High-performance electronics using dense, 
perfectly aligned arrays of single-walled carbon nanotubes," Nature, vol.
2, pp. 230-236, 2007. 

[8] O. Loh, A. Ho, J. Rim, P. Kohli, N. Patankar, and H. Espinosa, "Electric 
field-induced direct delivery of proteins by a nanofountain probe," PNAS, 
vol. 105, pp. 16438-16443, 2008. 

[9] O. Loh, R. Lam, M. Chen, N. Moldovan, H. Huang, D. Ho, and H. 
Espinosa, "Nanofountain Probe-Based High Resolution Patterning and 
Single Cell Injection of Functionalized Nanodiamonds," Small, vol. in 
press, 2009. 

[10] B. Wu, A. Ho, N. Moldovan, and H. D. Espinosa, "Direct deposition and 
assembly of gold colloidal particles using a nanofountain probe," 
Langmuir, vol. 23, pp. 9120-9123, 2007. 

[11] K.-H. Kim, R. G. Sanedrin, A. M. Ho, S. W. Lee, N. Moldovan, C. A. 
Mirkin, and H. D. Espinosa, "Direct Delivery and Submicrometer 
Patterning of DNA by a Nanofountain Probe," Adv. Mater., vol. 20, pp. 
330-334, 2008 2008. 

[12] O. Loh, L. Huang, and H. Espinosa, "Direct-write catalyst patterning for 
large-scale carbon nanotube device arrays," unpublished. 

[13] J. Jang, S. Hong, G. Schatz, and M. Ratner, "Self assembly of molecules 
in dip-pen nanolithography: A diffusion model," J. Chem. Phys., vol.
115, p. 2721, 2001. 

[14] R. Stears, T. Martinsky, and M. Schena, "Trends in microarray analysis," 
Nature Medicine, vol. 9, pp. 140-145, 2003. 



<<
  /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 /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 1.50000
  /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 1.50000
  /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 PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


